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Preface

The increasing demands for fine and high value-added chemicals have motivated the long-term
exploration of high-performance catalysts with desired activity, selectivity, and durability. Owing to
its high natural abundance and low cost, copper as well as its various derivatives has been widely
employed as a catalytically active component in a diversity of organic transformations. On the
other hand, the multiple accessible oxidation states of reactive Cu element (Cu0, Cul, Cull, and
Culll) within Cu-based catalysts are likely to enable the target catalytic reactions that proceed via
both single- and multi-electron transfers. As a result, Cu-based catalysts have also found many
applications in redox reactions, such as CO oxidation, selective oxidation of organic compounds,
selective catalytic reduction of NOx by CO (CO-SCR), electrochemical hydrogen evolution reaction
(HER), and electrochemical CO, reduction reaction (CO2RR). While a great progress has been made,
the prerequisite for successful application of Cu-based catalysts lies in the delicate design and
regulation of the local electron structure of active sites. Besides that, the catalytic activity of real
Cu-based catalysts can only be predicted to some extent via theoretical modeling and calculations.
Therefore, it is still of great significance to continue the exploration of novel and more efficient
Cu-based catalysts that deliver an enhanced performance.

This Special Issue, entitled “Synthesis and Applications of Copper-Based Catalysts”, provides an
overview of recent progress in the synthesis and application of Cu-based materials, with particular
emphasis on the latest advanced synthetic approaches, structure modulation strategies, and catalytic
performance of copper-based catalysts in heterogeneous and homogeneous catalysis, which can
contribute to the development of efficient Cu-based catalysts. We hope that our compilation of such

meaningful research studies can provide researchers with new inspiration in this field.

Yongjun Ji, Liwen Xing, and Ke Wu
Editors

ix
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The increasing demand for fine and high-value-added chemicals has motivated the
lasting exploration of high-performance catalysts with desirable activity, selectivity, and
durability. Owing to its high natural abundance and low cost, copper, as well as its various
derivatives, has been widely employed as a catalytically active component in a diversity
of organic transformations. On the other hand, the accessible multiple oxidation states
of reactive Cu elements (Cu, Cu!, Cu'!, and Cu') within Cu-based catalysts can enable
targeted catalytic reactions that proceed via both single- and multi-electron transfer. As a
result, these Cu-based catalysts have also found many applications in redox reactions, such
as CO oxidation, selective oxidation of organic compounds, selective catalytic reduction of
NOy by CO (CO-5CR), electrochemical hydrogen evolution reaction (HER), electrochemical
CO; reduction reaction (CO;RR), etc. While great progress has been made, Cu-based
catalysts must be delicately designed and their local electron structure of active sites must
be regulated. Besides, the catalytic activity of real Cu-based catalysts can be only predicted
to some extent by theoretical modeling and calculations. Therefore, it is of great significance
to continue the exploration of novel and more efficient Cu-based catalysts that deliver
enhanced performance. Some recent and key advances in Cu-based catalysts are included
in this Special Issue, as summarized below.

Duan et al. [1], reported a CVD in situ catalytic method to prepare a layer of BCN/Gr
two-dimensional composite that directly grew on the surface of copper foil. The anti-
corrosion performance characterized via electrochemical and salt spray experiments re-
vealed that the in situ grown BCN/Gr two-dimensional composite exhibited stronger
adhesion to the substrate and superior grain boundary dislocation, thus showing an en-
hanced anti-corrosion capability with the corrosion rate reduced by 91.4% and 57.1%
compared with bare Cu foil and BCN-Gr composite synthesized through the transfer
method, respectively. This work proposed a new 2D material for researching corrosion
prevention mechanisms.

Results obtained by Kaplin et al. [2] demonstrated a one-pot precipitation method
employing sacrificial CTAB templates and complexing agents of citric acid to incorpo-
rate copper into Ce-Sn and comparative Ce-Zr oxide supports to produce CuCeSn and
CuCeZr catalysts. Compared with the counterparts prepared by post-impregnating double
CeSn/CeZr oxides with copper salt, the one-pot synthesized CuCeSn and CuCeZr cata-
lysts exhibited improved catalytic performance toward the continuous-flow preferential
oxidation of CO in hydrogen excess (CO-PROX). Moreover, a small number of tin dopants
in cerium-based catalysts were shown to have better reducibility than that of zirconium,
and the switch from Sn** to Sn?* can provide an additional redox pair, thus positively
affecting its activity. In addition, the one-pot technique contributed to the uniform element
distribution in the 20CuCeSn catalysts and promoted their micro- and mesoporosity. Be-
sides, modulating the copper content was beneficial for tuning the CO conversion/CO,
selectivity ratio, which should be ascribed to predominantly distributed copper in the CeSn
phase at low loading, while separate copper oxide phases appear at higher loadings, thus
increasing the interfacial interaction between copper-containing and CeSn oxides.
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Surface adsorption and dissociation processes can play a vital role in the catalytic
performance of metal alloys. Wang et al. [3] performed first-principles calculations to study
the adsorption and dissociation of O, on the Cu-skin CuzAu(111) surface. According to the
calculated results, the most energetically favorable adsorption configuration on the Cu-skin
CusAu(111) surface is b-f(h)-b. Meanwhile, two thermodynamically feasible dissociation
paths are available for O, dissociation. One path is from b-f-b to two O atoms in adjacent
hep sites, and the other path is from b-h-b to two O atoms in adjacent fcc sites. Compared
with the Cu(111) surface, the Cu-skin CuzAu(111) surface showed higher stability of O,
adsorption and a lower dissociation energy barrier of the adsorbed O,. These theoretical
findings can offer useful guidance for the practical application of Cu-Au alloys as high-
efficiency CO oxidation catalysts.

Ceria-based catalysts are highly efficient in the selective catalytic hydrogenation of
CO, to methanol. However, the intrinsic reaction mechanism concerning the formation
of active H species remains obscure. Gong et al. [4], performed DFT + U calculations to
systematically investigate the impact of pristine and Cu-doped CeO,(111) surfaces on the
catalytic dissociation of Hj to produce hydride species. The obtained results showed that
doping a single Cu atom on the CeO,(111) surface resulted in the creation of an oxygen
vacancy, which played a decisive role in promoting the heterolytic dissociation of H; to
produce H™ species. Moreover, the Cu dopant can also facilitate the adsorption of CO; and
the subsequent hydrogenation of CO; to produce HCOO?#, thus leading to the improved
catalytic activity and selectivity of methanol. It is expected that this work can provide
valuable guidance for rationally designing high-performance ceria and Cu-based catalysts
toward CO; catalytic reduction reactions.

The hydrogen evolution reaction (HER), which is derived from electrochemical water
splitting, is one of the most economical and environmentally benign avenues to produce
green hydrogen. Dang et al. [5] synthesized self-supported Cu/CusP nanoarrays through
a low-temperature phosphidation process, which were directly grown on the surfaces
of Cu nanosheets from Cu/CuO nanoarrays precursor. Typically, Cu/CuszP nanoarray-
270 electrocatalysts show superior electrocatalytic activity and long-term stability for HER
in an acidic electrolyte solution, accompanied by an onset overpotential of 96 mV and a
small Tafel slope of 131 mV per decade. The unique nanoarray architecture of Cu/CusP
rendered abundant active sites and promoted diffusion of the products, contributing to a
faster electron transfer rate and good electrical conductivity, thus resulting in enhanced
electrocatalytic efficiency toward the HER. This novel strategy offers unique opportunities
in HER and can be extended to more metal phosphides and metal-related nanostructures.

Selective catalytic reduction of NO with CO (CO-SCR) is regarded as a valid and eco-
nomical denitrification technology to simultaneously eliminate NO and CO from flue gas.
Spinel structural manganese—copper spinels are considered potential CO-SCR materials due
to their excellent stability and redox properties. Thus, Liu et al. [6], synthesized foam-like
CuxMn3_,Oq spinel (x=0, 1, 1.5, 2, 3) with varying CuO/MnOy contents via a citrate-based
pechini method. Meaningfully, the redox balance that occurred on the CuxMnj_,Oj cata-
lyst (Cu?* + Mn3* = Mn** + Cu*) was shifted to improve the redox property and CO-SCR
catalytic performance because of the doped Cu species, which promoted the generation of
grain and growth of the spinel structural Cu; sMn; 504 with increased surface area and
particle size. Therefore, compared with pure MnyO3, a higher content of Mn** /Mn and
more highly active oxygen-containing species were created on the surface of Cu; sMn; 504
spinels, which is favorable for the adsorption of oxygen molecules, thus improving the
adsorption capacity of CO and NO. Consequently, Cuj sMn; 504 catalysts are capable of
reaching 100% NO conversion together with 53.3% CO conversion at a low temperature of
200 °C, and this study provided a practicable method for the rational design and synthesis
of reactive Mn-based catalysts toward CO-SCR.

The selective oxidation of styrene to benzaldehyde with highly efficient and environ-
mentally friendly catalysts is significant in fine chemical industries. An advanced core—shell
structural CuyO@Cu-BDC-NH, heterogeneous catalyst with a tunable Cu*/Cu?* interface
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and variable MOF loadings and Cu,O crystal phases was prepared by Zhang et al. [7] via a
facile in situ self-assembly method. Importantly, the alkaline properties of CuyO and the
introduced -NH, group can dramatically prevent the excessive oxidation of target prod-
ucts, thus allowing the selective oxidation of styrene to proceed without a base condition.
Meanwhile, the well-designed combination of CuyO and Cu-BDC-NHj; further produced
an appropriate Cu* /Cu?* active interface and porous MOF shells, thus simultaneously fa-
cilitating the mass transfer and protecting the active Cuy,O component. Hence, the optimal
Cu,O@Cu-BDC-NH;-8h exhibited a high styrene conversion of 85% and benzaldehyde se-
lectivity of 76% with HyO; as a non-polluting oxidant under an ambient condition of 40 °C.
This work demonstrated a new perspective for developing cost-efficient and eco-friendly
catalysts with moderate basicity toward the selective catalytic oxidation of styrene under
base-free conditions.

At the beginning of the 21st century, the fast development of the copper-catalyzed
amination of aryl halides provided an efficient approach to constructing the C(sp?)-N bond,
which competed against the classic Buchwald-Hartwig amination reaction. Averin et al. [8]
reviewed recent progress in the copper-catalyzed arylation and heteroarylation of adamantane-
containing amines, diamines, and polyamines. With the primary purpose of classifying
the dimension and limitation of the copper catalysis involved in the arylation and het-
eroarylation of the as-mentioned amines, this review addressed the following issues: the
dependence of the most suitable catalytic systems on the property of reagents, the chance
of N,N'-di(hetero) arylation of the diamines, oxadiamines, and polyamines, the utilization
of unsupported copper nanoparticles, and the feather of the Chan-Lam amination using
adamantane-containing amines, diamines, and oxadiamines.

Sulfur-containing heterocyclic compounds have attracted significant research interest
in recent years owing to their abundant biological activities and universal use in bio-
pharmaceuticals, pesticides, and material science fields. Guo et al. [9] provided a brief
review of recent achievements involved in the preparation of a crucial series of sulfur-
heterocycles-2-alkylthiochroman-4-ones and thioflavanones through Cu-catalyzed conju-
gate introduction of Grignard reagents to thiochromones. Moreover, the latest advance in
the production of 2-alkynyl thiochroman-4-ones by the alkynylation and alkenylation of
thiochromones with the aid of copper catalysts was also summarized. The recent progress
comprises introducing alkyl, aryl, and alkenyl to thiochromones via 1,4-conjugate addition
of Grignard reagents together with the formal conjugate addition of alkynyl groups to
thiochromones catalyzed by Cu(l) salts. This work comprehensively reviewed the above-
mentioned, providing a rapid understanding of 2-substituted thiochroman-4-ones.

Cost-effective Cu-based catalysts exhibit fascinating catalytic activity in CO-SCR; how-
ever, some technical problems including high reaction temperature and poor resistance
to Oy, H;O, and SO, still hinder their industrial implementation. Ji et al. [10] compre-
hensively reviewed Cu-catalyzed CO-SCR under O,-containing conditions, including the
catalytic performance of non-supported, supported mono-metallic, supported bimetallic,
and supported multi-metallic Cu-based catalysts. Besides, the impact of O, concentration,
reaction temperature, and the existence of HO and SO; on the CO-SCR performance was
briefly summarized. The reaction mechanism, future challenges, and perspectives regard-
ing CO-SCR were discussed as well. This review can be beneficial in offering guidance for
designing effective Cu-based catalysts for the CO-SCR.

In summary, this Special Issue on “Synthesis and Applications of Copper-Based
Catalysts” provided an overview of the recent progress in the synthesis and application of
Cu-based materials, with particular emphasis on the latest advanced synthetic approaches,
the structure modulation strategies, and catalytic performance of copper-based catalysts
in heterogeneous and homogeneous catalysis, which can contribute to the development
of efficient Cu-based catalysts. We hope that our compilation of this meaningful research
progress can help to provide researchers with new inspiration in this field.

Finally, we are grateful to all authors for their valuable contributions and to the
editorial team of Catalysts for their kind support, making this Special Issue possible.
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Abstract: In-situ catalytic growth of two-dimensional materials shows great potential for metal
surface protection because of the impermeability and strong interaction of the materials with metal
surfaces. Two-dimensional hexagonal boron-carbon nitrogen (h-BCN) is composed of alternating
boron, carbon, and nitrogen atoms in a two-dimensional honeycomb lattice, which is similar to
graphene. The corrosion caused by defects such as grain boundary of two-dimensional materi-
als can be weakened by dislocation overlap via the transfer method. However, two-dimensional
composite films prepared using the transfer method have problems, such as the introduction of
impurities and poor adhesion, which limit their corrosion resistance. In this study, a layer of BCN/Gr
two-dimensional composite was directly grown on the surface of copper foil using the CVD in-situ
catalysis method, and its anti-corrosion performance was characterized by electrochemical and salt
spray experiments. The results showed that the directly grown two-dimensional composite had
better adhesion to the substrate and the advantage of grain boundary dislocation, thus showing a
better anti-corrosion capability.

Keywords: BCN/graphene composite; CVD; anti-corrosion

1. Introduction

With developments in modern science and technology, industrial production requires
metal materials with higher stability and service life; thus the development of surface
protection technology for metals is of great significance. Traditional anti-corrosion methods,
such as protective coatings and sacrificial anodes, require very thick coating materials,
which cause problems such as environmental pollution and easy peeling [1-4]. Therefore,
it is of great significance to develop novel anti-corrosion materials with strong corrosion
resistance. Two-dimensional (2D) materials directly grown on metal surfaces are not only
impermeable, but they can be closely combined with the metal surface, thus fully meeting
the requirements of novel metal protective coatings [5-9].

2D materials refer to nanomaterials with ordered structures on 2D planes. Their
atomic thickness gives them excellent mechanical properties and light transmittance [10-12].
Graphene, the first 2D material that could be controllably prepared in the laboratory, is a
honeycomb hexagonal plane crystal formed by the arrangement of single-layer sp? hybrid
carbon atoms. Due to its 2D honeycomb lattice arrangement, it shows excellent imper-
meability [13,14], an extremely high theoretical specific surface area (2630 m?2/ g) [15,16],
excellent light transmittance (~97.7%) [11], high Young’s modulus (~1 TPa) [17], and good
oxidation resistance [18,19]. These properties play an important role in its anti-corrosion
mechanism, making graphene an excellent candidate for anti-corrosion materials [20].
However, the excellent conductivity of graphene can also promote the occurrence of electro-
chemical corrosion reactions, which compromise its long-term anti-corrosion ability [1,21].

2D hexagonal boron-carbon nitrogen (h-BCN), a novel 2D structure composed of
alternating boron, carbon, and nitrogen atoms in a 2D honeycomb lattice, has recently
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attracted considerable attention. Although 2D h-BCN has a similar structure to graphene,
h-BCN is an excellent insulator due to its wide band gap, and its strong B-N, B-C, and C-N
bond cooperation gives it strong mechanical strength [22,23], good high-temperature oxida-
tion resistance, and thermal stability, showing strong oxidation resistance at 900 °C [24,25].
Therefore, 2D h-BCN nanomaterials directly grown on metal surfaces have the potential to
effectively prevent corrosion molecules from diffusing to the surface of the metal substrate,
thus improving corrosion resistance [26]. However, it is difficult to prepare a large area of
single-crystal 2D material using the CVD method, and grain boundaries with poor adhesion
and weak bond cooperation are unavoidable, which are usually the starting points for
corrosion reactions of 2D materials in corrosive environments [1,6].

In order to eliminate the influence of the grain boundary of 2D materials and improve
their corrosion resistance, some research has been devoted to the preparation of single-
crystal 2D materials, but they are generally grown on the surface of single crystal substrates,
which is difficult to achieve in actual preparations and applications on large areas [27,28].
Overlaying several layers of 2D materials by transfer is one way to weaken the influence
of grain boundaries through grain boundary interlacing [29]. However, the adhesion
between 2D films is poor, and impurities and breakage are introduced during the transfer
process, which seriously affects its anti-corrosion performance [30]. In order to improve the
performance of 2D materials in corrosion protection, this work proposed a new strategy
of in-situ catalytic growth of composite 2D films prepared using the CVD method for
metal corrosion protection. The boron carbonitride/graphene (BCN/Gr) 2D composites
prepared by in-situ growth not only had very strong interlaminar forces, but also realized
the dislocation of the grain boundary, which alleviated the corrosion caused by the grain
boundaries. Salt spray experiments, electrochemical tests, and adhesion measurements
showed that the in-situ grown BCN/Gr 2D composite films had excellent adhesion and
improved corrosion resistance. Compared with as-grown BCN film and the BCN-Gr
composite prepared by the transfer method, the corrosion rate of in-situ grown 2D BCN/Gr
film was reduced by 91.4% and 57.1%, respectively. Therefore, this work not only provides
a new 2D material for corrosion prevention, but also provides new experimental and
theoretical support for research investigating the corrosion prevention mechanisms of
2D materials.

2. Results and Discussion

A home-built CVD furnace was used for the preparation of the 2D materials, such
as BCN and BCN/Gr, and its preparation diagram is shown in Figure 1a. As shown in
Figure 1a, the growth process had two heating zones, including the sub heating zone at
the front end of the quartz tube and the main heating zone at the rear section of the quartz
tube. The temperature in the main heating zone was regulated by the electric heating parts
of the CVD furnace, and the temperature in the sub heating zone was controlled by the
heating belt wound on the quartz tube. When BCN and BCN/Gr two-dimensional films
were grown by CVD, methane and borane ammonia were used as the precursors. After
exhausting the air in the tubular furnace with Ar, the temperature of the main heating
zone was raised to 1000 °C, the mixed gas of methane and hydrogen was introduced, and
methane molecules were decomposed into carbon atoms. Then, the temperature of the
auxiliary heating zone was set to 90 °C, and the borane ammonia was decomposed by heat
to produce -BH,-NH,;-, which diffused to the main heating zone with the gas flow, and
then was further decomposed into -B-N- under the high temperature in the main heating
zone [26]. Finally, -B-N- was deposited on the copper substrate and re-bonded into BCN
films with carbon atoms. The preparation of BCN/Gr 2D composite films combines the
growth process of graphene and BCN in the same procedure with copper foil was used
as catalyst and borane ammonia and methane as precursors. The graphene layer was
first grown on the copper foil surface with CHy as the carbon source. First, methane was
decomposed and provided C atoms. Since Cu has poor affinity to C, C atoms could diffuse
on the surface and build up the thermodynamically stable honeycomb lattice by surface
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(2)

nucleation and growth [31,32]. Then, the temperature of the sub heating zone was raised,
the borane ammonia precursor was added on the basis of the CHy source, the BCN layer
continued to grow on the surface of the graphene film, and the BCN/Gr 2D composite film
was finally obtained.

CH,

H,, Ar ‘

* -C- ~~  Sub heating zone ¥ Cu foil === Gr
» -BN- &= Main heating zone * Quartz plate === BCN
® 'BHzNHz' s BH4'NH3

Figure 1. (a) Diagram of the home-built CVD furnace for the preparation of BCN and BCN/Gr;
(b) SEM of the BCN two-dimensional film; (¢) SEM of the BCN/Gr two-dimensional film; (d) TEM
and electron diffraction pattern (inset) of the BCN/Gr two-dimensional film.

Figure S1 and Figure 1b,c show the SEM images of Gr, BCN, and BCN/Gr grown
on Cu foils, respectively. It can be seen that the 2D films are continuous and complete,
and there are a lot of wrinkles on the surface. These wrinkles may be due to the release
of internal stress in the growth base (copper foil), which conforms to the characteristics of
the 2D film [33]. In addition, the BCN/Gr 2D composite film shows (Figure 1c) a flatter
surface structure than BCN (Figure 1b), which may be due to the reduction of copper foil
roughness and the release of surface stress during the first step of growing the graphene
layer. Figure 1d shows the TEM topography of BCN/Gr, which indicates that BCN/Gr
is a complete continuous film and shows a clear laminar structure with irregular lattice
distribution. As graphene grows below the BCN layer, it is difficult to directly observe the
structure of the graphene layer. However, the clear laminar flow structure and staggered
lattice shown in the TEM diagram may be derived from the interlacing of two different 2D
structures (graphene and BCN). Among them, the electron diffraction pattern shown in the
illustration in Figure 1d clearly shows the annular diffraction characteristics of BCN and
Gr 2D structures [34-36]. Meanwhile, the EDS results also confirmed the even distribution
of C and N elements in the as-prepared 2D film (Supporting Information Figure S2). The
thickness of the in-situ grown BCN and BCN/Gr 2D films was characterized by TEM and
AFM. The results showed that the thickness of the BCN 2D film was approximately 3—4 nm
and the thickness of the BCN/Gr 2D composite film was 8-10 nm. The significant increase
in the thickness of BCN/Gr may be due to the increase in the number of layers of BCN
films grown on the graphene (Supporting Information Figure S3).

Raman spectroscopy and infrared spectroscopy are important characterization means
to evaluate the bonding and structure of two-dimensional materials. In this study, we
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analyzed the quality of BCN and BCN/Gr samples prepared at different growth times
using these two techniques. Samples BCN1,2,3 and BCN/Gr1,2,3 represent samples with
growth times of 10, 20, and 40 min, respectively. After etching the Cu substrate from the
BCN and BCN/Gr layers by liquid phase etching (Supporting Information, Figure S4), the
BCN and BCN/Gr 2D composite films were transferred to the surface of SiO, substrates for
characterization. Figure 2a shows the Raman spectra of the BCN 2D films, showing wider
D and G peaks, similar to those of graphene (Supporting Information, Figure S5). The
shoulder peaks appearing at ~1363 cm ™! corresponded to in-plane substitution, vacancy, or
lattice distortion between grain boundaries in the sp? structure; and the peak at ~1600 cm ™!
reflected the tensile structural strength of sp? bonding [37]. Compared with graphene,
the D and G peaks of the BCN 2D layer blue shifted to higher wavelength positions due
to the combination of B and N bonds with C in BCN. For the infrared spectrum of BCN
(Figure 2b), the peaks at 1392 cm~! and 809 cm ™! were attributed to in-plane tension
and out-of-plane bending vibrations of the B-C-N rings, respectively. The infrared peaks
between 1070 and 1250 cm ! indicated the existence of B-C bonds. The films rich in B had
maximum absorption at ~1100 cm !, whereas the films rich in C had maximum absorption
at ~1250 cm 1 [22,38].
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Figure 2. (a) Raman spectra of BCN two-dimensional films; (b) Infrared spectra of BCN two-dimensional
films; (c¢) Raman spectra of BCN/Gr two-dimensional films; (d) Infrared spectra of BCN/Gr
two-dimensional films.
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Figure 2c shows the Raman spectra of the BCN/Gr 2D composite films. The charac-
teristic peaks of graphene, such as G peaks and 2D peaks, are clearly visible. At the same
time, the characteristic peaks of BCN can also be observed at ~1363 cm~! and ~1600 cm~1.
As the growth time increased, the G peaks gradually broadened, indicating that the peak
strength at 1600 cm ! was increasing and forming the wide characteristic peak of graphene.
Meanwhile, the strength of the D peak was also gradually increasing, which proved that the
content of BCN in the 2D composite films was increasing, thus confirming the formation of
the BCN/Gr 2D composite material.

Figure 2d shows the infrared spectra of the BCN/Gr 2D composite films. It can be
seen that in contrast to the infrared spectra of BCN (Figure 2b), the maximum characteristic
peak of BCN/Gr (Figure 2d) moved to ~1100 cm~!, which was attributed to B-C bonds.
Meanwhile, with increasing growth time, the peak at ~1100 cm ™! also increased, indicating
the increasing B content of the BCN/Gr sample. The Raman and infrared spectra proved
the successful preparation of BCN and BCN/Gr 2D composite materials.

It is reported that 2D materials protect the metal substrate through their imperme-
ability and tight combination with the substrate [1,29,39]. However, two-dimensional film
materials prepared using the CVD method have a large number of grain boundaries, which
are considered to be the starting point of corrosion reactions. By transferring another layer
of 2D film on its surface, the grain boundaries could be dislocated, thus preventing the
diffusion of corrosion reactants to the metal substrate [29]. Therefore, we used the liquid
etching method to transfer the BCN and graphene films onto the surface of an as-grown
BCN/Cu foil surface and prepared BCN-BCN and BCN-Gr samples, respectively (Support-
ing Information, Figure S1). The graphene layer used for transfer was prepared using the
CVD process, which is described in the Supporting Information (Figure S2). Figure 3a,c
display schematic diagrams of the BCN-BCN and BCN-Gr samples, and Figure 3b,d shows
their corresponding SEM results, respectively. As shown in Figure 3b,d, the boundaries
of the transferred 2D films can be clearly observed. The transferred graphene and BCN
films were relatively complete and not damaged during the transfer process. In addition,
the BCN film (Figure 3b) was significantly thicker than the graphene film (Figure 3d). It
can be seen that in this study, we prepared a variety of 2D films based on graphene, BCN,
and BCN/Gr composite films through direct growth and transfer. In order to describe
and characterize the samples more clearly, we summarized the samples and preparation
methods in Table 1.

BCN-BCN

<=  Transferred BCN layer

|

<55  Transferred graphene layer

m In-situ grown BCN/Cu

Figure 3. (a) Schematic diagram of BCN-BCN sample; (b) SEM of BCN-BCN sample; (c¢) Schematic
diagram of BCN-Gr sample; (d) SEM of BCN-Gr sample.
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Table 1. Samples prepared in this study.

Sample Method Growth Time of BCN (min)
BCN 1 10
BCN 2 CVD grown BCN 20
BCN 3 40

BCN/Gr 1 10
BCN/Gr 2 CVD fg‘;;”(‘)giw Gr 20
BCN/Gr 3 P 40
BCN-Gr 1 1
CN-Gr CVD grown BCN + 0
BCN-Gr 2 torred BCN 20
BCN-Gr 3 transferre: 40
BCN-BCN 1 10
BCN-BCN 2 CVD grfwnng * 20
BCN-BCN 3 transferre: T 40

Electrochemical testing is considered a convenient method to evaluate the corrosion
resistance of protective coatings [40—42]. Figure 4a shows the schematic diagram of the
three-electrode system for electrochemical testing, in which the platinum electrode is the
counter electrode, the saturated calomel electrode is the reference electrode, the samples
to be tested are the working electrodes, and the electrolyte is 5% NaCl solution. Figure 4b
shows the Tafel curves of the different samples. According to the tangent line of the quasi-
linear part of the Tafel curve, the corrosion voltage and corrosion current of the samples
can be determined. At the same time, the corrosion rate (Reorr) can be calculated using the
following formula [40,41]:

Tcorr XK x EW

Corrosion Rate =
pA

@
where the corrosion rate constant K = 3272 mm/yr and the density of Cu substrate
p=8.94¢g/cm3. Since Cu loses 2 electrons due to oxidation, EW is 31.7 g and A is the
test area (1 cm?) of the sample during the test.

As shown in Figure 4b, the bare copper sample showed the maximum corrosion current
and the most negative corrosion voltage, indicating that it was the most susceptible to
corrosion. With the modification of different 2D films on Cu surfaces, the corrosion current
decreased and the corrosion voltage moved in the positive voltage direction, indicating
that the samples had stronger corrosion resistance. Compared with the simple growth of a
layer of BCN film, further transferring a layer of 2D material on its surface significantly
reduced its corrosion current and increased its corrosion voltage, reflecting promotion of
the corrosion resistance of 2D materials through grain boundary dislocation. Meanwhile,
the in-situ grown BCN/Gr 2D composite film showed a smaller corrosion current and the
corrosion voltage moved approximately 15 mV in the positive voltage direction compared
with the transferred sample, showing a stronger corrosion resistance ability.

Figure 4c shows the Nyquist diagram obtained by electrochemical impedance spec-
troscopy (EIS). Within the frequency range of 1~100 kHz, the measured diameter of the
half arc could be considered as the interface of charge transfer resistance, representing the
corrosion resistance of the protective coating. It can be seen from Figure 4c that the bare Cu
substrate showed the minimum impedance, that is, the worst corrosion resistance. With
surface modification, the impedance of the sample gradually increased and the BCN/Gr
sample showed the strongest corrosion resistance, which was consistent with the results
shown in the Tafel curves (Figure 4b). Figure 4d shows the potential dependent EIS results
of the in-situ grown BCN/Gr 2D films. The results showed that when the polarization
potential changed to the negative direction, the semicircle diameter of the impedance curve
increased significantly, indicating that the interface charge transfer resistance increased and
had a cathodic protection effect under negative potential. Figure 4e shows the corrosion
rates of different samples calculated according to the above formula. The BCN/Gr sample
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showed the lowest corrosion rate, that is, the best corrosion resistance. Compared with
the bare Cu substrate, the corrosion rate of the BCN 2D material decreased from 0.35 to
0.14 mil/year, with a decrease of 60%. When another layer of BCN or graphene 2D film
was transferred on the surface of the in-situ grown BCN 2D film, the corrosion rate was
further reduced to 0.08 and 0.07 mil/year, which was nearly 50% lower than that of the
single-layer modification. This result proved that the grain boundary dislocation of 2D
materials improved corrosion resistance. Furthermore, the corrosion rate of the in-situ
grown BCN/Gr 2D composite films further decreased to 0.03 mil/year, which was 91.4%
lower than that of bare Cu foil and 57.1% lower than that of the BCN-Gr composite prepared
using the transfer method. The further improvement of the anti-corrosion performance of
the in-situ grown 2D composite may be due to the dislocation of the grain boundaries of
the BCN and graphene layers. In addition, compared with the BCN-Gr two-dimensional
composite film obtained by transfer, the interlayer gap of the in-situ grown composite
might be smaller, which is more conducive to metal surface protection.
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Figure 4. (a) Schematic diagram of the three-electrode system for electrochemical testing; (b) Tafel
curves of the Cu foils with different modification layers; (c) Nyquist diagram obtained by electrochem-
ical impedance spectroscopy of the different samples; (d) potential dependent EIS results of in-situ
grown BCN/Gr 2D films; (e) Corrosion rates of the samples with different surface modification.

Salt spray testing mainly uses artificial simulated salt spray conditions to assess
corrosion resistance ability. In the salt spray experiments, we cut bare copper sheet samples
and samples with different surface modifications into 2 cm X 2 cm pieces and placed
them into the salt spray box for salt spray testing. After 8 h of spray, the samples were
removed and washed with deionized water, and their morphologies were observed after
drying. Figure 5a—e shows the optical photos of bare copper foil, BCN, BCN-BCN, BCN-Gr,
and BCN/Gr samples after salt spray testing for 8 h. It can be seen that the bare copper
foil is most corroded, followed by the sample with a layer of BCN film. After another
layer of 2D film was transferred on the surface of BCN, the corrosion was alleviated, and
the in-situ grown BCN/Gr sample showed the best corrosion resistance ability, which
was consistent with the previous electrochemical test results. Figure 5f~h shows the SEM
images of BCN, BCN-Gr, and in-situ grown BCN/Gr samples after salt spray testing for
8 h. It can be clearly seen that the BCN layer grown on the Cu substrate (Figure 5f) was
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severely cracked and peeled off from the substrate. At the initial stage of corrosion, the
BCN film on the substrate surface could block the corrosion reaction from the Cu foil
substrate, thus reducing corrosion. With the extension of time, C1~ in the corrosive solution
gradually passed through the protective layer, and a large amount of CI~ was adsorbed on
the surface of the matrix and reacted with Cu; thus, the BCN film started to be damaged
and its anti-corrosion effect was greatly reduced, causing corrosion on the surface of the Cu
substrate. As shown in Figure 5g, the BCN-Gr composite prepared by the transfer method
had less corrosion and the decorative films were partially complete after the salt spray
experiments. The transfer boundary was clear, only small pitting corrosion occurred, and a
small amount of salt particles remained. Because of the grain boundary dislocation of the
two-layer structure, even the surface layer (graphene) cracked and it was difficult for CI1~
to continue to diffuse through the bottom layer (BCN), causing damage to the Cu substrate.
Finally, the in-situ grown BCN/Gr composite showed the best protection effect (Figure 5h).
The corrosion mainly occurred at the grain boundary, and other locations were effectively
protected except for some residual salt particles. The results of the salt spray experiments
were consistent with the electrochemical experiments, confirming the protective effect of
the in-situ grown BCN/Gr composite on the metal surface.

Figure 5. (a—e): Optical photos of bare copper foil (a), BCN (b), BCN-BCN (c), BCN-Gr (d), and
BCN/Gr (e) samples after 8 h salt spray testing (sample size: 2 cm X 2 cm); (f~h) SEM images of
BCN (f), BCN-Gr (g), and BCN/Gr (h) samples after 8 h salt spray testing.

2D films protect the metal substrate through their tight combination with the substrate
and impermeability. Therefore, the combination of the 2D film with the metal substrate
is an important factor affecting their anti-corrosion performance. Nano scratch testing is
used to characterize the adhesion of 2D materials by testing the force required to peel the
2D film from the substrate [43]. Figure 6a shows the schematic diagram of adhesion test.
In this study, a nano indentation instrument was used to evaluate adhesion. By applying
150 uN on the surface of 2D films/copper, nano scratch experiments were conducted, and
the curves of transverse force and displacement were obtained (Figure 6b). As shown
in Figure 6b, when the indenter peeled the 2D material from the metal substrate surface,
significant changes in lateral force can be observed, and the variation in lateral force
represents the adhesion between the 2D film and the metal substrate. Figure 6¢ shows the
adhesion of the different samples calculated from the lateral force displacement curve. It
can be seen that the BCN film showed the minimum adhesion, which may be related to
the larger thickness of the BCN 2D film. After another layer of two-dimensional material
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was transferred on the surface of BCN/Cu, the adhesion was increased. The adhesion
of BCN-BCN was smaller than that of BCN-Gr, which may be because the BCN film
was thicker than the graphene film, thus making it difficult for BCN to closely fit with
the substrate. Furthermore, the adhesion of the in-situ grown BCN/Gr composite was
significantly higher than that of the composite prepared by the transfer method. This might
be attributed to the existence of chemical bonds between the directly grown BCN/Gr layer
and the substrate, and the existence of van der Waals forces between the BCN and graphene
layers, which shows a closer combination with the substrate. This close combination
ensured that corrosive substances were less likely to penetrate into the metal substrate and
prevented corrosion reactions.
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Figure 6. (a) Schematic diagram of adhesion test; (b) The curves of lateral force and displacement of
the samples with different surface modifications; (c¢) Adhesion of different samples calculated from
the lateral force-displacement curves.

3. Materials and Methods
3.1. CVD Growth of BCN 2D Films

BCN 2D films were grown using the CVD method, with methane and borane ammonia
used as the precursors, Cu foil used as the substrate, and the carbon source flow rate and
growth time as the variables. As shown in Figure 1a, the growth process had two heating
zones. After exhausting the air in the tubular furnace with Ar, the temperature of the
main heating zone was raised to 1000 °C, and the mixed gas of methane and hydrogen
was introduced, in which the dehydrogenation of methane molecules produced carbon
atoms. Then, the temperature of the auxiliary heating zone was set to 90 °C, and the borane
ammonia was decomposed by heat to produce -BH,-NHj-, which diffused to the main
heating zone with the gas flow, decomposed into -B-N- under the high temperature, and
was deposited on the copper substrate with carbon atoms to generate the BCN films. The
variables in this experiment were carbon source flow rate and growth time, which were
CHy = 20 sccm, growth for 10 min; CHy = 40 scem, growth for 20 min; and CHy = 40 scem,
growth for 40 min. The samples were named BCN1, BCN2, and BCN3, respectively.
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3.2. In-Situ Catalytic Growth of BCN/Gr 2D Composite Films

The preparation of BCN/Gr two-dimensional composite films also used the CVD
method, which combined the growth processes of graphene and BCN in the same procedure,
with copper foil used as the catalyst and borane ammonia and methane as the precursors.
First, we used methane as the carbon source to grow graphene two-dimensional films.
During the growth process, clean copper sheets were first put into the main heating zone of
the CVD furnace. Subsequently, the quartz tube was vacuumed. After the internal pressure
of the system was pumped below 30 pa, it was filled with Ar to normal pressure, and
vacuumed it again. This process was repeated three to four times until no air existed in the
system. Then, Ar was introduced and its flow was adjusted to 100 sccm. After the inert
atmosphere in the quartz tube was adjusted, the temperature of the main heating zone was
raised to 1040 °C at a heating rate of 14 °C-min~!, and H, was introduced. The flow rate
was set at 15 sccm and the temperature was maintained for 30 min. Then, methane (20 sccm)
was introduced and the carbon atoms were arranged on the surface of the Cu foil for 20 min.
After the growth of the graphene layer, the temperature of the main heating zone was
reduced to 1000 °C with the flow rates of methane and hydrogen maintained at 40 and
15 sccm, respectively. Then, heating tape was wound around the auxiliary heating zone to
keep the temperature at 90 °C for the decomposition of borane ammonia. At 1000 °C, the
flow rate of H, was 15 sccm, the flow rate of CHy was 40 sccm, and the growth time was
set at 10, 20, and 40 min to finally realize the preparation of BCN/Gr composite films. The
samples were named BCN/Gr1, BCN/Gr2, and BCN/Gr3, respectively. After the growth
period was complete, the heating band was removed, the CH, and H;, were turned off, and
the sample was cooled in the furnace to room temperature. Then, the system was filled
with Ar to normal pressure and the sample was removed.

3.3. Preparation of BCN-BCN and BCN-Gr 2D Composites by Transfer Method

With PMMA as the transfer carrier, the copper substrate under the BCN and graphene
films was etched using the chemical etching method, the BCN and graphene films were
transferred to the BCN/Cu grown under different conditions, and the PMMA was removed
by acetone after drying. The samples that were prepared by transferring a layer of BCN
on the basis of the BCN/Cu grown by the CVD method under different conditions were
named BCN-BCN1, BCN-BCN2, and BCN-BCNS3, respectively. The samples that were
prepared by transferring a layer of graphene film on the basis of the BCN/Cu grown
by the CVD method under different conditions were named BCN-Gr1, BCN-Gr2, and
BCN-Gr3, respectively.

3.4. Electrochemical Test

A three-electrode system was used for electrochemical testing to evaluate the corrosion
resistance of the samples. The platinum electrode was used as the counter electrode and the
saturated calomel electrode was used as the reference electrode. The test was conducted in
5% NaCl solution. The test sample was sealed with silicone rubber, leaving a 1 cm? exposed
area to be measured. After the silicone rubber was completely cured, the samples were used
as the working electrode to obtain Tafel curves and electrochemical impedance spectroscopy
(EIS) was conducted on the samples in the three-electrode system. The frequency range
was set as 1~100 kHz during the EIS tests. Finally, the corrosion rates were calculated by
determining the tangent lines of the Tafel curves.

3.5. Salt Spray Test

A salt spray box was used for salt spray testing. First, 5% NaCl solution was prepared
and the pH value was adjusted to 6.5-7.2. Then, the samples to be tested were put into the
salt spray box and the samples were inclined at an angle of 15-30° to the vertical plane.
After spraying for 8 h, the samples were removed, and the salt particles attached to the
surface were quickly washed with deionized water. Finally, further characterizations were
carried out after the samples were dried.
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3.6. Nano Scratch Test

A Hysitron TriboScope nano indenter was used to conduct the nano scratch experi-
ments. The indenter used in the experiment was a Berkovich diamond indenter and the
curvature radius of the tip was approximately 150 nm. A transverse force (150 uN) was
applied on the two-dimensional film/Cu substrates, and the nano scratch experiments were
carried out to obtain the curves of transverse force and displacement. When the indenter
peeled the two-dimensional material from the substrate surface, significant changes in the
lateral force were observed. The difference between the lateral force was identified as the
adhesion between the material and the substrate.

4. Conclusions

In conclusion, BCN/Gr 2D composite with a complete structure was directly grown
on the surface of copper foil by in-situ catalytic growth and delicately controlled precursors
and reaction conditions. Through morphological analysis, electrochemical testing, adhesion
measurements, and salt spray testing, it can be seen that the in-situ grown BCN/Gr 2D
composite exhibited the best anti-corrosion ability with the advantages of grain boundary
dislocation and strong adhesion with the metal substrate. As a result, the corrosion resis-
tance of the in-situ grown BCN/Gr composite was greatly improved, with a corrosion rate
91.4% and 57.1% lower than that of bare Cu foil and BCN-Gr composite prepared by the
transfer method, respectively, showing its potential in corrosion protection applications.
This study not only proposes a new strategy for preparing new 2D composite films, but also
provides a new approach for the application of 2D nanomaterials in corrosion protection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12121618/s1, Figure S1: SEM image of graphene grown on Cu
foil; Figure S2: EDS of BCN/Gr 2D composite film; Figure S3: (a) TEM and (b) AFM of in-situ grown
BCN film; (c) TEM and (d) AFM of BCN/Gr 2D composite film; Figure S4: Diagram of liquid etching
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Abstract: Copper was incorporated into the Ce-5n and comparative Ce-Zr oxide supports by one-pot
precipitation in the presence of CTAB template and by the impregnation of templated Ce-Sn and
Ce-Zr oxides. The synthesized Cu-Ce-Sn and Cu-Ce-Zr catalysts were tested in the continuous-flow
preferential oxidation of CO in hydrogen excess. The one-pot synthesized tin- and zirconium-doped
catalysts demonstrated better CO conversion and CO, selectivity than their impregnated counterparts.
For the tin-modified ternary system that showed the best catalytic performance, the copper content
was further optimized. The structure, reducibility, surface chemical state and textural properties of
the catalysts were analyzed by SEM-EDX, XRD, H,-TPR, Raman spectroscopy, XPS and TEM. The
nonmonotonic changes in the specific surface area, Cu* /Cu?* ratio and ratio of lattice and non-lattice
oxygen with increasing the Cu content are discussed in terms of copper distribution in the catalysts.
The influence of the interaction between copper oxide species and the cerium-tin/cerium-zirconium
oxide support on the performance of the ternary catalysts was thoroughly analyzed and discussed.

Keywords: CO catalytic oxidation; CO preferential oxidation; template; CTAB; mixed oxides; copper
oxides; ceria; tin oxides

1. Introduction

Global environmental challenges stimulate the development of the carbon-free in-
dustry, in which hydrogen is an important energy carrier. Today, H; is used as a clean
energy source in polymer electrolyte membrane fuel cells. But the high purity of Hj is
required for the more efficient operation of such devices. Even traces of CO (less than
100 ppm) remaining in hydrogen after fuel reforming and the water gas shift reaction
should be removed to prevent poisoning of the Pt anode of the fuel cell [1-3]. Preferential
CO oxidation (CO-PROX) is considered as one of the simplest and most efficient methods
for reducing the CO concentration in the Hj reach stream to an acceptable level.

The catalysts used at this stage should be highly active and selective in H, excess.
They should also tolerate large amounts of CO; and H,O in the feed stream and be stable
and durable in a wide operating temperature range [4].

Although noble metals are very active in CO oxidation [5,6] and show high perfor-
mance in the CO-PROX [1,7], they have certain disadvantages. The most important ones are
their high price, rapid deactivation under high temperature treatment and, in some cases,
low selectivity. Copper oxide catalysts supported on cerium dioxide (ceria) are a promising
alternative due to their affordable cost, high activity, selectivity and stability [8,9]. Varying
the synthesis method, pretreatment conditions, type of promoters and other modifiers
allows tuning the catalyst properties in a targeted manner [4,10,11]. Specifically, in the
CO-PROX reaction, it is necessary to efficiently convert CO on the catalyst surface while
minimizing undesirable hydrogen conversion. The improved performance of the catalyst
is achieved via a synergistic action of a nonstoichiometric support that provides oxygen
vacancies and an active component that adsorbs and activates CO [12]. The interaction of
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copper and cerium oxides [13]—in particular, the extent of their contact [14]—are widely
discussed in the literature. Several reasons were proposed to explain their synergistic
action in oxidation catalysis. Among them are the redox interplay between Ce3*/Ce** and
Cu*/Cu?* redox pairs, ample amount of oxygen vacancies, improvement of the reduction
properties of each component, ligand and geometric effects, especially on the CuO-CeO,
interface [13,15].

A significant number of works have been devoted to thermally stable cerium—zirconium
catalysts [16-23]. Doping with tin dioxide was recently reported as a promising way for
the modification of cerium-based catalysts [24,25]. It was demonstrated that a solid solu-
tion of tin in the crystal lattice of cerium oxide was formed up to a tin oxide content of
5-10 wt.% [26,27]. Earlier, we synthesized for the first time the Cu-Ce-Sn oxide catalysts
with the Ce:Sn mole ratio of 9:1 using the cetyltrimethylammonium bromide (CTAB) tem-
plate and demonstrated its high catalytic activity in the total CO oxidation [28]. It was
attributed to the relatively high specific surface area of the catalysts, high dispersion of
CuOx species and the presence of active copper oxide—ceria interfacial sites.

However, the effects of the copper content and strength of the interaction between
copper oxide and ceria on the performance of the CTAB-templated Cu-Ce-5n oxide catalysts
in CO-PROX have not been thoroughly analyzed. Modifying the synthesis method is a
promising way to control the strength of interactions between components of ternary oxide
catalysts and their surface chemistry.

That is why this work compares two methods for copper incorporation into Cey 9Sng 1O,
oxide (further denoted as CeSn). In the first one, CuO-modified Cey9Sng 10, (further de-
noted as CuCeSn) was prepared by the one-pot precipitation method using a sacrificial
CTAB template and citric acid as a complexing agent. In the second method, copper was
supported on Ce9Sng 10, by wet impregnation. The synthesized catalysts were compared
with the CuCeZr catalysts produced by the same methods. The copper content was opti-
mized in the CuCeSn catalyst prepared by the more efficient single-stage one-pot method.
Different physicochemical methods, including the X-ray diffraction analysis, temperature-
programmed reduction with hydrogen, low-temperature nitrogen physisorption, X-ray
photoelectron and Raman spectroscopies and electron microscopy, were used to elucidate
the influence of the preparation method and copper content on the physicochemical and
catalytic properties of the synthesized catalysts in the flow-type CO-PROX.

2. Results
2.1. Catalytic Performance in CO-PROX

The temperature dependencies of the CO and O, conversions and CO, selectivity
for all the synthesized catalysts (Figure 1) allowed qualitatively compared their catalytic
activities, because all the catalysts were tested under the same conditions.

Firstly, we tested the catalysts synthesized by different methods but with the same
copper content of 20% calculated as (1(Cu)-100%/[n(Ce)+n(5n)] that corresponded to the
copper loading of 6.1 wt.% relative to the CeSn support (Figure la—c). These catalysts were
denoted as 20CuCeSn. Their Zr-containing counterparts (20CuCeZr) were also tested in
the CO-PROX. For a better comparison, the equal Ce:Zr and Ce:Sn ratios of nine were used
in the catalysts. The names of impregnated samples were ended with “-im”.

Among the samples with the same composition, the one-pot synthesized catalysts were
more active than the impregnated ones. The tin-containing one-pot synthesized 20CuCeSn
showed higher CO conversion than its Zr-containing 20CuCeZr counterpart (Figure 1a).
However, at low temperatures of 100-150 °C, the one-pot synthesized 20CuCeZr catalyst
was more efficient than the impregnated 20CuCeSn-im, while, at higher temperatures (at
250-450 °C), they showed similar CO conversions.
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Figure 1. CO (a,d) and O, (b,e) conversions and CO, selectivity (c,f) vs. reaction temperature for
CuCeSn and CuCeZr catalysts with the same (a—c) and different (d—f) copper contents.

Not only CO conversion but also carbon dioxide selectivity are very important for the

cost efficiency of the catalyst in the CO-PROX process. As expected, the CO; selectivity
decreased for all the catalysts with increasing the reaction temperature. The conversion of
oxygen at higher temperatures remained close to 100%, while both the CO conversion and
CO; selectivity decreased (Figure 1b). This fact suggests that a part of the oxygen was con-
sumed by the hydrogen oxidation reaction that produced water. Among all the synthesized
catalysts, 20CuCeSn exhibited the highest CO; selectivity in a wide temperature range of
200-450 °C (Figure 1c). Note that, at 200250 °C, a high CO, selectivity was achieved at
100% CO conversion, which provided the target process parameters—complete removal
of CO at low degree of hydrogen oxidation, which makes this catalyst cost-efficient. The
Zr-containing one-pot synthesized 20CuCeZr catalyst demonstrated higher CO; selectivity
(98-99%) at 100-150 °C than its tin-containing counterpart but at the cost of a lower CO
conversion. It can be concluded that templated coprecipitation is the most efficient method
for preparation of ternary 20CuCeSn and 20CuCeZr catalysts, but the former catalyst is
more efficient. Therefore, it was chosen for the Cu content optimization.

The catalytic results for the one-pot synthesized samples with different copper contents
are shown in Figure 1d—f. All these catalysts demonstrated a significant CO conversion even
at 100 °C, but 25CuCeSn and 10CuCeSn were the most active at this temperature, showing
CO conversions of 88 and 79%, respectively. At 150 °C, all the catalysts demonstrated
near 100% CO conversion. Taking into account the uncertainty of the CO conversion
measurement, the efficiencies of all the catalysts, except for the somewhat less efficient
10CuCeSn sample, were similar in the temperature range from 150 to 250 °C. At higher
temperatures, the CO conversion decreased for all the catalysts.

10CuCeSn demonstrated the highest CO; selectivity at 200400 °C (Figure 1f). Despite
its lower CO conversion in this temperature range among the catalysts with different copper
contents, it was still high enough (over 80%) to provide a good balance between reasonable
CO and O, conversions and high CO; selectivity. At a relatively low temperature of 100 °C,
the efficiencies of 10CuCeSn and 5CuCeSn were similarly high. However, the widest
operating windows were observed for the 20CuCeSn and 25CuCeSn catalysts with high
copper loadings.

A 65% CO conversion and 70% CO selectivity at 100 °C were earlier reported for the
5wt.%CuO/CeO; catalyst synthesized by the precipitation method [29]. Our 10CuCeSn
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catalyst with a lower copper content (3.4 wt.% of Cu according to the AAS data) exhibited at
this temperature the CO conversion of about 80% and CO; selectivity above 90%. However,
the 5wt.%CuO/CeO, sample prepared in the above-mentioned work by the hydrothermal
method showed a higher catalytic performance than that of our catalyst. However, in
addition to the higher copper loading than in our 10CuCeSn catalyst, a stoichiometric
CO/0O; reaction mixture with a lower hydrogen content (50 vs. 80 vol.% Hj in our work)
and more than eight times higher contact time (0.800 vs. 0.095 g-s/cm® in our work)
were used in [29] for catalytic tests. Under similar test conditions, the performance of our
catalysts should be better.

The stability of 10CuCeSn was tested in the isothermal conditions at 200 °C for more
than 10 h time-on-stream (Figure 2) at longer contact time than in short-time tests. No loss
of activity was observed after more than 10 h of the test at a CO conversion of about 99.8%
and CO; selectivity of about 92%.

100—ﬁrrrrrrrrrrrrrrrrr-—1
| 222020204002220a2020200
80
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Figure 2. Results of the stability test for 10CuCeSn at 200 °C (reaction mixture: 4 vol.% CO, 3 vol.%
0», 13 vol.% N and 80 vol.% Hp).

2.2. Physicochemical Characterization of Catalysts Synthesized by Different Techniques

The physicochemical parameters of the 20Cu series catalysts prepared by the two
methods were measured by Nj physisorption, XRD, XPS and H,-TPR, and the results are
summarized in Table 1.

Table 1. Physicochemical parameters of 20CuCeSn and 20CuCeZr catalysts prepared by the one-pot
and wet impregnation methods.

XPS Atomic and Ion Ratios H, Uptake, umol/
Average CeO 8
2
Sample SgeT, M2/, Crystallite Medium T
P BET MO8 Siee. nm CelCu  CefSn(Zn)  Ce™/Ce™  Cutjcut oW HaRSe Range

(400-650 °C)

20CuCeSn 149 + 15 5+1 5.8 6.3 0.11 0.70 1479 100

20CuCeZr 28+£3 100+£1 4.0 9.7 0.11 0.20 1417 159

20CuCeSn-im 81+38 12+1 29 20.0 0.04 0.18 1248 85

20CuCeZr-im 27 +3 15+1 2.2 10.3 0.07 0.39 933 136

Figure S1 (Supplementary Materials, SM) shows the SEM micrographs of these cat-
alysts and the EDX mappings of the Sn(Zr) and Cu distributions on the catalyst surface.
Rather large particles from 50 to 200 um in size were observed in all the catalysts. The
Zr-containing samples looked much less porous, which agreed with their lower specific
surface areas. Copper-enriched areas were not detected on the surfaces of all the samples,
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even of those synthesized by the impregnation, which can be explained by the relatively
low Cu content (6.1 wt.%).

The textural parameters of the catalysts were measured by low-temperature nitrogen
physisorption. Though the different synthesis methods were used for 20CuCeZr and
20CuCeZr-im, their physisorption isotherms (Figure S2 in Supplementary Materials) and
specific surface areas (Table 1) were similar. The average pore sizes calculated from the
NL-DFT pore size distributions were 3.1 and 5.7 nm for 20CuCeSn and 20CuCeSn-im and
7 and 12 nm for 20CuCeZr and 20CuCeZr-im, respectively.

Higher BET specific surface areas of the tin-containing catalysts (Table 1) testify to a
much more developed surface of these catalysts than of their Zr-doped counterparts. The
impregnated 20CuCeSn-im demonstrated a lower specific surface area than its one-pot
synthesized counterpart (20CuCeSn). In contrast to the one-pot synthesized catalyst, CuOx
particles in the impregnated 20CuCeSn-im sample can block micro- and small mesopores.
The specific surface areas of CuCeZr and CuCeZr-im were about the same but much lower
than those of their Sn-doped counterparts, which may be the reason for the lower activity
of the former catalysts in CO oxidation.

To analyze the phase composition of the catalysts, they were studied by XRD and
Raman spectroscopy. The diffraction patterns of all the studied samples (Figure 3a) show
only broad reflections of the fluorite phase of CeO,. Thus, the samples did not contain well-
crystallized phases of tin/zirconium and copper oxides. We may assume that copper existed
in the samples both as ions incorporated into the ceria or double cerium-zirconium/cerium-—
tin oxide lattice and as highly dispersed X-ray amorphous copper oxide species.
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Figure 3. XRD patterns (a) and Raman spectra (b) of 20CuCeSn, 20CuCeZr, 20CuCeSn-im and
20CuCeZr-im catalysts before (solid lines) and after catalytic tests (dashed lines).

The Raman spectroscopy data testify to the inclusion of zirconium/tin and copper
ions into the crystal structure of cerium oxide (Figure 3b). The main F,; band in the
440-465 cm ™! region confirms the cubic fluorite structure of CeO, [30]. This band is
broader for tin-containing catalysts, especially for 20CuCeSn, which could result from the
small particle size in these catalysts [30,31]. Indeed, according to the XRD data (Table 1),
20CuCeSn has the smallest crystallite size. The slight asymmetry of the Fog band is clearly
visible in the spectrum of 20CuCeSn, along with a red shift of the Fp¢ band that points
to the presence of oxygen vacancies [30]. Both the asymmetry of the Fp, band and its
shift for nanosized particles originate from the phonon confinement effect resulting from
the high concentration of structural defects and small average crystallite size [32]. The
shift of the Fy¢ band for all the Cu-containing catalysts relative to their positions in CeO,
(Figure 3b) and CeSn double oxide (see Figure 5b below) can be caused by the change in
the Ce—O vibration frequency resulting from the incorporation of Cu?* ions. A similar
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effect was observed in [33]. The shift of the band maximum is more pronounced for the
CuCeSn samples. All spectra also contain a broad low-intensity band at 560—650 cm ™!
that is usually denoted as the ‘Oy band’ (where Oy means oxygen vacancies) or ‘D-band’
(D means defects) [31]. It could be attributed to the LO mode (longitudinal mode, Fy,,
symmetry) appearing due to the local asymmetry caused by the presence of Frenkel-type
oxygen defects or non-stoichiometry oxygen vacancies in ceria resulting from the reduction
of Ce** to Ce®* [31,34]. Due to a rather small crystallite size in the catalysts, it is difficult to
accurately determine the contribution of this component to the spectra.

The Raman spectra of the 20Cu series samples are similar before and after catalytic
tests (Figure 3b). No carbon-related bands appeared in the spectra. The spectra of all the
samples, excluding 20CuCeSn, showed a blue shift of the Fpg mode. It can be explained
by the partial reduction of cerium in the surface layers under the reaction conditions and
by the increase in the fraction of Ce®* ions that are larger than Ce** ones. This shift agrees
with the equation that describes the changes in the F, band frequency with varying the
crystal lattice parameters of ceria-based oxide [35]:

where 7 is the dimensionless Griineisen constant (1.44 for CeO,), Aa = (a — ag) is the differ-
ence between the crystal lattice parameters of the doped and pure CeO, and Aw = (w — wy)
is the difference between the frequencies of their Fp, bands.

A weak redshift of the Fpg band was observed in the Raman spectrum of the most
active 20CuCeSn sample. This fact indicates the high stability of this system and the high
mobility of oxygen, which ensures its fast transport to the surface from deeper structural
layers and allows rapid reoxidation of the catalyst surface.

The surface composition of the catalysts was studied by XPS (Table 1). The processing
of Ce3d and Cu2p XPS spectra was detailed in our previous work [36].

The survey XPS spectra are presented in Supplementary Materials (Figure S3a). All
the samples contained Cu, O, Ce, Sn or Zr and a relatively high amount of carbon on the
surface. The latter can be a template/precursor residue or adventitious carbon resulting
from the air exposure of the catalysts.

The Ce/Zr atomic ratios on the surface of zirconium-containing samples calculated
from the XPS spectra were close to the target values (Table 1). In contrast, the tin-containing
20CuCeSn and 20CuCeSn-im samples demonstrated different surface Ce/Sn ratios. The
surface of 20CuCeSn-im was depleted in tin, while that of 20CuCeSn was enriched with
this element. These significant differences in the surface compositions of the samples
can be explained by the segregation processes and formation of mixed oxide phases with
different compositions.

The copper content on the surface of the impregnated catalysts is much higher than
that for the 20CuCeSn and 20CuCeZr samples (Table 1). This fact confirms the uniform
distribution of copper in the one-pot synthesized catalysts and less uniformity of the
impregnated catalysts, which was expected considering the nature of the synthesis methods.

The highest Cu* /Cu?* XPS ratio over all samples was found in 20CuCeSn. This fact
points to a strong interaction between ceria and CuOy and easy electron transfer between
Cu?* and Ce?* species [28,37]:

Cu®* + Ce®* ¢ Cu™ + Ce*t

The ability of the cerium ion to transfer an electron is confirmed by a high surface
Ce®"/Ce** ratio. The synergistic model proposed in [37,38] supposes a key role of Cu*
species as surface sites for CO adsorption and activation. The in situ XANES and DRIFTS
study demonstrated that the CO-PROX reaction over ceria—copper catalysts mainly pro-
ceeded via adsorption of CO on Cu* species rather than on Cu?* and Cu" ones [39]. These
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Cu* sites are stabilized by the interaction between copper oxide species and cerium oxide
on their interface [40]. The role of cerium oxide is to create oxygen vacancies.

The reducibility of the samples was investigated by Hy-TPR. The TPR profiles are
presented in Figure 4. This analysis is very important, because the CO-PROX reaction
mixture contains an excess of Hp, so the reduction of the catalyst components can proceed
during the catalytic test.
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Figure 4. H-TPR profiles of 20CuCeSn, 20CuCeZr, 20CuCeSn-im and 20CuCeZr-im catalysts and
reference CeSn and CeO, samples.

The main peaks in the TPR profiles can be divided into three groups: low-temperature
(80-400 °C), medium-temperature (400-650 °C) and high-temperature (above 650 °C) peaks.
The high-temperature peaks are probably associated with the reduction of bulk Ce** and
Sn*+ [27,41].

At medium temperatures, a group of relatively low-intense peaks was observed in all
the TPR profiles. These peaks can be associated with the reduction of surface Ce**, Sn**
and/or Zr** species. The presence of Cu’ species strongly affects their reducibility. The
maxima of medium-temperature peaks shift to lower temperatures but to a different extent
for different sample compositions. The low-temperature peaks at 50400 °C are usually
attributed to the reduction of highly dispersed and bulk Cu?* oxide species and to the
sequential reduction of Cu?* to Cu® (Cu?*— Cu* — Cu’) [11,42]. The reduction of Sn**
on the surface of the cerium-tin binary sample proceeded at a temperature slightly above
300 °C (Figure 3), but this peak was not visible in the TPR profiles of the copper-containing
catalysts. Most likely, it strongly shifted to lower temperatures and overlapped with the
CuO reduction peaks, indicating the promoting effect of copper on the Sn** reduction.
The partial reduction of a fraction of surface Ce** species in the low-temperature range
also cannot be excluded considering that the intensity of the middle-temperature peak
decreased in the TPR profiles of Cu-containing catalysts relative to those of CeSn and CeO,.

The low-temperature peaks were quite similar in the TPR profiles of the impreg-
nated catalysts: both profiles comprised a broad hydrogen consumption peak centered at
222-232 °C. However, a slight shift to higher temperatures and a significant increase in the
hydrogen consumption (Table 1) were observed for CuCeSn-im.

The hydrogen uptake peaks in the low-temperature region differ markedly for the one-
pot synthesized 20CuCeSn and 20CuCeZr samples. Several intense peaks in the reduction
profile of 20CuCeZr correspond to the reduction of various forms of copper oxide on the
surface and in bulk. The TPR profile of 20CuCeSn has only two intense signals with a small
shoulder at 119 °C, indicating the lower diversity of copper forms in this catalyst. However,
the copper reduction in this sample started at lower temperatures, and the hydrogen uptake
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was higher than that for 20CuCeZr (Table 1), which may be due to the partial reduction
of cerium and tin in the interfacial regions, in which ceria (or Sn-doped ceria) contacted
copper oxide.

2.3. Effect of Copper Content on Physicochemical Properties of Catalysts

This section presents the results of the physicochemical study of the catalysts with
different copper contents prepared by the one-pot method (Table 2).

Table 2. Textural properties and chemical compositions of one-pot synthesized CuCeSn catalysts
with different Cu contents.

SEM-EDX . .
Sample AAS Copper S m2 Atomic Ratio XPS Atomic and Ion Ratios
Content, wt.% BET, &
Ce/Cu Ce/Cu Ce3*/Ce**  Cu*/Cu?*
5CuCeSn 1.8 145 + 15 24.0 20.6 0.27 0.72
10CuCeSn 34 183 + 18 12.0 13.0 0.22 1.08
20CuCeSn 6.1 149 + 15 5.6 5.8 0.11 0.70
25CuCeSn 7.5 155 + 16 52 45 0.11 0.81

The EDX analysis of all the catalysts demonstrated the presence of oxygen, cerium,
tin, copper and carbon. A bromine signal was also detected in the EDX spectra of all the
samples, but its intensity was near the sensitivity level and similar for all the catalysts.
Therefore, it was not taken into account in the sample composition calculations.

According to the EDX element mappings (Figure S4 in Supplementary Materials), all
the samples comprised the areas of uniform and nonuniform tin distributions. We could
assume either the presence of highly dispersed tin oxide or/and the formation of mixed
cerium-tin oxide phases of various compositions. The cerium—copper atomic ratios were
calculated from the SEM-EDX data (Table 2). As expected, the Ce/Cu ratio decreased with
decreasing the Cu content.

The distribution of copper on the surface of the (5-20) CuCeSn samples could be
considered as uniform. However, on the surface of the 25CuCeSn sample with the highest
copper content, the copper-enriched areas were detected, which may indicate the presence
of copper oxide phases in this sample.

10CuCeSn showed the highest BET-specific surface area. The average pore size calcu-
lated from the pore size distributions (NL-DFT method) was 3—4 nm for all the catalysts.
A significant contribution of micropores was observed in all the samples, but it was the
highest in 10CuCeSn.

No reflections of copper-containing phases were detected in the XRD profiles of the
copper-modified samples (Figure 5a). Therefore, all the samples contained only the fluorite-
type crystalline phase of cubic ceria. The particle size noticeably increased with the decreas-
ing copper content; the average crystallite sizes were 5 £ 1 nm for 25CuCeSn and 20CuCeSn,
6 = 1 nm for 10CuCeSn and 9 + 1 nm for 5CuCeSn, approaching the value of 12 &= 1 nm for
double oxide CeSn. Copper could exist in the samples in the form of finely dispersed oxide
particles or/and as ions partially incorporated into the ceria/ceria—tin lattice.

A slight shift of the reflections in the diffraction patterns of the cerium-tin—copper
samples to higher angles relative to the pattern of reference CeO, indicates a decrease in the
crystal lattice parameter and can testify to the partial incorporation of tin or/and copper
ions into the crystal lattice of cerium oxide. However, it is impossible to accurately calculate
the lattice parameter for the catalysts due to the strong broadening of the reflections.

The sizes of Sn** (0.81 A for a coordination number of 8) and Cu?* (0.71 A) cations
are smaller than those of cerium cations (1.10 A for Ce>* and 0.97 A for Ce**). Therefore,
they can be incorporated into the CeO, crystal lattice, and this incorporation will slightly
decrease the lattice parameter. At the same time, the incorporation of such ions can
promote the Ce** to Ce3* reduction, which increases the crystal lattice parameter. Thus,
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it is impossible to draw unambiguous conclusions about the degree of ion incorporation
based only on the crystal lattice parameters calculated from the XRD data.
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Figure 5. XRD patterns (a) and Raman spectra (b) of catalysts with different Cu contents.

The Fyg band in the Raman spectra of all the catalysts (Figure 5b) is broadened and
shifted by about 20 cm ! relative to the spectra of references CeSn and CeQO,. As it has
been already mentioned, the broadening is caused by the small crystallite size and by the
defectiveness of the structure. The reason for the Fpg band shift is a partial incorporation of
copper into the CeSn lattice.

The survey XPS spectra of the catalysts with different Cu contents (Figure S3b) in
addition to the expected Ce, Sn and Cu lines showed the presence of C and Br, which agrees
with the SEM-EDX results. The calculated Ce/Cu ratios (Table 2) indicated the depletion of
the surface in copper, especially for 10CuCeSn, which confirms the SEM-EDX data.

The fraction of Ce®* decreased with increasing the copper content. It can be assumed
that the limit of copper incorporation was reached in 5CuCeSn and 10CuCeSn. At higher
copper concentrations, fine copper oxide particles started to form on the surface, which
explains the sharp drop in the Ce/Cu and Ce®" /Ce** ratios (Table 2). The possibility of
partial cerium reduction in the XPS chamber during analysis should be also considered.
However, because the spectra acquisition time was about the same for all the catalysts, in
the case of the X-ray-induced reduction, we should have expected the same portion of Ce**
reduced to Ce>* on the surfaces of all the samples, which was not the case.

The surface fractions of copper in +2 and +1 oxidation states were calculated from
the areas of the Cu?* and Cu* components in the Cu2p spectra (Table 2). The highest Cu*
content was observed in 10CuCeSn. The important role of Cu* sites in CO-PROX was
earlier reported [10,39,42].

Figure 6a shows the high resolution O1s XPS spectra fitted with several components.
The interpretation of these components in the literature is ambiguous, as was shown in
our previous work [28]. Many authors have distinguished two major groups of peaks:
the components at lower binding energies (denoted as Oy,;) are associated with lattice
oxygen [26,43], while the peaks at higher binding energies (O,qs and Opp) are assigned to
low-coordinated highly polarized oxygen species (superoxide or peroxide species) adsorbed
on the surface or to oxygen in hydroxyl groups [44,45]. These species are believed to play a
significant role in catalytic oxidation.

The atomic ratio of lattice and non-lattice oxygen (the latter is the sum of oxygen in
hydroxyl and other adsorbed groups) substantially changed with increasing the copper
content (Figure 6b). A minimum was observed for the 10CuCeSn sample. The relative
contribution of these components to the Ols spectrum correlates with the concentration of
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the active surface oxygen species [4]. The opposite trend with a maximum for 10CuCeSn

was observed for the Sgpp and Cut /Cu?* ratio dependencies on Cu loading.
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Figure 6. High-resolution Ols XPS spectra (a) and a correlation between the Sggr, ratio of oxygen
forms, Cut /Cu?* ratio measured by XPS and Cu content in one-pot synthesized CuCeSn catalysts (b).

The H,-TPR experiments were performed to reveal the copper content effect on
the catalyst reduction. The H,-TPR profiles of the catalysts with different copper load-
ings (Figure 7) are similar and show a broad reduction signal in the high- and medium-
temperature ranges, in addition to two intense peaks (« and () in the low-temperature
region (80—400 °C). The latter peaks can be attributed to the reduction of copper species with
H,. The low-temperature peak () corresponds to the reduction of copper oxide species
finely dispersed on ceria, while the peak at a higher temperature (f3) relates to the reduction
of well-formed CuO particles or mixed oxide phases (CuCeOx or CuCeSnOy) [26,46,47].
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Figure 7. H,-TPR profiles of one-pot synthesized CuCeSn catalysts with different Cu loadings.

However, the positions of the oc and 3 peaks in the TPR profiles of our samples strongly
depended on the Cu loading. With decreasing the copper content (1(Cu)-100%/ [n(Ce)+n(M)])
from 25 to 10%, the maxima of both peaks shifted to low temperatures, and the shift of the
peak was more pronounced than that of the & one. As a result, the difference between the
positions of their maxima became smaller (Table 3). A further decrease in the copper content
shifted the peaks of copper reduction to higher temperatures. One can notice a decrease
in the area ratio of the & and 3 peaks with the decreasing copper content. This indicates
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the increase in the fraction of copper particles strongly bonded to the oxide support in the
catalysts with low copper contents.

Table 3. H,-TPR results for CuCeSn catalysts with different Cu loadings.

Hydrogen Uptake, pmol/g

H,/Cu, mol. Ratio

Sample Low-Temperature Medium-Temperature Total AT g 1,eC (from AAS) 2
Range (80—400 °C) Range (400—650 °C)
5CuCeSn 977 92 1069 70 3.7
10CuCeSn 1213 242 1455 76 2.8
20CuCeSn 1479 100 1579 100 1.9
25CuCeSn 1697 105 1802 113 1.8

! Temperature gap between o and p components. 2 Calculated from the Cu content determined by AAS, assuming
that H, absorbed in the low-temperature region is consumed only for the reduction of CuO to Cu’.

The observed copper oxide reduction peaks point to the easiest reduction of copper in
10CuCeSn, which can be associated with the fact that the copper content in this catalyst
reached the limiting copper “solubility” in the cerium~-tin double oxide. A further increase
in the copper loading led to the growth of the fraction of CuO particles weakly interacting
with the support, which complicates the reduction.

An additional shoulder with a maximum at 130 °C was detected near the main signal
at 152 °C in the TPR profile of 10CuCeSn. A similar shoulder was observed in the low-
temperature peak in the Hy-TPR profile of 20CuCeSn, but it strongly overlapped with the
reduction signal at 154 °C. This peak can be associated with the hydrogen consumption
by oxygen ions weakly bonded with surface copper species [48], probably located at
interfacial positions.

The quantitative estimation of hydrogen consumption in the low-temperature region
is presented in Table 3. The hydrogen uptake increased in this region with increasing
the copper content. However, the experimental hydrogen uptakes for all the catalysts
exceeded the calculated amounts of hydrogen required for the complete reduction of CuQO,
assuming that all the copper determined by AAS existed as CuO (see the H,/Cu ratio
in Table 3). The additional hydrogen was apparently consumed by the low-temperature
reduction of ceria or tin oxide. This fact indicates that the reduction of these oxides is
favored by the presence of dispersed surface CuO species, i.e., the larger the number of
CuO-—ceria or CuO-5nOy contacts, the easier the reduction of CeO; and/or SnOx proceeds.
The H,/Cu ratio decreased with increasing the copper content probably because of the
decrease in the surface fraction of oxide support with Ce** and Sn** species available for
low-temperature reduction.

Note that the H,-TPR profile of double CeSn oxide showed a noticeable peak at
308 °C. Finer tin oxide particles can be reduced much easier than larger ones [49] due to
the improved ability of the former particles to form active oxygen species. In contrast to
large SnO, particles that reduce at temperatures about 677 °C, small nano-sized crystals
reduce in a broad temperature range of 100-500 °C [50].

The H; uptake in the medium-temperature region (400—650 °C) was related to the
reduction of the ceria surface, and it depended nonmonotonically on the copper loading.
The highest H, uptake was observed for the 10CuCeSn sample. The shift of this reduction
peak towards higher temperatures relative to other catalysts could deteriorate the catalyst
activity at relatively high reaction temperatures.

The TEM images of all the catalysts (Figure S5) demonstrated relatively large particle
aggregates and individual CeO, particles. The interplanar spacings of d = 0.31 and 0.27 in
these particles can be attributed to (111) and (200) planes of cubic ceria crystals. Moiré
fringes observed in nearly all images can result from the interaction of aggregates of
epitaxially interfaced nanocrystallites. Neither metallic copper nor copper and tin oxide
crystallites were detected by HR-TEM. TEM-EDX also points to the absence of copper-
enriched areas. Therefore, the fact that copper oxide particles were not detected in the
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catalysts confirms our assumption about the high dispersion or amorphous state of copper-
and tin-containing phases that was made based on the XRD data.

3. Discussion

Along with the desired CO oxidation reaction (1), three side reactions (hydrogen
oxidation (2), the reverse water gas shift (RWGS) (3) and CO hydrogenation (4)) are involved
in the PROX process: [51]:

CO(g) + 1/202(g) — COz(g),‘ ArHozggK = —283.0 k] /mol (1)
HZ(g) + 1/202(8) — HZO(g); ArHozggK =-2419 k]/mol (2)
COZ(g) + HZ(g) — CO(g) + HQO(g),' ArHozggK =41.1 k]/mol (3)
CO(g) + 3H2(g) — CH4(g) + HzO(g),‘ ArHOZ%K = —206.2 k]/mol (4)

The latter reaction usually shows a significant rate over cobalt-containing [51] and
noble metal catalysts [10], while the contributions of reactions (2) and (3) are strong for
copper and cerium oxide catalysts.

Our thermodynamic calculations demonstrated that the increase in temperature
above 50 °C gradually decreased the equilibrium CO conversion and CO, yield over
the Cu/(CeO,-5i0,) catalysts with the simultaneous increase in the H, conversion and
water yield [36]. In a real experiment, we should consider both kinetic and thermodynamic
factors. Reduced copper species in the CuO/CeO; catalyst increase the mobility of lattice
oxygen in CeO,, which leads to the surface reduction of CeO, and decreases CO conversion
in favor of the H; oxidation [52]. On the other hand, the presence of Cu™ ions can increase
the activation rate of CO molecules on the catalyst surface. High oxygen mobility and
electron exchange between Cu?*/Cu* and Ce** /Ce®* redox pairs have a crucial effect on
the catalytic efficiency. In this way, though CeO, reduction can be detrimental to the CO
conversion, the improved reducibility of the surface of copper particles to form Cu* may
play a positive role. The high redox properties of copper species mainly result from their
interaction with the cerium-containing oxide support. The template synthesis not only
improves the textural properties of mixed oxide catalysts but also contributes to the uniform
distribution of elements and strong interaction between components in the catalyst.

In the present work, we studied the influence of the method of copper incorporation
into the CeSn and CeZr oxide catalysts and Cu content in the one-pot synthesized CuCeSn
catalysts on the physicochemical properties of the catalysts and their efficiencies in CO-PROX.

Both 20CuCeSn and 20CuCeZr were active in CO-PROX. The one-pot template-
assisted method of copper incorporation provided a higher performance of the ternary
oxide catalysts than the post-impregnation of templated double CeSn and CeZr oxides.
The tin-doped 20CuCeSn catalyst prepared by the one-pot method was more efficient than
its zirconium-doped counterpart in terms of the CO conversion/CO, selectivity ratio; it
demonstrated about 70% CO conversion and more than 50% CO; selectivity.

We experimentally showed that the one-pot co-precipitation of copper, tin and cerium
precursors in the presence of the CTAB template led to the uniform distribution of elements
in 20CuCeSn and developed micro- and mesoporosity (average pore size of 3.1 nm) with
the increased fraction of micropores and the highest Sggr of 149 m?/g. Apparently, this
method and these precursors are effective for the formation of micellar structures and
complexes with citric acid during synthesis. Moreover, the easier reducibility of tin due
to the reversible Sn** <+ Sn?* transition that can proceed at relatively low temperatures
can provide an additional redox pair in contrast to zirconium, which is not prone to such
transitions [53]. In addition, the one-pot method provides a high dispersion of copper
oxide species on the surface and structure defectiveness, as indicated by the absence of
copper oxide reflections in the diffraction pattern and a small average crystallite size (about
5 nm), respectively. The H,-TPR analysis revealed the excellent reducibility of 20CuCeSn,
which plays mainly a positive role in catalytic oxidation [4], especially at relatively high
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temperatures. However, high reducibility in the low-temperature region can deteriorate
the selectivity of the process. Based on the CO-PROX test and operando-DRIFTS and
XANES results, some authors [42] believed that the main side process of H, oxidation
could easily proceed immediately after the onset of Cu?* reduction to Cu* and Cu’. This
process starts easily in dispersed copper oxide nanoparticles that are in loose contact with
the ceria-based support. In this way lower CO, selectivity of tin-containing catalysts than
of their zirconium-containing counterparts at 100-150 °C can be explained.

The change in the copper content in the one-pot synthesized ternary CuCeSn oxide
catalyst also strongly affects its catalytic properties. It should be emphasized that, in our
work, the copper content was calculated in mole fractions related to the total content of
Ce + M (M = Sn or Zr) as (n(Cu)-100/[(n(Ce)+n(M)]). The maximum copper loading did
not exceed 7.5 wt.%, i.e., there was not too much copper in all the catalysts.

The CuCeSn samples with different Cu contents prepared by the one-pot method
demonstrated the increased defectiveness (broadening and shift of the Fp, line in the
Raman spectra) and a high Sggt (Table 2). For all the samples, a strong interaction between
the cerium-tin oxide particles and finely dispersed copper oxide species was observed.
This fact was confirmed by the shift of the Fy; band in the Raman spectra relative to the
spectrum of CeSn and the absence of reflections of crystalline copper oxide phases in XRD
and HR-TEM diffraction patterns.

On the other hand, a change in the copper content affected several physicochemical
properties of the catalysts, which determined the differences in their catalytic performances.
Moreover, some properties changed nonmonotonically (Figure 5b). Thus, the Sgpr of
10CuCeSn was a bit higher than those of the catalysts with higher and lower Cu contents.
The increase in the total copper content led to the growth of the surface copper concentration
and improved the copper reducibility, which shifted the copper reduction peaks in the
H,-TPR profiles to lower temperatures. This fact was confirmed by SEM-EDX and XPS.
However, again, for 10CuCeSn, both the « and 3 peaks of copper reduction are located
at lower temperatures than for the other samples. Nonmonotonic dependences of the
fractions of active oxygen and Cu* species on the surface on the copper loading in the
catalysts were observed. The extrema of these dependencies were also observed for the
10CuCeSn catalyst. Therefore, the minimum Oy, /[O,4s + Opn] ratio of 1.75, the highest
value of the specific surface area of 183 m2/ g, the maximum Cu™*/ Cu?* ratio of 1.08 and
a higher reduction ability at 400-650 °C (Table 3) were inherent to the 10CuCeSn sample.
However, hydrogen absorption in the low-temperature region grew monotonically with
increasing the Cu content (Table 3). It was lower for 10CuCeSn (1213 pumol/g) than for the
samples with higher copper contents.

It is important to note that the drop in the ratio of the experimental and theoretical
values of hydrogen consumption in the low-temperature region (Hp/Cu ratio) and the
increase in the temperature gap between the a and 3 reduction components (AT yg) with
increasing the copper content can indicate a decrease in the fraction of easily reducible
copper sites. This means that there is a limit of copper “solubility” in CeSn oxide that was
approached in the 5CuCeSn and 10CuCeSn samples. This limit can be characterized both
by the formation of solid solutions and by high concentrations of contacts between the
cerium-tin oxide and fine CuO particles.

A higher reducibility of 10CuCeSn in the medium-temperature interval (400-650 °C)
is very important. It resulted from the easier reduction of surface Ce** ions in direct contact
with copper sites in a mixed oxide phase or at interfacial positions. The authors of [42]
studied the redox—catalytic correlations in copper—ceria CO-PROX catalysts and concluded
that CO predominantly oxidized over interfacial positions of the partially reduced dispersed
copper sites. This fact explains the high CO, selectivity of 10CuCeSn in the low-temperature
region in which there is no noticeable phase segregation, sintering of active phase particles
and formation of metallic copper. However, CO conversion over this catalyst was close to
100% only at 150 °C. At higher temperatures, it was inferior to the catalysts with lower and
higher copper contents.
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25CuCeSn with the highest copper content showed the best catalytic performance at
50 °C and exhibited excellent CO conversion of 79% and CO; selectivity of 97% at 100 °C.
This catalyst demonstrated a sufficiently easy reducibility of copper, albeit at slightly higher
temperatures, and only a slightly lower Cu* /Cu?* ratio on the surface than in 10CuCeSn.
However, the high content of copper in 25CuCeSn provided ample amount of adsorption
sites for CO molecules. That is why this catalyst surpassed 10CuCeSn in the catalytic activity
at 100 °C. However, a large copper fraction in 25CuCeSn weakly interacted with CeSn
support, so, at higher temperatures, these copper species were easily reduced with hydrogen
from the reaction medium, leading to a sharp drop in the CO, selectivity. The surface of the
reduced catalyst was active in hydrogen oxidation, which led to hydrogen loss.

The same trend was found for 20CuCeSn. However, because of the lower concentration
of the active adsorption sites in 20CuCeSn than in 25CuCeSn, the CO conversion and
CO; selectivity at 100 °C were lower for the former catalyst. It was found early that the
increase in the total copper content in the CuO/CeQO; catalyst significantly improved its
reducibility [39]. We can assume that only a limited fraction of copper in the 20CuCeSn
catalyst was in tight contact with the CeSn support and could provide interfacial sites active
in CO-PROX. The rest part of copper weakly interacted with CeSn particles. Despite their
easy reducibility, these species had no influence on the ceria/tin reduction and oxygen
vacancies formation, which is consistent with the H,-TPR and XPS data.

An interesting behavior was observed for 5CuCeSn. This catalyst, comprising only a
small number of copper-active centers, was inferior to other samples in terms of the CO
conversion at low temperatures (only 47% at 100 °C). However, at higher temperatures, the
CO conversion over this catalyst was comparable with those over 20CuCeSn and 25CuCeSn
with much higher copper loadings. The reaction medium possibly affected the properties
of this sample to a lesser extent than for 10 CuCeSn, which showed lower CO conversions.

It seems that achieving a high efficiency of the Cu-Ce-Sn ternary oxide catalysts requires
not only the developed porosity and highly dispersed active copper oxide species but also
the optimal loading of copper that increases the concentration of interfacial centers between
copper oxide and cerium-tin oxide and their stability over a wide temperature range.

Thus, in this work, we demonstrated that the one-pot template method is more
efficient for the synthesis of the CuCeSn and CuCeZr CO-PROX catalysts than the post-
impregnation of double oxides with copper salt. Varying the copper loading in the catalysts
allowed tuning the CO conversion/CO; selectivity ratio. Nonmonotonic changes in the
physicochemical characteristics with increasing Cu loading was explained by the differences
in copper distribution in the support; at low loading copper was predominantly distributed
in the CeSn phase, while at higher loadings, separate copper oxide phases were formed,
which increased the interfacial interactions between the copper-containing and CeSn phases.
The high stability of 10CuCeSn, containing only 3.4 wt.% of copper, was demonstrated in
the 10-h catalytic test.

4. Materials and Methods
4.1. Catalysts Preparation

Double CeO;-SnO; (denoted as CeSn) and ternary CuO-CeO;-SnO; (denoted as
CuCeSn) oxide catalysts were synthesized by the template-assisted evaporation-induced
self-assembly method (EISA) described in detail in our previous work [54]. Cetyltrimethy-
lammonium bromide (CTAB, 99%, BioChemica, Billingham, UK) was used as a template.
The n(CTAB):Xn(Me) ratio was 1:1. (NHy4)»[Ce(NO3)s] (puriss., Reachem, Moscow, Russia),
SnCl,-2H,0 (puriss., Reachem, Moscow, Russia) and Cu(CH3COO),-H,O (p.a., Vecton,
Saint Petersburg, Russia) were used as precursors for the synthesis. The Ce:5n and CeZr
molar ratios were 9 for all the samples. The high cerium to tin ratio in the catalysts was
chosen based on the literature data.

Synthesis of CeSn. The required amounts of cerium and tin salts were dissolved
in 70 mL of distilled water and added to 30 mL aqueous solution of citric acid. The
resulting solution was stirred at a constant rate. Then, the mixture was added dropwise
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to the solution of CTAB in 15 mL of 96% ethanol and stirred at room temperature for 4 h.
After that, the excess of the solvent was slowly evaporated for 2 h. The obtained gel-like
mixture was dried at 80 °C for 24 h and then heated up to 500 °C and calcined in air at this
temperature for 3.5 h.

The ternary CuCeSn oxide catalyst was prepared using two different techniques. The
first technique was the one-pot synthesis. The aqueous solution of all the precursors was
added to the CTAB solution in ethanol, as described above. The copper molar ratios in the
catalysts (n(Cu)-100%/[n(Ce)+n(Sn)]) were 5, 10, 20 and 25. These samples were denoted
as yCuCeSn, where y is the copper molar ratio. In the second technique, CeSn oxide was
prepared as described above and calcined at 500 °C. Then, it was impregnated with the
aqueous solution of copper acetate, followed by drying at 120 °C for 2 h and calcination in
the air at 500 °C for 2 h (this sample was denoted as 20CuCeSn-im).

Reference CeO,, 20CuCeZr and 20CuCeZr-im samples with a Ce:Zr ratio of 9 were
prepared by the same methods (one-pot and post-impregnation) using (NHz)2[Ce(NO3)g]
(puriss., Reachem, Moscow, Russia) and ZrO(NO3),-H,0(99.5%, Acros Organics, Geel,
Belgium) as cerium and zirconium precursors, respectively.

The results of the catalytic test of the unmodified cerium-tin catalyst are not presented.
The maximum CO conversion was only 47% at 250 °C, which is significantly lower than
that for the Cu-containing sample.

4.2. Catalysts Characterization

The copper content in the catalysts was measured by atomic absorption spectroscopy
(AAS) on a Thermo Fisher Scientific series iCE 3000 spectrometer (Waltham, MA, USA)
using air-acetylene flame atomization. SOLAAR Data Station software was used for the
device control and data processing. The uncertainty of the copper content measurements
did not exceed % 0.2 wt.%.

XRD diffractograms of the catalysts were recorded on a Rigaku Ultima IV powder
diffractometer (Rigaku Corporation, Tokyo, Japan) (CuK« radiation, 1.5418 A) in the 20
range of from 5 to 90° with a step size of 0.02°. The phase composition was analyzed by
comparison with the JCPDS PDF1 library data (ICDD database).

X-ray photoelectron spectroscopy (XPS) was used to reveal the composition and
oxidation state of elements on the catalyst surface. The spectra were acquired on an Axis
Ultra DLD spectrometer (Kratos Analytical, Manchester, UK) with a monochromatic AlK,
radiation source (hv = 1486.7 eV, 150 W). The pass energies of the analyzer were 160 eV for
the survey spectra and 40 eV for the high-resolution scans. The binding energy scale of the
spectrometer was preliminarily calibrated using the position of the peaks for the Au 4f;/,
(83.96 V), Ag 3ds5/ (368.21 eV) and Cu 2p3,, (932.62 eV) core levels of pure metallic gold,
silver, and copper. The powder samples were mounted on a holder using double-sided
nonconductive adhesive tape. The spectra were fitted into CasaXPS software. The Kratos
charge neutralizer was used, and the spectra were charge-referenced to the high energy
component of the Ce3d spectrum set to 916.5 eV.

Raman spectra were recorded on a Horiba Jobin Yvon Lab RAM HR 800 UV instrument
(Horiba ABX S.A., Montpellier, France). An argon ion laser with a wavelength of 514 nm
was used for the excitation, and the power on the sample did not exceed 7 mW. For each
sample, the spectra were accumulated for 200 s.

Scanning electron microscopy (SEM) of the catalysts was performed on a JCM-6000
Neoscope microscope (JEOL, Tokyo, Japan). The high-resolution transmission electron
microscopic images (HR-TEM) were registered using a JEM 2100A instrument (JEOL,
Japan) at an accelerating voltage of 200 kV. Both microscopes were equipped with an energy
dispersive X-ray spectroscopy (EDX) accessory.

Nitrogen physisorption isotherms were recorded on an Autosorb-1 analyzer (Quan-
tachrome, Boynton Beach, FL, USA). Before measurements, the samples were outgassed for
3 h at 200 °C. The specific surface area was calculated by the BET method with an accuracy

32



Catalysts 2022, 12, 1575

of 10%. Desorption branches of the isotherms were used for the calculation of pore size
distributions by the NL-DFT method.

Temperature-programmed reduction with hydrogen (H,-TPR) was carried out on a
USGA-101 chemisorption analyzer (UNISIT, Moscow, Russia). A 5% H,/Ar mixture was
fed to a quartz reactor at a flow rate of 30 mL/min. The sample weight was approximately
50 mg. Before analysis, a catalyst was preliminarily kept at 300 °C for 30 min in an argon
flow and then cooled to 30 °C. The Hp-TPR profiles were recorded under heating the sample
from 30 to 900 °C at a rate of 10 °C/min. Hydrogen consumption during analysis was
registered with a thermal conductivity detector preliminary calibrated by NiO (99.99%,
Sigma-Aldrich, St. Lois, MO, USA) reduction.

4.3. Catalytic Tests

The catalysts were tested in CO-PROX on a ULCat-1 catalytic unit (UNISIT, Moscow,
Russia) equipped with a fixed-bed continuous-flow stainless steel reactor (length—32 cm,
inner diameter—12 mm and outer diameter—16 mm) in the temperature range from 50 to
450 °C using 150 mg of the catalyst. The reaction mixture comprising 4 vol.% CO, 3 vol.% O,,
13 vol.% N and 80 vol.% H, was fed into the reactor at a flow rate of 95 mL-min~! (contact
time of 0.095 g-s-cm~3). The composition of the effluent was analyzed by a Chromatec-
Crystal 5000.2 (Chromatec, Yoshkar-Ola, Mari El, Russia) gas chromatograph (GC) equipped
with a Carboxen-1010 PLOT column (Supelco Inc., Bellefonte, Pennsylvania, USA). Air was
supplied by an air compressor. He (40 L, grade “A”), N, (40 L, high purity grade), CO (40 L,
grade 3.0) and H; (40 L, grade 3.8) were supplied by the PGS-service company (Moscow,
Russia) and used without additional purification. The gases were fed to the reactor using
mass flow controllers (Bronkhorst Nederland B.V., Bronkhorst, the Netherlands).

The main catalytic parameters were calculated from the areas of chromatographic
peaks (A) of each component using the following equations:

A(N,),
co ion: Xew. % [A(CO) i, = A(CO) e A((sz))(:t} x 100 .
conversion : co, % = A(CO).. (5)
A(N,).
o) . x Y [A(O3)in — A(Oy)outA A((sz))mt] x 100 ©
H conversion : 0,, Yo = ou
2 A(OZ)in
A(N,);
0.5Af(CO)A[A(CO),, — A(CO), A A(<N Zz)%n} x 100
C02 selectivity : SCO2, 0/0 = A(No‘;.t (7)
f(O2)A[A(O;)in — A(O3)outd A(sz);‘t}

The subscripts “in” and “out” denote the concentrations of components in the feed
and effluent of the reactor; f(CO) and f(O,) are the calibration factors for CO and O,
respectively. The calibration factors were calculated based on the chromatographic analysis
of two calibration mixtures (PGS-service, Moscow, Russia): (i) CHy (30.20 vol.%), H,
(4.81 vol.%), CO (4.87 vol.%) and balance Nj and (ii) O, (14.90 vol.%), CO, (29.18 vol.%)
and balance Np.

The stability of the 10CuCeSn catalyst was tested in the isothermal experiment at
200 °C for more than 10 h using the same reaction mixture as in the non-isothermal
experiments. However, the increased catalyst loading of 300 mg and a total flow rate of
30 mL-min~! were used (contact time of 0.600 g-s-cm~3).

The uncertainties of the calculated conversion and selectivity values did not exceed +4%.

5. Conclusions

Thus, in this work, we demonstrated that the one-pot template method allows
synthesizing more efficient CuCeSn and CuCeZr catalysts for CO-PROX than the post-
impregnation of double CeSn/CeZr oxides with copper salt. A small amount of tin dopant
more strongly improves the reducibility of cerium-based catalysts than the same amount of
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zirconium. Moreover, the transformation of Sn** to Sn?* can provide an additional redox
pair in the catalyst, which positively affects its activity. The one-pot technique promotes
the uniform distribution of elements in the 20CuCeSn catalyst and develops its micro- and
mesoporosity. Varying the copper loading allows tuning the CO conversion/CO; selec-
tivity ratio. Nonmonotonic changes in the physicochemical characteristics of the CuCeSn
catalyst with increasing the copper loading can be explained by differences in the copper
distribution in the support. At low loading, copper is predominantly distributed in the
CeSn phase, while, at higher loadings, separate copper oxide phases are formed, which
increases the interfacial interaction between copper and CeSn oxides.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal12121575/s1: Figure S1: SEM images and SEM-EDX elemental
mappings of CuCeSn and CuCeZr catalysts. Figure S2: N, physisorption isotherms of 20CuCeSn and
20CuCeZr catalysts synthesized by the one-pot method and post-impregnation method. Figure S3:
Survey XPS spectra of 20CuCeSn and 20CuCeZr catalysts prepared by different methods (a), and
one-pot synthesized CuCeSn catalysts with different copper loadings (b). Figure S4: SEM images
and SEM-EDX mappings of one-pot synthesized CuCeSn catalysts with different copper loadings.
Figure S5: HR-TEM images of one-pot synthesized CuCeSn catalysts with different copper loadings.
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Abstract: Surface adsorption and dissociation processes can have a decisive impact on the catalytic
properties of metal alloys. We have used density functional theory to investigate the adsorption
and dissociation of O, on Cu-skin CuzAu(111) surface. The calculated results show that the b-f(h)-b
adsorption configuration is the most energetically favorable on the Cu-skin CuzAu(111) surface. For
O, dissociation, there are two thermodynamically favorable dissociation paths. One path is from b-f-b
to two O atoms in hcep sites, and the other path is from b-h-b to two O atoms in fcc sites. Moreover,
the stability of O, adsorption is higher and the dissociation energy barrier of the adsorbed O, is lower
as compared to those on the Cu(111) surface. This theoretical work provides valuable guidance for
the practical application of Cu-Au alloys as highly efficient CO oxidation catalysts.

Keywords: adsorption; dissociation; density-functional theory calculations; Cu-skin CuzAu(111) surface

1. Introduction

Bimetal alloys exhibit promising applications in various technologies related to surface
science and heterogeneous catalysis [1-3]. In particular, they are significant in dominating
catalytic reactions, such as selective hydrogenation [4], oxygen reduction [5], synthesis gas
reaction [6], and synthesis of vinyl acetate [7]. This is attributed to their specific surface
electronic properties affecting the surface adsorption and dissociation processes. Many
theoretical studies have shown that the reaction process can have a decisive impact on
catalytic performance. For example, Feng et al. [8] surveyed the electronic structures
of cobalt-molybdenum bimetallic, arguing that H, adsorption/dissociation on the alloy
surface was a key process determining the catalytic activity. Shin et al. [9] investigated
the catalytic properties of Ag-Cu binary alloy in oxygen reduction reactions, and further
confirmed that the activation energy of O, dissociation was a rate-determining process in
the catalytic reaction. The study by Liu et al. [10] demonstrated that O, adsorption and
dissociation on the surface of Cu-Au alloys were considered to be key processes to limit the
rate of CO oxidation. Therefore, studying the reaction process will provide a significant
support for understanding the catalytic reaction mechanism of binary catalysts.

Among the bimetallic systems, copper alloys have received much attention because of
their wide application in a large number of chemical reactions including heterogeneous
methanol reforming [11], methanol synthesis [12], the synthesis of diamond [13], and the
reduction of 4-nitrophenol [14]. In the context of the CO oxidation reaction, the experiments
have demonstrated that the Cu alloying with Au element could improve the efficiency
of the CO oxidation reaction and promote the reaction toward desired products [15].
This is attributed to the synergistic interaction between Cu and Au, which improves the
catalytic performance of the alloy. Although some studies [10,16,17] have indicated that the
adsorption and dissociation of O, were the key processes to limit the rate of CO oxidation on
the surface of noble metal catalysts, few studies have been carried out on the adsorption and
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dissociation of O, on the surface of Cu-Au catalysts. Obviously, the theoretical calculations
can provide necessary help for understanding the reaction processes.

In this work, we perform first-principles calculations to investigate the adsorption
and dissociation of O, on the Cu-skin CuzAu(111) surface. The calculated results show
that the b-f(h)-b adsorption configuration is the most energetically favorable on the Cu-
skin CuzAu(111) surface. For O, dissociation, there are two thermodynamically favorable
dissociation paths. One path is from b-f-b to two O atoms in hcp sites, and the other
path is from b-h-b to two O atoms in fcc sites. Moreover, the stability of O, adsorption
is higher and the dissociation energy barrier of the adsorbed O; is lower as compared
to those on the Cu(111) surface. The remainder of the paper is organized as follows. In
Section 2, the computational details are described. Section 3 presents the calculated results
and discussion. A brief summary is given in Section 4.

2. Computational Methods

The spin-polarized DFT calculations were performed employing the Vienna Ab-initio
Simulation Program (VASP) [18-20]. We used the projector augmented-wave method
(PAW) [21,22] and the Perdew—Burke-Ernzerhof formulation of the generalized-gradient
approximation (GGA-PBE) for the exchange correlation functional [23]. The plane-wave
cutoff energy was set at 400 eV. The convergence criterion for the electronic self-consistent
cycle was fixed to 107> eV per supercell and the ionic relaxation loop were set to 0.02 eV /A.
The electric dipole was neglected, and the Brillouin zone was sampled witha 5 x 5 x 1
Monkhorst-Pack [24] k-point mesh for the slab calculations.

In this work, we chose low index (111) surface to simulate the surfaces of pure Cu and
CuAu alloy system, mainly because the (111) surface may be the dominant facet [25]. The
previous studies have shown that CugAu alloys with L1, crystal structure can be widely
used in various chemical reactions [26-28]. In addition, the catalyst inevitably contacts
with air in the process of preparation and practical application, which will lead to oxygen
adsorption-induced segregation, forming a copper segregation structure with 100% copper
in the topmost surface layer and 50% copper in the second surface layer, which is the
so-called Cu-skin structure [28]. Therefore, we employed the Cu-skin CuzAu(111) alloys to
investigate the adsorption and dissociation of O, on the surface of Cu-Au catalysts. The
DFT-lattice constants for CuzAu and pure Cu were 3.79 and 3.63 A, respectively, which
are consistent with previously reported results [26,29]. Figure 1 shows the slab models
for pure Cu(111) and CuzAu(111) surfaces. We employed a 2 x 2 (111) unit cell for both
slab models, which consisted of four atomic layers and six equivalent layers of vacuum.
In all slab models, atoms in the top two layers were allowed to relax to the most stable
configuration, while atoms in the bottom two layers were fixed to their bulk positions.
Adsorbates were adsorbed on the surface of the model.

(a) (b)

Figure 1. The slab models consist of (a) Cu-skin CuzAu(111) surface, (b) pure Cu(111) surface. In the
figure, brick-red and gold balls represent Cu and Au atoms, respectively.
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The adsorption energies (E,z) of molecular O, adsorbed on the pure Cu(111) and
Cu-skin CuzAu(111) surfaces were calculated as following:

Eads,Oz = EOZ—sluh — Egpap — EOZ 1)

In the equation, the first and second terms on the right-hand side correspond to the
energies of substrates with and without O, adsorption, respectively, and the remaining
term corresponds to the energy of the O, molecule. A negative value of E,;; indicates that
it favors the adsorption of O, on the metal surface.

The transition states and minimum energy path (MEP) for O, dissociation on the
Cu(111) and Cu-skin CuzAu(111) surfaces was studied by using the climbing-image nudged
elastic band (CI-NEB) method [30,31]. The CI-NEB is a small modification of the NEB
method, where the highest energy image is driven to the saddle point (transition state) in
an attempt to maximize its energy along the band and minimize it in all other directions.
When the algorithm converges, the highest energy images will be at an exact saddle point,
so the CI-NEB method is currently the predominant method for finding the transition state
and the minimum energy path between known reactants and products. Once a minimum
energy path is determined, the transition state is located and the activation energy will be
calculated as following:

E, = El* —EP® )

In the equation, the Egs corresponds to the total energy of the transition state and
the Ef S corresponds to the total energy of the precursor state. The basis set superposition
errors correction for the precursor state in our calculation was ignored because it had little
effect on the calculated results.

3. Theoretical Results
3.1. The Adsorption of O,

For Cu-skin CuzAu(111) surface, there are two kinds of nonequivalent Cu atoms in
the topmost layer of the alloy because of the uneven distribution of Cu and Au atoms in
the second layer. These two Cu atoms are denoted as Cu; and Cuy, respectively, as shown
in Figure 2a. For the Cu; atom, it is located at the center of one Au atom and two Cu atoms
in the second layer of the surface; while for the Cuy atom, it is located at the center of one
Cu atom and two Au atoms in the second layer of the surface. We can find that the Cuy
atom is about 0.082 A lower than the Cu, atom in the vertical position after the surface
structure is relaxed. In addition, the Bader [32] analysis shows that Au in the alloy obtains
fewer electrons from Cu; than from Cuy, and the number of electrons is 0.04 and 0.07,
respectively. This may be because the amount of Au close to Cu; is smaller than that of
Au close to Cuy. The similar phenomena can also be found in the Pt-skin Pt;Fe [33] and
Pt-skin Pt3Cr [34] systems.

Many studies have shown that five types of stable adsorption sites for O, existed
on the low-index (111) surface of transition metals, namely, b-f-b, t-f-b, b-h-b, t-h-b, and
t-b-t sites [35]. For Cu-skin CuAu(111) surface, due to the presence of two nonequivalent
Cu atoms in the topmost layer of the alloy, there are mainly two different adsorption
configurations for each type of adsorption site. We calculated the adsorption energies of O,
on these adsorption sites of Cu(111) and Cu-skin CuzAu(111), and the stable adsorption
configurations and calculated results are shown in Figure 2 and Table 1, respectively. For
the Cu(111) surface, we can find that the adsorption energies of O, on the b-h-b and b-f-b
sites are the highest, both of which are —0.76 eV. When O, is adsorbed at the t-h-b, t-f-b,
and t-b-t sites, their adsorption energies are —0.71, —0.71, and —0.50 eV, respectively. This
calculation result is consistent with the previous theoretical calculation result [25]. For the
Cu-skin CuzAu(111) surface, the adsorption energies at each adsorption site are very close,
and they range from —1.07 to —1.15 eV. Similar to the Cu(111) surface, b-f-bl and b-h-b1
are the two most stable adsorption configurations with values of —1.14 and —1.15¢€V,
respectively. In contrast to the Cu(111) surface, the t-b-t adsorption configuration is not
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stable on the Cu-skin CuzAu(111) surface. This may be due to the weak interaction between
O, and the substrate [36]. The Bader analysis shows that the adsorption of O, will cause
the Cu on the surface to lose more electrons. A part of these electrons is acquired by Au
atoms in the second layer, and the other part is acquired by O, adsorbed on the surface.
Furthermore, O, gains more electrons from the Cu-skin CuzAu(111) surface than from
the Cu(111) surface, suggesting that the modification of the surface electronic structure by
alloying promotes the formation of strong adsorption bonds between O, and Cu atoms on
the alloy surface.
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Figure 2. The top view for optimized configurations of O, adsorption on Cu-skin CuzAu(111) surface.
The two kinds of nonequivalent Cu atoms (Cu; and Cujp) are marked in Figure 2a. The brick-red,
gold, and red balls represent copper, gold, and oxygen atoms, respectively. For clarity, the topmost
atoms on the surface are displayed with the biggest balls and only the top two layers are displayed.

Table 1. The adsorption energy of O, (E,4s in €V) and the number of electrons obtained by O, from
the surfaces of Cu-skin CuzAu(111) and Cu(111).

CuzAu(111) Cu(111)

Site E.gs Nchg Site E.ds Nchg
t-f-bl —1.08 0.92 t-f-b —-0.71 0.87
t-f-b2 —1.08 0.93 t-h-b —-0.71 0.87
t-h-b1 —-1.09 0.91 t-b-t —0.50 0.70
t-h-b2 —-1.07 0.92 b-f-b —0.76 0.94
b-f-b1 —-1.14 1.01 b-h-b —0.76 0.94
b-f-b2 —-1.12 1.00
b-h-b1 —1.15 1.01
b-h-b2 —-1.11 1.00

3.2. The Electronic Structure of Cu-Skin CuzAu Surface

The density of states (DOS) can provide key information for understanding the elec-
tronic structure and bonding properties of alloy compounds, especially when it comes
to investigating the adsorption properties of metal alloy surfaces, the d-band DOS is an
extremely significant reference [37,38]. Figure 3 shows the d-band DOS of the Cu atoms
in the outermost layer of alloys and pure metals in the absence of adsorption. From the
figure, we can find that compared with the d-band center for Cu on the Cu(111) surface, the
d-band center for Cu on the Cu-skin CusAu (111) alloy surface is closer to the Fermi level.
This similar phenomenon can also be seen in Pt and Pd alloys [39,40]. This phenomenon is
attributed to the overlapping of the d-electron density of states for Cu and Au atoms in the
alloy, which leads to the re-hybridization of the d-band DOS for Cu, thus promoting the
d-band center of copper in the alloy to move closer to the Fermi level [41]. On the basis of
the adsorption model established by Hammer and Nerskov [37,38], it is shown that the
adsorption strength of the adsorbate on the metal surface is closely related to the d-band
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center. When the center of the d-band moves to the high-energy region, the adsorption
strength is larger. Therefore, the adsorption strength of O, on the Cu-skin CuzAu(111)
surface should be greater than that on the Cu(111) surface. This result is consistent with
our calculation above.

6

Cu-skin Cu, Au(111)
Cu(111)

DOS(states/eV/atom)

0.I | T AW Y | | Y IR B R—W———
-8 -7-6-5-4-3-2-1012 3 45 6 7 8

Energy (eV)

Figure 3. The calculated densities of states (DOS) of the Cu atoms in the Cu-skin CuzAu(111) and
Cu(111) surfaces. The d-band DOS of surface Cu atoms on Cu(111) is presented for comparison.

3.3. The Dissociation of O,

Many studies have shown that studying the dissociation process of the adsorbate
on the catalyst surface by using DFT calculations required knowledge of the initial and
final states of the reaction [35,36,42-44]. According to the above calculation results, the
oxygen molecule tends to be adsorbed on the b-f(h)-b sites. Therefore, we chose the b-f(h)-b
adsorption configuration as the initial state of the reaction. Many studies [35,36,42,43]
have also shown that it is impossible for two O atoms to simultaneously adsorb on a set
of adjacent hcp and fcc sites after the O-O bond of the precursor is broken; this is because
they will be very strongly repulsed, and the two O atoms are more inclined to adsorb on
two adjacent hcp or two adjacent fcc sites. Therefore, there are two thermodynamically
favorable dissociation paths for O, dissociation. One path is from b-f-b to 2xhcp (two
O atoms adsorb on a set of adjacent hcp sites), and the other path is from b-h-b to 2xfcc
(two O atoms adsorb on a set of adjacent fcc sites). For the O,/CuzAu(111) system, we
only studied the dissociation process of the adsorption configurations of b-f-b1 and b-h-b1
with higher adsorption strength, and their dissociation processes are shown in Figure 4a,b,
respectively. From the figure, we can find that the dissociation process of the adsorption
configuration of b-f-b1 and b-h-b1 is very similar. Early in the dissociation process, they
both form a transition state with a low energy barrier (less than 0.1 eV) by stretching the
O-O bond. When the O-O bond is stretched to break, the two separated O atoms will be
adsorbed on two adjacent stable adsorption sites. This shows that O, easily dissociates on
the Cu-skin CuzAu(111) surface and forms a stable adsorption structure, which is consistent
with other theoretical studies [28,45].
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Figure 4. The minimum energy path (MEP) of the dissociation process for: (a) b-f-bl adsorption state
on Cu-skin CugAu(111) surface, (b) b-h-b1 adsorption state on Cu-skin CusAu(111) surface, (c) b-f-b
adsorption state on Cu(111) surface, (d) b-h-b adsorption state on Cu(111) surface. The 2 x fec (two
O occupying a set of neighboring fcc sites) and 2 x hep (two O occupying a set of neighboring hcp
sites) are designated as the dissociation state of b-h-b and b-f-b adsorption configuration, respectively.
TS represents the transitions state and the numbers in the brackets represent the energy of each state
relative to initial state.

To further understand the dissociation process of O, on the Cu-skin CuzAu(111)
surface, we also investigated the dissociation process of the O, /Cu(111) system, and the
results are shown in Figure 4c,d. It can be seen from the figure that although the dissociation
process of the O, /Cu(111) system is very similar to that of the O, /CuzAu(111) system,
the dissociation energy barrier of the O, /Cu(111) system is higher. For example, for the
b-h-b and b-f-b states, their dissociation energy barriers are 0.14 and 0.18 eV, respectively,
which are consistent with the estimate of 0.08-0.18 eV /O, by Habraken et al. [46]. This
also explains why Cu alloying with the Au element can improve the efficiency of the CO
oxidation reaction and promote the reaction toward desired products [15,47].

4. Conclusions

We have used density functional theory to investigate the adsorption and dissociation
of O, on the Cu-skin CuzAu(111) surface. The calculated results show that the b-f(h)-b
adsorption configuration is the most energetically favorable on the Cu-skin CuzAu(111)
surface. For the Cu-skin CuzAu(111) surface, the adsorption energies at each adsorption
site are very close, and they range from —1.07 to —1.15 eV. In contrast to the Cu(111) surface,
the t-b-t adsorption configuration is not stable on the Cu-skin CuzAu(111) surface. This may
be due to the weak interaction between O, and the substrate. The Bader analysis shows
that O, gains more electrons from the Cu-skin CugAu(111) surface than from the Cu(111)
surface, suggesting that the modification of the surface electronic structure by alloying
promotes the formation of strong adsorption bonds between O, and Cu atoms on the alloy
surface. For O, dissociation, there are two thermodynamically favorable dissociation paths.
One path is from b-f-b to 2 x hcp (two O atoms adsorb on a set of adjacent hcp sites), and
the other path is from b-h-b to 2 x fcc (two O atoms adsorb on a set of adjacent fcc sites). The
dissociation energy barrier of O, on the Cu-skin CuzAu(111) surface is lower as compared
to those on the Cu(111) surface. This theoretical work provides valuable guidance for the
practical application of Cu-Au alloys as highly efficient CO oxidation catalysts.
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Abstract: Ceria-based catalysts exhibit great activity in catalyzing selective hydrogenation of CO;
to methanol. However, the underlying mechanism of this reaction, especially the generation of
active H species, remains unclear. In this work, we performed extensive density functional theory
calculations corrected by on-site Coulomb interaction (DFT + U) to investigate the H, dissociation
and the reaction between the active H species and CO, on the pristine and Cu-doped CeO,(111)
(denoted as Cu/CeO,(111)) surfaces. Our calculations evidenced that the heterolytic H, dissociation
for hydride generation can more readily occur on the Cu/CeO;(111) surface than on the pristine
CeO,(111) surface. We also found that the Cu dopant can facilitate the formation of surface oxygen
vacancies, further promoting the generation of hydride species. Moreover, the adsorption of CO,
and the hydrogenation of CO, to HCOO* can be greatly promoted on the Cu/CeO;(111) surface
with hydride species, which can lead to the high activity and selectivity toward CO, hydrogenation
to methanol.

Keywords: ceria; hydride; CO, hydrogenation; single Cu doping; density functional theory

1. Introduction

Oxide-based materials are increasingly recognized as highly efficient and selective
catalysts for hydrogenation reactions [1-6]. Among numerous metal oxides, ceria (CeO,),
which usually contains abundant oxygen vacancies (Oy) on the surface and in the bulk,
has attracted great attention for its excellent performance in catalyzing reactions such
as hydrogenation of CO; to methanol [7-12]. The combined experimental and density
functional theory (DFT) study of Liu et al. [9] reported that the morphology control of CeO,
nano-catalysts is important for methanol synthesis. They also proposed that methanol
was likely generated via the so-called formate (HCOO) pathway where the adsorbed
CO;, is firstly hydrogenated to the HCOO* species. Cheng et al. [10] investigated the
conversion of CO, to methanol on the reduced CeO;(110) surface by performing DFT
calculations corrected by on-site Coulomb interaction (DFT + U) and microkinetic analysis.
They also found that the HCOO route is the dominant pathway for methanol formation
on the reduced CeO,(110). Kumari et al. [11] performed DFT calculations to study the
mechanisms of CO; reduction to CO and the hydrogenation of CO; to methanol on both
the stoichiometric and reduced CeO,(110) surfaces. It was found that CO, dissociates to
CO through the interaction with the oxygen vacancy on the reduced ceria surface, and
the produced CO can be further hydrogenated to methanol. Li et al. [12] investigated
the mechanism of thermal catalytic hydrogenation of CO, to methanol on the reduced
CeO,(100) by using DFT calculations, and they found that CO, was hydrogenated via
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the HCOO route rather than the COOH route. These results then indicate that oxygen
vacancies on the reduced CeO, surface are crucial to the conversion of CO, to CH3OH.

Cu-based catalysts are particularly active for CO, hydrogenation and have been
commercially utilized for CO/CO; hydrogenation to methanol [13-16]. Xu et al. [17,18]
reported the synergetic effect of Cu and ZnO on the catalytic activity and selectivity in the
direct hydrogenation of CO, to Cp, alcohols. This synergetic effect can regulate the CO,
and H, activation processes to achieve the optimal concentrations of surface CH,*, CO* and
H* species for Cp, alcohols synthesis via CHy*—CO* coupling and hydrogenation reactions.
Jia et al. [19] found that abundant surface oxygen vacancies were in situ generated and
consumed during the CO, reduction reaction on the Cu/CeO, catalyst with a Cu loading
of 15 wt.%, and such vacancy sites can be combined with the adjacent copper clusters to
promote the activation of CO, and increase the catalytic efficiency. Wang et al. [20] proposed
that sub-nano Cu cubes supported on the thermally reduced CeO, nanorods through strong
metal-support interaction (SMSI) can significantly enhance the formation and activity of
hydrides species on both Cu and ceria, as compared with the Cu nanoparticles supported
at stoichiometric CeO, nanorods. Xia et al. [21] performed DFT calculations and illustrated
that the formation of oxygen vacancies was suppressed at the interface of the Cu cluster and
CeO5(111), while H; oxidation can be facilitated and the catalytic activity can be enhanced,
in comparison with the pristine CeO,(111). At the same time, single-atom catalysts were
often reported to have catalytic properties that surpass those of nanoparticles [22,23].
Huang et al. [24] demonstrated that the C3Ny-supported Cu single-atom catalysts with
tailored coordination structures can serve as highly active and selective catalysts for CO,
hydrogenation to methanol at low temperature, though the role of the Cu single atom in
such catalytic process is still vague.

The study of the interaction between Hj and ceria is crucial to understanding the
mechanism of ceria catalyzed selective hydrogenation reactions [25-29]. Many studies
have found that the homolytic dissociation of H; to form two hydroxyl (OH) groups is
thermodynamically favored on the stoichiometric surface of ceria [6,30]. On the other hand,
a few recent studies suggested that oxygen vacancies can facilitate the formation of active
hydrides (H™) species through heterolytic dissociation of H, on the reduced surface of
ceria [6,31-37]. This agrees with the previous studies that reduced ceria surface is more
active than the stochiometric one in CO; hydrogenation reactions [10,11]. Moreover, our
recent studies proposed that low-coordinated Ce sites can promote the formation of H™
species even on the stoichiometric CeO; stepped surfaces [38], which is consistent with the
finding by Garcia-Melchor et al. [27], and suggests that oxygen vacancy may not be essential
for the formation of hydrides on the CeO; surfaces. To better drive the hydrogenation
reactions such as the CO, reduction reaction (CO,-RR) under moderate conditions, the
activity and stability of the hydride species would need to be further enhanced on the
surfaces of the ceria-based catalysts.

In this work, we investigated the role of the Cu dopant on the CeO,(111) surface in the
catalytic dissociation of Hj to produce hydride species. Specifically, DFT + U calculations
have been performed to illustrate the reactivity of H, dissociation on the pristine and
Cu-doped CeO5,(111) (denoted as Cu/CeO;(111)) surfaces. Our results showed that the
doping of a single Cu atom is accompanied by the formation of an oxygen vacancy on the
CeO5(111) surface, and the formed oxygen vacancy can play a key role in the formation
of H™ species through heterolytic H dissociation. In addition, the single Cu site can also
enhance the adsorption of CO,, which is favorable for improving the catalytic activity. Our
calculations further indicated that the Cu/CeO;(111) surface with H™ species exhibits high
activity and selectivity in the hydrogenation of CO, to methanol.

2. Calculation Methods

In this work, all spin-polarized DFT calculations were carried out using the Vienna Ab—
initio Simulation Package (VASP) [39]. The projector augmented wave (PAW) method [40]
and the Perdew —Burke—Ernzerhof (PBE) [41] functional under the generalized gradient
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approximation (GGA) [42] were applied in the calculations. The kinetic energy cut-off was
set as 400 eV (Table S1), and the force threshold for structure optimizations was 0.05 eV / A.
A large vacuum gap of 15 A was used to eliminate the interaction between neighboring
slabs. Different k-point meshes have been tested during the optimization of the unit cell of
bulk ceria. It was shown that the k-point mesh of (5 x 5 x 5) can give the converged result
(Table S2), and the calculated lattice parameter (a = b = ¢ = 5.456 A) is in good agreement
with the experimental value (5.411 A), which was then used for the subsequent study [43].

We then built a p(3 x 3) surface slab containing three O—Ce—O layers to model
the CeO;(111) surface. To model the Cu-doped CeO,(111), one surface Ce atom was
replaced by a Cu atom and one surface oxygen nearby was removed accordingly to ensure
charge conservation. The top two layers of the slabs were allowed to fully relax, while the
bottom layer was kept fixed to mimic the bulk region. Due to the relatively large surface cell
(11.56 A x 11.56 A), the k-point mesh of (2 x 2 x 1) suggested by previous studies was used
for Brillouin-zone integrations [44]. Note that the on-site Coulomb interaction correction
is necessary for the appropriate description of the localized Ce 4f electrons [45—47], and
therefore we used an effective U value of 5 eV, as suggested by previous studies [45,46].

The transition states (TSs) of surface reactions were located using a constrained op-
timization scheme and were verified when (i) all forces on the relaxed atoms vanish and
(ii) the total energy is a maximum along the reaction coordination but a minimum with
respect to the rest of the degrees of freedom [48-50]. For example, when using this approach
to calculate the transition states of H, dissociation, we fixed the H-H distance at preselected
values and then optimized the whole system with respect to all the remaining degrees
of freedom.

The adsorption energy of species X on the surface, E,45(X), was calculated with

Eags(X) = —(Ex/slab — Estab — Ex) 1)

where Ex /4,1, is the calculated total energy of the adsorption system, while Egj,}, and Ex are
the calculated energies of the clean surface and the gas phase molecule X, respectively. Ac-
cordingly, a positive E,45(X) value indicates an energetically favorable adsorption process,
and the more positive the E,45(X) is, the more strongly the adsorbate X binds to the surface,
and this definition was also proposed by Somorjai and Li [51].

The neutral oxygen vacancy formation energy (Egy) was calculated according to

Eov = Eglabvac + 1/2E02 — Eglab @)

where Egjap-vac is the total energy of the surface with a neutral oxygen vacancy and Eqy is
the energy of a gas-phase O, molecule.

3. Results and Discussion
3.1. Structural and Electronic Properties

The CeO,(111) surface is known as the most stable termination of ceria [26,27]. From
Figure 1a, one can see that there are two types of lattice oxygen on the CeO,(111) surface,
namely, the three-fold coordinated O (denoted as Os.) on the top layer and four-fold
coordinated O (denoted as Oy.) on the subsurface. The calculated bond lengths of Ce—O3,
(2.36 A) and Ce—Oy. (2.37 A) are nearly identical. Figure 1b shows the optimized structure
of the Cu-doped CeO5,(111) (Cu/CeO,(111)). As we have explained, the doping of one
Cu atom onto the CeO,(111) surface is accompanied by the spontaneous formation of an
oxygen vacancy (Egy = —0.94 eV) to ensure charge conservation [52,53]. The calculated
bond lengths of Ce—Os3. (2.35 A) and Ce—Oy. (2.36 A) on the doped Cu/CeO;(111) are
nearly identical to those of the pristine CeO,(111). Moreover, the calculated bond lengths of
Cu—03. and Cu—QOy on the Cu/CeO,(111) surface are 3.13 and 1.96 A, respectively, and
these results are consistent with previous studies [52-54]. The elongation of the Cu—O3,
bond also indicates that the top surface O atoms bonding to Cu are activated.
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Figure 1. Calculated structures (left: top view; right: side view) of the (a) CeO,(111) and
(b) Cu/CeO,(111) surfaces, and calculated density of states (DOS) of the (c¢) CeO;(111) and
(d) Cu/CeO,(111) surfaces. The blue circles filled with yellow represent the inherent surface oxygen
vacancy on the Cu/CeO;(111). Red: O atoms; ivory: Ce atoms; blue: Cu atoms. These notations are
used throughout the paper. All DOS were aligned with respect to the O 2s orbital of a fixed bottom O
atom of the surface slabs.

To better understand the doped Cu/CeO;(111), we first calculated the density of states
(DOS) and spin density distribution of this surface (Figure 1d). The lowest unoccupied
states are mainly composed of Cu 3d and O 2p. This indicates that the local CuO structure
is capable of receiving extra electrons and may act as the catalytically active site. The
calculated Bader charge of the Cu dopant is +1.04 e, which is close to that of the Cu?*
on the CuO surface (+0.97 lel, see Table S3), indicating that the oxidation state of the Cu
dopant on the CeO,(111) is indeed +2 [52,55]. This is also consistent with the calculated
spin density distribution on the Cu site (Figure 1d). In addition, we also found that after
Cu doping the energy level of the lowest unoccupied Ce 4f orbital decreases by 0.23 eV
from 1.56 eV to 1.33 eV (Figure 1c,d), indicating that the electron accepting capacity of Ce
4f is also enhanced accordingly.

3.2. H Adsorption

Previous studies suggested that hydride is the key species for selective hydrogenation
of CO, over ceria surfaces [10,11]. To verify the nature of various H species including
proton, hydride and hydrogen radical (He), one needs to calculate their Bader charges
as well as the spin density distributions. For the hydride species, there is no (net) spin
density localized on it, and the calculated Bader charges are usually negative, while for the
hydrogen radical, there are spin densities localized on it and the calculated Bader charge
is usually close to 0 lel. Bearing the above in mind, we thus studied the adsorption of
one H atom at different sites on the Cu/CeO,(111) surface. The calculated results show
that two types of H species can be formed after H adsorption at the Cu site (Figure 2a,b).
Electronic structure analyses confirmed that one adsorbed H species is a radical-like species
since it has net spin densities (Figure 2a), and the other one has a Bader charge that is close
to zero (Figure 2b). For the calculated adsorption energies, they are negative for both cases,
though the second type gives higher value (—1.61 vs. —0.45 eV, Figure 2a,b). Moreover, the
calculated density of states of the system shown in Figure S1 also indicates that a relatively
stronger Cu-H bond is formed for the second adsorption structure (Figure 2b) [53,54]. In
addition, we also investigated H adsorption at the surface O site. In this case, a proton (H*)
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is formed, and the surface is clearly reduced, with either the Cu or Ce taking the electron
from the H (Figure 2¢,d). However, it needs to be mentioned that for the reduction of Cu?*
to Cul* (Bader charge = 0.66 |el), the corresponding adsorption process is exothermic
by 1.99 eV (Figure 2c), and for the reduction of Ce** to Ce?*, it is exothermic by 2.36 eV
(Figure 2d).

(a)
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Figure 2. Calculated structures (left: side view; right: top view) of H adsorption at (a,b) Cu and
(c,d) O sites of the Cu/CeO,(111) surface. The calculated adsorption energies of H, Bader charges
and the magnetic moments of H (left) and Cu (right), and spin density distributions (in yellow) are
also shown.

Hermansson and Fernandez-Gacia and their co-workers [52,55] have shown that the
four coordinated planar Cu?* is relatively stable within the Cu/CeO5(111) structure. It is
interesting for us to find that with the hydrogen species being adsorbed at the O site on the
Cu/CeO5(111) surface, the coordinate number of Cu maintains four when the extra electron
is localized at the Ce site. On the other hand, when the extra electron is localized at the Cu, it
induces the change of the coordinate number of Cu to three (Figure S2 and Table S4). In fact,
we have also estimated and compared the electrostatic interaction energies at such Ce>* and
Cu'* sites, which are —134.05 eV and —130.40 eV, respectively (see Figure S2 and Table S4).
These results clearly show that the Cu/CeO,(111) surface can be more stable with the extra
electron being localized at the Ce site than the Cu due to the more favorable electrostatic
interaction. Moreover, the calculated density of states of the corresponding systems further
showed that the newly occupied Cu 34 orbital is 0.15 eV higher in energy than the occupied
Ce 4f orbital (Figure S3). These results can indeed support that the excess electron prefers
to be localized in the Ce 4f, even though the empty Cu(3d)-O(2p) state is lower (Figure 1d).

3.3. H, Dissociation and H Formation

Recent studies have shown that ceria has the capability of catalyzing partial hydro-
genation of alkynes and CO, reduction reactions [2,4,10,11]. The formation of hydride
through heterolytic dissociation of Hy on the CeO, surface was found to be one of the vital
processes in these reactions [7-12,38]. Then, we systematically studied the dissociative
adsorption of Hy on both the pristine and Cu-doped CeO,(111) surfaces.

The calculated energy profiles of H, adsorption and dissociation on the CeO,(111)
and Cu/CeO;(111) surfaces are shown in Figure 3. As one can see, the adsorption energy
of H; on the Cu/CeO;(111) surface (0.30 eV) is 0.26 eV higher than that on the pristine
CeO;(111) surface (0.04 eV), indicating that the H, molecule has a stronger interaction
with the Cu/CeO,(111) surface. We further considered the homolytic and heterolytic
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pathways of H, dissociation on the CeO,(111) and Cu/CeO;(111) surfaces. The homolytic
dissociation produces two surface hydroxyls, while the heterolytic dissociation produces a
surface hydroxyl and a hydride species [27,38]. According to our calculations, the homolytic
dissociation of H, on the CeO;(111) (gray dotted line) and Cu/CeO;(111) surfaces (black
dotted line) needs to overcome the energy barriers of 1.34 and 1.08 eV, respectively (see
Figures 3, S4 and S5). In each transition state of the homolytic H, dissociation, one OH
species and one hydrogen radical are formed on the surface firstly (Figures S4b and S5b),
giving rise to rather high barrier for this process. The as-formed H radical will then migrate
to the neighboring O site to form the second OH species. Moreover, on the CeO,(111)
and Cu/CeO;(111) surfaces, the homolytic Hy dissociation process was calculated to be
exothermic by 2.41 and 3.25 eV, respectively.

1.50 1 1.30
1 / 0.88 LS
— 073 -7 \
0.75 4 / /’W\ \d \
) //’,// 030 N\ \
0.004 &L _ 0047, 026\ o\ O ~0.04 |
. ~ 4 v \
S c— \ /
Z ' -0.30 VN N 028y
~ -0.75 1 ‘\\ \ /( Wl
f — \/ \ Wi
=-1.501 - - ceo,(111)-Homo m \ Ny
= . . \
1 = = CeO,(111)-Heter N a
R Jd - = Cwceo,(111)-Homo \ Wl o 5
2.25 = — Cu/CeO,(111)-Heter(Cu-0) \ “A
1 - = Cu/CeO,(111)-Heter(Ce-0) N . 1\
-3.00 1 -3.40
_ T \\=3.55
L ' H+/H TS(H ) \ —
-3.7549 Hi(® H,* TS(H,) H'/Cu-H TS(Cu-H) 2H'

Reaction Coordinate

Figure 3. Calculated energy profiles of homolytic (Homo) and heterolytic (Heter) H, dissociation on
the CeO,(111) and Cu/CeO5(111) surfaces. “*” is defined as the surface free site, and this notation is
used throughout the paper.

Interestingly, our calculated results (Figures 3, 54 and S5) showed that the energy bar-
rier for the heterolytic dissociation of Hj at the Ce-O site on the Cu/CeO;(111) (red dotted
line, 0.56 eV) is lower than that on the pristine CeO,(111) (pink dotted line, 0.92 eV) and
they are both significantly lower than those of the homolytic dissociation. Following the
transition state (Figures S4c and S5c¢), one OH and one hydride species are formed, and this
process is endothermic by 0.77 eV at CeO,(111) and exothermic by 1 eV at Cu/CeO,(111).
Notably, we found that the obvious stability of H™ species on the Cu/CeO;(111) surface
(Figure S5d) can be attributed to the low coordination number of Ce at the oxygen vacancy.
These results clearly indicate that the Cu doping promotes the formation of oxygen va-
cancies, which is critical for the stabilization of hydride species. We also calculated the
heterolytic dissociation of Hy at the Cu-O site on the Cu/CeO,(111) surface to produce H*
and Cu-H species (blue dotted line). This process needs to overcome a barrier of 0.60 eV
and is exothermic by 1.20 eV.

Furthermore, we also considered the migration of hydride species to the neighboring
O site to form another hydroxyl species on the two surfaces. The calculated energy barriers
of the migration process on the CeO,(111) and Cu/CeO;(111) surfaces are 0.30 and 1.02 eV,
respectively. The high energy barrier of the migration on the Cu/CeO;(111) surface in-
dicates that the hydride species can be kinetically stable on this surface. In addition, we
calculated the migration of the hydrogen species (Cu-H) to the neighboring O site to form
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another hydroxyl species on the Cu/CeO,(111) surface, and it needs to overcome an energy
barrier of 1.46 eV and is exothermic by 1.90 eV (Figure 3).

It should be noted that the CeO, surface accepts two extra electrons after the hydride
migration. For the Cu/CeO;(111), we found that the two electrons prefer to be localized in
the 4f orbitals of two Ce atoms rather than in one Ce 4f orbital and one Cu 3d orbital as the
former case is 0.15 eV more stable than the latter one (Figure S5h,j). This again indicates the
significant role of Ce 4f as the “electron reservoir” [56].

To gain deeper insights into the effect of Cu doping on the formation of hydride species
on the Cu/Ce0O,(111) surface, we calculated the partial density of states of the Ce3* species
on the two CeO, surfaces with one H being adsorbed at the O site. Note that this H can be
regarded as the “co-adsorbate” of the other H in dissociative Hy adsorption (Figure 4). The
calculated results show that the occupied 4f state of the Cu/CeO,(111) with one hydroxyl
lies in the higher energy than that of the CeO,(111) with one hydroxyl. So, one may expect
that the Ce3* species on the Cu/CeO,(111) with one hydroxyl can donate this electron to
the second H to form a hydride species more readily than the Ce®* species on the CeO,(111)
with one hydroxyl.

(3)9 [ C<O(111)-Cedf \ :E‘:fﬁ.()i oV (b)9 [ Cu/CeO,(111)-Cadf
6 I -
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Figure 4. Calculated partial density of states (PDOS) of the Ce3* on the (a) CeO,(111) and
(b) Cu/CeO5(111) surfaces with one H being adsorbed on O. The Fermi energy level (Ey) is la-
beled with a red dashed line. All DOS are aligned with respect to the O 2s orbital of a fixed bottom O
atom of the surface slabs.

Previous studies reported that surface oxygen vacancies can stabilize hydride
species [33,37,38]. We then calculated the formation of an extra surface oxygen vacancy on
the CeO,(111) and Cu/CeO,(111) (Figure 5). It was found that the Cu/CeO,(111) gives
a much smaller surface oxygen vacancy formation energy (0.59 eV) than the CeO,(111)
surface (2.41 eV), suggesting that the Cu dopant can further promote the formation of the
surface oxygen vacancy. The newly formed surface oxygen vacancy can reduce two Ce**
into Ce®* cations. This is mainly due to the fact that the calculated crystal reduction poten-
tial (V) [57] for Cu** — Cu* (—1.43 V) is higher than that for Ce*t — Ce3* (—1.77 V), and
the coordination number of Ce around the new Oy site is also reduced (Figure 5b). We also
found that it is more favorable to form hydride species on such reduced Cu/CeO;(111) sur-
face (i.e., Cu/CeO;(111)-Oy) than the Cu/CeO;(111) surface (Figure 5c,d). We calculated
the dissociation of H, on the Cu/CeO,(111)-Oy surface (Figures 5e and S6) and found that
the heterolytic dissociation of H; at the Ce-O site to produce hydride species is kinetically
the most favorable one. The energy barrier of this process is 0.47 eV, which is even lower
than the corresponding energy barrier on the Cu/CeO; surface (0.56 eV). This result further
indicates the great ability of the Cu/CeO;(111) in generating surface hydride species.
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Figure 5. Calculated structures (left: side view; right: top view) of the (a) reduced CeO,(111)
with one surface oxygen vacancy and (b) reduced Cu/CeO,(111) with one inherent surface oxygen
vacancy and an extra surface oxygen vacancy. Calculated structures (left: side view; right: top view)
of a single H at the oxygen vacancy sites of the (¢) Cu/CeO,(111) and (d) reduced Cu/CeO,(111)-Oy
surfaces. (e) Calculated energy profiles of homolytic (Homo) and heterolytic (Heter) H, dissociation
on the Cu/Ce0O,(111)-Oy surface. The unfilled blue circle represents the surface oxygen vacancy, and
the blue circle filled with yellow represents the inherent surface oxygen vacancy on the Cu/CeO5(111).
The spin density distributions are illustrated in yellow and blue, and the surface oxygen vacancy

formation energies are also given.

3.4. Selective Hydrogenation of CO;

To unveil the catalytic activities of the various surfaces, we then continued to study the
main reaction steps of the CO,RR at CeO5(111) and Cu/CeO,(111) (Figures 6, S7 and S8).
It is generally accepted that the adsorption and activation of CO, and the generation of
hydride species are the key steps of the whole CO,RR [10,11,38]. As shown in Figure 6, the
adsorption of CO; on the Cu/CeO;(111) surface is exothermic by 1.06 eV. In comparison,
the adsorption of CO;, on the CeO;(111) surface is much weaker, with an exothermic
adsorption energy of 0.32 eV only. Therefore, the Cu dopant can indeed promote CO,
adsorption. This is mainly attributed to the relatively high energy level of the occupied
Cu 34 orbital which can donate its electron to the CO, molecule (Figure 1d). This is also
consistent with some previous experimental observation [13]. Then we calculated the
adsorption of H, and found that the adsorption of H; is weak on both the CeO,(111) and
Cu/CeO;(111) surfaces with pre-adsorbed CO,, and the corresponding adsorption energies
are 0.01 and 0.12 eV, respectively, which are largely close to those on the clean surfaces
(Figure 3). Nevertheless, since the adsorption of COj is stronger than that of Hy on both
the CeO,(111) and Cu/CeO,(111) surfaces, it is reasonable to consider the dissociative
adsorption of Hy on the CO, pre-covered surfaces.

Since our calculated results presented above already showed that the hydride species
are kinetically and thermodynamically unstable at CeO,(111), we only considered the
formation of two hydroxyl species on the CO, pre-adsorbed CeO,(111) through Hj disso-
ciation. This process needs to overcome a barrier of 0.83 eV and is exothermic by 2.67 eV
(Figure 6). We found that the produced proton species has rather low activities in the
hydrogenation of CO; to HCOO* or COOH*, with the calculated barriers being higher
than 3 eV. Moreover, the COOH pathway is both thermodynamically and kinetically more
favorable than the HCOO pathway on this surface.

By contrast, on the Cu/CeO;(111) surface, hydride species can be stable, and H; can
readily dissociate into one hydride and one OH™ species. This process needs to overcome
a barrier of 0.79 eV and is exothermic by 0.55 eV. We found that the produced hydride
species is quite active for CO, hydrogenation. In the HCOO pathway, the calculated barrier
and reaction energy are 1.20 and 0.18 eV, respectively, while in the COOH pathway, the
corresponding values are 1.34 and —1.59 eV, respectively. Although the generated COOH*
species is more stable than the HCOO* species, the HCOO pathway is kinetically more
favorable than the COOH pathway. We also studied the reaction of CO, hydrogenation by
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H* to form COOH* on the Cu/CeO;(111) surface, and the calculated barrier is extremely
high (4.47 eV). These results indicate that the as-formed hydride species is crucial to the
activity and selectivity of the Cu/CeO;(111) in the CO, reduction reaction.
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Figure 6. Calculated energy profiles of the first few key steps of the CO, hydrogenation reaction on
the CeO,(111) and Cu/CeO,(111) surfaces.

4. Conclusions

In conclusion, we systematically studied the hydride formation and its reaction with
CO, on the pristine and Cu-doped CeO,(111) surfaces. The calculated results showed
that the hydride species are thermodynamically and kinetically unstable on the pristine
CeO;(111) surface, and the adsorption of CO, on this surface is rather weak. In contrast,
kinetically stable hydride species can be effectively produced by heterolytic H, dissociation
on the Cu/CeO;(111) surface with inherent oxygen vacancies. We also found that the Cu
dopant promotes the formation of oxygen vacancies, which is favorable for the generation
of hydride species. Moreover, the Cu dopant also promotes the adsorption of CO,, and
the hydrogenation of CO, to HCOO* can be significantly facilitated by the hydride species
on the Cu/Ce0O;(111) surface, showing that the doping of Cu significantly improves the
activity and selectivity of the CeO;(111) toward the hydrogenation of CO; to methanol.
Our findings may guide the rational design of efficient ceria and Cu based catalysts for
CO, reduction reactions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ catal12090963 /s1, Tables S1 and S2: Calculated lattice constants of bulk ceria by using different
plane wave kinetic energy cutoff and different k-point mesh densities. Table S3: Calculated Bader
charges of the Cu?* of CuO and the Cu'* of CuyO. Table S4: Calculated Bader charges of the Cu
and Ce species and their nearby O; calculated Cu-O and Ce-O bond distances, and the electrostatic
interaction energies (Ecy+ce) between the Cu and Ce and their nearby species on the Cu/CeO,(111)
and the Cu/CeO;(111) surface with H being adsorbed at the O site; calculated Cu coordinate numbers
on the Cu/CeO;(111) and the Cu/CeO;(111) surface with H being adsorbed at the O site. Figure S1:
Calculated density of states (DOS) of the Cu/CeO;(111) surface with H being adsorbed at the Cu
site. Figure S2: Calculated structures of Cu/CeO;(111) and Cu/CeO,(111) with adsorbed H which
gives to the localized electron at different site. Figure S3: Calculated density of states (DOS) of
the Cu/CeO5(111) surface with H being adsorbed at the O site. Figure S4: Calculated structures
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of H; adsorption and dissociation on the CeO,(111) surface. Figure S5: Calculated structures of
H, adsorption and dissociation on the Cu/CeO;(111) surface. Figure S6: Calculated structures
of Hj adsorption and dissociation on the Cu/CeO,(111)-Oy surface. Crystal Reduction Potential
(Vr). Figure S7: Calculated structures of CO, hydrogenation on the CeO;(111) surface. Figure S8:
Calculated structures of CO, hydrogenation on the Cu/CeO,(111) surface. References [27,38,57] are
cited in the Supplementary Materials.
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Abstract: Owing to the energy crisis and environmental pollution, it is essential to develop cheap,
environmentally friendly and sustainable energy to replace noble metal electrocatalysts for use in
the hydrogen evolution reaction (HER). We report herein that a Cu/CusP nanoarray catalyst was
directly grown on the surfaces of Cu nanosheets from its Cu/CuO nanoarray precursor by a low-
temperature phosphidation process. In particular, the effects of phosphating distance, mass ratio and
temperature on the morphology of Cu/CusP nanoarrays were studied in detail. This nanoarray, as
an electrocatalyst, displays excellent catalytic performance and long-term stability in an acid solution
for electrochemical hydrogen generation. Specifically, the Cu/CusP nanoarray-270 exhibits a low
onset overpotential (96 mV) and a small Tafel slope (131 mV dec™1).

Keywords: Cu/CuzP nanoarrays; Cu nano-substrates; electrocatalyst; HER

1. Introduction

Due to the excessive consumption of fossil fuels, the resulting environmental pollution
and global energy crisis have aroused widespread concern. It is essential to develop clean,
environmental friendly and renewable energy sources to reduce our dependence on fossil
fuels and benefit the environment by reducing greenhouse gas emissions [1-7]. Among
variable alternatives, hydrogen has been considered as an ideal energy carrier due to
its environmental friendliness and high energy density. Electrochemical water splitting
is one of the most simple and promising strategies to create high-purity hydrogen in
an economic way [8-14]. However, the production efficiency is low without the use of
electrocatalysts, which can significantly reduce the large overpotential for the hydrogen
evolution reaction (HER). It is well known that Pt, Ru-based and Ir-based catalysts are
regarded as the most promising electrocatalysts for the HER and OER, because of their high
electrocatalytic performance [15-23], whereas their widespread application is restricted by
their high costs and low abundance on Earth. Therefore, the major challenge in hydrogen
production is to reduce the use of noble metals or replace them with inexpensive non-
precious metal catalysts.

In recent years, a lot of effort in the field of highly active, Earth-abundant catalysts
has been dedicated to various types of alternative materials, such as transition metal
sulfides [24-26], metal carbides [27-29], metal nitrides [30-32], metal phosphides [33-36]
and even metal-free materials [37,38]. Transition-metal phosphides (TMPs) are an important
class of compounds with metalloid characteristics and good electrical conductivity. In the
structure of metal phosphides, negatively charged P atoms can act as ideal active centers for
proton adsorption, bringing about the dynamical optimization of the HER [39-41]. To date,
various metal phosphides have been adopted for electrochemical hydrogen evolution, such
as cobalt phosphide nanoparticles (CoP NPs [42]), nickel phosphide nanoparticles (NiyP
NPs [43]), molybdenum phosphide nanoparticles (MoP NPs [44]) and Ni-Fe phosphide
nanohybrids [45], which have attracted attention for their excellent electrocatalytic activities
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for the HER. However, the relatively low electrical conductivity of most phosphide catalysts
remains a problem, leading to limited charge transfer and passivated electrocatalytic activity.
Furthermore, these electrocatalysts are prone to agglomeration under high current density
or long-term tests in practical application in the HER.

To overcome the above-mentioned issues, alternative architectural arrays grown on
conductive substrates have been explored due to the large surface area, abundant active
sites, and synergistic effects between the electrocatalysts and the conductive substrates.
Recently, Sun and co-workers [46] reported on porous urchin-like Niy P microsphere su-
perstructures anchored on nickel foam, which afforded a current density of 10 mA cm 2
at a low overpotential of only —98 mV for the HER. Tan and co-workers [47] reported
on flower-like structures consisting of NiCoP-CoP nanowires grown directly on porous
nickel frameworks to achieve a highly efficient HER in an alkaline solution. For the HER,
a binder-free NiCoP-CoP/Ni/NF electrode can reach 10 mA cm~? current density at a
quite low overpotential of 49 mV. Despite extensive progress in nanoarray architectures,
self-supporting nanoarray structures on conductive materials are still a key challenge.

Over the past decade, Fe, Co and Ni as electrocatalysts have exhibited excellent
catalytic performance for the HER. Nevertheless, as an Earth-abundant transition metal,
Cu-based catalysts have been relatively less studied in terms of the HER. Therefore, it is sig-
nificant to design Cu-based materials with special structures for developing high-efficiency
electrocatalysts. Recent studies have shown that CuzP is an excellent electrocatalyst for use
in the HER [48,49]. Herein, self-supported Cu/CusP nanoarrays were successfully grown
on the surfaces of Cu nanosheets from Cu/CuO nanoarrays precursor by a low-temperature
phosphidation process. The Cu/CusP nanoarray-270, as an electrocatalyst, displays excel-
lent catalytic performance and durability for electrochemical hydrogen generation, and
exhibits a low onset overpotential (96 mV) and a small Tafel slope (131 mV dec™!). The
morphology and nanostructure of the self-supported Cu/CusP nanoarray catalyst affect
the electrocatalytic efficiency significantly. The nanoarrays possess large surface areas and
a great number of active sites, which is immensely beneficial for electrocatalysis capacity
enhancement. At the same time, copper-based catalysts can also be used in other types
of organic reactions [50]. It is expected that this innovative approach will become a new
concept to synthesize highly efficient catalysts.

2. Results

The typical procedure for the synthesis of Cu/CuzP nanoarrays is summarized in
Figure 1. In brief, Cu nanosheets are firstly synthesized according to hydrothermal method.
Then, Cu nanosheets, as both a self-template and nano-conductive substrate, are immersed
in a solution of NaOH/H;O; for the formation of Cu/CuO nanoarrays. Cu/CuO nanoar-
rays and NaH,;PO; are calcinated under an Ar gas flow; the original black color of the
Cu/CuO turns gray after the phosphorization process, thus suggesting that the copper
oxides on the surfaces of Cu nanosheets are converted into cuprous phosphide.

‘,E.' '“. .'|'iln!_, Lllnu
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Cu nanosheet Cu/CuO nanoarray Cu/Cu,P nanoarray

Figure 1. Illustration of the preparation of Cu/CusP nanoarrays.

The X-ray diffraction (XRD) patterns of the Cu/CuO nanoarrays before and after
phosphidation are shown in Supplemaentery Figures Slc and 2a. The precursor shows
diffraction peaks characteristic of CuO (JCPDS No. 04-1548). In contrast, only peaks
corresponding to CuzP can be observed for the resulting copper phosphide. Figure 2a
shows that all diffraction peaks are in accordance with the hexagonal structure of CusP
(JCPDS No. 02-1623), and the strong peaks at 43.4°, 50.4° and 74.1° originate from the Cu
nanosheets (JCPDS No. 04-0836), indicating that all copper oxides are completely trans-
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formed into cuprous phosphides in the phosphating process, while the copper nanosheets,
as a conductive template, have not been completely consumed.
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Figure 2. Characterization of the morphology and structure of sample: (a) XRD pattern of Cu/CuzP
nanoarrays. (b) SEM image of Cu nanosheets. (¢,d) SEM images of Cu/CuO nanoarrays. (e,f) SEM
images of Cu/CusP nanoarrays; inset shows the HRTEM of CugP.

The morphologies of products were characterized by scanning electron microscopy
(SEM). Figures 2b and Sla show the SEM images of Cu nanosheets as the self-template
and conductive substrate, which had a large area of 30-100 pm in diameter with smooth
surface. The SEM images of the Cu/CuO nanoarrays at different magnification are shown
in Figures 2c,d and S2. The CuO nanoarrays are uniformly distributed on the surface of
the Cu nanosheet, consisting of uniform nanoplates with a width ranging from 30 nm to
80 nm and are 3-5 pm in length. After phosphidation, the nanoarray morphology is still
preserved, as shown in Figure 2e,f. The plate CuzP nanoarrays grown on the Cu nanosheet
substrate and the surfaces of the nanoarrays become rough. The high-magnification SEM
image of the CusP nanoplate is shown in Figure S3, and close observation reveals that
the thickness of an individual Cu3P nanoplate increases from 60 nm to 120 nm in the
phosphating process. The nanoarray structure helps to expose more active sites in the
catalytic reaction, and the interspace between the nanoarrays can favor the diffusion of
electrolytes. The high-resolution transmission electron microscopy (HRTEM) image (inset
f) shows clear lattice fringes with an interplane distance of 0.31 nm, corresponding to the

59



Catalysts 2022, 12, 762

(111) of the CusP. All these results clearly confirm the successful synthesis of Cu/CusP
nanoarrays by low-temperature phosphidation from the Cu/CuO nanoarray precursor.

The detailed elemental compositions and valence states of as-synthesized Cu/CuzP
were characterized by X-ray photoelectron spectroscopy (XPS), as shown in Figure 3. The
full survey XPS spectrum (Figure S4) shows that the Cu/CusP comprises Cu, P, O and C
elements. As shown in Figure 3a, two main peaks of Cu 2p are located at 934.6 eV and
954.4 eV, which represent the Cu 2p3,, and Cu 2p;/, peaks, respectively. The peaks at
933.1 eV and 935.1 eV are assigned to the Cu®* in the CuzP and oxidized Cu for the Cu
2p3,7 energy level, while the peaks at 940.8 and 944.1 eV belong to the satellite peaks of Cu
2p3,2- The three peaks appearing at 952.8, 955.2 and 962.9 eV are indexed to the Cu®* in the
CusP, oxidized Cu and the satellite for Cu 2py /,, respectively [51,52]. In Figure 3b, the peak
at 133.6 eV could be indexed to oxidized phosphate species, resulting from the exposure of
the sample to air. The lower binding energy peaks situated at around 129.1 eV and 129.9 eV
correspond to P 2p3,, and P 2p; s, of Cu/CusP nanoarrays, respectively [53,54]. Note that
the binding energy of P 2p (129.9 eV) shows a negative shift from elemental P (130.2 eV),
indicating that P carries a negative charge (57). The results suggest that charge transfer
occurs between Cu and P, in which Cu may serve as the hydride-acceptor center and P may
act as the proton-acceptor center [55].
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Figure 3. Cu 2p (a) and P 2p (b) core-level spectra of Cu/CuzP nanoarrays.

The fabrication process of the Cu/CusP nanoarray is illustrated in Figure 4a. The mor-
phology of the products was found to strongly depend on the distance between Cu/CuO
nanoarrays and sodium hypophosphite in the phosphating process. When the distance
between the two precursors is less than 5 cm, the nanoarray structure on the surface of the
Cu nanosheets disappears and its surface becomes rough, as shown in Figure 4b,c. Further
increasing the phosphating distance to 16 cm, part of the array structure on the surface
can be observed, as shown in Figure 4d. The nanoarrays are obviously thicker than the
original CuO nanoplate, and agglomeration between the nanoarrays is more serious. When
the phosphating distance was extended to 24 cm (in Figure 4e), the nanoarray structure
composed of CuzP nanoplates with a width of around 300-800 nm and lengths of up to sev-
eral micrometers was vertically grown on the surface of the Cu nanosheets. The topotactic
conversion of the Cu/CuO nanoarrays into the Cu/CusP nanoarray could be explained
as follows: first, the thermal decomposition of NaH;PO; generates PH3, and the CuO
nanoarrays are reduced to Cu nanoarrays by PHs. Then, the resulting Cu subsequently
catalyzes the decomposition of PHj into elemental P. Finally, the elemental P further reacts
with Cu to form CuzP nanoarrays.

The influence of different mass ratios of phosphorus precursor and the Cu/CuO
nanoarrays on the morphology and crystal structure was investigated, as shown in Figure 5.
When the mass ratio of NaH,PO; to CuO is 1, the morphology of Cu/CusP nanoarrays does
not change significantly (Figure 5a), and the corresponding XRD pattern shows that only a
small amount of CusP is formed in the product (Figure 5b), indicating that the CuO cannot
be converted into CusP at this ratio. When the mass ratio of NaH,PO, /CuO increases to
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2, the obtained array structure is thicker than that of the precursor (Figure 5c), and the
corresponding XRD pattern reveals that CuO has been converted into CuzP completely,
but the amount of CusP in the product is small (Figure 5d). When the mass ratio of
NaH,PO, /CuO further increases to 2.5, the morphology of the product still maintains the
nanoarray structure (Figure 5e), and the corresponding XRD pattern shows that Cu3P is
generated, while the peak intensity of the copper substrate does not change significantly
(Figure 5f), indicating that the Cu nanosheet has not been converted. Until the mass ratio
of NaH,PO, /CuO reached 3, the corresponding SEM image of this sample reveals that the
CusP nanoarrays thickened and agglomerated together (Figure 5g). The intensity of the
XRD pattern of Cu in the product is significantly weakened (Figure 5h), indicating that the
Cu nanosheet substrate is partially converted into CusP during the phosphating reaction.

a NaH,PO, Cu/Cu0 Cu/Cu,P

Figure 4. (a) Schematic of the preparation process of the CuzP nanoarrays via the phosphorization
of Cu/CuO. (b—e) SEM images of products at different distances between Cu/CuO and NaH;PO,:
(b)d=0cm, (¢)d=5cm, (d) d =16 cm and (e) d =24 cm.

The influence of the phosphating temperature on the nanostructures formed was
investigated, as shown in Figure 6. Figure 6a,b show that CuO and CusP were simulta-
neously observed on the Cu nanosheets at 260 °C.With the increase in temperature, the
thickness of nanoarrays composed of nanoplates was increased, while the CuO nanoarrays
were completely converted to CusP nanoarrays at 290 °C, as shown in Figure 6¢,d. Until
the temperature reached 310 °C, the nanoarray structures grown on the surfaces of Cu
nanosheets experienced obvious agglomeration and collapse, and the corresponding XRD
pattern revealed that a part of the Cu nanosheets was converted to CusP in the phosphating
reaction (Figure 6e,f). The effects of phosphating time on the morphology and phase of
as-prepared nanostructures were likewise studied, as shown in Figure S5. When the calci-
nation time was increased to 1.5 h, the morphology of the product obtained was as shown
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in Figure S5c. The nanoarray structure composed of nanoplates is significantly thicker than
that obtained at 1 h (Figure S5a). Moreover, the weak diffraction peak of Cu indicated
that most of the Cu nanosheet substrates were transformed into CuzP (Figure S5d). The
above results reveal that the phosphating temperature and time had a great impact on the
formation of the resultant Cu/Cu3P nanoarrays in the present study.
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Figure 5. SEM images and XRD patterns of products at different mass ratios of NaH;PO,/CuO:
(ab) 1, (cd) 2, (ef) 2.5, (gh)3.

As a comparison, the pure Cu nanosheet was directly phosphated and calcined under
the same conditions, while the morphology and crystal structure of the products were
characterized. As shown in Figure S6a, the 2D nanosheet morphology was still preserved,
and the smooth surface of the Cu nanosheets became rough after phosphating. At the
same time, the corresponding XRD pattern confirmed that CuzP was indeed generated
(Figure S6b). The results indicate that the CuO nanoarray on the surface of the Cu nanosheet
plays a very significant role in maintaining the morphology of Cu/CuzP nanoarrays.
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Figure 6. SEM images and XRD patterns of products at different phosphating temperatures:
(a,b) 260 °C, (c,d) 290 °C, (e,f) 310 °C.

The electrocatalytic activity of the Cu/CuzP nanoarray for the HER was tested by
using a standard three-electrode device in 0.5 M HySO, solution. Figure 7 shows the
polarization curves of these electrodes obtained at different temperatures without iR cor-
rection. The catalytic behavior of Cu/CusP NS obtained by the direct phosphating of
the Cu nanosheet was also investigated for comparison. Obviously, the Cu/CuzP NS
showed poor electrocatalytic activity, with an onset overpotential value of 347 mV. In
sharp contrast, Cu/CuzP nanoarray-270 was significantly active for the HER, with an onset
overpotential as low as 96 mV, and additional negative potential leads to a rapid rise in
the cathodic current. It requires 253 mV of overpotential (1119) to reach a current density (j)
of 10 mA cm 2, which is lower than that of Cu/CusP nanoarray-290 (119 = 342 mV) and
Cu/CusP nanoarray-310 (n19 = 395 mV). Moreover, an overpotential of 424 mV is required
for Cu/CusP nanoarray-270 to reach the current density of 100 mA cm~2, which is much
lower than that of Cu/CusP nanoarray-290 (190 = 589 mV) and Cu/CusP nanoarray-310
(M100 = 635 mV).

The Tafel slope is an effective means to assess the advantages of electrocatalysts. The
Tafel plots in Figure 7b were obtained from the linear portion that conformed to the Tafel
equation (N = a + b log j, where b is the Tafel slope and j is the current density). It can be
seen that the Tafel slope for Cu/CusP nanoarray-270 is 131 mV dec ™!, much lower than that
of Cu/CusP nanoarray-290 (145 mV dec~!) and Cu/CusP nanoarray-310 (156 mV dec™1).
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These results indicate that Cu/CusP nanoarray-270 exhibits high electrocatalytic efficiency.
A detailed comparison of Cu/CusP nanoarray-270 with other electrocatalysts is shown in
Table S1, indicating its superior or comparable performance [56-59].
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Figure 7. Electrocatalytic activity of the as—prepared Cu/CusP nanoarray electrode for HER in 0.5 M
H,S0O;. (a) Polarization curves, (b) Tafel plots, (c) EIS Nyquist plots (inset: the equivalent circuit),
(d) current density curve related to time at 23 mA cm 2.

The long-term stability of an electrode is another important issue to consider for prac-
tical applications. The durability of Cu/CusP nanoarray-270 was examined at 23 mA cm 2
in HySOy4 solution, as shown in Figure 7c. The current density curve related to time reveals
a minor increase after 15 h, indicating the high electrochemical stability of the Cu/CusP
nanoarray catalysts for the HER in an acidic solution. Electrochemical impedance spec-
troscopy (EIS) was performed to identify the interfacial properties and catalytic kinetics of
the as-synthesized Cu/CusP nanoarray catalyst in the HER process. As shown in Figure 7d
(inset: the equivalent circuit), the series resistance values (Rs) were obtained in the high-
frequency zone, and the semicircle in the low-frequency range reflects the charge transfer
resistance at the interface between the Cu/Cu3P and the electrolyte (R.t). The Nyquist
plots reveal that Cu/CusP nanoarray-270 (4.1Q2) exhibits a much smaller semicircle than
Cu/CusP nanoarray-310 (49.6 )), suggesting that it has fast charge transfer kinetics for
the HER. This result validates that the introduced Cu nanosheet, as a conductive substrate
and nano-template, can improve the charge transport and electrochemical activity of the
Cu/CusP nanoarray electrode.

3. Materials and Methods
3.1. Chemicals and Materials

Copper(Il) sulfate (CuSO4-5H,0), glucose (C4H12,04), polyvinylpyrrolidone (PVP,
My, = 30,000), hydrogen peroxide (HyO,, wt% = 30%), Nafion solution and sodium hy-
pophosphite (NaH,PO,) were purchased from Sigma-Aldrich. All chemicals were used
without further purification.

3.2. Synthesis of Cu Nanosheets

All chemicals in the experiment were analytical grade and used without purification.
The well-defined Cu nanosheets were prepared according to the procedures in our previous
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report [60]. In brief, 1.0 g CsH12,04-HyO, 0.5 g polyvinyl pyrrolidone (PVP) and CuSO;4
were dissolved in 25 mL of deionized water with vigorous magnetic stirring, and then the
mixture was transferred into a Teflon-lined autoclave and heated at 180 °C for 3 h. The
brown-red products were collected, washed three times with deionized water and ethanol,
respectively, and then dried in a vacuum at 60 °C.

3.3. Synthesis of Cu/CuO Nanoarrays

The hierarchical Cu nanosheet@CuO nanorods were synthesized by a simple hy-
drothermal process. In a typical synthesis procedure, an amount of Cu nanosheets and
22 mL of NaOH (0.55 mol/L) were added into a Teflon-lined vessel with vigorous magnetic
stirring, and then 2 mL H,O, (30%) was injected rapidly into the mixture solution under
stirring. Afterward, the vessel was sealed and then hydrothermally heated at 130 °C for
9 h; the as-prepared products were collected and washed three times with deionized water,
and then dried in a vacuum at 60 °C.

3.4. Synthesis of Cu/CuzP Nanoarrays

To prepare Cu/CusP nanoarrays, NaH;PO, was placed at the center of the tube
furnace and the Cu/CuO nanoarray was placed at the downstream side of the furnace at
carefully adjusted locations to set the temperature, and the distance between them was
measured to be approximately 24 cm. After flushing with Ar, the center of the furnace was
elevated to 270 °C with a heating rate of 2 °C/min and held at this temperature for 60 min.
For comparison, samples at different phosphating temperatures were synthesized by the
same process.

3.5. Material Characterization

XRD patterns were collected using an M21X diffractometer (MAC Science Co. Ltd.,
Japan) with high-intensity Cu Ko radiation (A = 1.541A). The morphology of the products
was characterized via scanning electron microscopy (SEM, ZEISS SUPRA55). The HRTEM
images were collected on a FEI Tecnai F20 electron microscope operated at 200 kV. The
elemental compositions and valence states of the samples were determined by XPS. XPS
measurements were performed using a Thermo Fisher Scientific, Escalab-250Xi spectrom-
eter with an Al Ka X-ray resource. The C 15 contamination peak was used for charge
correction (284.8 eV).

3.6. Electrochemical Measurements

The electrochemical performances of Cu/Cu3P nanoarrays were evaluated with the
CHI 660D electrochemical workstation. All the electrochemical measurements were con-
ducted in a typical three-electrode setup with an electrolyte solution of 0.5 M HySOj using
Cu/CusP nanoarrays as the working electrode, a graphite plate as the counter electrode
and Ag/AgCl as the reference electrode. In all measurements, the Ag/AgCl reference
electrode was calibrated with respect to a reversible hydrogen electrode (RHE). Linear
sweep voltammetry (LSV) measurements were conducted in 0.5 M H,SO4 with a scan rate
of 2mV s~1. All the potentials reported in our work were versus the RHE according to
E vs. rHE = E vs. Ag/agal + E%. Ag/Agcl +0.059 pH. Impedance measurements were carried
out with a frequency range from 0.1 Hz to 10 kHz at the open-circuit potentials.

4. Conclusions

In summary, we have successfully prepared Cu/CusP nanoarrays via a facile two-step
synthetic strategy, including the hydrothermal synthesis of a Cu/CuO nanoarray precursor
and a low-temperature phosphorization process in an Ar atmosphere. The as-prepared
Cu/CusP nanoarrays, as electrocatalysts, display excellent catalytic performance and
durability for electrochemical hydrogen generation. Specifically, the Cu/CusP nanoarray-
270 exhibits a low onset overpotential (96 mV) and a small Tafel slope (131 mV dec™).
The excellent electrocatalytic efficiency of the Cu/CusP nanoarray catalyst for the HER
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can be attributed to its unique architecture. The nanoarray structure provides more active
sites and contributes to the diffusion of the products. The Cu/CusP nanoarrays show
good electrical conductivity, which is favorable to a faster transfer rate of electrons. This
strategy provides an efficient technique that can be extended to other metal phosphides
and metal-based nanostructures, thus creating a new opportunity in hydrogen production.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal12070762/s1, Figure S1: Characterization of the morphology
and structure of samples: (a) SEM image of Cu nanosheet, (b) XRD patterns of Cu nanosheets,
and (c) XRD patterns of Cu/CuO nanoarrays; Figure S2: The high-magnification SEM images of
samples: (a,b) SEM image of Cu/CuO nanoarrays; Figure S3: The high-magnification SEM images of
(a) CuO nanoplate, (b) CuzP nanoplate; Figure S4: XPS survey spectrum of Cu /CusP nanoarrays;
Figure S5: The SEM images and XRD patterns of samples at different phosphating time: (a,b) 1 h;
(c,d) 1.5 h; Figure S6: The pure Cu nanosheet was directly phosphated and calcined: (a) SEM image;
(b) XRD pattern; Table S1: Comparison of HER catalytic performance of Cu/CusP nanoarray-270 and
other non-noble-metal electrocatalysts in acidic media.
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Abstract: Selective catalytic reduction of NO with CO (CO-SCR) has been suggested as an attractive
and promising technology for removing NO and CO simultaneously from flue gas. Manganese-
copper spinels are a promising CO—SCR material because of the high stability and redox properties
of the spinel structure. Here, we synthesized CuxMn3z_,O4 spinel by a citrate-based modified pechini
method combining CuO and MnOy, controlling the molar Cu/Mn concentrations. All the samples
were characterized by SEM, EDX, XRD, TEM, Hp —TPR, XPS and nitrogen adsorption measurements.
The Cuj 5Mn; 504 catalyst exhibits 100% NO conversion and 53.3% CO conversion at 200 °C. The
CuxMnj3_, Oy catalyst with Cu-O-Mn structure has a high content of high valence Mn, and the high
mass transfer characteristics of the foam-like structure together promoted the reaction performance.
The CO-SCR catalytic performance of Cu was related to the spinel structure with the high ratio
of Mn**/Mn, the synergistic effect between the two kinds of metal oxides and the multistage
porous structure.

Keywords: low-temperature; CO-SCR; Cu-Mn oxide spinels

1. Introduction

Currently, environmental protection is more stringent than ever before. The large
quantities of nitrogen oxides (NOx) produced by the burning of fossil fuels are a major
cause of atmospheric pollutants. Carbon monoxide (CO) is another atmospheric pollutant
in flue gases. Thus, the reduction of NO by the CO produced by incomplete combustion in
the flue gas can remove toxic CO and NO simultaneously and economically (CO-SCR) [1-3].
However, the high price and low catalytic activity at low temperature (more than 50% NO
conversion below 250 °C) of efficient noble metal catalysts seriously limit their further
application. Therefore, it is necessary to develop catalysts with low temperature, high
performance, low cost and that are green [4].

For the CO-SCR reaction, the ideal catalyst should not only be economical, easy to
prepare, long-term stable and so on. In addition, a low reaction temperature [5,6], high
selectivity [7,8] and NO conversion rate [9] are required. Noble metals are frequently used
in CO-SCR reactions to prepare noble-metal catalysts. However, the scarce resources, high
price and high temperature instability limit its large-scale application. As a result, many
studies have focused on the development of nonprecious metals. NO reduction occurs
through a redox reaction mechanism. Therefore, the reducibility and oxygen migration
ability of the catalyst are two key factors that determine the catalytic performance of the
catalyst for NO removal. At present, metal oxides have become a hotspot of heterogeneous
catalysis research because of their low price and large reserves, such as CoOy [10,11],
CuOx [12-14], MnOx [15,16] and CeO; [17]. Among them, copper oxides and manganese
oxides have attracted much attention due to their good redox properties. Manganese oxides
show a variety of valences (Mn?*, Mn**, Mn**) and abundant reactive oxygen species
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(vacancy oxygen and adsorbed oxygen), which imply their potential in low-temperature
CO-SCR catalysis [18-20].

In related reports, the reducibility and oxygen migration ability of MnOy could be
improved by proper cation doping. These include MnCe [21], MnCu [22-24], MnCo [25],
MnNi [26,27] and MnFe [28]. Because of its excellent oxidation-reduction performance and
strong synergistic effect between binary metal oxides, doping copper into the catalyst can
effectively improve the removal rate of the catalyst. Wan et al. [29] found that the Mn;O3-
modified CuO/y—Al,Oj catalyst showed significant catalytic efficiency, and they attributed
the increase in activity to the establishment of a Cu?* + Mn3" = Cu* + Mn*" oxidation—
reduction cycle. In addition, the addition of Cu to Mn-based catalysts is beneficial to the
dispersion of MnOy. The performance of copper oxides is affected by many factors in the
NO + CO reaction. Ivanka Spassova [24] reported that CuCop,O4 and Cuj 5Mnj 504 mixed
oxides supported on DFS were responsible for enhancing activity. The results showed that
Liu [30] suggested that copper-modified manganites had higher catalytic activity for CO
oxidation and selective catalytic reduction of NO than pure MnOy. Therefore, it is further
expected that CuO and MnOy form a strong coupling at the nanointerface, which will lead
to a change in the Mn** octahedral environment, thereby further improving the CO—SCR
performance of MnOy.

This article reports that foam-like CuxMnz_,O4 spinels were prepared by using a
citrate-based modified pechini method and applied to the CO-SCR reaction in the temper-
ature range of 100—400 °C. It was characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), BET surface area (BET),
H, temperature programmed reduction (H, —TPR) and X-ray photoelectron spectroscopy
(XPS). The structure-activity relationship between the physical chemistry properties and
the catalytic performance of the Cu,Mn3_4O4 catalyst with different concentrations of
Mn** was studied. The purpose of this work is to investigate the relationship between the
active phase of spinel and the bulk properties of CuxMn3_4O4 (x =0, 1, 1.5, 2, 3) catalysts
prepared with different CuO/MnOy contents.

2. Results and Discussion
2.1. XRD Analysis of Catalysts

XRD patterns were tested to identify the crystal structure of Mn,O3, CuO and syn-
thesized CuxMnjs_,Oy spinels. As shown in Figure 1a, for the Mn,O3 sample, (200), (211),
(222), (123), and (440) planes of Mn, O3 (JCPDS#01-076-0150) could be observed at 18.5°,
23.1°,33.0°, 35.7° and 55.0°, respectively. The diffraction peaks of 32.5°, 35.5°, 38.6°, 48.9°,
53.4°,58.2°, 61.5°, 66.3°, 67.7°, 68.0°, 72.3° and 82.6° were assigned to the (110), (—111),
(111), (=202), (020), (202), (—113), (—=311), (113), (220), (311) and (—313) planes of cubic
phase CuO (JCPDS#01-080-0076). A CuxMn3_,O4 mixed oxide with a spinel structure
was found in the CuyMn,O4 (JCPDS#01-074-2422), Cuj 5sMn; 50,4 (JCPDS#01-070-0260) and
CupMn; Oy catalysts. XRD patterns show that the diffraction peak (I peak) can match spinel
Cu; 5sMn; 504 (Figure 1b). Compared with other samples, the intensity of the “I” diffraction
peak of the Cu; sMn; 504 sample is the strongest, indicating that the Cu; sMn; 504 sample
contains a spinel active structure (Cu-O-Mn) [30,31]. As for CujMnyO4 and Cuj 5sMnj 504,
they showed identical diffraction patterns to MnyO3 but only with a slight shift in the peak
position of Mn,O3 toward high values, implying the insertion of Cu atoms with smaller
radius than Mn atoms into the lattice of Mn,Os. It is also noticed that the crystallinity
of Cuj 5sMn; 504 becomes higher in comparison with that of CujMn;O4 and Cuy;Mn; Oy,
implying that excessive Cu doping is not conducive to the formation of Cu-O-Mn structure
(Table 1). The lattice parameters of the synthesized Cu,Mnj3_,O4 catalyst were calculated
by XRD, as shown in Table 1. Compared to CuxMn3_, Oy spinels, the lattice parameters
of Cu,Mnjz_,O4 spinels became smaller after doping with increased copper contents. The
results also prove the above conclusions.
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Figure 1. XRD patterns (a), local enlargement of (I) in XRD (b) of the as-synthesized
CuyMnj3_,O4 samples.

Table 1. Crystal sizes, lattice parameters, actual molar ratios of Cu to Mn and BET surface areas
of CuxMnz_,Oy.

Actual Molar BET Surface

. . a
Sample Cryslt:;l1 Size Lattice I:;ameter Ratios of Area

Cu:Mn P m?g-lc
Mn;03 63.07 a=b=c=0.9423 - 18.2
Cu;Mn; 04 42.69 a=b=c=0.8290 0.93:2.05 18.9
Cuy 5sMn; 504 31.79 a=b=c=0.8284 1.46:1.54 19.7
CupyMn Oy 31.76 a=b=c=0.8282 1.97:1.02 18.7
CuO 4243 = 0.4687,b = 0.3427, : 289

c=0.5135

2 Calculated 26 = 33.0° by the XRD patterns using the Debye-Scherrer equation. b Obtained by the ICP results.
¢ Surface area derived from the BET equation.

2.2. N, Sorption Analysis of Catalysts

Figure 2 illustrates the obtained Nj adsorption-desorption isotherm and pore size
distribution of all the catalysts. The CuxMns_,O4 samples have type IV isotherms, which
also proves that the samples possess a mesopores and significant macropores structure, and
that the results of mesopores or macroporous foamy network structure are consistent with
that of SEM. The low-pressure part of the near-linear middle part of the isotherm curve can
be attributed to the unsaturated adsorption of single or multilayers, which also proves the
existence of a macroporous structure. However, the hysteresis loops in the high p/pg range
are related to capillary condensation in the mesopores, indicating that there are mesopores
on the wall of the macropores. In addition, the corresponding Barrett-Joyner-Halenda
(BJH) pore-size distribution curves in Figure 2b show that the Cu,Mn3_,O4 samples have
mesoporous and macroporous structures with a large distribution range of pore [32]. It
should be pointed out that of the Cuj sMn; 504 catalyst own the largest BET surface area
and most mesoporous among the Cu,Mn3_, Oy catalysts, Cu doping leads to the formation
of more Cuj sMn;j 504 spinel structures, resulting in irregular changes in grain size. The
specific surface areas of Cu—Mn spinel oxides with different Cu/Mn ratios are recorded in
Table 1. The corresponding results conform to the XRD analysis of the catalysts.
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Figure 2. N adsorption-desorption isotherms (a) and pore size distributions (b) of the as-synthesized
CuyxMnjz_,O4 samples.

2.3. SEM and TEM Observation

The morphology and structural characteristics of the as-prepared catalysts at different
molar ratios of Cu/Mn were characterized, as shown in Figure 3. Figure 3a,b show SEM
images of pure Mn,Oj at different magnifications. The Mn;O3 sample is mainly composed
of a foam structure with a diameter of 5-20 um. The magnified SEM image further revealed
that the surface of these particles had a hierarchical porous structure. In addition, with
increasing Cu doping content, the surface of CuxMn3_,Oy catalyst particles becomes
irregular, and the foam-like particles are broken into a uniform particle structure with
a smaller particle size in Figure 3c—j. The mapping of Cu,Mn3_,O4 sample images is
displayed in Figure 3k;—ky. It can be clearly observed that copper and manganese elements
are uniformly dispersed on the entire catalyst surface.

Figure 4 shows the morphologies and microstructures of the Cuj sMn; 504 catalyst
at different magnifications. Combined with the SEM results, spherical nanoparticles with
particle sizes ranging from 20 to 40 nm were formed in the Cuj 5Mn; 504 sample. According
to the equipped Cuj 5Mn; 504 standard card (JCPDS#01-070-0260), the 0.48 and 0.25 nm
lattice fringes can be matched to the (111) and (311) crystal planes of the Cu; sMn; 504
spinel structure, respectively. It is worth noting that there was a strong synergistic in-
teraction between Cu and Mn oxides in the active components of the spinel structure.
Compared with CuyMn;Oy spinel, Cuj sMnj 504 has low crystallinity and can provide
more oxygen vacancies, which may improve the catalytic performance of Cu-Mn catalysts
in CO-SCR [30].

2.4. H)-TPR Analysis

The H,—TPR data of CuxMn3_,O4 samples are exhibited in Figure 5. Four peaks
were observed on the MnyO3 sample at 385, 466, 524 and 651 °C, respectively. The rela-
tively weak reduction peak at low temperature is due to the existence of surface species
that can be easily reduced, that is, Mn;0Oj3 is reduced to Mn3Oy4. The strong reduction
peak at high temperature can be attributed to the reduction of MnzO, to MnO, which is
attributed to the manganese in the spinel phase. Mn3O; is generally considered to consist
of Mn?* and Mn®*. However, Mn** appears in the samples due to the equilibrium state of
2Mn3* 2 Mn** + Mn?*. This phenomenon shows that the valence state of the Mn cation
was complex in the MnzOy spinel, which may be of significance and be responsible for
the completion of the catalytic cycle. For the Cu;Mn,Oy spinel in Figure 5, there are only
two well-defined reduction peaks at 298 and 351 °C. The first reduction peak at 298 °C was
attributed to the reduction of Cu?* to Cu*, and the second reduction peak at 351 °C corre-
sponded to the three reduction processes: the reduction of Mn** — Mn3*, Mn®** — Mn2*
and Cu* — Cu®. The changes in the reduction peak number, reduction temperature and
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peak intensity showed that there is electron transfer between Cu ions and Mn ions in the
spinel lattice (Mn®* + Cu?* = Mn*" + Cu*), and the presence of the strong interaction
between Cu and Mn could play a synergistic role in the reducibility of the catalysts, leading
to the enhancement of the catalytic cycle in CO-SCR [29].

Figure 3. SEM images of MnyOj3 (a,b), Cu;Mn,0Oy (c,d), Cuj 5Mn; 504 (e,f), CuyMn; 04 (g,h) and
CuO (i,j). Cu, Mn and O elemental mapping recordings from Cuj sMn; 504 (ki—kg) and the EDS
result (ks).

For the Cu; sMnj 504 sample, the low-temperature reduction peak reaches the same
temperature (298 °C), and the high-temperature reduction peak moves to a lower temper-
ature (342 °C). This phenomenon can be explained by the reduction in lattice distortion
and the strong interaction between copper and manganese. Compared with CupyMn;Oy,
the two reduction peaks of CupMn; Oy (at 299 and 328 °C) have shifted to lower values.
It is noteworthy that as the Cu doping content increased, the low-temperature reduction
peaks of all catalysts became stronger. These results indicate that the interaction between
Cu and Mn is enhanced, and that the redox property is improved with an increasing Cu
doping amount.
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Figure 5. Hy —TPR curves of the as-synthesized CuxMn3_,O4 samples.

2.5. XPS Analysis

XPS was obtained on the CuyMnj3_,O, sample, and the spectra of Cu 2p, Mn 2p
and O 1 s scans, as well as C from the reference, are shown in Figure 6a. The Cu 2p 3/2
spectra could be divided into two characteristic peaks attributed to Cu* (931.0 eV) and Cu®*
(934.1 eV) by performing peak-fitting deconvolutions, we can also see that accompanied by
two distinct satellite peaks (marked by Sat.) at 938.2-945.9 and 959.7-964.7 eV in Figure 6b,
which confirms the presence of Cu?*. The content of Cu*/? of Cuy sMn; 50y is the highest
among the Cu,Mnj3_,Oy. This result validated the existence of electron transfer between
Cu ions and Mn ions (Mn?* + Cu?* 2 Mn** + Cu™) in the Cu; sMn; 504 spinel (Table 2).
The spectra recorded from the Cuy sMn; 504 sample consist of a broad spin-orbit double
peak, indicating the presence of more than one Mn contribution. An obvious feature of
this spectrum is that the high binding energy side of the main peaks 2p3/2 and 2p1/2
are obviously the Mn 2p3/2 spectra, and could be divided into three characteristic peaks
attributed to Mn?* (640.7 eV), Mn3* (641.8 eV), and Mn** (643.9 eV), respectively (Figure 6c).
The results show that the Cu; sMnj 50,4 sample contains the highest content of Mn?** ions
(54.4%), which indicates that Cu replaces the low valence Mn cations and significantly
promotes the formation of high valence Mn cations. This result support the TPR results. In
other words, due to the strong interaction between manganese and copper oxide (Cu), there
are some electronic interactions between Mn** and Cu* (Cu—O—Mn bridge). To study the
different O species on the surface of the CuyMn3_4O4 samples, the O 1 s photoelectron
spectra were obtained, as shown in Figure 6d. The deconvoluted peaks indicate that there
are two different kinds of O species on the surface of the catalyst. The split peak at a lower
binding energy of approximately 531.4 eV corresponds to lattice oxygen (denoted as O),
and the other peak at approximately 529.5 eV is assigned to surface chemisorbed oxygen,
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potentially including the chemisorbed oxygen O~ or defective O~ (denoted as Og). The
doping of Cu leads to the partial substitution of Cu atoms for Mn atoms in the —O—Mn—
structure (O—Cu), which enhances the instability of O species and forms more active O
species. This result is similar to the conclusion in the reported literature [30].
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Figure 6. Survey spectra (a), Cu 2p (b), Mn 2p (c) and O 15, (d) XPS spectra of CuxMnjz_Oy catalysts.

Table 2. XPS results of all the catalysts.

Sample Mn**/Mn Mn3*/Mn MnZ*/Mn Cu?*/Cu 04/O0 03/0
Mn,O3 2.7 50.7 46.6 - 55.4 44.6
CuyMn,Oy 31.6 50.8 17.6 70.1 53.1 469
Cu15Mn; 504 54.4 36.0 9.6 66.2 32.3 67.7
CuyMn; 50, 334 54.4 12.2 86.7 375 62.5
CuO - - - 100 51.1 48.9

3. Catalytic Performances of the Catalysts
3.1. Catalytic Reduction of NO with CO

In the temperature range 100-400 °C, the catalytic performance of the synthesized
materials for the reduction of NO by CO is shown in Figure 7. It can be seen that pure Mn, O3
has CO-5CR catalytic activity, the NO conversion rate can reach 100% at a temperature of
approximately 350 °C, and the CO conversion rate is the worst. It can be clearly found
that the catalytic activity of all Cu-doped catalysts is significantly higher than that of
manganese oxide catalysts in the test temperature range. The CO-SCR activities of the
Cuj 5Mn; 504 catalyst exhibited the best NO conversion when the temperature was below
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200 °C. High-valence state spinel is the active component of the CO-SCR reaction, which is
more conducive to showing better low-temperature activity, as reported in the literature.
The CO conversion of the Cu-doped catalyst has a similar trend with the increase of
temperature, and the CO conversion data are inconsistent with the NO conversion data
above 200 °C, implying that CO reduced partial metal oxides in Figures 7c and S1 (consistent
with the Hy —TPR result). From the CO catalytic activity results, it can be seen that the Cu-
doped catalyst shows better catalytic activity than the pure Mn,O3 sample. The Cu;Mn; Oy
sample shows a higher CO catalytic oxidation activity, which suggests that excessive
copper doping causes the adsorption of CO to be stronger than that of NO. This also
implies that the Cu—O—Mn structure in spinel is the active site of CO-SCR (corresponding
to the XRD results). The reaction of CO-SCR under O,-rich conditions was performed to
investigate the effect of O, on the catalytic performance. As shown in Figure 52, the NO
conversion of the catalyst significantly decreased, and CO conversion increased with the
increase of temperature. It can be found that the main reason affecting the NO conversion
is the competitive reaction between CO and NO with O,, resulting in the decline of
performance. Improving the low-temperature catalytic performance of the catalyst under
oxygen conditions will be the focus of our future research.
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Figure 7. (a) NO conversion and (b) CO conversion of all the catalysts in the CO-SCR.

Therefore, Cu doping is conducive to the performance improvement of the CuxMns_,Oy
catalyst because there is a strong synergistic effect between the binary metal oxides. It is
accepted that the active phase of spinel is the highly reactive center in the catalytic reaction
process. The active phase of Cuj 5Mn; 504 spinel plays an important role in the CO-SCR
reaction, and the catalytic performance of the spinel structure catalyst is better than that
of the other catalysts. The stability of this catalyst was further confirmed by the XRD

(Figure S3a) and TEM analyses (Figure S3b,c), which showed no obvious change in the
structure after the reaction at 400 °C.

3.2. Structure Activity Relationship and Catalystic Reaction Mechanism

According to reports, the active phase of CuxMn3_Oy in the redox reaction is the Mn**
concentration on the catalyst surface [30]. On Cu-Mn spinels, the number of surface-active
sites and bulk concentration of Mn** /Mn are critical to the reaction. At the same time, Cu?*
is transformed into Cu*, and Mn3* is transformed into Mn**. Mn** is considered to be a
manganese species that has a passivation effect on the redox reaction. With the doping of
copper ions in Mn;O3, the spinel structure with rich lattice defects and oxygen vacancies
increases the concentration of Mn**, which can adsorb reactant molecules and improve its
redox performance, enhance the mobility of active oxygen species and enhance its catalytic
activity. Therefore, compared with CuO and Mn, O3, the spinel-type copper-manganese
composite oxide rich in Cu* and Mn** will have a significantly improved activity. In
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other words, due to the strong synergy between the binary metal oxides, copper doping is
beneficial to the stability and catalytic performance of the CuyMn3z_,Oy catalyst.

Based on the above analysis, important information on the catalytic route was obtained,
and a reasonable mechanism of the CO-SCR reaction on a CuxMnj3_Oy catalyst was initially
proposed. A proposed mechanism of the two processes is shown in Scheme 1: (i) CO and
NO molecules are the first adsorbed oxygen vacancies, Mn** and Cu*’ on the catalyst
surface. In this process, the reactant molecules CO and NO are adsorbed as CO (ads) and
NO (ads). Subsequently, CO (ads) reacts with the active oxygen on the catalyst to produce
COs. (ii) NO molecules are adsorbed on the catalyst surface oxygen vacancy, the oxygen O
of NO reacts with the oxygen vacancy, and nitrogen gas is generated. Herein, the redox
cycle occurs between bimetallic oxide components (Cu?* + Mn** = Cu* + Mn*") in the
CuxMnj3_Oy spinels, and the Cu* and Mn** formed by this interaction distorts the spinel
structure and promotes the generation of more surface vacancies; that is, it is conducive to
the activation of reactants CO and NO and forms more active species and improves the
catalytic performance for CO-SCR of the catalysts.

e, 4

’Cu ‘Mn ‘0

Scheme 1. Schematic illustration of the proposed mechanism for the catalytic CO-SCR over
CuxMnj3_,Oy catalysts.

4. Experimental
4.1. Material Synthesis

Specifically, CuxMn3_,O4 (x = 0, 1, 1.5, 2, 3) spinels were prepared by a citrate-
based modified pechini method [33-35]. Cu(NO3),-3H,0 (Sinopharm Chemical Reagent
Co., Ltd., Beijing, China, >99.0%) and Mn(NOj3); solution (Macklin, 50% in H,O) were
dissolved in deionized water. In the calculated amount of copper nitrate trihydrate and
50% manganesenitrate solution (Table 3), citric acid monohydrate (Xilong Chemical Co.,
Ltd., Guangzhou, China, >99.5%) was added at a molar ratio of 1:1 (Cu+Mn/ citric acid).
The solution was stirred for 2 h at room temperature to obtain a homogeneous mixture and
then evaporated to obtain a sticky gel. The gel was dried in a 120 °C oven for 6 h, forming
a foam metal citrate complex. Finally, the samples were calcined in 600 °C air for 8 h to
form spinel oxides.

Table 3. The chemicals and their amounts used for preparing samples.

50% Mn(NO3), Citric Acid
Sample Cu(NOs),-3H0 (g) Solution (g) Monohydrate (g)
Mn,03 - 234 11.7
CuyMn;y04 51 15.0 11.7
Cu1.5Mn1,5O4 7.5 11.1 11.7
CU2MH1.504 9.8 7.3 11.7
CuO 15.1 - 11.7
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4.2. Characterization

The powder samples were characterized by XRD with the use of a PANalytica X'Pert
PRO MPD diffractometer using Cu Ko radiation (A = 0.154 nm, 40 kV, 40 mA). The crystallite
sizes of all samples were calculated using the Debye-Scherrer equation. The morphology
of the particles was analyzed with a JSM-7001F field-emission SEM with energy-dispersive
spectroscopy (EDS) (INCA X-MAX, JEOL, Oxford, UK) and TEM (JEM-2010F, JEOL, Tokyo,
Japan). The reducibility of the catalysts was examined by H,-TPR using a Quantachrome
automated chemisorption analyzer (Chem BET pulsar TPR/TPD). Briefly, 50 mg of sample
was loaded into a quartz U-tube and heated from room temperature to 150 °C at 10 °C
min~! under helium flow to remove moisture and impurities. Then, the sample was cooled
to room temperature, followed by heating to 800 °C at a heating rate of 10 °C min !
under a binary gas mixture (10 vol.% H,/Ar) with a gas flow rate of 30 mL min~'. H,
consumption was detected continuously as a function of increasing temperature using a
thermal conductivity detector (TCD). The BETs were determined using N, physisorption
at —196 °C using Quantachrome NOVA 3200e equipment. Prior to N; adsorption, each
catalyst was degassed for 2 h under vacuum at 200 °C. The surface chemical composition
was determined by XPS (Model VG ESCALAB 250 spectrometer, Thermo Electron, London,
UK) using non-monochromatized Al K« X-ray radiation (hv = 1486.6 eV).

4.3. Measurement

The evaluation of the catalyst was carried out with a typical fixed-bed reactor with
a quartz tube (8 mm inner diameter). Two grams of the catalysts (particle size was
20-40 mesh) were used in quartz tubes between glass wool. The catalytic activity was
measured using feed gas compositions of 1000 ppm NO, 2000 ppm CO and N (the balance)
at different temperatures at a rate of 30,000 h~!. First, the catalysts were treated using a
CO/N; gas flow at 200 °C for 1 h before each test. After the catalysts were cooled to room
temperature under a N flow, they were allowed to react with the mixed gas. The CO, NO
and NO; concentrations were monitored using a Testo 350 flue gas analyzer. The catalytic
activity was calculated using the following formula:

NO converstion (%) :W x 100% 1)
in

CO converstion (%) :w x 100% (2)
in

where the “in” and “out” subscripts indicate the inlet and outlet concentrations of NO and
CO in the steady state, respectively. The selectivity of N, was not calculated here due to no
NO; being detected at the outlet.

5. Conclusions

In this work, a series of Cu,Mnj3_,O4 spinels were synthesized by the citrate-based
modified pechini method. The results show that controlling the doping amount of Cu can
improve the low-temperature activity of the Mn,Oj3 catalyst. Doping Cu species could shift
the redox balance in the catalyst system (Cu?* + Mn3* = Mn** + Cu™), improve the redox
performance and catalytic activity of manganese oxide catalyst, and promote the grain
formation and growth of the Cuj 5sMn; 504 spinel structure instead of manganese oxides to
increase the surface area and particle size. The surface of Cu; sMn; 504 spinels retained a
high ratio of Mn** /Mn, more reactive oxygen species were formed than pure Mn,O3 on
the surface to promote the adsorption of oxygen molecules, and it enhanced the adsorption
capacity of CO and NO. In general, the doping of low valence state Cu significantly
enhanced the CO—SCR activity of Cu,Mn3z_,Oy spinels at low temperature, which could
be an effective way to design and synthesize highly active Mn—based CO-SCR catalysts.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal12060591/s1, Figure S1: CO conversion of Cuj 5Mn; 504 cata-
lyst in the CO-SCR (Reaction conditions: [CO] = 2000 ppm and Nj as balance gas, GHSV = 30,000 h1);
Figure 52: (a) NO conversion; (b) N, selectivity in CO-SCR reaction (Reaction conditions: [NO] = 1000 ppm,
[COJ = 2000 ppm, [O;] =0 or 1%, and N as balance gas, GHSV = 30,000 h=1; Figure S3: (a) XRD
patterns, and (b,c) TEM images of the catalyst of Cu; sMn; 504 after reaction.
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Abstract: The selective oxidation of styrene with highly efficient, environmentally benign, and cost-
effective catalysts are of great importance for sustainable chemical processes. Here, we develop an
in situ self-assembly strategy to decorate Cu-based metal-organic framework (MOF) Cu-BDC-NH,
nanocrystals on CuyO octahedra to construct a series of CuyO@Cu-BDC-NHj catalysts for selective
oxidation of styrene. Using H,O, as green oxidants, the optimized sample of Cu,O@Cu-BDC-NH,-8h
could achieve 85% styrene conversion with 76% selectivity of benzaldehyde under a mild condition
of 40 °C. The high performance of the as-prepared heterogeneous catalysts was attributed to the
well-designed Cu*/ Cu?* interface between Cu,O and Cu-BDC-NH, as well as the porous MOF shells
composed of the uniformly dispersed Cu-BDC-NH; nanocrystals. The alkaline properties of Cu,O
and the -NH; modification of MOFs enable the reaction to be carried out in a base-free condition,
which simplifies the separation process and makes the catalytic system more environmentally friendly.
Besides the CuyO octahedra (od-Cuy0O), the CuyO cuboctahedrons (cod-Cu,O) were synthesized by
adjusting the added polyvinyl pyrrolidone, and the obtained cod-Cu,O@Cu-BDC-NH, composite
also showed good catalytic performance. This work provides a useful strategy for developing highly
efficient and environmentally benign heterogeneous catalysts for the selective oxidation of styrene.

Keywords: metal-organic frameworks; CuyO; styrene oxidation; HyOy; base free

1. Introduction

Benzaldehyde, as a vital intermediate and starting material, has been widely used in
fine chemical industries such as pharmaceuticals, dyes, spices, and pesticides [1,2]. Conven-
tional techniques for benzaldehyde production (e.g., oxidation of toluene) usually involve
harsh conditions and complex synthesis processes, which leads to great energy consump-
tion and serious environmental pollution [3-5]. Considering the sustainable development
of the chemical industry, the selective oxidation of styrene to benzaldehyde by using envi-
ronmentally benign catalysts and green oxidants becomes an ideal choice [6,7]. Hydrogen
peroxide (H,O;) has been widely studied as one of the green oxidants due to its low price
and environmentally-friendly property [8]. The H,O, catalytic system usually generates
benzaldehyde, accompanied with styrene oxide, and the acidity of HyO; easily leads to
the isomerization of styrene oxide into phenylacetaldehyde, which further decreases the
selectivity of benzaldehyde [9-11]. Some basic additives (e.g., NaOH, NaHCO3) are often
introduced into the reaction system to function as a buffer to improve the selectivity of
the target product [10-12]. However, the added alkaline species have difficulties in separa-
tion from the reaction system, which is not beneficial for a sustainable chemical process.
Thus, it is of great significance to develop highly efficient and environmentally benign
heterogeneous catalysts with suitable alkalinity for the selective oxidation of styrene under
base-free conditions.

81



Catalysts 2022, 12, 487

Recently, transition metal-based materials such as Mg/CTAB [13], SO42~-Fe-V/ZrO, [14],
CuCr-MMO [12], NiC0,04 [15], and CoFe;O4/TiO; [3] have been explored as novel het-
erogeneous catalysts for styrene oxidation under a base-free catalytic system. However,
the relatively low specific surface area, low porosity, and weak alkalinity of these catalysts
is not conducive to the adsorption of oxidants as well as the diffusion of the substrates
and products, thus limiting the improvement in their catalytic performance. As types of
environmentally-friendly and Earth-abundant materials with easy availability and low
costs, CupO and/or CuO with high alkalinity and easily controlled morphology have
attracted great interest and show efficient catalytic activity in several chemical reaction
processes [16-18]. However, the insulfficient stability of Cu,O/CuO severely limits its prac-
tical application. In order to overcome this obstacle, many methods have been proposed to
encapsulate CupO/CuO into porous materials or construct core-shell structures [19,20]. In
particular, metal-organic frameworks (MOFs) have attracted immense attention due to their
tunable structures, high porosity, and highly accessible active sites [21-26]. Among them,
Cu-based MOFs such as Cu-BDC (BDC = 1,4-benzenedicarboxylate) have been widely
investigated and shown excellent performance in a variety of catalytic reactions [27-30].

In this study, an in situ self-assembly strategy was developed to decorate Cu-based
MOF (Cu-BDC-NH)jy) nanocrystals on Cu,O octahedra and cuboctahedrons for selective
oxidation of styrene to benzaldehyde. The obtained Cu,O@Cu-BDC-NHj catalysts exhib-
ited a highly catalytic performance with H,O; as green oxidants. The basicity of CuyO
and the introduction of the -NH; group can effectively inhibit the excessive oxidation of
reaction products and enable the reaction to be carried out under a base-free condition.
The Cu-BDC-NH; MOFs nanocrystals coated outside of CuyO can effectively enrich the
specific surface area and porosity of the catalyst, which is conducive to the adsorption
of oxidants and accelerate the reaction process. The well-designed Cu*/Cu?" interface
and the synergistic effects between Cu,;O and Cu-BDC-NH,; have contributed to the en-
hancement of styrene conversion and benzaldehyde selectivity. In addition, a series of
Cup;0@Cu-BDC-NH; with different MOF loadings and different CuyO crystal phases were
prepared, and the relationship between their morphology, composition, and structure
and the catalytic performance was systematically investigated. Our work provides new
perspectives for the development of a cost-effective, highly-efficient, and environmentally
benign heterogeneous catalyst for the selective oxidation of styrene under mild conditions.

2. Results and Discussion
2.1. Synthesis and Structural Characterization

The synthetic process of Cu,O@Cu-BDC-NHj is illustrated in Scheme 1. First, Cu,O
was prepared via a facile wet chemical method, in which the ascorbic acid acts as a reducing
agent for the reduction of Cu®* to Cu* in the presence of NaOH [31,32]. The added PVP in
the formation process of CuyO serves as the stabling and capping agent, which can enable
the uniform distribution of Cu?* ions and preferentially adsorb on the {111} plane of Cu,O
through the interaction between the O atoms in PVP and the Cu ions on Cu,O [33,34].
The morphology of CuyO can be precisely controlled by adjusting the amount and the
molecular weight of the added PVP [33-35]. The Cu,O@Cu-BDC-NH; composite was
prepared by an in situ assembly method, in which the as-prepared Cu,O serves as the
substrate and Cu resource to interact with the added ligands of HBDC-NHj for the in situ
growth of Cu-BDC-NHj; on the surface of CuyO. It is worth noting that only ligands, but no
additional copper salts, are needed in the preparation process. In addition, the morphology
and structure of the Cu,O@Cu-BDC-NH; composites can be adjusted by controlling the
reaction time of in situ assembly.

82



Catalysts 2022, 12, 487

- cuql,
PVP

. NaOH |

Ascorbic acid

. ‘ “?@Lg
Cu,0 Cu,0@Cu-BDC-NH,
" H,0,
Styrene Benzaldehyde

Scheme 1. The illustration of the synthetic process from Cu,O toward Cu,O@Cu-BDC-NH, for the
selective oxidation of styrene with H,O, as green oxidants.

The morphological and structural properties of the as-prepared materials were demon-
strated by scanning electron microscopy (SEM) and X-ray diffraction (XRD). As shown in
Figure 1a, when PVP with a molecular weight of 58,000 was used as the raw material, the
as-prepared Cu,O showed an octahedral morphology with a very smooth surface and an
average particle size of about 1~2 pm. The XRD patterns of the as-prepared octahedron
microcrystals (Figure 2a, red curve) confirmed the Cu,O structure, and the (111) diffraction
peak of CuyO showed a much stronger intensity over other peaks, indicating that the
0d-CupO exclusively exposes {111} planes, agreeing with previous reports [16-18,33-35].
The in situ growth of Cu-BDC-NH; on Cu;O was systematically investigated by SEM
(Figure 1b—f) and XRD (Figure 2a) to reveal the morphology-structure relationship of
the CupO@Cu-BDC-NH; composites. As shown in Figure 1b, when Cu,0O reacted with
H;BDC-NH,; ligands for 4 h, the obtained Cu,O@Cu-BDC-NH;-4h sample exhibited a
rougher surface covered with lots of nanoparticles, but no obvious change was observed
in its XRD patterns (Figure 2a, blue curve). As the growth time was extended to 8 h, a
much rougher surface of Cu,O@Cu-BDC-NH;-8h was observed (Figure 1c), indicating an
increase in the number and size of nanoparticles covered on the surface of CuyO. The XRD
patterns of Cup,O@Cu-BDC-NH,-8h (Figure 2a, yellow curves) showed newly emerged
characteristic peaks at 10°, 17°, and 25°, which were assigned to the diffraction peaks of
(110), (20-1), and (131) planes of Cu-BDC-NH,; [33], indicating the gradual formation of
the Cu-BDC-NHj;. After the in situ growth of Cu-BDC-NH; on Cu,0O for 12 h, 20 h, and
32 h, as shown in Figure 1d—f, the Cu,O@Cu-BDC-NH; composites exhibited a smaller
Cup0 octahedron around with assembled nanosheets, and the corresponding XRD patterns
presented enhanced peak intensity of Cu-BDC-NH; (Figure 2a). The morphological and
structural changes during the in situ growth process of Cu,O@Cu-BDC-NH; indicate that
Cup0 serves as the substrate and source of the Cu ions in the following growth of Cu-BDC-
NH; nanocrystals. The growth mechanism is similar to the previous reports [36]: initially,
the Cu* ions of Cu,O were gradually released into the solution, which was then oxidized
to Cu?* by dissolved O,, and the Cu®* ions coordinated with the added H,BDC-NH,
to construct Cu-BDC-NH,. However, it should be noted that Cu-BDC-NH,; is mainly in
the shape of nanoparticles during the initial growth stage (less than 8 h), which may be
limited by the release rate of Cu* from Cu,O. With the extension of in situ growth time,
the internal CuyO core was gradually consumed, and the external MOF components were
gradually increased. When the reaction time increased over 12 h, the secondary growth
of Cu-BDC-NH, took place, which caused a structure with the assembled Cu-BDC-NH,;
nanosheets on the surface of Cu,O.
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Figure 1. SEM images of (a) CuyO, (b) Cu,O@Cu-BDC-NH;-4h, (c¢) Cu,O@Cu-BDC-NH,-8h,
(d) Cu,O@Cu-BDC-NH,-12h, (e) Cu,O@Cu-BDC-NH;-20h, and (f) Cu,O@Cu-BDC-NH,-32h.
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Figure 2. (a) XRD patterns of CuyO, Cu, O@Cu-BDC-NH;-4h, Cu, O@Cu-BDC-NH;-8h, Cu,O@Cu-
BDC-NH;-12h, and Cu,O@Cu-BDC-NH,-20h. (b) FTIR spectra of CupO, Cu,O@Cu-BDC-NH,-8h,
and Cu-BDC-NHy. (¢) The TGA curves and (d) N, adsorption-desorption isotherms of Cu,O@Cu-
BDC-NH,-8h.
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To further identify the structural evolution during the formation of the Cu,O@Cu-
BDC-NH, composites, Fourier transform infrared (FTIR) spectra of the as-prepared Cu,0O,
Cu,O@Cu-BDC-NHjy, and Cu-BDC-NH; were obtained and the results are presented in
Figure 2b. Compared to the FTIR spectrum of CuyO, Cu,O@Cu-BDC-NH, presented newly
emerging peaks at 3480 and 3367 cm !, which were attributed to the asymmetric stretching
and symmetric stretching modes of the -NH, group [21]. The bands at 1433 and 1617 cm ™!
in Cu;O@Cu-BDC-NH; were contributed by the symmetric stretching and asymmetric
stretching modes of the COO™ group, which originated from the H,BDC-NHj ligand. The
bands at 1105 and 630 cm ! in CuO@Cu-BDC-NH, were assigned to the bond of C-O-Cu
and Cu-O, which is consistent with the band in Cu-BDC and Cu,O, respectively. The FTIR
data confirmed the successful combination of Cu,O and Cu-BDC-NH,, which is consistent
with the above XRD and SEM results.

The thermal stability of CuO@Cu-BDC-NH; was investigated by thermogravimetric
analysis (TGA) under a N; atmosphere. As shown in Figure 2¢, the weight loss in the
temperature range of 150~300 °C was determined to be 16%, which can be attributed
to the liberation of the coordinated DMF molecules, while the weight loss (14%) in the
temperature of 300~480 °C corresponds to decomposition of the BDC? ligand of Cu-
BDC [36]. The results of the TGA indicate that the Cu,O@Cu-BDC-NH,-8h presented
excellent thermal stability before 300 °C. Furthermore, the remaining solid with 68 wt.% was
mainly attributed to CuyO and other copper containing components. The N; absorption—
desorption isotherms of Cu,O@Cu-BDC-NH,-8h were identified as type II with a Brunauer—
Emmett-Teller (BET) specific surface area of 16.6 m? g~! (Figure 2d), which was just a
little larger than that of Cu,O (13.0 m? g_l). This result indicates that the amount of
the generated Cu-BDC-NH,; nanoparticles in Cu,O@Cu-BDC-NH,-8h was too small to
contribute much to the higher specific surface area and porosity.

The XPS spectra were obtained to better understand the oxidation valence of Cu in
Cu,O@Cu-BDC-NHj;. The typical peaks of C, N, O, and Cu were identified in the full
XPS spectrum (Figure 3a) of Cu in CupO@Cu-BDC-NH;-8h and the Cu 2p, C 1s, and O
1s spectra were investigated to trace the change in elemental states (Figure 3b—d). As
shown in Figure 3b, the peaks at binding energy of 932.7 and 952.8 eV can be ascribed to
Cu”* of Cu 2p3,; and 2py /», indicating the existence of Cu,O in the surface of Cu,O@Cu-
BDC-NH;,-8h. The Cu 2pj3,, peak at the binding energy of 935.0 eV and the Cu 2p;
peak at binding energy of 955.2 eV in the Cu 2p spectra can be attributed to the Cu?*,
which was contributed from the partial oxidation from Cu* to Cu?* during the in situ
growth of the Cu-BDC-NH,, on the surface of Cu,O [36], suggesting the formation of the
Cu*/Cu?* interface in the Cu,O@Cu-BDC-NH,-8h composite. Besides, the comparison
of the relative intensity of the Cu 2p spectrum indicate that the amount of Cu* was more
than that of Cu?*, and the relative elemental ratio of Cu?* /Cu* was determined to be 0.699
with the area integration method. The C 1s spectra were also obtained and the groups
of -C=0, C-O, and C-C were investigated at the binding energies of 288.3, 285.6, and
284.6 eV (Figure 3c). The O 1s of Cu,O@Cu-BDC-NH,-8h (Figure 3d) represents the peaks
at 531.9 and 531.2 eV, which can be attributed to the existence of C=0 and C-O/0O-H
in the absorbed carbonate and hydroxyl species, while the peak at the binding energy
of 530.4 eV indicates the Cu—O bond in Cuy,O or CuO. To further reveal the electronic
change in the Cu ion in the formation of Cu-BDC-NH, on Cu,O, the Cu 2p spectra of Cu,0,
Cu,O@Cu-BDC-NH;-8h, and CuyO@Cu-BDC-NH;,-20h are compared in Figure 3e. The
enhanced intensity of Cu?* from Cu,O to Cu,O@Cu-BDC-NH, indicates the increasing
amount of Cu?* with the formation of Cu,O@Cu-BDC-NH, on the surface of the Cu,0O,
and the 0.15 eV positive shift in the Cu* 2p3, spectra indicates the anti-oxidation of Cu,O
and the stability of the Cu,O@Cu-BDC-NH;, which is consistent with the result in the
Cu-LMM spectrum (Figure 3f). The XPS results confirmed the formation and evolution
of the Cu* /Cu?* interface between Cu,O and Cu-BDC-NH, during the in situ growth of
Cuy,O@Cu-BDC-NH; as well as the protective effect of the outer MOF shell on the Cu,O
core. This is consistent with the above SEM, XRD, and FTIR results.
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Figure 3. (a) XPS survey, (b) Cu 2p, (c) C 1s, (d) O 1s spectra of Cu,O@Cu-BDC-NH,-8h. (e) Cu 2p
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2.2. Catalytic Properties

The catalytic properties for the selective oxidation of styrene over the as-prepared
catalysts under a base-free condition were investigated. The catalytic tests were carried
out by using 10 mg of the catalysts at a mild temperature of 40 °C with 30 wt.% H,O; as
the green oxidant and acetonitrile as the solvent. First, the selective oxidation of styrene to
benzaldehyde over the Cu,O@Cu-BDC-NH;-8h sample was chosen as a model reaction.
The catalytic performance versus reaction time over CupO@Cu-BDC-NH;-8h was tested
and the results are presented in Figure 4. As shown in Figure 4, initially, the yield of
benzaldehyde gradually increased with the increase in reaction time, which began to
decline after reaction for 10 h. During this process, a continuous decrease in benzaldehyde
selectivity could be observed, which was mainly due to the formation of styrene oxide
according to the GC-MS analysis. It is worth noting that an increase in other by-products
such as benzoic acid and phenylacetaldehyde were tested with the extension of the reaction
time to over 8 h, which was mainly due to the further oxidation of benzaldehyde and
styrene oxide [12,37], resulting in a further decrease in the selectivity of benzaldehyde.
The highest catalytic performance was archived at 10 h with 85% styrene conversion
and 76% benzaldehyde selectivity. As shown in Table 1, the catalytic performance of
the as-prepared Cu,O@Cu-BDC-NH;-8h sample was superior to most of the previously
reported transition metal /metal oxide-based catalysts, and even comparable to some noble
metal-based catalysts.

To explore the influence of the morphologies and structures of materials on the catalytic
performance, a series of controlled experiments were conducted. First, the catalytic proper-
ties of the as-prepared Cu,O, Cu,O@Cu-BDC-NH,-xh, and Cu-BDC-NH, were studied to
investigate the active components of the Cu,O@Cu-BDC-NH; composite, and the results
are shown in Table 2. By comparing the catalytic performance of CuO (entry 2, Table 2),
CuBDC-NHj; (entry 7, Table 2), and the blank experiment without any catalyst (entry 1,
Table 2), it can be seen that both CuyO and CuBDC-NH; have active components for styrene
oxidation, and Cu,O is beneficial to the high selectivity (82%) of benzaldehyde, while
CuBDC-NHj; contributes to the high conversion rate of styrene (92%). The above result
indicates that it is possible to obtain catalysts with excellent performance by appropriately
adjusting the contents of Cu,O and CuBDC-NHj; in the Cu,O@Cu-BDC-NH; composite.
After the in situ growth of Cu-BDC-NH,; on Cu,O for 4 h, there was no obvious increase in
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the yield of benzaldehyde (entry 3, Table 2) than that of Cu,O, which may be attributed to
the small amount of CuBDC-NH,. With the increase in Cu-BDC-NH; loading, the sample
of Cu;O@Cu-BDC-NH;-8h (entry 4, Table 2) showed a sharp increase in styrene conver-
sion from 38% to 85% with a relatively high benzaldehyde selectivity (76%). However,
the sample of Cu,O@Cu-BDC-NH;-12h (entry 5, Table 2), Cu,O@Cu-BDC-NH;-20h (en-
try 6, Table 2) with more Cu-BDC-NH, loading did not exhibit higher benzaldehyde yield.
These results indicate that the excellent performance of Cu,O@Cu-BDC-NH,-8h may be
attributed to the Cu?* /Cu™ interface between Cu,O and Cu-BDC-NH, nanoparticles, while
excessive loading of CuBDC-NH; nanosheets tends to obscure the active interface, limiting
the performance of the CupyO@Cu-BDC-NH;-12h and Cu,O@Cu-BDC-NH;-20h composite.
Combined with the results of the XPS analysis, the sample of Cu,O@Cu-BDC-NH,-20h
had a higher ratio of Cu?*/Cu* than Cu,O@Cu-BDC-NH,-8h, therefore the construction of
a well-designed Cu?*/Cu* active interface with suitable ratio of Cu?*/Cu™ [38,39] is key
to achieving a high-efficient catalyst of Cu,O@Cu-BDC-NHj.
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Figure 4. The catalytic performance versus reaction time over Cu, O@Cu-BDC-NH;-8h.

Table 1. Compared catalytic performance of styrene oxidation with HyO; as the oxidants and a
base-free condition over different catalysts.

c . Selectivity (%)
Year Catalysts onversion Temp. (°C)  Time (h) Ref.
Y (%) Benzaldehyde Styr.ene b

Oxide
2022  CuyO@Cu-BDC-NH, 85 76 40 10 This work
2022 DCP-CTF@Pd-MC 95 95 65 8 [5]
2021 Al,O3-FeOx 80 - 80 60-85 6 [37]
2020 Ti-MCM-48 78.9 85.2 60 12 [7]
2020 CoFey04/TiO, 96.3 46.6 90 12 [3]
2020 SO42~-Fe-V/ZrO, 62.3 74 80 4 [14]
2019 CuCr-MMO 82.8 - 79.7 60 5 [12]
2019 NiCo,04 78 30 67 70 10 [15]
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Table 2. Catalytic performance of Cu,O and Cu,O@Cu-BDC-NH, in selective oxidation of styrene to
benzaldehyde 2.

Entry Catalyst Reaction Time (h)  Conversion (%) Selectivity (%)
1 — 10 19 72
2 Cu,O 10 31 82
3 Cu;O@Cu-BDC-NH;-4h 10 38 78
4 Cup;O@Cu-BDC-NH;-8h 10 85 76
5 Cu,0@Cu-BDC-NH;-12h 10 88 65
6 Cu,O@Cu-BDC-NH;-20h 10 91 56
7 Cu-BDC-NH, 10 92 43

@ Reaction conditions: 10 mg of catalysts, 2 mmol of styrene, 6 mmol of H,O5, 5 mL of acetonitrile, temperature
40 °C.

Additional control experiments were conducted to investigate the effects of reaction
conditions (temperature, the solvent, and the amount of H,O,) on catalytic performance.
Besides catalysts, the reaction temperature also plays an important role in the reaction
process. Therefore, we explored the effect of reaction temperature (30~70 °C) on the styrene
oxidation reaction. As shown in Figure 5a, the conversion of styrene over the catalyst of
Cu,O@Cu-BDC-NH;-20h at 30 °C was only about 20%, which may be attributed to the
difficulty in the activation of HyO; below 30 °C. A significant increase in the conversion of
styrene was observed within 30~40 °C, while no more obvious increase could be found
within 40~70 °C. This phenomenon indicates that Cu, O@Cu-BDC-NH,-8h became active
at 40 °C, but the intermediate species were more easily decomposed into different products
through the cleavage of C = C and CO bands at higher temperature [40-42], which resulted
in the formation of benzoic acid and phenylacetaldehyde.
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Figure 5. The effects of (a) temperature, (b) solvent, and (c) the amount of oxidant on the catalytic
performance over Cu, O@Cu-BDC-NH;-8h for the selective oxidation of styrene.

Then, the solvent effect was also explored at the reaction temperature of 40 °C. As
shown in Figure 5b and Table 3, the conversion of styrene followed the order
DMEF > CH3CN > MeOH > EtOH > acetone, while the selectivity for benzaldehyde followed
the order CH3CN > acetone > EtOH > DMF > MeOH. Among these solvents, CH3CN is
more active in catalyzing styrene, with the highest selectivity (76%) for benzaldehyde and
higher conversion of styrene (85%), which can be attributed to its high permittivity and
lower boiling point [43,44]. Besides, CH3CN has been proven to be able to be miscible

for styrene (oil phase) with H,O, (aqueous phase), thus ensuring a large contact area for
efficient styrene oxidation [12].
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Table 3. Catalytic performance of Cu,O@Cu-BDC-NH,-8h for selective oxidation of styrene with
different solvents 2.

Entry  Solvent Dielectric Constant Boilir:g Point Con\i)ersion Selegtivity
(W @) (%) (%)
1 CH3CN 37.5 82 85 76
2 DMF 37.6 153 93 58
3 Methanol 33.6 64 72 46
4 Ethanol 243 78 69 75
5 Acetone 20.7 56 38 81

2 Reaction conditions: 10 mg of catalysts, 2 mmol of styrene, 6 mmol of H,O,, 5 mL of acetonitrile, temperature
40 °C.

We also compared the catalytic activities with different amounts of HyO;: styrene (1:1,
3:1,6:1, and 9:1) at 40 °C with CH3CN as the solvent. As shown in Figure 5¢, it can be found
that both insufficient and excessive HyO, are not conducive to the high efficiency of the
styrene oxidation to benzaldehyde. The low yield of benzaldehyde with the H,O, /styrene
molar ratio of 1:1 can be attributed to the lack of oxidants. The decreased selectivity with
higher H,O, /styrene molar ratio of 6:1 and 9:1 is due to the formation of by-products such
as benzoic acid catalyzed by hydroxyl radicals generated by the decomposition of excess
H,0, [45,46]. Therefore, the H,O, /styrene molar ratio of 3:1 was selected as the optimum
reaction condition.

The metal leaching tests were conducted to investigate the stability of the as-prepared
Cu,O@Cu-BDC-NH;-8h catalysts. In a typical catalytic process, the solid catalyst of
CuO@Cu-BDC-NH,-8h was removed from the reaction mixture by centrifugation af-
ter 4 h while the reaction continued for another 6 h. Results showed that the yield of
benzaldehyde was 43.9% (styrene conversion: 50.9%, benzaldehyde selectivity 86.3%) in
the first 4 h, and no increase in benzaldehyde yields (styrene conversion: 51.6%, benzalde-
hyde selectivity 84.7%) could be tested when the reaction continued for another 6 h without
the solid catalyst, suggesting the superior stability and environmentally-benign properties
of the as-prepared Cu,O@Cu-BDC-NH,-8h composite without metal leaching. The powder
XRD patterns (Figure 6a) and SEM image (Figure 6b) of the Cu,O@Cu-BDC-NH,-8h cata-
lyst after the catalytic reaction showed that the morphology and structure of the composite
were well remained, which further confirmed the above results.
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Figure 6. (a) XRD patterns and (b) SEM image of Cu, O@Cu-BDC-NH,-8h after the catalytic reaction.

Aside from the Cu,O octahedra (od-Cu,0), the Cu,O cuboctahedrons (cod-Cu,0O)
were synthesized by adjusting the molecular weight of the added PVP. The morphology
of 0d-Cu,0, cod-Cu,0, and their derived od-Cu,O@Cu-BDC-NH, and cod-Cu,O@Cu-
BDC-NH; was investigated by SEM. As shown in Figure 7a,c, when using PVP with
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the molecular weight of 130,000 instead of 58,000, a morphology change in Cu,O from
octahedron to cuboctahedron was observed, and the size of cod-Cu,O was similar to that
of 0d-Cu,O, ranging from 1 um to 2 pm with no obvious agglomeration between the
particles. The XRD patterns (Figure 7e) of the two types of CuyO presented the same
diffraction peaks but different relative intensities, indicating the different advantageous
crystal planes. Specifically, the intensity of the diffraction peaks at 42.2° in cod-Cu,0O was
more enhanced than that in od-CuyO, which corresponded to the shrinkage of {111} facets
and the enlargement of {100} facets. The morphology variation can be attributed to the
selected absorption of PVP on the {111} facets of Cu,O [34]. After the in situ growth of the
Cu-BDC-NHj;, both e 0d-Cu,O@ Cu-BDC-NH; and cod-Cu,O Cu-BDC-NH; (Figure 7b,d)
showed a rougher surface, indicating the successful growth of Cu-BDC-NH,; nanocrystals
on the Cu,0O.

octahedra Cu, 0
cubo-octahedron Cu,0

(200)
). 1

[§88))

—_——
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2 Theta (degree)
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OD-Cuy0@Cu-BDCNH; COD-Cu,0@Cu-BDC-NH,

Figure 7. SEM images of (a) od-Cu,O, (b) od-Cu,O@Cu-BDC-NHj, (c¢) cod-Cu;0, and (d) cod-
CupO@Cu-BDC-NHj;. (e) XRD patterns of od-CuyO and cod-CuyO. (f) The catalytic performance
of od-Cu,O@Cu-BDC-NH; and cod-Cu,O@Cu-BDC-NHj in the selective oxidation of styrene to
benzaldehyde.

The catalytic performance of selective oxidation of styrene on od-Cu, O@Cu-BDC-NH;
and cod-Cu,O@Cu-BDC-NH, were conducted to investigate the effects of the morphology
and structure of CuyO on their catalytic properties. As shown in Table 4, od-Cu,O@Cu-
BDC-NH; exhibited higher selectivity for benzaldehyde (64%—76%) than that of cod-
Cu,O@Cu-BDC-NH;, while no significant difference in the conversion of styrene was
observed. This can be attributed to the fact that the one-coordinated copper sites on the
exposed (111) crystal plane are favorable for double bond oxidation to aldehyde groups [35].
In contrast, a small amount of styrene oxide (11%) appeared in the reaction catalyzed by cod-
Cuy,O@Cu-BDC-NH; that probably originated from the oxygen sites in the exposed (100)
crystalline plane, which can promote the formation of olefin epoxide. This phenomenon
suggests that the selectivity of different products can be further regulated by controlling
the exposed crystal planes of Cu,O.
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Table 4. Catalytic performance of od-Cu,O@Cu-BDC-NH,; and cod-Cu,O@Cu-BDC-NH, in the
selective oxidation of styrene 2.

e o
Entry Catalyst Conversion (%) Selectivity (%)
Benzaldehyde Styrene Oxide
1 0d-Cu,O@Cu-BDC-NH, 85 76 7
2 cod-Cu, O@Cu-BDC-NH, 83 64 11

@ Reaction conditions: 10 mg of catalysts, 2 mmol of styrene, 6 mmol of H,O,, 5 mL of acetonitrile, temperature
40 °C.

3. Materials and Methods
3.1. Materials

N,N-dimethylformamide (DMF, AR), acetone (AR), benzaldehyde (AR), epoxy ethane
(AR), and methanol (AR) was purchased from Beijing Tong Guang Fine Chemicals Com-
pany, Beijing, China. Ethanol (AR), sodium hydroxide (NaOH, AR), ascorbic acid (AR),
acetonitrile (AR), sodium thiosulfate (AR), H,O, (30 wt.%), polyvinylpyrrolidone (PVP,
molecular weight: 58,000 and 130,000) were purchased from Shanghai Aladdin Bio-Chem
Technology Co. Ltd., Shanghai, China. Copper chloride (CuCly, AR), copper nitrate
trihydrate (Cu(NOj3),, AR), phenylacetaldehyde (>99.5%), and 2-aminoterephthalic acid
(H,BDC-NH;, AR) were purchased from Shanghai Macklin Biochemical Co. Ltd., Shang-
hai, China.

3.2. Synthesis of CuyO

The octahedron CuyO (denoted as 0od-CuyO) was prepared based on a previously
reported method [31] with some modifications. In a typical process, 100 mL of 0.01 mol L~!
CuCl, aqueous solution and 10 mL of 2 mol L~! NaOH aqueous solution and 0.6 mol L™!
of ascorbic acid aqueous solution was first prepared. A total of 5 g of PVP (molecular
weight: 58,000) was added into 100 mL of 0.01 mol L~ CuCl, aqueous solution under
constant stirring over two hours. Then, the prepared 2M NaOH aqueous solution was
slowly dropped into the above mixed solution until the color of the solution gradually
changed from mild milk blue to sky-blue and then to dark brown. After the above mixed
solution was immersed in a constant temperature bath for 30 min, the 0.6 mol L~! ascorbic
acid aqueous solution was slowly dropped into the above solution until the color of the
solution was changed to brick-red. The turbid solution was obtained by continuing the bath
at 55 °C for 2.5 h. The resulting product was washed with deionized water and ethanol
several times, collected by centrifugation, and finally dried at room temperature under
vacuum condition overnight.

The cuboctahedron Cu,O (denoted as cod-Cu,O): The preparation process of the
cod-CuyO was the same as that of the 0d-Cu,0, except that the PVP with molecular weight
of 58,000 was replaced by the PVP with molecular weight of 130,000.

3.3. Synthesis of CuyO@Cu-BDC-NH,

0d-Cu,O@Cu-BDC-NHj: The od-Cu,O@Cu-BDC-NH, was prepared by an in situ
assembly method. First, the as-prepared od-Cu,0O (80 mg) was uniformly dissolved in
20 mL ethanol, and 181.1 mg of 2-aminoterephthalic acid was added into 20 mL of a mixed
solution of ethanol and DMF (1:1 vol) under continuous stirring. After stirring well, the
two separate solutions were mixed at room temperature with magnetic stirring for different
periods (4 h-32 h) to control the growth of MOFs on 0d-Cu,O. The resulting products of
0d-Cu,O@Cu-BDC-NHj-xh (x =4, 8, 12, 20 and 32) were washed by deionized water and
ethanol several times, collected by centrifugation, and finally dried at room temperature
under vacuum condition overnight.

cod-Cup,O@Cu-BDC-NHj: The preparation process of the cod-Cu,O@Cu-BDC-NH,
was the same as that of the 0d-Cu, O@Cu-BDC-NHj, except that the precursor was changed
from 0d-Cu,O to cod-Cu,0, and the resulting product of cod-Cu, O@Cu-BDC-NH;-8h was
obtained after reaction for 8 h under magnetic stirring.
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3.4. Synthesis of Cu-BDC-NH; Nanosheets

The metal solution (named as M1) was prepared by dissolving 30 mg of Cu(NOs);
into a mixed solution of 3 mL of DMF and 1 mL of CH3CN. The ligand solution (named as
L1) was synthesized by dissolving 30 mg of H,BDC-NHj into 4 mL of the mixed solution
of DMF and CH3CN (1:3 vol). Then, the above solution M1 was added into L1, and the
mixture was left to stand under an ambient environment for 24 h. Finally, the resulting
product of Cu-BDC-NH; was collected by centrifugation, washed with DMF three times,
and then stored in DMF.

3.5. Characterization

The morphology of the as-prepared nanomaterials was characterized using a scan-
ning electron microscope (SEM, Regulus 8100, Hitachi, Japan) with an accelerating volt-
age of 5 kV. The crystallinity and structural details of materials were obtained through
X-ray diffraction (XRD, Bruker D8 Advance, Bruker, Germany) using a Cu K« radiation
(A = 1.541 A). Fourier-transform infrared (FI-IR) spectra were conducted on a Nicolet
6700 spectrometer (Thermo Scientific, Waltham, MA, USA) using the potassium bromide
(KBr) pellet technique over a range of 400-4000 cm~!. X-ray photoelectron spectroscopy
(XPS) data were analyzed using a Thermo ESCALAB 250Xi spectrometer (Thermo Sci-
entific, USA). The nitrogen adsorption—desorption isotherm was collected by using a
Micromeritics ASAP2460 instrument (Micromeritics, Norcross, GA, USA) at 77 K. The ther-
mal property was measured using thermogravimetric analysis (TGA, METTLER TOLEDO
TGA/DSC3+, Mettler Toledo, Switzerland) in the range of 25-800 °C at a heating—cooling

rate of 10 °C min~! under a nitrogen gas flow rate of 20 mL min~!.

3.6. Catalytic Tests for Selective Oxidation of Styrene

The catalytic tests for the selective oxidation of styrene were carried out as follows:
the as-prepared catalyst (10 mg), styrene (2 mmol), and acetonitrile (5 mL) were added
into three-neck round-bottom flask (25 mL) equipped with a reflux condenser. The device
was immersed into an oil bath and heated to the desired temperature under magnetic
stirring. Then, 6 mmol of 30 wt.% H,O, aqueous solution was added into the mixture to
initiate the reaction. After a desired time, the reaction mixture was centrifuged, and the
liquid layer was analyzed by a gas chromatography-mass spectrometer (GC-MS, Agilent
7890/5975C, Agilent, Santa Clara, CA, USA) using the external standard method for
quantitative analysis.

The stability of the as-prepared catalyst was investigated by a mental leaching test.
In a typical process, the catalytic reaction was stopped after 4 h and the solid catalyst of
Cu,O@Cu-BDC-NH; was separated and removed by centrifugation. The reaction solution
without the Cu,O@Cu-BDC-NHj catalyst was then stirred for a further 6 h, and the catalytic
performance was analyzed by GC-MS.

4. Conclusions

In summary, a novel core-shell structured Cu, O@Cu-BDC-NHj heterogeneous catalyst
with tunable Cu*/Cu?* interface, variable composition, and structure was synthesized by a
facile in situ self-assembly method. With H,O, as green oxidants, the resultant Cu,O@Cu-
BDC-NHj; catalysts exhibited significant catalytic performance for the selective oxidation
of styrene at 40 °C under base-free conditions, and the optimized conversion of styrene
and selectivity of benzaldehyde could reach 85% and 76%, respectively. The delicate
combination of Cu,O and Cu-BDC-NH, not only provides a well-designed Cu*/Cu?*
active interface and porous MOF shells for mass transfer and protection of the active Cu,O
component, but also provides appropriate acid-base regulation methods to improve the
selectivity of the target product, thus suggesting a new perspective and simple strategies for
the construction of a highly efficient and green catalytic system for the selective oxidation
of styrene.
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Abstract: Rapid development of the copper-catalyzed amination of aryl halides in the beginning of
the 21st century, known as the Renaissance of the Ullmann chemistry, laid foundations for the use of
this method as a powerful tool for the construction of the C(sp?)-N bond and became a rival of the
Buchwald-Hartwig amination reaction. Various applications of this approach are well-documented in
anumber of comprehensive and more specialized reviews, and this overview in the form of a personal
account of the Cu-catalyzed arylation and heteroarylation of the adamantane-containing amines,
and di- and polyamines, covers a more specific area, showing the possibilities of the method and
outlining general regularities, considering reagents structure, copper source and ligands, scope, and
limitations. The material of the last decade is mainly considered, and recent data on the application
of the unsupported copper nanoparticles and possibilities of the Chan-Lam reaction as an alternative
to the use of aryl halides are also discussed.

Keywords: copper; catalysis; amination; amines; polyamines; aryl halides; adamantane; nanoparticles

1. Introduction

The beginning of the 20th century was marked by the birth of the copper-mediated
reactions of carbon—carbon and carbon-heteroatom bond formation. In the pioneer research
carried out by Ullmann and Goldberg, copper powder was shown to provide access to
biphenyls [1], aryl amines [2], diaryl ethers [3], and N-aryl amides [4]. These reactions
employed stoichiometric amounts of copper and strong bases, and demanded very harsh
conditions; thus, the substrates” scope was strictly limited. However, the simplicity of
the approach allowed for the synthesis of a series of valuable compounds via C-C, C-M,
C-0, and C-S bond formation, and some “classical” reactions of this type are still used in
industry [5-8].

The need for compounds bearing the N-(hetero)aryl moiety cannot be overestimated.
They are widely used in the synthesis of pharmaceuticals [9,10] and agrochemicals [11,12],
and for the fabrication of modern organic materials [13,14]. It is obvious that convenient,
reliable, and inexpensive methods for the synthesis of compounds with the C(sp?)-N bond
are always highly demanded. The so-called “Renaissance of the Ullmann chemistry” dates
back to the beginning of the 21st century and is associated with the application of the
ligands which allowed for the use of copper in catalytic amounts and the application of
rather mild reaction conditions. To note, the effect of ketones or esters on the rate of the
Ullmann reactions was noted even in 1964 [15]; however, at that time, it was thought to
be a result of a better solubility of the copper compounds. In 1997, the reaction of phenols
with aryl halides containing triazene fragments at the ortho position was reported [16],
and this fragment was described as an appended ligand for the copper catalyst. A real
breakthrough was a series of works by Buchwald [17], Ma [18], and Taillefer [19] which
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used the catalytic systems on the basis of in situ-formed Cu(Il) complexes with various
ligands. This approach proved to be exceedingly fruitful and further development of
the Cu-catalyzed amination and amidation reactions has been decisively linked with the
design and investigation of the ligands [20,21]. These ligands can be divided into three
main groups: N,N-ligands [22-26], N,O-ligands [27-31], and O,0-ligands [32-36], of which
the most widely used and efficient representatives are shown in Figure 1. The role of the
anionic ligands, which favor the oxidative addition and thus ensure milder conditions and
a wider scope of the aryl halides, was emphasized in [37-39], the oxalamide ligands being
essentially efficient for this purpose [40—42].
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Figure 1. Most important ligands for Cu-catalyzed C-N bond formation.

The development of the copper-catalyzed amination has been already described in
several comprehensive reviews. Two of them were published before 2010 by Ma [43]
and Taillefer [19]. Two other reviews are dedicated to the comparison of the copper- and
palladium-catalyzed amination reactions [44,45]. Further, a more thorough review has
been published [46], and some accounts emphasize the application of the method to the
synthesis of natural compounds [47,48]. During the last decade, the achievements in the
copper-catalyzed amination became a focus of three comprehensive studies [49-51], and
special cases of this approach have also been discussed recently [52,53].

One of the important trends in the study of the Cu-catalyzed amination and amidation
reactions is the use of heterogeneous and heterogenized copper catalysts immobilized on
various supports. The most frequently used copper salt for this purpose is Cul. The nature
of supports is versatile, and different organic linkers may serve as the ligands for the copper
cation. Cu catalysts are often immobilized on polymer supports [54—60]. For the needs of
the development of reusable catalysts, those containing magnetite particles were found to
be especially attractive [61-64].

The studies on the mechanism of Cu-catalyzed amination put forward several hy-
potheses. Taking into consideration the fact that copper in different oxidation states can be
successfully employed in catalysis, it was supposed that Cu(]) is a genuine catalytic parti-
cle which emerges in the course of the reduction process of Cu(Il) compounds [15,65-67].
In some protocols, additional reagents such as ascorbic acid are added to ensure this
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reduction [68,69], but many others do not envisage any special reductant [70,71]. In the
case of Cu(0), it is thought that, on contrary, its oxidation into CuyO gives rise to a cat-
alytically active Cu(l) [65,72]. The main types of proposed mechanisms are the following:
(1) oxidative addition of ArHal leading to Cu(Ill) complex followed by the reductive
elimination; (2) formation of the -complex of aryl halide with Cu(I) followed by the nu-
cleophilic substitution; (3) single electron transfer (SET) or hydrogen atom transfer (HAT);
(4) o-bond metathesis. The majority of researchers support the idea of a key role of Cu(IlI)
intermediate [46,73-77]; for this purpose, some researchers synthesized several stable com-
plexes of Cu(IlI) in order to study the coordination sphere of the metal cation and to carry
out their reactions with nucleophiles [78-80]. Ma investigated a series of reactions without
additional ligands and postulated that, in this case, aryl halides, acting as ligands, form
the t-complexes with the copper cation [27]. SET and HAT mechanisms involving radicals
were thought to be verified [66] by the use of the radical traps which hindered the reactions.
At last, metathesis with a four-membered transition state was proposed by Bacon [81]; this
mechanism suggests the coordination of the copper cation with the halogen atom of ArHal.
It is quite plausible that, with different reagents and in the presence of various ligands,
different mechanisms can be actualized.

Our research interests in the field of Cu-catalyzed amination cover the reactions
with adamantane-containing amines, diamines, oxadiamines, and polyamines. These
substrates are interesting due to their often complicated and unpredictable reactivity in
spite of the fact that the reactions proceed at primary amino groups. The outcome of the
reactions is strongly dependent on the spatial environment of the amino group in the case of
adamantaneamines, and the number of methylene groups, or oxygen or nitrogen atoms in
the chain for di- and polyamines. Previously, we thoroughly studied the (hetero)arylation
of these compounds in the presence of palladium catalysts [21] and found the scope and
limitations of this approach. In the following investigations, we compared the possibilities
of the application of a much cheaper copper and found the regularities of this process. Our
ongoing research deals with the employment of the copper nanoparticles instead of the
homogeneous Cul-catalyzed reactions as well as the search for new applications of the
Chan-Lam reaction; the present review will describe all of these versions of the C(sp2)—N
bond formation. The main objective of this review is to show the scope and limitations
of the copper catalysis with regard to the arylation and heteroarylation of these amines,
and the following aspects will be addressed: the dependence of the most appropriate
catalytic system on the nature of reagents, possibilities of N,N’-di(hetero)arylation of the
diamines, oxadiamines, and polyamines, the use of unsupported copper nanoparticles,
and the character of the Chan-Lam amination employing adamantaneamines, diamines
and oxadiamines.

2. Cul-Catalyzed Arylation of Adamantane-Containing Amines

Adamantane-containing amines and their derivatives are well-known for their versatile
biological activity; it is sufficient to mention that amantadine (adamantane-1-amine hydrochlo-
ride) has been used as an antiviral and antiparkonsonian drug for decades [82], memantine for
the treatment of Alzheimer’s disease [83], and bromantane (N-(4-bromophenyl)adamantane-2-
amine) [84] and its fluorine-containing analogue [85] as neurostimulation agents. Thus, it is
quite natural that, previously, we paid much attention to the elaboration of efficient methods
of N-(hetero)arylation of the adamantane-containing amines employing Pd(0)-catalyzed
amination reactions.

In the trend of replacing expensive palladium catalysis with much cheaper copper-
catalyzed reactions, we carried out an investigation of the arylation of a series of adamantane-
containing amines, 1-5, differing by the steric hindrances at the amino group, with a
model iodobenzene in the presence of various copper catalysts (Scheme 1) [86]. Several
widely employed ligands, L1-L7, were tested in the reaction and two of them, L1 (2-
isobityrylcyclohexanone) and L2 (rac-BINOL (BINOL = 2,2’-bi(1-naphthol)), both O,0-type,
were found to be the most efficient in the reactions run in DMF at 140 °C and catalyzed
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by a standard Cul in the presence of Cs,COs3. Other solvents which were tested such as
propionitrile (EtCN) gave poorer yields, as well as did other copper sources (CuBr, CuOAc,
CuOTf, Cup0, and CuO). Depending on the structure of the amine, they provided the
yields of the N-arylation products in the range of 63-90% and were further used for the
reactions with adamantane-containing amines. The highest yield (compound 6, 90%) was
observed in the reaction with the amine 1, in which the amino group is located furthest
from the adamantane core. The attempt to use bromobenzene instead of iodobenzene
resulted in a dramatic diminishing of the product yield.
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Scheme 1. Cul-catalyzed N-arylation of the adamantane-containing amines with iodobenzene.

The same amines, 1-5, were introduced in the reactions with para-substituted iodoben-
zenes containing typical electron donor and electron withdrawing substituents (Scheme 2).
It was interesting to follow the dependence of the yields of the N-arylated products; how-
ever, in the majority of cases, they ranged from 50 to 75%, and the advantage of the electron
deficient 4-iodotrifluoromethylbenzene over electron donor 4-iodoanisole was quite moder-
ate. Thus, in the reactions of 1-4, CF3-containing products 12, 15, 19, and 22 were obtained
in 55-79% yields, while MeO-containing products 13, 16, 20, and 23 were synthesized in
44-65% yields. Only more sterically hindered amine 5 gave generally lower yields with all
of the iodobenzenes which were tested (compounds 24-26).

-(OCH,CH,), R = F, 50%
-(OCH,CH,), R = CF3, 55%
-(OCH,CHj), R = OMe, 45%
-(CH,CH,). R = F, 74%

R = CF3, 79%

CH,CHy), R = Me, 75% (L1)

R =Me, F, CF3;, OMe CH,CH,), R=F, 70%

Cul/L2/Cs,CO3/DMF 140°C

-(CH,CH,), R = CF3, 75%
-(CH,CH,), R = OMe, 65% (L1)
-CH,p, R=F, 61%

-CH,, R = CF3, 61%

-CH,, R = OMe, 52%
-(CH,CH(CHa)), R = F, 49%
-(CH,CH(CHa)), R = CF3, 48%
-(CH,CH(CHa)), R = OMe, 29%

(

(

(

(GHACH,

-(CH,CHa), R = OMe, 44%
~( )

~(

(

(

' R \E

N =

COWo~N
HXXXXXXXXXXXXXXX

SRR RSN
1

Scheme 2. Cul-catalyzed N-arylation of the adamantane-containing amines with para-substituted

iodobenzenes.

98



Catalysts 2023, 13, 831

The extension of the series of the adamantane-containing amines (compounds 27-40)
was undertaken to reveal the dependence of the amines’ structure on the outcome of the
copper-catalyzed N-arylation (Scheme 3) [87]. The reactions were run under optimized
conditions with iodobenzene and its several p-substituted analogues. The amines 27-29,
31, 32, 36, and 3840 provided similar results as described above, obviously, due to a lack
of notable steric hindrances. The yields of the corresponding derivatives with the methoxy
group were somewhat lower and ranged from 36 to 58%. To note, the presence of the
hydroxyl group in the amines 39 and 40 did not alter its good reactivity in the N-arylation
reactions. In the case of the amines 30 and 33, steric hindrances were more pronounced,
which led to diminished yields of the corresponding products 53-56 and 62—65. Amines
34 and 35 were less reactive and the use of three equiv. of iodobenzene was inevitable,
allowing for a 54% yield of the product 66, but only a 15% yield of 67. The reactivity of the
amine 37 was also substantially lower than that of its analogue, 38, probably due to the
presence of the ethylenediamine moiety in the first, which could better bind copper than
the NCH,;CH;CH,N fragment in 38, thus removing it from the catalytic cycle.
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Scheme 3. Cul-catalyzed N-arylation of a variety of adamantane-containing amines with iodobenzenes.

The possibility to conduct an N,N'-diarylation reaction of the adamantane-containing
diamines 85 and 86 was shown using several iodobenzenes (Scheme 4) [88]. Depending on
the substituent in iodobenzene, ligand L1 or L2 was found to be optimal. Better yields were
obtained with the diamine 85, where amino groups are located further form the adaman-
tane core, and the yields of the corresponding derivatives 87-92 ranged from 50 to 79%. It
is interesting that the best yield was observed in the reaction with the electron-enriched
p-iodoanisole (compound 92), probably due to fewer side reactions with this less active
iodide. In the reactions with the diamine 86, generally, the yields of the diarylated prod-
ucts were notably lower, and several by-products were isolated, evidencing a substantial
contribution of the formation of the amine-imine followed by its transformation into the
corresponding aldehyde and subsequent processes.
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A special investigation was dedicated to the possibilities of the reactions run in DMSO
instead of DMF [89]. The reactions with various amines, 1, 3-5, 28, 29, 34, 35, featuring a
different spatial environment of the amino group were carried out with iodobenzene at
110 °C (Scheme 5). The results were quite comparable with those obtained in DMF at 140 °C;
moreover, the arylation of the most hindered amines, 34 and 35, allowed for increasing the
yields of the corresponding derivatives, 66 and 67, when three equiv. of Phl were employed.
The reactions of the amine 1 with various para- and meta-substituted iodobenzenes provided
good to high yields of the products 99-114 (63-83%). The influence of the electron properties
of the substituents was poorly manifested though the yields in the reactions with the
electron donors p-iodotoluene and p-iodoanisole, and these were among the smallest
(63-64%). DMSO also helped to carry out the reactions with much more problematic
ortho-substituted iodobenzenes (R = Me, F, Cl, CN). Further, 2-iodotoluene, taken in a
three-fold excess, gave a 66% yield of the arylation product 115, while other o-substituted
iodobenzenes provided 47-48% yields of the corresponding compounds 116-118.
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NH2 C52C03
n R 110-140°C
ggf”fa 87:n=1,R=H,66% (L2) 93:n=0,R=H, 84% (L2)
-n= 88:n=1,R=Ph,50% (L1) 94: n =0, R = Ph, traces (L2)
89:n=1,R=F,57% (L1) 95:n=0,R=F,41% (L2)
90: n =1, R=CF3, 52% (L2) 96: n =0, R =CF3, 20% (L2)
91:n =1, R = CHj, 70% (L1) 97:n =0, R = CH3, 28% (L2)
92:n=1,R=0CH; 79% (L1)  98:n=0, R = OCHj, 35%
Scheme 4. Cul-catalyzed N,N’-diarylation of the adamantane-containing diamines with iodobenzenes.
6: X = 1-(OCH,CH,), 76%
8: X = 2-(CH,CH,), 67%
X—=NH, cuit. L X~NH 9: X = 1-CH,, 72%
@ ©/ @ 10: X = 1-(CH,CH(CHs)), 60%
Cs,CO 45: X = 2- (CH(CHg)CHZ), 68%
DNTSO3 49: X = 2-(CH(C,H5)CH,), 65%
66: X = 1-(CH(CHs), 62%
1, 3-5, 28, 29, 34, 35 110°C 6, 810, 45, 49, 66, 67 67: X =1 gngphB? 31%0

L NH,
0 +
R/
1

"

1

! Cul/L1 H =
= 0 /
CSzCO:; R
DMSO 99-114
110°C
99: R = 4-Br, 74% 107: R = 3-CN, 79%
100: R = 3-Br, 72% 108: R = 4-MeCO, 74%
101: R = 3-Cl, 66% 109: R = 3-MeCO, 66%
102: R = 4-Me, 63% 110: R = 4-COOEt, 75%
103: R = 3-Me, 76% 111: R = 3-COOEt, 77%
104: R = 4-OMe, 64% 112: R = 4-Ph, 69%
105: R = 3-OMe, 83% 113: R = 3-Ph, 66%
106: R = 4-CN, 78% 114: R = 4-COPh, 75%
R
H
_ Cumt N 115: R = Me, 66%
o~ 116:R=F, 47%
(332003 ) 117: R=Cl, 48%
DMSO 118: R =CN, 48%
3 equiv. 110°C 115-118

Scheme 5. Cul-catalyzed N-arylation of the adamantane-containing amines with iodobenzenes—effect
of DMSO.
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3. Cul-Catalyzed Heteroarylation of Adamantane-Containing Amines

Molecules which combine adamantane and pyridine moieties in their structure are
of great importance due to their versatile biological activities. A 2-aminoadamantyl-
containing derivative of pyrrolopyridine known as Peficitinib is used for rheumatoid arthri-
tis treatment [90], and Cu(Il) complexes of certain adamantane-substituted pyridines pos-
sess anticancer activity [91]. Derivatives of 2-aminopyridine with adamantane fragments
were shown to inhibit 113-hydrosteroid dehydrogenase 113-HSD1 [92-94], and adaman-
tane derivatives of three-substituted pyridine act as antifungal [95] and antinicotinic [96] agents.
A great variety of methods exists to introduce heteroaromatic moieties in the adamantane-
containing compounds. Interesting radical reactions for the direct transformations of adaman-
tane have been described in a recent review [97]. Thus, quinolinyl-substituted adamantane was
obtained via a radical process [98], and modern photocatalytic [99] and photoredox [100] pro-
cesses were applied for the introduction of quinoline and trifluoromethylpyridine structural
fragments into adamantane moiety.

We investigated the possibilities of the Cu(l)-catalyzed amination of 2- and 3-iodopyridines
(Scheme 6). Ligands L1-L4 were tested and the best efficiency of L1 was undoubtedly
shown. The reactivity of 2-iodopyridine was compared with that of 2-bromopyridine, and
while the first afforded a 72% yield in the reaction with the amine 1, the latter provided 57%
of the N-pyrid-2-yl containing product 119. A series of the adamantane-containing amines
was tested in the reaction with 2-iodopyridine, and those with the unhindered amino group
provided good to high yields of the target products (55-90%) [101]. In the case of the
more sterically demanding amines 4 and 5, the use of three equiv. of Phl was necessary
to increase the yields of 123 and 124; the more hindered amines 35 and 36 provided low
yields of the corresponding products 127 and 128 (15 and 36%, respectively).

X I
> ONH, K CuliL1 >N A
+ | J H
N” Cs,CO;, DMF, 140°C

1-6, 31, 32, 35, 36

2-1, 3 119-128 (2-Py)
129-136 (3-Py)
2-Py 3-Py
119: X = 1-(OCH,CH,), 72% 129: X = 1-(OCH,CHy), 74%
120: X = 1-(CH,CH,), 90% 130: X = 1-(CH,CHy), 83%
121: X = 2-(CH,CH,), 90% 131: X = 2-(CH,CH,), 85%
122: X = 1-CH,, 63% 132: X = 1-CH,, 75% (3 equiv. 3-IPy)
123: X = 1-(CH,CH(CH3), 57% (3 equiv. 2-IPy) ~ 133: X = 1-(CH,CH(CHj3), 75% (3 equiv. 3-IPy)
124: X = 2-(CH(CH3)CH,), 90% (3 equiv. 2-IPy)  134: X = 2-(CH(CH3)CH,), 73%
125: XNH, = 2-NH,, 55% 135: XNH, = 2-NH,, 67%
126: X = 2-(piperazin-4-yl), 55% 136: X = 2-(piperazin-4-yl), 55% (3 equiv. 3-IPy)
127: X = 1-(CH(Ph)), 15%
128: XNH, = 1-NH,, 36%

Scheme 6. Cul-catalyzed N-heteroarylation of the adamantane-containing amines with 2- and
3-iodopyridines.

Similar results were obtained with 3-iodopyridine (Scheme 6). Amines 1-3, 28, and
31 afforded 67-85% yields of the N-heteroarylated products and, in the case of the more
sterically hindered amines 4 and 5, the application of three equiv. of Phl was required to
increase the yields of compounds 132, 133. To note, the secondary cyclic amino group in
the piperazinyl derivative of adamantane 32 turned out to be less reactive than the primary
amino groups, and it also demanded the use of Phl excess.

As a special case, we studied the amination of 2-fluoro-5-iodopyridine with a series of
adamantane-containing amines (Scheme 7) [102]. The main peculiarity of this process is
the competition of the Cu(I)-catalyzed substitution of the iodine atom and the non-catalytic
substitution of the fluorine atom. In the case of the application of 10 mol% catalyst and 1:1
ratio of the reagents, generally, only the mixtures of the products were obtained, but the
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o

1-5, 27-29, 34, 37, 38

2 equiv.

use of 20 mol% catalyst and two-fold amount of the amine led to a substantial increase in
the yields of the target 5-amino-2-fluoropyridines. In some cases (compounds 137, 140, 146,
and 147), they reached 92-98%, and it is noteworthy that enough reluctant amines such as
34 and 37 successfully participated in this reaction.

ad X ]
NS
X AN N7 OON
! CullL1 @/ N H
+ H
/
F N Cs,CO3, DMF, 140°C
side products of non-catalytic
137-147 substitution
137: X = 1-(OCH,CH,), 92% 143: X = 2-(CH(CH3)CH,), 76%
138: X = 1-(CH,CH,), 55% 144: X = 2-(CH(C,H5)CH,), 82%
139: X = 2-(CH,CHy), 65% 145: X = 1-(CH(CH3)), 54%
140: X = 1-CH,, 95% 146: X = 1-(NHCH,CH,), 98%
141: X = 1-(CH,CH(CH3), 66%  147: X = 1-(NHCH,CH,CH,), 95%
142: X = 2-CH,, 75%

Scheme 7. Cul-catalyzed N-heteroarylation of the adamantane-containing amines with 2-fluoro-
5-iodopyridne.

The amines 1-5 and 27 were introduced in the reactions with other dihalopyridines to
explore the selectivity of the iodine substitution (Scheme 8). The reactions with 2-bromo-5-
iodopyridine turned out to be totally non-selective, and the amination of the isomeric 5-
bromo-2-iodopyridine led to the corresponding products of the iodine substitution 148-152
in moderate yields (31-50%). The amination of 2-chloro-5-iodopyridine with the same
amines produced compounds 153-157 in somewhat higher yields (44-63%). Neverthe-
less, the presence of much-less reactive additional halogen atoms (Cl, Br) diminished the
selectivity of the amination process, giving rise to unidentified by-products.

X | X
~N \S
= > ONH, NN > SNTON
\ N
@ CullLt culLt
(o] — (o]
- DMF/Cs,CO4/140°C 1-5, 27 DMF/Cs,C0O3/140°C 148-152
148: X = 1-(CH,CHy), 46%
153: X = 1-(CH,CH,), 61% N Br Cul/L1 149: X = 2-(CH,CHy), 46%
154: X = 2(CH,CHj), 63% | D DMF/Cs,CO4/140°C 150: X = 1-CH,, 46%
155: X = 1-CH,, 50% N 151: X = 1-(CH,CH(CH3), 31%
156: X = 1-(CH,CH(CHs), 48% 152: X = 2-CH,, 50%
157: X = 2-CH,, 44% N
AN
X /@j 158: X = 1-(OCH,CHy,), 74%
<N 7 159: X = 1-(CH,CH,), 46%
H 160: X = 2-(CH,CH,), 57%
161: X = 1-CH,, 47%
162: X = 1- (CHZCH(CH3), 56%
158-163 163: X = 2- CH2, 65%

Scheme 8. Cul-catalyzed N-heteroarylation of the adamantane-containing amines with 5-bromo-2-
iodopyridine, 2-chloro-5-iodopyridine, and 6-bromoquinoline.

Though 3-bromopyridine was found to be unreactive in Cu(I)-catalyzed amination,
6-bromoquinoline was successfully aminated by a series of adamantane-containing amines,
and the yields of the products 158-163 varied from 46 to 74%. In all of the abovementioned
processes, the Cul/L1 catalytic system was the most efficient.

It is well known that the adamantane derivatives bearing fluorine substituents are of
substantial interest for a drug design. Indeed, compounds combining adamantane and
fluoroaryl moieties display antituberculosis [103] and antiinflammatory [104] activities, as
they inhibit tropoisomerase II [105] and purino receptor P2RX7 [106]. Adamantane deriva-
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tives with trifluoromethyl substituent inhibit 113-HSD1 [93,107], melanin concentrating
hormone MHC1 [108], and the ligands of cannabinoid receptor CB2 [109].

In this regard, we studied the heteroarylation of several adamantane-containing amines,
1, 3-5, 27, and 28, with fluoro- and triflurormethyl-substituted 2-bromopyridines [110,111].
The reactions were run with 2-bromo-3-fluoro-, 5-fluoropyridines, and 3-, 4-, 5-, and
6-trifluoromethylsubstituted 2-fluoropyridines using the optimized Cul/L1 catalytic sys-
tem (Scheme 9). It was found that 2-bromo-3-fluoropyridine and especially 2-bromo-3-
trifluoromethylpyrdine were not reactive enough under copper catalysis conditions due to
steric hindrances at the bromine atom; thus, they were aminated using alternative Pd(0)-
catalyzed reactions. The other 2-bromopyridines allowed for good to high yields of the
corresponding products. The best results were obtained with the amine 3, as it produced
N-pyridyl derivatives 165, 171, 177, and 183 in 79-89% yields. Among the CF3 derivatives,
2-bromo-6-trifluoromethylpyridine allowed for the formation of the amination products
in the highest yields (up to 97% in the case of 186). Probably, the reactivity of the bromine
atom in this compound was optimal: on one hand, enough for the amination reaction to
proceed at a sufficient rate, on the other hand, allowing for avoidance of the formation of
many by-products in the course of other catalytic processes.

f\/l
X X J
> SNH R SIS
@ 2 E\/j e @ u N
+
O,
NZ > pr  DMF/Cs,CO4/140°C

1,3-5,27, 28
R=5-F R =4-CF, R=5-CF; R=6-CF;
164: X = 1-(OCH,CHy), 66% 170: X = 1-(OCH,CHy), 62% 176: X = 1-(OCH,CH,), 65% 182: X = 1-(OCH,CHy), 58%
165: X = 2-(CH,CH,), 84% 171: X = 2-(CH,CHy), 79% 177: X = 2-(CH,CH,), 81% 183: X = 2-ECHZC2H2),2)éQ% ’
166: X = 1-CH,, 61% 172: X = 1-CHy, 46% 178: X = 1-CH,, 59% 184: X = 1-CH,, 49%
167: X = 1-(CH,CH(CH3), 67% 173: X = 1-(CH,CH(CHj3), 56% 179: X = 1-(CH,CH(CH3), 53% 185: X = 1-(CH,CH(CHs), 67%
168: X = 2-CHy, 75% 174: X = 2-CH,, 64% 180: X = 2-CH,, 69% 186: X = 2-CH,, 97%

169: X = 2-(CH(CHy)CHy), 85%  175: X = 2-(CH(CH3)CH), 52%  181: X = 2-(CH(CH3)CHy), 71%  187: X = 2-(CH(CHs)CHy), 69%

Scheme 9. Cul-catalyzed N-heteroarylation of the adamantane-containing amines with fluoro- and
trifluoromethyl-substituted 2-bromopyridines.

4. C-N Bond Formation Using Unsupported Copper Nanoparticles

A special case is the use of copper nanoparticles (Cu NPs) in catalytic C-N bond forma-
tion. Often, copper and copper oxide nanoparticles immobilized on various supports are
used, such as nanocatalysts immobilized on silica gel [112] and maghemite-silica magnetic
support [113]; the following supports are also well-known: TiO; [114], graphene [115], and
multiwall carbon nanotubes (MWCNTs) [116]. The use of unsupported copper nanopar-
ticles in amination reactions is quite rare, and mainly CuO NPs were described for this
purpose [117-121].

We began an investigation of the possibilities of the unsupported copper and copper
oxide nanoparticles to promote the arylation of various amines, including adamantane-
containing compounds. At first, the optimal conditions for the Cu-catalyzed amination of
PhI with a model n-octylamine were established (Scheme 10) using copper nanoparticles
of various average sizes: 10/80 nm (mixture of two fractions), 25 nm, 72 nm, 86 nm, and
CuO 65 nm [122,123]. The reactions were run in DMSO or DMF at 110 °C or 140 °C, and
a variety of ligands were tested. For the arylation with iodobenzene, L2 was found to be
the best choice, as it allowed for the synthesis of N-octylaniline 188 in 86-95% yields. The
best result (82%) for the heteroarylation of n-octylamine with 2-iodopyridine was obtained
using the Cu NPs 25 nm /L3 catalytic system, and other combinations of nanoparticles and
ligands gave poorer yields. The possibilities of the catalyst recycling were revealed to be
strongly dependent on the copper source, and the best result was obtained with the Cu
NPs 25 nm/L1 system (up to eight cycles without loss of the catalyst’s activity).

Optimized conditions were applied to the arylation of a variety of adamantane-
containing amines, 1, 3-5, 28, and 29, with iodobenzene (Scheme 11) [89].
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Scheme 10. Initial studies of the (hetero)arylation of a model n-octylamine with iodobenzene and

2-iodopyridine using unsupported Cu and CuO nanoparticles.

-(OCH,CHy,), 88% (Cu NPs 25 nm/L1)

6: X =1
g 8: X = 2-(CH,CH,), 92% (Cu NPs 10/80 nm/L2)
9: X = 1-CH,, 86% (Cu NPs 25 nm/L1)
10: X = 1-(CH,CH(CH3)), 85% (Cu NPs 25 nm/L1)
45: X =2
49: X =2

-(CH(CH3)CH,), 85% (Cu NPs 10/80 nm/L2)
-(CH(C,Hs)CHy), 82% (Cu NPs 10/80 nm/L2)

X—NH,

B -

Cu NPs/L1

DMSO0/Cs,C05/110°C
6, 8-10, 45, 49

Scheme 11. N-arylation of the adamantane-containing amines with iodobenzene using unsupported
Cu NPs.

The results were encouraging, as the yields of the target products (85-92%) were sub-
stantially higher than those obtained with Cul catalyst (65-76%, Scheme 5). The application
of various substituted iodobenzenes for the arylation of amine 3 in the presence of another
efficient system Cu NPs 10/80 nm/L2 (Scheme 12) was equally successful, and the yields
of many products reached 90% and more (18, 20, 190-192, 194, and 197). Some of these
reactions gave better results in DMSO at 110 °C, and others successfully proceeded in
DMEF at 140 °C. It is clearly seen that the high yields could be obtained both with electron
donor and electron withdrawing substituents in iodobenzenes. The experiments on catalyst
recycling demonstrated the possibility of the use of Cu NPs 25 nm/L1 for the arylation of
amine 3 with iodobenzene at least in seven cycles without a decrease in the product’s yield.

18: R = 4-F, 95% (DMSO)
19: R = 4-CF;, 82% (DMSO)

NH, | N
X Cu NPs 10/80 nm/L2 | N 20:R=4-OMe, 91% (DMF)
+ R 190: R = 3-F, 93% (DMSO)
o DMSO, 110°C 191: R = 3-CF3, 93% (DMSO)
h 192: R = 3-OMe, 94% (DMF
3 or DMF, 140°C 18-20, 190-198 193: R = 4-CN, 88% (IIgMSO))
Cs,CO3 194: R = 3-CN, 90% (DMSO)
195: R = 4-COOMe, 47% (DMF)
196: R = 3-COOEt, 49% (DMF)
197: R = 4-Ph, 90% (DMF)
198: R = 4-COPh, 72% (DMF)

Scheme 12. N-arylation of the adamantane-containing amine 3 with substituted iodobenzenes using

unsupported Cu NPs.

The N-heteroarylation of the adamantane-containing amines turned out to be more
problematic (Scheme 13) [124]. The reactions of the amines 1, 3-5, and 28 with 2-iodopyridine
gave 62-76% yields and it was noted that the effect of the ligand (L1 or L3) was de-
pendent on the structure of the amine. In the reactions with the fluorine-containing 2-
bromopyridines, the Cu NPs 25 nm /L3 catalytic system was found to be the best; however,
the yields of the products ranged from humble, 24% (166), to high, 75-78% (183, 184).
Generally, as in the reactions catalyzed by Cul/L1, the best results were obtained with
2-bromo-6-trifluoromethylpyridine.

While copper nanoparticles were more efficient than Cul in the N-arylation of the
adamantane-containing amines with iodoarenes, they provided lower yields with bro-
moarenes under the same conditions, e.g., the attempts to introduce 6-bomoquinoline
in the amination with several amines in the presence of Cu NPs/L1 resulted in 11-25%
yields of the corresponding products 158, 160, and 161, while these reactions catalyzed by
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the Cul/L1 system provided 47-74% yields (Scheme 8). However, the application of Cu
NPs/L2 for these reactions provided stable 70-75% yields of the products.

R
X J7
Q _X~NH, | R Q§

_X~NH @ "N x-NA
A
Cu NPs 25 nm/L Cu NPs 25 nm/L3
Cs,CO; 1,3-5,28 Cs,CO;

DMSO, 110°C DMSO, 110°C
-(OCH,CHy), 69% (L1) 165: X = 2-(CH,CH,), R = 5-F, 39% 183: X = 2-(CH,CH,), R = 6-CF,, 78%
-(CH,CHy), 76% (L3) 166: X = 1-CH,, R = 5-F, 24% 184: X = 1-CH,, R = 6-CF3, 75%
-CH,, 64% (L3) 171: X = 2-(CH,CH,), R = 4-CF3, 54%  185: X = 1-(CH,CH(CHj)), R = 6-CF3, 41%
~(CH,CH(CH3)), 73% (L3) 177: X = 2-(CH,CHy), R = 5-CF3, 62%  186: X = 2-(CH(CH3)CH,), R = 6-CF3, 66%
-(CH(CH3)CHy), 62% (L1) 178: X = 1-CH,, R = 5-CF3, 42% 199: X = 2-(CH(C,Hs)CH,), R = 6-CF3, 61%

Scheme 13. N-heteroarylation of the adamantane-containing amines with substituted iodopyridines
using unsupported Cu NPs.

5. N,N’-Diarylation of the Di- and Polyamines Using Cu(I) Catalysis

Naturally occurring diamines such as putrescine 201, cadaverine 202, and some polyamines,
are biologically active compounds which play a key role in cells’ proliferation and apoptosis [125],
and more and more attention is attracted to their N-aryl derivatives [126-128], E.g., such deriva-
tives of putrescine and cadaverine showed cytotoxic and antiproliferative activity [129],
N-(p-tolyl) substituted cadaverine, and hexane-1,6-diamine demonstrated an affinity to
NMDA receptors and antileishmaniasis activity [130,131].

We were mainly interested in the synthesis of N,N'-diarylsubstituted diamines and,
for this purpose, conducted a series of reactions of the diamines 200-203 with iodoben-
zene and some p-substituted derivatives (Scheme 14) [132]. The catalytic system Cul/L1
was shown to be optimal and the yields of the reaction products 204-207 reached 70-80%
in the best cases. It was noted that the electron-enriched p-iodoanisole was less reac-
tive, giving 20-50% yields of the target compounds 204e—207e; on the contrary, the reac-
tions with electron-deficient 4-iodobenzotrifluoride provided enough high yields of the
compounds 204d-207d.

R/©/I R R
2.5 equiv. \@NAM/\N@/

T
N
Z
> %
zZ
T
N

Cul/L1 H nH
200: n = 1 Cs,CO3, DMF 204a-e: n = 1, 42-75%
%8; n= % 140°C 205a—e: n = 2, 46-58%
203 2 ;4 R=H (a), Ph (b), F (C), 206a—e: n f 3, 22:532/0
CF3 (d), OMe (e) 207a-e: n = 4, 34-81%

Scheme 14. Cul-catalyzed N,N’-diarylation of the diamines 200-203 with substituted iodobenzenes.

The investigation of the N,N'-diarylation of the tatraamine 208 with iodobenzene and
a number of aryl iodides revealed that the best ligand in this case was L3 with MeCN as
a solvent (Scheme 15) [133]. Bromobenzene was shown to be equally reactive with this
tetraamine, which could be due to the coordination of copper to the tetraamine, resulting
in a higher reactivity of the catalytic species. On the other hand, it caused the side reaction
of the N-arylation of the secondary amino groups in the tetraamine, and moderate to
good yields of the target compounds 209a—g (42-67%) were obtained independently of the
electron properties of the substituents in iodobenzenes.

Further, several iodobenzenes were introduced in the reactions with the naturally
occurring tri- and tetra-amines 210-213 (Scheme 16). The yields of the target N,N’-diaryl
derivatives 214-217 varied substantially depending on the nature of the polyamines and
substituents in the aryl iodides. To note, in the case of 210 and 212, containing only
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trimethylenediamine moieties, the Cul/L3/EtCN catalytic system was more efficient, while
in the reactions of 211 and 213 with tetramethylenediamine fragments, Cul/L1/DMF
was found to act better. Again, p-iodoanisole provided the lowest yields of the target
compounds, and the N,N'-diarylation of 210 and 213 generally proceeded more smoothly
and resulted in higher yields of the products compared to the two other polyamines.

N Hal
R4
=

=
H 2.5 equiv. R | H N
HZN/\/\H/\/ \/\/NHZ A NSNS IS
CuliL3 N N \@R
208 Cs,C03, MeCN

reflux 209a, 65% (Hal = Br), 59% (Hal = 1)
R =H (a), 3-Me (b), 4-Cl (c), 4-Ph (d), 209b, 55% (Hal = Br), 67% (Hal = I)

3-CONE 4-(4-MeCOCgH,) (f 209c, 42% (Hal = 1)

oMe (gz) (e), 4-(4-MeCOCgH,) (f), 2000, 43% ((Hal 2D

209e, 58% (Hal = I
209f, 68% (Hal = 1)
2099, 52% (Hal = )

Scheme 15. Cul-catalyzed N,N’-diarylation of the tetraamine 208 with substituted halobenzenes.

: CullL1 or L3 R R
R T T
R Cs,CO3, EtCN or DMF N XN

210—-213 .
2.5 equiv. 110°C or 140°C H H
_ 214a-e, 21-75%
R =H (a), Ph (b), F (c), CF3 (d), OMe (e) 21536 35519,
216a-e, 17-38%
HZN/\/\N/\/\NH2 210, norspermidine 217a-e, 23-69%
H

H2N/\/\N/\/\/NH2 211, spermidine
H

HoN /\/\”/\/\”/\/\NH2 212, norspermine

H .
HZN/\/\H/\/\/N\/\/NHZ 213, spermine
Scheme 16. Cul-catalyzed N,N'-diarylation of the tri and tetra-amines 210-213 with substituted

iodobenzenes.

Oxadiamines, due to their hydrophilicity and chelating ability, are employed as flexible
linkers for the synthesis of biologically active compounds. The structure and the length
of the linker can modify the activity [134], and linkers can be incorporated in the organic
molecules [135-138] or serve as a bidentate ligand for binding two Pd or Pt complexes [139].

We investigated the N,N'-diarylation of three different oxadiamines, 218-220, varying
their length, and number of oxygen atoms and methylene groups between N and O atoms
(Scheme 17) [140]. Cul/L1 in DMF was shown to be the most active catalytic system, and
trioxadiamine 218 was reacted with a large series of aryl iodides. In the majority of cases,
the yields were good to high, attaining 91% in the case of 221m (with 4-CN substituent in
the phenyl ring). A lower, 43%, yield was recorded for the product 221s, obtained from the
electron-enriched p-iodoanisole, and, suddenly, the reactions with p-fluoroiodobenzene and
4-iodobenzotrifluorides gave very small yields of the target compounds 221h,k. Similar
observations were true for the two other oxadiamines, 219 and 220, which also encountered
difficulties upon reacting with these aryl iodides, especially with the latter one. On the
contrary, much higher yields were observed in the reactions with o-fluoroiodonbenzene
(77% yield of 221j and 58% yield of 222j).

Special investigations were also carried out to verify the absence of the side N,N-
diarylation process, which is common for palladium-catalyzed amination reactions. For
this purpose, diamines and oxadiamines were reacted with 10 equiv. of Phl and only the
traces of the polyarylated derivatives were detected in the reaction mixtures in several
cases. On the other hand, it helped to increase the yields of some N,N’-diphenyl derivatives
to 80-90%.
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« ! CuliL1 N RN UL NN
TR T |// s >
Cs,CO3, DMF, 140°C X 2
218—220 R R
221—223
Hal = Br,|
2.5 equiv.
X = CH,OCH,CH,0CH,CH,OCH,: 221
H N/\/\O/\/O\/\O/\/\NH 221a: R =H, 76% 221k: R = 4-CF3, 25%
2 2 221b: R = 3-Me, 65% 221I: R = 3-CF5, 21%
218 221c: R = 3-Br, 85% 221m: R = 4-CN, 91%
221d: R = 3-1, 53% 221n: R = 3-CN, 78%
HN o~ O ~\H 221e: R = 4-Ph, 65% 2210: R = 2-CN, 40%
2 . = [}
219 221f: R = 4-(4-MeCOCgH,), 72% 221p: R = 4-COPh, 71%
221g: R = 3-CONEty, 52% gg}ng = ;-P'Vrlfgg;/%%
221h: R = 4-F, 24% (35% with 4-bromoiodobenzene rR=5-Fn, 0
HN O ™, 221i:R = 3.F. 82% (35% ) 221s: R = 4-OMe, 43%
220 221J R= 2-F,‘ 77% 221t: R = 3-OMe, 64%
X = OCH,CH,0: 222 X = CH,0CH,CH,CH,CH,0CH,: 223
222f: R = 4-(4-MeCOCgH,4), 60% 223h: R = 4-F, 58% (48% with 4-bromoiodobenzene)
222g: R = 3-CONEt,, 52% 223i: R =3-F, 77%
222h: R = 4-F, 34% (54% with 4-bromoiodobenzene) 223j: R = 2-F, 30%
222i: R = 3-F, 70% 223k: R = 4-CF3, 28%
222j: R = 2-F, 58% 2231: R = 3-CF3, 91%

222k: R = 4-CF3, 14%
222I: R = 3-CF;, 98%

Scheme 17. Cul-catalyzed N,N'-diarylation of the oxadiamines 218-220 with substituted iodobenzenes.

6. N,N'-Diheteroarylation of Di- and Polyamines Using Cu(I) Catalysis

The next part of our research was dedicated to the N,N'-heteroarylation of the di- and
poly-amines. The diamines 200-203 reacted with 2- and 3-iodopyridines in the presence
of the Cul/L1 catalytic system, and the yields of the target dipyridinyl derivatives were
dependent on the nature of the diamines and were the highest for the shortest diamine
(compounds 224 and 228) (Scheme 18) [141]. The use of 20 mol% catalyst was crucial
for the N,N'-diheteroarylation; however, in many cases, monopyridinyl derivatives were
also isolated.

|
X | N
| P
N

= N7 ~ | ~ |

« | HzNMNHz N /WN N
/\M/\N N Cul/L1 n Cul/L1 H nH

nH Cs,CO; DMF 200: n =1 Cs,CO;3 DMF
140‘3C 201:n=2 140°C 228:n=1,70%

224:n=1,70% 202:n=3 229:n=2,45%
225:n=2,58% 203:n=4 230:n=3,74%
226:n=3,37% 231:n=4,26%

227:n=4,36%

Scheme 18. Cul-catalyzed N,N’-diheteroarylation of the diamines 200-203 with 2- and 3-iodopyridines.

More complicated were the reactions of tri- and tetraamine 210, 212, 232, and 233 with 2-
and 3-iodopyridines due to many side reactions such as the heteroarylation of the secondary
amino group and the N,N-diheteroarylation of the primary amino group (Scheme 19) [142].

In several cases, the formation of great amounts of monopyridinyl derivatives was ob-
served. Almost in every case, the adjustment of the catalytic system was needed, including
the ligands (L3 or L4), the catalyst loading, and a proper choice between 2-iodopyridine and
less-active 2-bromopyridine. As a result, it was possible to obtain the N,N'-di(pyridine-2-yl)
derivative of the triamine 234 and the N,N’-di(pyridine-3-yl) derivative of the tetraamine
241 in good yields (76 and 68%, respectively), while other products, 235-240, were iso-
lated in moderate yields: 30-52%. Spermidine 211 and spermine 213 reacted better with
2-bromopyridine and 3-iodopyridine, providing 50-64% yields of 242-245 (Scheme 20),
but they demanded the application of the another catalytic system, i.e., Cul/L1/DMF,
due to their lower reactivity, probably due to the presence of the tetramethylenediamine
moieties [141].
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« E\ CullL3 or L4 N
NN + —Hal ——M—> N N
HeN NH; N/) Cs,CO3, EtCN N H HON
210, 212, 232, 233 oBr 20 3 refiux
o 234: X = CH,NHCH,, 76% (2-IPy, L3)
235: X = CH,;NHCH,, 42% (3-IPy. L4)
HNT NN, 236: X = NHCH,CH,CH,NH, 32% (2-IPy, L3)
H 237 X = NHCH,CH,CH,NH. 32% (3-IPy. L3)
210 238: X = CHo;NHCH,CHaNHCH,, 52% (2-BrPy, L3)
H H 239: X = CHyNHCH,CHaNHCH,, 43% (3-IPy, L3)
N N 240: X = CH,;NHCH,CH,CH,NHCH,, 30% (2-IPy, L3)
HaNT T TN, 241: X = CH,;NHCH,CH,CH,NHCH,. 68% (3-IPy. L3)

232

H N Typical by-products
HZN/\/\N/\/ ~oN N2

H X X X X
233 | N//\H/\/ ~wh, N//\N/\/X\/\N P
H
H2N/\/\N/\/\N/\/\NH2 7 \
H H N
212 —

Scheme 19. Cul-catalyzed N,N' -diheteroarylation of the tetraamines 210, 212, 232, and 233 with 2-
and 3-iodopyridines.

H X
X B I /_I PO /\/\/N—I
NH | or | > H H Z
HZN/\/\N/\/\/ 2 N/ Br _ N
N N 242: 2-Py, 54%
211 243: 3-Py, 53%
H CuliL1 _ H H ~Ng
HZN/\/\N/\/\/N\/\/NH2 Cs,CO; DMF @N/\/\N/\/\/NV\/NAE/
Ho s 110°C Sy H H

244: 2-Py, 50%
245: 3-Py, 64%

Scheme 20. Cul-catalyzed N,N' -diheteroarylation of the naturally occurring triamine 211 and
tetraamine 213 with 2- and 3-iodopyridines.

The N,N’-diheteroarylation of the trioxadiamine 218 with 2- and 3-iodopyridines
as well as fluoro- and trifluoromethylsubstituted 2-bromopyridine was successful in the
presence of Cul/L1 (Scheme 21), giving good to high yields of the desired compounds.
Notable is the 79% yield of the compound 248, the product of the reaction with 2-bromo-
3-fluropyridine; in this case, the substitution at the ortho-position was unexpectedly
very efficient.

X
L o
2-1, 3-1 /" \N 7 \N
o} e Cul/L1 — 246: 2-Py, 57% —
HZN/\/\O/\/ V\O/\/\NHZ C5,00; DMF 247: 3Py, 73%

218 N 140°C
o
HN SN0 O™ g S e

D, O Q)

. J
et 248: R = 3-F, 79% e
249:R = 5-F, 64%

250: R = 4-CF3, 59%

251: R = 5-CF, 50%

252: R = 6-CF3, 58%

Scheme 21. Cul-catalyzed N,N'-diheteroarylation of the trioxadiamine 218 with 2- and 3-iodopyridines

and substituted 2-bromopyridine.

The possibility of introducing simple fluorophore groups such as naphthalene and
quinoline in the polyamines was shown using several exemplary reactions (Scheme 22) [143].
Triamine 210 reacted with 2-iodonaphthalene to give only an 18% yield of the target diaryl
derivative 253, while tetraamine 233 was able to produce the corresponding compound 254
in a 28% yield using less-active 2-bromonaphthalene. Note that the reaction of 210 with
2-bromonaphthalene afforded only monoaryl derivative 257 in 90% yields and the reac-
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tion of the tetraamine 233 with a more active 2-iodonaphthalene was totally non-selective.
Similar results were obtained when reacting tri- and tetra-amines with 6-bromoquinoline
(formation of monoquinolinyl derivative of the triamine 259 and N,N’-diquinolinyl deriva-
tive of the tetraamine 256). These facts demonstrate a strong dependence of the reactivity
of polyamines on the number of ethylenediamine and trimethylenediamine fragments in
their structure, as well as on the activity of (hetero)aryl halides.

HNS XN

Hal

o G N
s

Y

253: X = CH,NHCH,, 2-Np, 18% (2-INp)

Y=CH Hg=Br,| 254 X=CHNHCH,CH,NHCH,, 2-Np, 28% (2-BrNp)

Y=N Hig2Br 255: X = CH,0CH,CH,OCH,CH,OCHs, 2-Np, 46% (2-INp)
HN" X NH, : 256: X = CH,NHCH,CH,NHCH,, 6-Quin, 32%

Cul/L1 or L3
210, 218, 233 EtCN or DMF HN/\/X\/\NHZ
110°C or 140°C
Cs,CO;4
|
HoNT >N N, =Y

21
0 N 257: X = CH,NHCH,, 2-Np, 90% (2-BrNp)
HzN/\/\N/\/ a~NH, 258: X = CH,0CH,CH,0CH,CH,0CH,, 2-Np, 17% (2-INp)
233 259: X = CH,NHCH,, 6-Quin, 75%
o
218

Scheme 22. Cul-catalyzed N,N'-di(hetero)arylation of the polyamines 210, 218, and 233 with 2-bromo-
and 2-iodonaphthalenes and 6-bromoquinoline.

Trioxadiamine 218 was less active and helped to produce its N,N'-dinaphthyl deriva-
tive 255 in a higher yield (46%) using 2-iodonaphthalene.

The reactions of the triamine 210 and several tetraamines 212, 232, and 233 with 3-
iodothiophene were run in the presence of Cul/L3 in boiling EtCN, and the yields of the
desired N,N’-diheteroaryl derivatives 260-263 were also strongly dependent on the nature
of the starting polyamines (Scheme 23) [144]. The highest yield (60%) was obtained with
the tetraamine 212, possessing only trimethylenediamine moieties.

s

X S — _— 260: X = CH,NHCH,, 19%
AKX 5 S 261: X = NHCH,CH,CH,NH, 46%
HyN NH, _ X ~
Cul/L3/EtCN NS K 262: X = CH,NHCH,CH,NHCH,, 37%
210, 212, 232, 233 Cs,CO3, reflux H H 263: X = CH,NHCH,CH,CH,NHCH,, 60%
HNT N T N, HQN/\/\N/\/N\/\/NH2
210 233

HZN/\/N\/\/N\/\NHZ HNT >N TN TN,
232 212

Scheme 23. Cul-catalyzed N,N’-di(hetero)arylation of the polyamines with 3-iodothiophene.

7. Copper-Catalyzed Amination in the Modifications of the Aza- and
Diazacrown Ethers

Our investigations of the synthesis of the macrocycles definitely showed that copper
catalysis is not applicable to this process, as all macrocyclization reactions require diluted
enough conditions and Cu-catalyzed amination normally proceeds at 0.25-0.5 M concentra-
tions of the reagents. However, it can be used for some modifications of the macrocycles
possessing iodobenzyl substituents. It was shown to be possible to synthesize diamino
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derivatives of the azacrown ethers using this approach (Scheme 24). The reactions of N-(3-
iodobenzyl)-substituted 1-aza-18-crown-6 264 were successfully aminated with the excess
of the diamines 200 and 201, and the oxadiamines 218 and 219 to give the corresponding
derivatives 265-268 in 50-80% yields [145].

HoNT X7 ONH,

200, 201, 218, 219 (\O/ﬁ Ny

[0 Nj\©/l 2 equiv. [Z

o o Cul/L3/EtCN

K/o\) Cs,CO3, reflux K/o\)

264 265: X = CH,, 80%
266: X = CH,CH,, 50%
267: X = CH,OCH,CH,OCH,, 50%
268: X = CH,CH,OCH,CH,OCH,CH,0CH,CH,, 65%

Scheme 24. Cul-catalyzed amination of 3-iodobenzyl-substituted 1-aza-18-crown-6 ether 264.

Note that the isomeric N-(4-iodobenzyl) derivative was much less reactive and pro-
vided 20% or less yields of the monoamination products. This method can be employed
in the synthesis of bismacrocyclic compounds with the trioxadamine linkers 270 and 271;
in this case the excess of azacrown derivatives should be used (Scheme 25). Also, the
diamination of the N,N’-di(3-iodobenzyl) derivative of diazacrown 272 was carried out
using an excess of propane-1,3-diamine 200 and trioxadiamine 218, with the yields of the
corresponding products 273 and 274 being 36 and 76%, respectively.

— — {( o 0o 0 )
( 0 ¢ © ) (f\o/\)m NH HN
ko% N e HoN o) N/\Ej @_\ —

N O
o o \>
Cul/L2/DMF p— 5
— ijﬁ% 270:n=2,17% o
264:n=2 271:n=1,22% n
269:n=1

2 equiv.
/~\ //@
o) o) N/\X/\NHQ
SN
N N (0] [¢]
Q_ J HoNT X7 NH, [ j
o o 200, 218 o o
—/ _ dequiv. LN i >
| | CUlL1/EtCN z
272 Cs,CO5
reflux

273: X = CHy, 36%

274: X = CH,CH,(OCH,CH,); 76%
Scheme 25. Cul-catalyzed N,N’-diarylation and diamination of the derivatives of the aza- and
diazacrown ethers.

The attempts to apply the analogous reactions to the iodobenzyl derivatives of por-
phyrins were not successful and the introduction of the diamine and oxadiamine moieties
in these compounds could be achieved only using Pd-catalyzed amination reactions [146].

8. Chan-Lam Reactions for the Arylation of Adamantane-Containing Amines,
Diamines and Oxadiamines

At the present time, the amines” arylation with arylboronic acids and their derivatives
known as the Chan-Lam reaction has been developed steadily [147], and we also explored
this alternative to arylation with aryl halides. At first, we optimized the reaction conditions
using a model p-tolylboronic acid in the reactions with various adamantane-containing
amines (Scheme 26). Standard copper (II) acetate in MeCN in the presence of DBU (2 equiv.)
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and the use of p-tolylboronic acid excess were found to provide the highest yields. They
ranged from 58 to 74% for the N-tolyl derivatives 17, 275-278.

CHj
B(OH
x NH, O cuoac)H,0 Y—Nf
20 mol% YV
DBU (2 equiv.)
MeCN, r.t.
1,3,4,28,29
2 equw. 17: X =2-(CH,CH,), 60%
275: X = 1-(OCH,CH,), 63%
276: X = 1-CH,, 74%
277: X = 2-(CH(CH3)CH,), 66%
278: X = 2-(CH(C2H5)CH,), 58%

Scheme 26. Chan-Lam N-arylation of the adamantane-containing amines with the model p-

tolylboronic acid.

The possibility of introducing naphthalene and quinoline moieties in the adamantane-
containing amines using this method was also shown (Scheme 27). The reactions with
2-naphthalenelboronic acid gave 34-66% yields of the corresponding derivatives 279-282,
while the reactions with 6-quinolinyl picolinyl borate produced the compounds 158, 160,
161, and 283 in 54-79% yields.

/X_NHz BR, Cu(OAc)2-H,0 X-NH
@ e X 20 mol% %
—
Y DBU (2 equiv.)
MeCN, r.t.
1,3,4,28 Y = CH, BR, = B(OH),
o 279: X = 1-(OCH,CHy), Y = CH, 44% 158: X = 1-(OCH,CH,), Y = N, 63%
Y =N, BR, = ﬁs 280: X = 2-(CH,CHy), Y = CH, 54% 160: X = 2-(CH,CH,). Y = N, 54%
281: X = 1-CH,, Y = CH, 34% 161: X = 1-CHy, Y = N, 58%
2 squiv. 282: X = 2-(CH(CH3)CHy), Y = CH, 66%  283: X = 2-(CH(CH3)CHy), Y = N, 79%

Scheme 27. Introduction of the naphthyl and quinolinyl substituents to adamantane-containing

amines via Chan-Lam reaction.

At the next step, the conditions for the N,N’-diarylation of the diamines 200203
and the oxadiamines 218-220, 284 were elaborated (four equiv. of p-tolylboronic acid
and three equiv. of DBU), and the corresponding target compounds 285-288 and 289-292
were synthesized (Scheme 28) [148]. Except for the propane-1,3-diamine 200 with the
shortest chain, which obviously formed an inert complex with the Cu(II) cation, the other
diamines and all of the oxadiamines provided good to high yields of the N,N’-darylated
products (46-80%). Thus, the Chan-Lam reaction can be judged as a valuable prospective
addition to the previously developed methods for the introduction of the aryl and heteroaryl
substituents in the adamantane-containing amines, diamines, and oxadiamines.

B(OH)2 HsC CH
Cu(OAc), (20 mol% 3 3
HoN" X7 NH, + /©/ Ok K \©\ /©/

H,C DBU, 3 equiv.
200-203, 218—220, 284 4 equiv, MeCN, r.t. H H
285: X = CH,, 16%
286: X = CH,CH,, 60%
287: X = (CHy)3, 46%
288: X = (CHy)4, 51%

289: X = CHzoCHchzoCHz, 72%

290: X = CH,CH,O(CH,),0CH,CH,, 70%

291: X = CH,OCH,CH,0CH,CH,OCH, , 80%

292: X = CHzcHzoCHchzoCHchzoCHchz, 50%

Scheme 28. N,N'-diarylation of the diamines and oxadiamines with the model p-tolylboronic acid.
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9. Conclusions and Prospects

The results presented in this review clearly demonstrate wide possibilities of copper-
catalyzed amination reactions for the synthesis of N-(hetero)aryl derivatives of the valuable
adamantane-containing amines, diamines, oxadiamines, and polyamines. The reactions
catalyzed by the most-commonly used Cul were shown to proceed in DMF at 140 °C or in
DMSO at 110 °C in the presence of O,0O-ligands (2-isobutirylcyclohexanone and rac-BINOL),
in the case of the adamantane-containing amines, diamines, and oxadiamines or in the
presence of N,O ligands (proline, N,N-dimethylglycine) in the case of tri- and tetra-amines.
Under these conditions, iodoarenes and iodopyridines were found to be substantially more
reactive than their bromosubstituted analogues, although with certain exclusions. Thus,
bromobenzene and 2-bromopyridine were suitable for reactions with some polyamines, and
more reactive F- and CF3-substituted 2-bromopyridines were successfully employed in reac-
tions with the adamantane-containing amines. The majority of the adamantane-containing
amines were found to normally participate in the copper-catalyzed N-(hetero)arylation
reactions; nevertheless, several bulky amines with enough hindered amino groups were
reluctant in this process and could provide target products in normal yields only in the
Pd-catalyzed amination reactions. Copper-catalyzed amination has an important advan-
tage over its Pd-catalyzed alternative, as it does not afford N,N-diarylation products even
in the presence of a great excess of the aryl halide. On the other hand, some drawbacks
should be mentioned such as insufficient yields of the N,N’-diaryl compounds in certain
cases due to the formation of substantial amounts of mono-derivatives. Another drawback
is a possibility of the side reaction of the secondary dialkylamino group arylation in linear
polyamines. At last, the reactions need concentrated solutions making macrocyclization
reactions impossible.

The possibility of using commercially available Cu and CuO nanoparticles for re-
actions with the adamantane-containing amines has been investigated recently, and the
possibility of obtaining high yields of the N-aryl derivatives was demonstrated. An impor-
tant advantage of this approach is the possibility of reuse of the catalyst for up to seven
cycles without a loss of reactivity. Further development of this method is required to
engage di- and poly-amines in (hetero)arylation using copper nanoparticles. Equally, it is
important to continue investigations revealing the action of nano catalysts, metal leaching
during the reaction, and catalyst reusability to study the dependence of the catalyst activ-
ity on the ligands and solvents employed. This first successful syntheses of the arylated
adamantane-containing amines, diamines, and oxadiamines under the conditions of the
Chan-Lam reaction indicate a need to further search for its scope and limitations with our
compounds and the application of the copper nanocatalysts in this process.
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Abstract: Carbon—carbon bond formation is one of the most important tools in synthetic organic
chemists’ toolbox. It is a fundamental transformation that allows synthetic chemists to synthesize the
carbon framework of complex molecules from inexpensive simple starting materials. Among the
many synthetic methodologies developed for the construction of carbon-carbon bonds, organocopper
reagents are one of the most reliable organometallic reagents for this purpose. The versatility of
organocuprate reagents or the reactions catalyzed by organocopper reagents were demonstrated
by their applications in a variety of synthetic transformations including the 1,4-conjugate addition
reactions. Sulfur-containing heterocyclic compounds are a much less studied area compared to
oxygen-containing heterocycles but have gained more and more attention in recent years due to
their rich biological activities and widespread applications in pharmaceuticals, agrochemicals, and
material science. This paper will provide a brief review on recent progress on the synthesis of
an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones via the
conjugate additions of Grignard reagents to thiochromones catalyzed by copper catalysts. Recent
progress on the synthesis of 2-substituted thiochroman-4-ones via alkynylation and alkenylation of

thiochromones will also be covered in this review.

Keywords: organocopper reagents; Cu catalysts; 1,4-conjugate addition; sulfur heterocycles; thiochromone;
thioflavanones; 2-alkylthiochroman-4-ones

1. Introduction

Carbon-carbon bond formation is one of the most important tools in synthetic organic
chemists” toolbox. It is a fundamental transformation that allows synthetic chemists to
synthesize the carbon framework of complex molecules from inexpensive simple start-
ing materials. Among the many synthetic approaches developed for the construction of
carbon—carbon bonds, organocopper reagents are one of the most reliable organometallic
reagents for this purpose [1-8]. A wide range of organocopper reagents were developed for
carbon—carbon bond formations [2]. Organometallic reagents catalyzed by copper (I) salts
or/and organocopper reagents were successfully employed to construct carbon—carbon
bonds sp, sp?, and sp® carbon centers [2]. The applications of cuprate reagents in a va-
riety of synthetic transformations including the 1,4-conjugate addition reactions further
demonstrated their versatility and usefulness [2,3]. Although the conjugate addition of
stoichiometric amount of organocuprates to thiochromones were also reported [9,10], this
review will focus on recent progress on the conjugate additions of organocopper reagents
to thiochromones especially those using catalytic amount of copper (I) salts in the synthesis
of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones.
Other synthetic approaches to 2-alkylthichroman-4-ones and thioflavanones were well
summarized in a recent review article [11] and this review aims to provide more details
on the progress on synthesis of 2-substituted thichroman-4-ones via conjugate addition of
Grignard reagents catalyzed by copper salts. This review also aims to give an introduction
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to the history, development of the organocuprates and especially their applications in the
synthesis 2-substituted thiochroman-4-ones. Progress on the synthesis of 2-substituted
thiochroman-4-ones via alkynylation and alkenylation of thiochromones will also be cov-
ered in this review as they represent a nice addition to the existing synthetic approaches
towards the synthesis of 2-substituted thiochroman-4-ones.

Sulfur-containing heterocycles are important due to their widespread presence in
numerous bioactive natural products as well as pharmaceuticals [12-15]. They have
widespread applications in many areas including biology, medicinal chemistry, food chem-
istry, and material science [16-22]. The improvement of the bioavailability and bioactiv-
ity was reported by the isosteric replacement of an oxygen atom by a sulfur atom [23],
but sulfur-containing heterocyclic compounds are a much less studied area compared to
oxygen-containing heterocycles. Due to their widespread applications and rich biological
activities, the development towards an efficient synthetic approach to sulfur-containing
compounds received more and more interest from both industry and academia. This paper
will provide a brief review on recent progress on the synthesis of an important class of
sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones via the conjugate addi-
tions of Grignard reagents to thiochromones catalyzed by copper catalysts. Recent reports
on the synthesis of 2-alkynyl thiochroman-4-ones and 2-alkenylation thiochromones will
also be covered in this review. This review aims to cover recent progress on the addition of
alkyl, aryl, alkenyl, to thiochromones via 1,4-conjugate addition of Grignard reagents as
well as the formal conjugate addition of alkynyl groups to thiochromones catalyzed of Cu
(I) salts.

1.1. Introduction to the Pioneering Studies on Organocopper Reagents

Among the many synthetic approaches developed for the construction of carbon—carbon
bonds, organocopper reagents are one of the most reliable organometallic reagents for this
purpose [1-8]. Among the earliest examples of organocopper chemistry is Glaser’s employ-
ment of alkynylcopper reagents in the synthesis of diynes from terminal alkynes in 1870 [24].
Other pioneering studies on organocopper chemistry include the copper-catalyzed Ull-
mann biaryl synthesis [25] and aryl ether synthesis [26]. Only after more than 50 years
later, in 1923, Reich successfully used copper (I) Iodide and phenyl magnesium bromide (1)
to prepare phenyl copper [27] (i.e., 2, Figure 1). This was groundbreaking in terms of the
development of organocopper reagents, as this was the first preparation of a stoichiometric
organocopper reagent and, thus, it marked the beginning of organocopper chemistry.

MgBr Cu
+ Cul >

1 2

Figure 1. Phenyl copper prepared from phenyl magnesium bromide.

Since the groundbreaking preparation of phenyl copper, much progress in the field of
organocopper reagents was reported. For example, more than a decade later, Gilman and
Straley demonstrated the synthetic potential of a mono-organocopper reagent when they
successfully prepared the first mono-alkylcopper reagent (i.e., ethylcopper) from copper (1)
iodide (Cul) and ethyl magnesium iodide (EtMgI) [28] in 1936. Five years later, Karasch [29]
discovered the 1,4-conjugate addition of Grignard reagents to «, 3-unsaturated ketones
catalyzed by copper (I) chloride. This is a very important discovery as it showed that copper
(I) salts such as CuCl can selectively affect the 1,4-conjugate addition of Grignard reagents to
o, B-unsaturated ketones over 1,2-additon to carbonyl group. Later, the first organocuprate
reagent, lithium dimethylcuprate (Me,CulLi), was prepared and used in the acylation
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reactions for ketone synthesis by Gilman in 1952 [30]. These lithium dialkylcuprates were
later named “Gilman” reagents in honor of Gilman for his pioneering contributions in this
area (Figure 2).

CuX + 2RLi RoCulLi + LiX

Gilman Reagent X = CN, or halides

Figure 2. The First Dialkylcuprate Reagent Prepared by Gilman.

Stoichiometric lithium dialkylcuprates (i.e., RyCuLi) were later used by House and
Whitesides to effect 1,4-conjugate addition to «, -enones [31]. This reaction was highly
chemoselective (i.e., 1,4-adduct vs. 1,2-adduct), affording an excellent chemical yield
(1,4-adduct vs. 1,2-adduct) and high reproducibility [31]. Thus, this reaction by House
and coworkers further demonstrated that cuprates are the reactive species in Karasch’s
CuCl catalyzed 1,4-addition of MeMgBr to «,3-enones. Although the reactive species was
not clear at that time, Karsch observed that Grignard reagents underwent 1,4-conjugate
addition to «,[3-enones instead of 1,2-addition to afford the 1,4-adducts selectively in
the presence of only 1% copper (I) salt [29]. Grignard reagents usually underwent the
1,2-addition pathway over 1,4-additon without addition of copper (I) salt. This pioneering
discovery opens the door for many synthetic applications of copper-catalyzed Grignard
reagents. Although there are problems of reproducibility, copper-catalyzed Grignard
reactions are highly synthetically useful due to the readily availability from commercial
sources as well as the easy preparation of Grignard reagents from corresponding halides.
Later, the reproducibility problem can be solved by using highly pure, and stable copper
salts such as CuBreSMe; and CuCN that are soluble. The utility of copper-catalyzed
Grignard reagents increases with the reproducibility problem minimized. One of the
drawbacks of organocuprates is they usually require the stoichiometric amount of Cu
(I) salts. Using excess copper () salt is always less appealing from an environmental
consideration. If problems such as low reproducibility and the competing side reactions
(i.e., competition of 1,2-addition by orgnolithium and Grignard reagents) can be solved,
it is always more appealing to develop and use procedures that only require catalytic
amount of copper (I) salt than stoichiometric amount of organocuprate reagents. This
paper will provide a brief review on recent progress on the conjugate additions of Grignard
reagents to thiochromones catalyzed by copper catalysts as they provide a quick entry into
an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones.
The progress on the 1,4-additions of alkenyl Grignard reagents promoted by TMSOT{ and
the formal conjugate addition of alkynyl groups to thiochromones catalyzed by Cu (I) salts
will also be covered as they represent nice addition to the existing synthetic approaches to
2-substituted thiochroman-4-ones.

Organocopper reagents can be readily prepared from a copper (I) salt and the corre-
sponding Grignard reagents or organolithium reagents. This can be carried out by adding
one equivalent of organolithium reagent (RLi) or Grignard reagents (RMgX) to a copper (1)
salt. Organocopper reagents could be very efficient reagents based on the organic group
transferred, as only one valuable ligand is required here. However, the synthetic appli-
cations of this reagent were very limited at the early stage of discovery because of the
insoluble nature of some organocopper reagents and, thus, lack of reactivity. For example,
methyl copper is a yellow polymeric precipitate [32] in diethyl ether and, as a result, not
very reactive, which limited its synthetic applications. Recent advances in combining Lewis
acids, such as TMSCI or BF3eOEt;, with organocuprates such as alkylcopper reagents led to
improved reactivity of these reagents and, thus, made them more useful tools for modern
organic synthesis [2].

Although the conjugate addition of stoichiometric amount of organocuprates to
thiochromones were also reported, [9,10] this paper will focus on recent progress on the
conjugate additions of organocopper reagents to thiochromones, especially those using
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a catalytic amount of copper (I) salts in the synthesis of an important class of sulfur-
heterocycles-2-alkylthiochroman-4-ones and thioflavanones. The ability to add alkenyl and
alkynyl groups are highly desirable in organic synthesis. This review will also cover the re-
cent progress on the synthesis of 2-alkynyl thiochroman-4-ones via the Cu-catalyzed formal
conjugate addition of alkynyl groups to thiochromones and 2-alkenylation thiochromones
via 1,4-additions of alkenyl Grignard reagents promoted by TMSOTf.

1.2. Significance of Sulfur-Containing Heterocycles-Thiochromanone Derivatives

Due to their wide presence in numerous pharmaceutical active molecules as well as in
many bioactive natural products [12-15], sulfur-containing heterocycles played a very important
role in our daily lives. Sulfur-containing heterocycles are also widely used in areas, such
as medicinal chemistry, material science, food industry, and biology in recent years [16-22].
Although improved bioavailability and bioactivity of compounds are expected via the
isosteric replacement of an oxygen atom by a sulfur atom [23], heterocyclic compounds
contained sulfur are a much less studied area compared to heterocycles contained oxygen.
The development of efficient synthetic approaches to sulfur-containing compounds received
more and more interest both in industry and academia in recent years. This is mostly due
to the rich biological activities that sulfur-containing compounds display as well as their
widespread applications in many areas including pharmaceutical, agrochemical, biology,
food chemistry, and other areas. Sulfur-containing heterocycles were found to display rich
biological activities. For example, they were found to display cytotoxic effects on tumor cells
in vitro [33], cytotoxic activities and the in vitro antileishmanial [34]. Sulfur heterocycles were
also reported to be able to kill tumor cells by inducing tumor cell apoptosis [35]. The sulfur
analogues of flavonoids, i.e., thioflavonoids, [36-39], were reported to possess rich biological
activities. They were reported to have the ability to inhibit nitric oxide production, and to display
antimicrobial, antifungal, and antioxidant properties, etc. [40—48]. Thiochromanones, i.e.,
thiochroman-4-ones, 2-substituted thiochroman-4-ones such as 2-alkylthiochroman-4-ones,
and 2-arylthiochroman-4-ones (thioflavanone), are vital precursors and valuable synthons
for the synthesis of thiochromanone derivatives for the study of biological activities [49-56].

2. Cu-Catalyzed Conjugate Addition of Grignard Reagents to Thiochromones

Carbon-carbon bond formation is one of the most important transformations in the
synthesis of carbon framework of complex molecules in organic synthesis. Carbon-carbon
bond formation is one of the most important tools in a synthetic organic chemist’s toolbox.

Among the many synthetic approaches developed for the efficient construction of
carbon—carbon bonds, the 1,4-conjugate addition reaction of various organometallic reagents,
including Grignard reagents (RMgX, X = Br, Cl, I), represented one of the most reliable
synthetic methods for this purpose in organic synthesis [57]. It is well known that Grignard
reagents usually undergo 1,2-addition to «, B-unsaturated carbonyl compounds selec-
tively over 1,4-addition pathway without the addition of catalysts, such as Cu (I) salts. It
was reported that Cu (I) salts effectively catalyzed the 1,4-conjugate addition of Grignard
reagents to carbonyl compounds [29,57]. This kind of Cu (I) salt catalyzed reaction of
Grignard reagents usually gave excellent regioselectivity (i.e., 1,4-addition vs. 1,2-additon
pathway) as exclusive 1,4-adducts were observed [29,57]. Recently, a unified approach to
2-substituted thiochroman-4-ones-2-alkyl thiochroman-4-ones, 2-aryl thiochroman-4-ones
(thioflavanones) via Cu-catalyzed 1,4-conjugate addition of Grignard reagents to
thiochromones was reported by our research group (Figure 3) [58]. This unified approach
took advantage of the readily available of Grignard reagents, the ease in preparation from
corresponding halide compounds, and the broad scope of Grignard reagents (Figure 3) [58].
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Figure 3. Copper-Catalyzed Conjugate Addition of Grignard Reagents to Thiochromones.

The investigation started with n-butylmagnesium chloride with thiochromone 3A
(Figure 4). It was reported that an excellent yield (89%) of 1,4-adduct, 2-n-butylthiochroman-
4-one 4a can be attained when TMSCl was used as the additive with 2.0 equivalent of LiCl
and 1.0 equivalent of CuCN (Figure 4). The optimization of reaction conditions found
that the use of 0.2 equivalent of CuCN-2LiCl offered the highest yield of 1,4-adduct with
TMSCI as the additive. When a smaller amount of CuCN-2LiCl (0.1 equivalent) was used,
no significant change of the yield of 1,4-adduct 4a (85% vs. 89%) was observed [58].

(o] (o]
1. n-BuMgClI (1.5 eq)
2. CuCNe<2LiCl
TMSCI, THF
3 0°CtoRT S
3A 4a

89%
Figure 4. Copper-Catalyzed Conjugate Addition of n-BuMgCl to Thiochromones.

With this optimal reaction condition found, the scope of Grignard reagents was then in-
vestigated. A broad scope of Grignard reagents added to thiochromone 3A to in 1,4-additon
fashion to afford 1,4-adducts 4a—h with good chemical yields (Figure 5, 64-88%). Simple
Grignard reagents underwent 1,4-conjugate addition to thiochromone 3A smoothly to de-
liver 1,4-adducts 4a—4d with excellent efficiency (Figure 5, 75-88%). Steric bulkier Grignard
reagents were less reactive and afford lower yields presumably due to steric hindrance
(Figure 5, 4e, 69% and 4f, 64%). Grignard reagents prepared from corresponding cyclic
halides also worked well (Figure 5, 4g, 82% and 4h, 85%) [58].

Under these optimal reaction conditions, aromatic Grignard reagents also underwent
conjugate addition to thiochromones smoothly (Figure 6). PhMgBr added to thiochromone
3A toin 1,4-additon fashion with high efficiency (Figure 6, 5a, 89%). Grignard reagents with
electron-donating groups such as “-Me”, “-OMe” on the aromatic ring were found to be
effective too (5b-d, 80-90%). Grignard reagents with strong electron-withdrawing groups
such as “-CF3” on the aromatic ring also worked well in 1,4-addition fashion (5e, 70%).
Grignard reagents prepared from extended aryl bromides also underwent 1,4-conjugate
addition to thiochromone 3A smoothly to afford 1,4-adducts with high chemical yields (5f,
84%; 5g, 78%). Furthermore, Grignard reagents prepared from corresponding aromatic
heterocycle halides such as 2-furyl)magnesium bromide and 2-thienylmagnesium bromide
were also tolerated (5h, 79%; 5i, 75%, Figure 6) [58].
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o) 1. CUCNe2LiCI 0
2. RMgX (1.5 eq)

s 3. TMSCI (2.0 eq) s” R
THF, 0°C to RT
X = Br, CI. R = alkyl

4a-h

4a, 88% 4b, 75% 4c, 79% 4d, 86%
O] @)
4e, 69% 4f, 64% 49, 82% 4h, 85%

Figure 5. Copper-Catalyzed Conjugate Addition of RMgX to Thiochromones.

(o) 1. CUCNe2LiCI
2. ArMgX (1.5 eq)

S 3. TMSCI (2.0 eq)
THF, 0 °C to RT
X = Br, Cl. Ar = aromatic
(@] (0]

©fi
o Yo ‘ﬁé

()]

5a, 89% 5b, 90% 5¢c, 83%
0 (e}
Cot C
CF
U ) 3
5d, 80% 5e, 70% CF3 5f, 84%
(@) 0
59, 78% 5h, 79% 5i, 75%

Figure 6. Copper-Catalyzed Conjugate Addition of ArMgX to Thiochromones.

124



Catalysts 2023, 13,713

A broad scope of thiochromones worked well under the reported optimal reaction
condition (Figure 7). It was reported that n-BuMgCl underwent 1,4-conjugate addition
to thiochromones 3B-3P smoothly (Figure 7, 4Ba-40a, 73-86%). Thiochromones bear-
ing simple alkyl groups reacted well to afford 4Ba—4Da in good yields (80-84%). The
steric hindered t-butyl group were also tolerated to afford 1,4-adduct 4Ea with 75% yield.
N-BuMgCl also added to thiochromones bearing halides on the aromatic ring (i.e., F,
Br, and Cl) to deliver 1,4-adducts in good yields (Figure 7). N-BuMgCl also underwent
1,4-conjugate addition with thiochromones with two halides on the aromatic ring, such as
6,8-difluorothiochromanone and 6,8-dichlorothiochromone with good efficiency (4Ka, 73%
and 4La, 77%, Figure 7). Thiochromones bearing electron-donating groups, such as MeO-,
also worked well (Figure 7, 4Ma, 86%; 40a, 85%). Extended thiochromone 3P also worked
well (Figure 7, 4Pa, 71%) [58].

0 1. CUCNe2LiCl 0
N 2. n-BuMgCl (1.5 eq) (ilj\m
IS8 R e
2 3. TMSCI (2.0 eq) F g Me

THF, 0 °C to RT

3B-P 4
Me\di/\/ Mem/v
S Me s s
Me
4Ba, 83% 4Ca, 84% 4Da, 80%

o] (o] (o]
t_Bum/\/ Clm/\/m\d‘j\/\/
S S S

4Ea, 75% 4Ga, 80% 4Ha, 79%
(o] (o] (o]
Fm\/ F cl
S S S
F Cl
4la, 74% 4Ka, 70% 4La, 77%

(o] (o] (o]
Meom\/ MeOD\)Jj\/\/ “\)ﬁ\/\/“
S MeO S S
4Ma, 86% 40a, 85% 4Pa, 71%

Figure 7. Copper-Catalyzed Conjugate Addition of ArMgX to Thiochromones.

With the employment of PhMgBr, the scope of substituted thiochromones was also
explored to synthesize various thioflavanones, an important class of thiochromone deriva-
tives with rich biological activities. Thiochromones bearing electron-donating or electron-
withdrawing groups on the aromatic ring were investigated with PhMgBr. PhMgBr
added to thiochromones 3B-3P in 1,4-additon fashion smoothly to afford 1,4-adducts-
thioflavanones in good yields (Figure 8). For example, with simple alkyl groups on the
aromatic ring of thiochromones, thioflavanones 5Ba—-3Ea can be isolated in good yields
(Figure 8, 83-88%). Thiochromone bearing bulky groups (i-Pr) were also tolerated (Figure 8,
5Fa, 77%). PhMgBr also worked well with thiochromones bearing halides (i.e., F, Br,
and Cl) on the aromatic ring (Figure 8, 5Ga-5Ia, 78-82%). PhMgBr also underwent 1,4-
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conjugate addition with thiochromones with two halides on the aromatic ring, such as
6,8-difluorothiochromanone and 6,8-dichlorothiochromone with good efficiency (Figure 8,
5Ka, 70% and 5La, 76%). Electron-donating groups, such as MeO-, also underwent smooth
1,4-conjugate addition to thiochromones to deliver 1,4-adducts in excellent chemical yields
(5Ma, 84% and 5Na, 83%). PhMgBr also adds to 8-substituted thiochromones (8-i-Pr,
8-MeO-) with good yields (5Fa, 77%, 5Ma, 81%). This indicates that the steric hindrance
was not a problem here. Thiochromones with extended aromatic structures also under-
went 1,4-conjugate addition with PhMgBr with high efficiency (Figure 8, 50a, 81%; 5Pa,
80%) [58].

0 1. CUCNs 2LiCI
N 2. n-BuMgCI (1.5 eq) N
R | - R
S 3. TMSCI (2.0 eq) Z s
3B.P THF, 0 °C to RT 5
(0] fe) (o]
“C “ ®
S O Me s S
Me
5Ba, 86% 5Ca, 88% 5Da, 83%
o o
Me cl
o~ ® L
5 ®
5Ea, 85% 5Fa, 77% 5Ga, 82%
0 o 0
e h® C
ay e s
5Ha, 80% 5la, 78% 5Ja, 75%
o 0
o)
S O
) g (L,
F
cl OMe O
5Ka, 70% 5La 76% 5Ma, 81%
0 o 0
MeO
A Ty (A
5Na, 83% 50a, 81% 5Pa, 80%

Figure 8. Synthesis of thioflavanones.
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3. Enantioselective Cu-Catalyzed Conjugate Addition of Grignard Reagents
to Thiochromones

Recently, an enantioselective Cu-catalyzed conjugate addition of Grignard reagents
to thiochromones was also reported [59]. The screening of the reaction conditions found
that a combination of copper salt, CulMeCN]4PF¢, and chiral ligand, (R, S)-PPF-P'Buy, in
DCM with TMSCI as the additive offered the best chemical yield (73%) as well as the best
enantioselectivity (82% ee) of 1,4-adduct 4b (Figure 9).

% o} . Me

1. MeMgBr LI:
2. Cu(MeCN),PFq
L1 Q P'Bu,
| o PPh;
s TMSCI, DCM s Me @
3A -75°C, 15 hr 4b

Figure 9. Enantioselective Cu-catalyzed conjugate addition of MeMgBr to thiochromones.

The optimal reaction condition was ultimately determined to be 0.2 mmol thiochromones
in 4 mL DCM with 5 mol% Cu[MeCN]4PFs and 6 mol% (R, S)-PPF-P'Bu, at —75 °C
using TMSI as the additive [59]. With this optimal reaction in hand, both the scopes of
thiochromones and Grignard reagents were explored. Thiochromones with electron donat-
ing groups such as MeO or Me undergo conjugate addition with MeMgBr smoothly to af-
ford 1,4-adducts 7a-g in good to moderate yields and enantioselectivites (Figure 10, 59-99%
yields, and 72-87% ee). Lower enantioselectivies were observed with thiochromones with
F, Cl, Br, CF; groups (7h—m, 38-73% ee, Figure 10). Thiochromones with extended aro-
matic group also reacted with MeMgBr to afford 1,4 adduct 7n in 69% yield and 66% ee
(Figure 10). Alkyl Grignard reagents except MeMgBr gave modest to good yields (41-92%)
but with poor enantioselectivities (1-18% ee) [59].

1. RMgBr ¢}
2. Cu(MeCN);PFg, 5 mol%
_ LlLemol% ; IS P'Buz
R1—|
TMSCI, DCM

-75°C, 20 hr

Cﬁiwcfidiwcfi

7a, 93% yield, 87% ec 7h, 72% yield, 85% ee Te, 59% yield, 78% 7d, 87% yield, 83%

Te, 98% yield, 83% ce

7f,99% yield, 72% ce g, 75% yield, 80% ce 711 61% yield, 49% ce

o} o} 0 o]
S Me F s Me s Me s Me

71, 96% yield, 73% ee 7j,61% yield, 63% ee 7k, 74% yield, 58% e 71, 82% yield, 66% ee

o o o}
s Me O s Me s Et

7m, 57% yield, 38% ee 7n, 69% yield, 66% ce To, 92% yield, 18 % ee

Q o]

Tp, 65% yield, 1% ee 7q. 41% yield, 9% ee

Figure 10. The Scope of Enantioselective Cu-catalyzed conjugate addition to thiochromones.
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4. Alkynylation and Alkenylation of Thiochromones
4.1. Enantioselective Cu-Catalyzed Alkynylation of Thiochromones

Cu-catalyzed alkynylation of thiochromones was also reported recently by Wang’s
research group in 2020 [60]. The ability to incorporate the alkynyl functional group is
important for research in pharmaceuticals and agrochemicals, as well as for functionalized
materials. This method provided a unique approach by introducing alkyne functional
groups onto thiochromanones, which will offer new opportunities for studying biological
activities and further applications in materials science and other fields for these sulfur-
containing heterocycles. It was found that the best yield (95%) and enantioselectivity
(92% ee) of 1,4-adduct 9a can be attained with thiochromone 8a and phenylacetylene when
more hindered phosphoramidite ligand L2 was used (Figure 11). It was found that the
additive TMSOT{ is important for the success of this alkynylation reaction, as it activates the
thiochromone substrates to form corresponding 4-[(trimethylsilyl)oxy]thiochromenylium
as key intermediate for this reaction. TMSOTTf also serves as a counteranion to stabilize the
reactive complex as it was reported that a remarkable anion effect from trimehylsilyl salt
was observed and the highest reactivity and enantioselectivity were achieved with the less
coordinating triflate (OTf) group [60].

CaFs
. 10 mol% ( u]
11 mol%
—_— F—NEtZ
s Toluene, i-Pr,NEt
TMSOTT, 12hr
8a

=]

95% ‘)"% ee
CeF's

Figure 11. Enantioselective Cu-catalyzed alkynylation of thiochromones.

The scope of arylacetylene was investigated with thiochromone 8b (Figure 12) and it
was found that arylacetylenes bearing both electron-withdrawing and electron-donating
groups on the aromatic ring were tolerated to furnish 1,4-adducts 9 in good to excellent
yields and enantioselectivities (12 examples, 62-97% yield, 73-94% ee, Figure 12). Addi-
tionally, the scope of substituted thiochromones were also investigated. It was reported
that both electron-withdrawing and electron-donating groups on the aromatic ring of
the substituted thiochromones worked well. However, no significant difference on the
reactivity and enantioselectivity between the electron-withdrawing and electron-donating
groups on the aromatic ring of the substituted thiochromones were observed [60].

2. 10 mol% Cul
l 1 mol% L2
Toluene, i-Pr,NEt

TMSOTTY, 12hr

12 examples
62 -97% yield, 73 - 94% ee

Figure 12. The scope of arylacetylenes for the enantioselective Cu-catalyzed alkynylation
of thiochromones.
4.2. Alkenylation of Thiochromones with Alkenyl Grignard Reagents

Langer and coworkers reported the alkenylation of thiochromones and chromones
with alkenyl Grignard reagents [61]. In their study on the structure-activity relationship
of 2-vinylchroman-4-one, 2-vinylchroman-4-ones, and related analogs, the synthesis of
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2-alkenylthiochroman-4-ones via the TMSOTf-mediated reaction of thiochromones with
vinylmagnesium bromide and 2-(isopropenyl) magnesium bromide were successfully de-
veloped (Figure 13). It was noted that the presence of TMSOTf was the key to the success
of this reaction. It was mentioned that without the addition of TMSOTY, the reaction of
vinylmagnesium bromide and chromone led to complex mixture of compounds due to the
competing 1,2-addition to carbonyl group instead of the desired 1,4-addition. The direct
addition of alkenyl Grignard reagents to thiochromone and derivatives in the presence of
TMSOTTf provided a direct synthetic approach to 2-alkenylthiochroman-4-ones by introduc-
ing alkene including vinyl functional groups onto thiochromanones. It was found that both
vinyl magnesium bromide and 2-(isopropenyl) magnesium bromide worked well with
thiochromone to afford 1,4-adducts in modest to good yields (Figure 13). For example, vinyl
magnesium bromide added to thiochromone and 6-chlorothichromone in the presence
of TMSOTT{ to deliver 1,4-adducts-2-vinylthiochroman-4-one 11a (66%) and 6-chloro-2-
vinylthiochroman-4-one 11b (42%). However, 2-(isopropenyl) magnesium bromide also
worked well with both thiochromone and 6-chlorothichromone under TMSOT{-mediated
reaction condition (Figure 13) [61].

o}
X
I TMSOTYf, DCM
2 TIIF
Bng S
11 R

4 examples,

R .
42 - 80% yield

X=H,Cl;R=H, Me

0 0
dﬁ\/ Cl
s 7 . Z

11a 11b
66% 42%

o o]
Cl
s S
11d
1lc Me
Me
80% 56%

Figure 13. Alkenylation of thiochromones with alkenyl Grignard reagents.

5. Mechanism on the Cu-Catalyzed Conjugate Addition of Grignard Reagents
to Thiochromones

The mechanism on the 1,4-conjugate addition reactions of cuprate reagents [i.e.,
Me,CuLieLiCN and Me,CulLieLil] with 2-cyclohexen-1-one 12 in THF were investigated by
Bertz and Ogle [62]. Different -complexes (i.e., 14) of cuprate reagents with 2-cyclohexen-
1-one was identified in THF using rapid-injection NMR techniques (Figure 14). It was
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assumed that the contact ion-pairs (CIPs) are the reactive species and, thus, a heterodimeric
structure of the contact ion-pair (CIP) 13 in THF was proposed [62].

/Li‘CEN
Me—Cu—Me Me—Li
| | N
+ . . JLLEN.
Li Li K. 1
N /s )
C=N
12 13 14

Figure 14. Investigation on Mechanism of Cu-catalyzed conjugate addition of Organocuprates using
Rapid-injection NMR techniques.

The plausible mechanism on the copper-catalyzed 1,4-conjugate addition reactions of
Grignard reagents [i.e., RMgX, X = Br, Cl] with thiochromones 15 in THF would involve
the formation of similar 7t-complexes 17 (Figure 15). The reactive species likely would be
the heterodimeric structure of the contact ion-pair (CIP) 16 in THF (Figure 15).

Mg-~Cs
O o/, \P
T——Cu—ﬁ E»ng
S| + XMg\CEN/MgX Sjrﬁy
15 16 17
X =Br, Cl

Figure 15. Plausible Reactive Intermediates in Cu-catalyzed Conjugate Addition to Thiochromones.

Lewis acids such as TMSCI were reported to greatly accelerate the organocuprate
reactions [63,64]. With the Cu-catalyzed 1,4-conjugate addition of Grignard reagents, it
is likely that TMSCI stabilized the m-complex 17 by converting it to a reactive tetravalent
copper species 18, which is capable of a rapid reductive elimination to form 1,4-adduct

(Figure 16).
ﬁ
i R—Cu—-R " C\/ QMex
— Cu-
| | _Mgx  TMscl N R
| + xmg MgX =— l
s Ne=n _C“ s Cu —ci
15 16 18 R SiMes
X=Br, Cl reductive
elimination
OMgX

Figure 16. The Role of TMSCI in the Conjugate Addition of Grignard Reagents to Thiochromones.
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6. Discussions—Challenges and Perspectives

Sulfur-heterocycles are much less studied compared to their corresponding oxygen
counterparts. For example, the reactivities of thiochromones and the oxygen counter-
part chromones are very different. Thiochromones are usually less reactive due to a
higher degree of electron delocalization of lone pair on the sulfur atom, and this places
higher electron density on the Michael acceptors and makes it less electron deficient
comparing to oxygen counterparts, thus reducing the reactivity towards organometallic
reagents. Recent advances in the synthetic approaches towards the successful synthesis of
2-substituted thiochroman-4-ones including 2-alkylthiochroman-4-ones, 2-arylthiochroman-
4ones (thioflavanones), 2-alkenyl thiochroman-4-ones, and 2-alkynyl thiochroman-4-ones
all involved the use of Lewis acids such as TMSOTf, TMSCI, and TMSI [58-61]. The progress
highlighted the importance of Lewis acids in activating thiochromones and, thus, increased
reactivities. These recent advances further demonstrated the versatility of Cu-catalyzed
reactions to include the 1,4-conjugate addition reactions to heterocyclic Michael acceptors
such as thiochromones. The copper-catalyzed 1,4-conjugate addition of Grignard reagents
are appealing due to the readily availability of Grignard reagents, the ease in preparation
from corresponding halide compounds and the broad scope of Grignard reagents that will
enable the synthesis of a large library of analogs for biological screening. The Cu-catalyzed
conjugate addition of organometallic reagents offered a quick entry into an important class
of sulfur-heterocycles, 2-subsituted thichroman-4-ones from common starting materials-
thiochromones. The ability to add all three different carbon centers (sp, sp?, sp®) such as
alkyl, aryl, alkenyl, and alkynyl groups are important and showcase the versatility of these
transformations including copper-catalyzed 1,4-addition of Grignard reagents [58,59], the
copper-catalyzed formal conjugate addition of alkynyl groups [60] as well as the addition
of alkenyl Grignard reagents to thiochromone promoted by TMSOT( [61]. These recent
advances on the 1,4-addition or formal 1,4-addition to thiochromones are important, as they
enable a quick entry into large varieties of 2-substituted thiochroman-4-ones, an important
class of S-heterocycles known for their biological activities. One of the challenges in the
reaction of organocuprate reagents is that it often requires stoichiometric amount of copper
salts. It would always be more desirable to develop 1,4-conjugate addition of organometal-
lic reagents including Grignard reagents using catalytic amount of copper salts. There are
still challenges in developing a more general Cu-catalyzed enantioselective 1,4-conjugate
addition of alkyl Grignard reagents to thiochromones that will offer high enantioselectivity
for a broader scope of both Grignard reagents as well as thiochromones. A broader scope
of akenyl and alkynyl Grignard reagents that would lead to 2-akenyl, 2-alkynyl substituted
thiochroman-4-ones with excellent enantioselectivities are also desirable.

7. Conclusions

Carbon-carbon bond formation is one of the most important transformations in the
synthesis of carbon framework of complex molecules in organic synthesis. Among the
many synthetic methodologies for carbon—carbon bond formation, organocopper reagents
are one of the most reliable organometallic reagents for this purpose. The versatility of
Cu-catalyzed reactions was demonstrated by their applications in a variety of synthetic
transformations, including the 1,4-conjugate addition reactions. The Cu-catalyzed conju-
gate addition of organometallic reagents offered straightforward access to an important
class of sulfur-heterocycles, 2-alkylthiochroman-4-ones and thioflavanones, from common
starting materials-thiochromones. This paper provided a brief review on recent progress on
the synthesis of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and
thioflavanones via the conjugate additions of Grignard reagents to thiochromones catalyzed
by copper catalysts. Recent progress on the synthesis of 2-alkynyl thiochroman-4-ones
via the Cu-catalyzed formal conjugate addition of alkynyl groups to thiochromones and
2-alkenylation thiochromones via 1,4-additions of alkenyl Grignard reagents promoted by
TMSOTS were also covered in this review. These recent progresses on the addition of alkyl,
aryl, and alkenyl to thiochromones via 1,4-conjugate addition of Grignard reagents as well
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as the formal conjugate addition of alkynyl groups to thiochromones catalyzed of Cu (I)
salts provides a quick entry into 2-substituted thiochroman-4-ones, an important class of
S-heterocycles known for their biological activities.
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Abstract: Selective catalytic reduction of NOy by CO (CO-SCR) to both N and CO; is a promising
way to simultaneously remove two harmful gases, CO and NOy, in automobile and factory exhaust
gases. The development of efficient catalysts is the key challenge for the technology to be commer-
cialized. The low-cost Cu-based catalysts have shown promising performance in CO-SCR, but there
are some technical problems that obstruct their practical implementation, such as high reduction tem-
perature and low O,, H,O, and SO; resistance. This paper provides a comprehensive overview and
insights into CO-SCR under O,-containing conditions over the Cu-based catalysts, including catalytic
performances of non-supported, supported mono-metallic, supported bimetallic, and supported
multi-metallic Cu-based catalysts. In addition, the effects of O, concentration, reaction temperature,
H,0O, and SO, on the catalytic performance are discussed. Furthermore, the reaction mechanism
of CO-SCR on Cu-based catalysts is briefly summarized. Lastly, challenges and perspectives with
respect to this reaction are discussed. We hope this work can provide theoretical guidance for the
rational design of efficient Cu-based catalysts in the CO-SCR reaction for commercial applications.

Keywords: Cu-based catalysts; CO + NO; catalytic performances; O, resistance; HyO and SO, resistance

1. Introduction

Nitrogen oxides (NOy), the major component of air pollutants, can cause a series of
environmental issues, such as acid rain [1], photochemical smog [2], and the destruction
of the ozone layer [3]. NOy are mainly from the exhaust emissions of automobiles [4] and
factories [5]. With the enhanced environmental protection consciousness and tightening of
the environmental regulations on emission control, NOy removal has become imperative.
Among various denitrification technologies, selective catalytic reduction of NOx with
NH3 (the so-called NH3-SCR) is the most used. However, this technology still has many
shortcomings [6], such as ammonia storage [7], leakage, and high cost [8]. In contrast, CO,
which also widely exists in flue gas and automobile exhaust, has low corrosivity and low
requirements for equipment [9]. Therefore, the use of CO as a reducing agent to selectively
reduce NOy (CO-SCR) is more promising since it can simultaneously control the emissions
of two harmful gases [10].

Noble metals (Pt, Pd, Rh, Ir, Ru, and Au), which have rich surface adsorption sites,
high catalytic activity, and O, resistance, have been widely explored as CO-SCR catalytic
active components. Among them, Pt [11], Pd [12], and Ir [13] are the most used. Recently,
our group reported an efficient Ir; /m-WOj3 catalyst with single Ir atoms anchored on
the mesoporous WO3 [14]. This Ir; /m-WOs catalyst containing only 1 wt.% Ir loading
exhibited exceptional catalytic performance in the presence of 2 vol.% O, achieving 73%
NO conversion and 100% N selectivity at 350 °C. Its superior activity can be attributed
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to the following reasons: (i) isolated Ir single atoms and the maximized Ir-WOj inter-
faces promote the adsorption and activation of NO, and (ii) the accessible mesopores
in m-WOj enhance the transport of both NO and CO. Despite the success achieved for
noble metals, their high cost and poor low-temperature performance make them uncom-
petitive economically and technically in practical applications [15]. Therefore, low-cost
transition metal-based catalysts have attracted widespread attention [16]. Among them,
Cu-based [17,18], Fe-based [19], and Co-based [20] catalysts are widely studied.

Compared with other transition metal catalysts, Cu-based catalysts exhibit relatively
better catalytic performance in the presence of O,, showing high application potential.
Many supported Cu-based catalysts such as Cu/CeO;-Fe; O3 [21], CuO/CeO,-Fe, O3 [22],
Cu/Fe;03-CeO,/ ZrO; [23], and CuOy/CeO; [24] exhibit excellent catalytic performance,
with NO conversion usually surpassing 90% at 200 °C. Moreover, non-supported catalysts
such as CuCeOy [25] and Cu;Ceqs5Feq 50425 [18] also have high denitrification efficiency
at 100200 °C. However, the reaction conditions of the above catalysts are O,-free. As we
know, real exhaust gases contain a large amount of O, [10], which preferentially reacts with
CO or NO to form CO, and NO;, resulting in poor catalytic activity. Additionally, SO, and
H,O poisoning of Cu-based catalysts is another obstacle for CO-SCR technology [21,26].
Therefore, developing efficient Cu-based catalysts for CO-SCR under O;-containing condi-
tions, especially with low reduction temperature and strong anti-SO, and H,O poisoning
ability, is the key to promoting its industrial application on a large scale.

In previous reviews, Du et al. [27] summarized research advances of CuO-CeO,
catalysts for catalytic elimination of CO and NO, focusing on the analysis of the reaction
mechanism and key factors influencing the catalytic activity. Wang et al. [28] systematically
summarized the reaction mechanism and anti-inactivation measures of CO-SCR over Cu-
based catalysts and proposed some optimization strategies for designing catalysts with
high catalytic activity. However, in these reviews, much attention is paid to the research
progress of the Cu-based catalysts under O,-free conditions, and rarely to the case in
the presence of oxygen, which represents the real industrial operating conditions. This
review focuses on various types of Cu-based catalysts for NO reduction by CO under
O;-containing conditions and systematically analyzes the research status, including their
catalytic performances, influencing factors on the catalytic activity, and catalytic mechanism,
as shown in Figure 1. Finally, challenges and perspectives with respect to this reaction are
discussed. We believe this work will attract wide interest from both academia and industry,
and promote the development of CO-SCR process catalysts and thus push this technology
to be commercialized.

Supported catalysts

Mono-metallic Bimetallie Effect of O,
catalysts catalysts
Influencing
Multi-metallic Tactors on Effect of reaction Reaction Challenges and
catalysts the catalytic :
¥ temperature mechanism perspectives
activity
Non-supported S0, and H,O
catalysts poisoning

Figure 1. Schematic illustration of the review of Cu-based catalysts for NO reduction by CO under
O,-containing conditions.

2. Cu-Based Catalysts
2.1. Supported Catalysts

Compared to non-supported catalysts, supported catalysts have obvious advantages,
such as high dispersion of active components and low amount. Among multifarious
catalysts reported for CO-SCR, supported Cu-based catalysts are the most extensively
studied and have considerable application potential [29]. In this section, various types of
supported Cu-based catalysts and their catalytic behavior in NO reduction by CO in the
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presence of O, are summarized. Table 1 gives the catalytic performances of supported
Cu-based catalysts for NO + CO reaction in the presence of O, reported in the literature.

Table 1. Catalytic activity of various supported Cu-based catalysts for the NO + CO + O, reaction.

a b ¢ P(NO) GHSV

Type Sample Fll‘;‘ac") m(\f)z) 5(1(\)22)) d 1IJ((O/C0 ?) 1’1&53)2) ml;irfll]; e (mL gag—1 Ref.
(%) h-1)f

0.5%Cu/Al,Os 500 — — 1 1 05 100 30,000 [30]
CuO/TiO, 500 54 — 5 5 0.12 50 75,000 h—! [26]
Mono- 5Cu/AlPOy 400 78 48 0.2 1.5 0.65 60 36,000 [31]
metallic Cu/SmCeO, /TiO, 300 50 — 0.05 1 10 50 10,000 h~? [32]
catalysts Cu/Cep1Al 400 100 — 0.06 0.12 0.1 30 18,000 [33]
CuO/ALOs 500 30 1 1 0.5 100 30,000 h~! [34]
Cu/ALO; 500 — — 1 1 05 100 30,000 [35]
Pt-Cu@M-Y 350 43 53 0.05 0.1 1 667 10,000 h~? [36]
Ce-Cu-BTC 250 90 — 0.1 0.1 5 — — [37]
Bimetallic Fe;Cu; /RHA 100 100 100 0.056 0.056 8.9 2400 11,220 h~? [38]
catalysts Cuy:Ces/ALO; 420 71.8 — 0.025 05 5 300 360,000 [39]
Cuy:Ce3 /CNT 220 96 — 0.025 0.5 0.3 300 12,600 h~1 [40]
K/Cu/SmCe@TiO, 330 97 — 0.05 1 10 50 10,000 h~1 [41]
Cu-Mn/AlO3 180 78 85 0.055 0.9 16 — 10,000 h~? [42]
CuCo0y,/TiO, 200 60 — 0.1 1 2 1200 20,000 h~1 [43]
Multi- CuCoCe/2D-VMT 200 70 97 0.05 0.1 1 — 102,000 h~1 [44]
metallic Cu-Ni-Ce/AC 150 99.8 — 0.4 4 5 1000 30,000 h! [45]
catalysts Cu-Ce-Fe-Co/TiO, 200 93 — 0.02 1 6 — 10,000 h~? [46]
Cu-Ce-Fe-Mn/TiO, 200 82 — 0.02 0.02 1 — 10,000 h~1 [46]

@ Thax: Temperature corresponding to maximum NO conversion. P #y0: The conversion of NO. € Syp: The
selectivity of Nj. d P(NO): The NO concentration in the feeding gas. ¢ F: The volume flow rate of the feeding gas.
f GHSV: Gas weight hourly space velocity.

2.1.1. Mono-Metallic Catalysts

The loading state of the metal, the nature of the support, and the interaction between
the metal and the support will all affect the catalytic performance. Yamamoto et al. [30]
studied the effects of supported elements, supports, and calcination temperature on the
catalytic performance of NO-CO-O; reaction. The Cu-based catalysts with different sup-
ports and loading amounts were investigated in detail, and the results suggest that 0.5 wt.%
Cu/Al, O3 exhibited the highest catalytic performance. The support y-Al,Oj3 itself can
reduce NO to N,O but not Ny, possessing a limited capability for the reduction of NO.
Therefore, the addition of Cu to Al;O3 promotes the formation of N,. Additionally, the
calcination temperature of the catalyst and Cu loading could affect the catalytic activity.
When the calcination temperature was too high (>500 °C), the Cu species on the surface
could slowly form aggregated Cu species, which preferentially oxidize CO without re-
ducing NOy, thereby resulting in a sharp decrease in catalytic performance. Moreover,
when the Cu loading was 3 wt.%, the polymer-like Cu species were mainly present on the
surface of the support. If the Cu loading was further increased to more than 5 wt.%, CuO
species appeared on the catalyst surface. Both the polymer-like Cu species and CuO species
mainly facilitate CO oxidation. With the 0.5 wt.% Cu loading, there was the generation of
atomically dispersed Cu?* species on y-Al;Oj3. In this case, the oxidation activity of CO
was weak, and a large amount of residual CO could interact with NO. Thus, the reduction
activity of NO by CO is the highest. Nevertheless, Sierra-Pereira et al. [26] found that for
CuO/TiOy, its activity increased with Cu loading from 2 wt.% to 10 wt.% in NO-CO-O,
reaction, and 10 wt.% CuO/TiO, exhibited the highest catalytic performance, achieving
54% NO conversion at 500 °C.

In addition to the above single metal oxide support, metal oxide composite supports
were also applied to optimize the denitration performance of Cu-based catalysts. AIPOy,
which has two different types of surface hydroxyl groups, (AIOH) and (POH), is a kind of
stable material with large specific surface area and acid properties [47]. Kacimi et al. [31]
prepared a series of Cu/AlPOj catalysts with different Cu loadings by Cu(II) ion complexes
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exchange, which leads to the formation of well-dispersed Cu(Il) amino species. Among
these catalysts, 5Cu/AlPOy, containing the largest amount of dispersed surface Cu(II)
species, exhibited the best catalytic performance, achieving 90% NO conversion at 300 °C.
Venegas et al. [32] reported that the Cu/SmCeO,@TiO; catalyst with Cu supported on
core-shell-structured SmCeO,@TiO; achieved 50% NO conversion at 500 °C in the presence
of 10 vol.% O5. Its superior catalytic performance was because CeO, possessed excellent
redox properties through the transfer between Ce®* and Ce**, thus increasing the oxidation
activity of the Cu/SmCeO,@TiO; catalyst. Moreover, the addition of Sm helped to maintain
the thermal stability of the CeO, phase. Core-shell-structured CeO,@TiO, nanoparticles
could also stabilize the involved Cu phase, preventing its migration and sinterization, and
thus leading to higher activities [48]. Bai et al. [33] synthesized an efficient CuO/CeO;-
AlyO3 catalyst, which exhibited excellent catalytic performance and superior resistance to
O, and SO; for CO-SCR. The incorporation of Ce*" was conducive to the enrichment of
Cu atoms and the generation of synergistic oxygen vacancies on the surface of the catalyst,
which improved the redox performance of the catalyst. Moreover, Cu** was favorable for
the CO adsorption, while the unpaired electrons in the CeO,-Al,O3 support were favorable
for the adsorption of NO.

2.1.2. Bimetallic Catalysts

Chen et al. [43] synthesized a series of CuCoOy/TiO, catalysts and found that the
CuCoOy/TiO; catalyst able to generate the CuCo0O4 spinel exhibited the highest catalytic
activity, reaching 98.9% NO conversion at 200 °C and in the absence of O,. However, when
2 vol.% O, was introduced, the NO conversion decreased sharply to 60%. Liu et al. [42]
investigated the denitration performance of various transition metals supported on Al,O3
pellets under O,-rich conditions (16 vol.%). Among these catalysts, Cu-Mn/Al,O3; with
a molar ratio Cu:Mn of 1.5 displayed the best catalytic activity, achieving nearly 78%
NO conversion and 85% N3 selectivity at 180 °C. Based on the density functional theory
calculation, it was demonstrated that Mn had better O, resistance and Cu had better H,O
resistance. Lopez et al. [41] prepared a novel core-shell-structured K/Cu/SmCe@TiO,
catalyst, giving 97% NO conversion at 330 °C in the presence of excess O; (10 vol.%). The
interaction between highly dispersed Cu species and K promoted the reduction of NO.
Gholami et al. [40] found that the catalytic activity of the Cul:Ce3/CNT catalyst (carbon
nanotubes) was much better than that of the Cul:Ce3/AC catalyst (activated carbon) in
the presence of O; (0.3 vol.%, O2/CO > 0.6). The Cul:Ce3/CNT catalyst displayed the
highest NO conversion of 96% at 220 °C, attributed to its high concentration of surface
oxygen vacancies (SOVs), high Cu* species content, superior reducing capability, and
the synergistic effect between SOV and Cu* species. Furthermore, Gholami et al. [39]
investigated the denitration performance of a string of Cul:Ce3 catalysts supported on
various supports (CNTs, AC, TiO,, y-Al;O3, and SiC) in the presence of excess O (5 vol.%),
and found that Cul:Ce3/Al,O; catalyst possessed the highest catalytic performance, with
71.8% NO conversion at 420 °C, mainly ascribed to the enrichment of catalytically active
centers of Cu on the Al,O3 support. Interestingly, it was observed that with the increase in
O, concentration from 2% to 5%, the conversion of NO increased slightly. This was because
the more O, was adsorbed on the catalyst surface, the more adsorbed O was provided.
The adsorbed O then reacted with the adsorbed CO to form CO,, which thus led to the
generation of oxygen vacancies for the adsorption and dissociation of NO further. Moreover,
this adsorbed O could also react with NO to NO,, which was quickly reduced by CO to Nj.
Metal organic frameworks (MOFs) have broad application prospects in the field of catalysis,
due to their huge surface area, tailored compositions, and variable structures [49,50].
Zhang et al. [37] prepared the Cu-BTC (BTC = benzene-1,3,5-tricarboxylate) and Ce-Cu-
BTC catalysts, which are three-dimensional (3D) porous MOFs (their SEM images are
shown in Figure 2a,b). Cu-BTC only exhibited 50% NO conversion at 250 °C, while Ce-
modified Cu-BTC catalysts could achieve much higher NO conversion of 91%. Owing to
the incorporation of Ce3*, the Ce-Cu-BTC catalyst had more SOVs, conducive to enhancing
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@)

the adsorption of NOx on the surface of catalysts, as evidenced by the in situ DRIFTS
spectrum (Figure 2¢,d). The enhanced NOy adsorption ultimately improved the catalytic
activity for CO-SCR.
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Figure 2. SEM images of (a) Cu-BTC and (b) Ce-Cu-BTC. In situ DRIFTS spectra of CO + NO + O,
co-adsorption on the surface of (¢) Cu-BTC and (d) Ce-Cu-BTC at 150 °C, where NO = 1000 ppm,
CO =1000 ppm, 5 vol.% Oy, and equilibrium gas was Nj. Reproduced from [37] with permission.

Recently, our group used a simple impregnation method followed by reduction
with Hj to synthesize a Pt-Cu@M-Y catalyst, which consists of sub-nanometric Pt on
Cu nanoparticles confined in the NaOH-modified Y-zeolite. The Pt-Cu@M-Y catalyst with
only 0.04 wt.% Pt loading showed superior catalytic activity for NO + CO reaction, with
NO conversion and N selectivity nearly 100% at 250 °C. This enhanced activity originated
from the synergistic catalysis of Pt and Cu, in which NO was mainly adsorbed on sub-
nanometric Pt, and the generated interfaces between Cu nanoparticles and surface CuOx
species served as the dissociation sites of NO. However, when 1 vol.% O, was introduced
(O2/CO =10), the NO conversion decreased to 43% and Nj selectivity dropped to 53% at
350 °C, due to the preferential oxidation of CO and NO by O, at high temperatures.

2.1.3. Multi-Metallic Catalysts

Pan et al. [46] synthesized a series of Cu-based and Mn-based catalysts by the wet
impregnation method and applied them to the CO-SCR reaction. It was found that Cu-Ce-
Fe-Co/TiO; and Mn-Ce-Fe-Co/TiO, exhibited better catalytic activity in the absence of O,,
both reaching full NO conversion at 250 °C. However, the presence of O, largely restricts
the NO reduction efficiency. Comparatively, Cu-Ce-Fe-Co/TiO, showed better tolerance to
O, than Mn-Ce-Fe-Co/TiO;. When 6 vol % O, was fed, the Cu-Ce-Fe-Co/TiO; catalyst
still exhibited 93% NO conversion and 74.3% NOy conversion at 200 °C ([NO] = 200 ppm,
[COJ = 200 ppm), indicating that only a part of NO was oxidized. The enhanced catalytic
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performance of Cu-Ce-Fe-Co/TiO; may owe to its superior reducibility, more oxygen
vacancies, and better oxygen mobility. Wang et al. [45] synthesized a Cu-Ni-Ce/AC catalyst
by the ultrasonic equal volume impregnation method. This catalyst exhibited extremely
high catalytic activity in the presence of O; (5 vol.%), reaching 99.8% NO conversion at
150 °C. In this case, the doping of Ce promoted the uniform dispersion of Cu and Ni
and formed many reaction units on the surface of the catalyst, enhancing the adsorption
abilities of CO and NO and thus improving the catalytic performance. Two-dimensional
(2D) vermiculite (VMT) is a natural layered clay mineral with a unique two-dimensional
structure and high-temperature stability, widely used as a support and applied in the fields
of photocatalysis and heterogeneous catalysis. Liu et al. [44] synthesized a CuCoCe/2D-
VMT catalyst by the impregnation method. It exhibited superior catalytic activity in
the coexistence of 1 vol.% O, and 5 vol.% H;O, reaching 70% NO conversion and 97%
N, selectivity at 200 °C. They found that the doping of Ce could reduce the reduction
temperature and promote the formation of oxygen vacancies, giving the CuCoCe/2D-VMT
sample more active centers, thus improving its catalytic performance. This deduction was
confirmed by the Raman spectrum (Figure 3a), in which the CuCoCe/2D-VMT sample had
a higher concentration of oxygen vacancies than the CuCo/2D-VMT sample. Similar results
were also obtained by XPS characterization. As shown in Figure 3b, CuCoCe/2D-VMT had
more adsorbed oxygen (denoted as Og).
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Figure 3. (a) Raman spectra of CuCoCe/2D-VMT, CuCo/2D-VMT, and 2D-VMT catalysts and
(b) XPS spectra of O 1s. Reproduced from [44] with permission.

2.2. Non-Supported Catalysts

Besides a large number of reported Cu-based supported catalysts, some non-supported
Cu-based catalysts also have certain O, resistance in the CO-SCR reaction. Mehandjiev et al. [51]
first reported that CuCo,O4 had the ability to reduce NO by CO in the presence of O;.
Furthermore, Panayotov et al. [52] found that CuxCo3_O4 spinels possessed excellent
catalytic performance for CO-SCR under O,-containing conditions than CuO and Co30j4.
Additionally, in the presence of 650 ppm O, the catalytic activity increased with the Cu
content. Ivanka et al. [53] prepared CuO-MnOy (1.5 < x < 2) catalysts by coprecipitation and
studied their catalytic performance in the presence of O,. They found that the degree of NO
conversion to N achieved by CuO-MnOx (Cu/Cu + Mn up to 0.53) under O,-containing
conditions was similar to that under O;-free conditions. This could be explained as follows.
After the introduction of O;, NO quickly reacted with it to produce NO,. Moreover, the
reduction of NO, by CO was faster than CO oxidation. Therefore, N, and CO; were
finally generated. Sun et al. [54] synthesized the CuCe mixed metal oxides, which showed
superior NO conversion and Nj selectivity, both maintaining more than 90% in a wide
temperature window in the absence of O,. Nevertheless, when 1% O, was introduced, the
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NO conversion dropped rapidly to 0 within 3.5 h. The NO conversion could gradually
recover to the initial value after the O, was stopped. This result indicated that CO prefer-
entially reacts with Oy, resulting in the decrease in NO conversion in the presence of O,.
Wen et al. [55] synthesized mixed CuCeMgAIO oxides by coprecipitation, which possessed
higher NO conversion than CuMgAIO and CeMgAIO for NO + CO + O, reaction. The
superior catalytic performance of CuCeMgAIlO can be explained by the synergistic effect
generated by the interaction of Cu and Ce. In addition, when 1% H,O was introduced, the
NO conversion over CuCeMgAIlO was significantly improved from 50% to 100% at 250 °C,
but both CuMgAIO and CeMgAIQO lost their catalytic activity completely. Moreover, when
500 ppm SO, was introduced, the NO conversion dropped rapidly over CuMgAIO and
CeMgAIO; however, CuCeMgAIlO still maintained 100% NO conversion at 720 °C. This
suggests that CuCeMgAIlO possesses high activity for NO + CO + O, reaction and excellent
resistance to HpO and SO, poisoning.

3. Influencing Factors on Catalytic Activity

There is a certain amount of O,, SO,, and H,O in flue gas and automobile exhaust,
which will affect the activity of the catalysts. In addition, the temperature is also an
important factor. In this section, the effects of O,, temperature, SO, and HyO on the
catalytic activity of Cu-based catalysts for NO reduction by CO are summarized, as shown
in Figure 4.

Effect of O,

The NO conversion or N, selectivity decreases
Reasons:
Hinder the adsorption and dissociation of NO;

consume part of the reductant CO;

CO+NO % ) CON, react with NO to generate NO,.

Cu-based
Catalysts

® Effect of reaction temperature

The reaction activity is relatively low at low temperature;
good selective catalytic effect can be achieved at relatively

high temperature (above 300 °C).
50, and H,O poisoning

50,: compete with NO to form sulfate, and led to the
decrease of the NO reduction efficiency; mostly irreversible;
H,O: relatively minor effect on catalytic activity;

mostly reversible.

Figure 4. Effect of Oy, reaction temperature, SO, and H,O on the catalytic activity of Cu-based
catalysts for NO reduction by CO.

3.1. Effect of O,

Currently, the published literature mainly studies the CO-SCR mechanism of Cu-based
catalysts in the absence of O,. Research on the catalytic performance of Cu-based catalysts
in the presence of O, is rare and mainly focuses on the reaction conditions of low O,
concentration (<1%). For instance, Wen et al. [35] prepared the Cu/Ce/Mg/Al/O mixed
oxides catalyst, which could enable full NO conversion at 315 °C in the presence of 0.5%
O, (02/CO = 0.36). Yamamoto et al. [30] investigated the effect of O, concentration on
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the denitration performance of the 0.5 wt.% Cu/Al,Oj3 catalyst for CO-SCR. The results
showed that in the absence of O, the amount of N, generated was high, but when the
O, concentration increased, the amount of N, decreased gradually. At the same time,
after O, was introduced, the conversion of CO increased sharply, reaching nearly 100%
at 0.5% O,. Moreover, with the increase in CO conversion, the amount of N, generated
decreased, but the amount of N,O and NO, remained unchanged, which indicates that O,
preferentially reacted with CO, so the amount of reducing agent CO decreased, resulting in
the decrease in NO conversion. When the O, concentration exceeded 0.5%, the amount
of N, generated was also less and less, while the NO, amount increased with increasing
O, concentration, which indicates that more and more NO is oxidized by O,. However,
the amount of NO, generated was much less than that of N, generated in the absence of
O, indicating that most NO has not reacted with Oy, which may be because O, occupies
the adsorption site of NO. Sun et al. [54] also observed the same phenomenon that CuCe
mixed metal oxide catalysts enabled nearly full NO conversion at 250 °C in the absence of
O,, and after 1% O, was introduced, the NO conversion gradually dropped to 0. Therefore,
O, existing in the CO-SCR reaction system has an inhibitory effect on NO reduction.
Gholami et al. [39] investigated the effect of O, (2% or 5%) on the denitration performance
of the Cul:Ce3/Al, O3 catalyst for the CO-SCR reaction system, and found that compared
with the case without O,, the conversion of NO decreased from 59.3% to nearly 40% after
2% O, was introduced at 300 °C, but increased to 43.3% when 5% O, was introduced. They
believe that this is because more O; is adsorbed on the surface of the catalyst and then
cleaved to O(,g), thereby promoting the formation of NO,, which can further rapidly react
with CO to form N; and CO,. However, they did not provide specific information on the
selectivity of Np. In addition, some scholars also explored the CO-SCR denitration activity
of the Cu-based catalysts in the presence of excess O,. Venegas et al. [32] found that the
NO conversion of the Cu/SmCeO; /TiO; catalyst reached 50% in the presence of 10% O, at
300 °C. Lopez et al. [41] reported that the K/Cu/SmCe@TiO, catalyst delivered 97% NO
conversion at 330 °C in the presence of 10% O,. However, none of them provided details on
the selectivity of Ny, which directly reflects the effectiveness of the catalyst. Therefore, it is
necessary to study the adsorption and dissociation centers of O, on the surface of Cu-based
catalysts and reveal its inhibition mechanism in combination with existing characterization
and analysis methods. Furthermore, the relationship between the catalytic activity and
support, surface active oxygen species, and defect structure should be further investigated
to improve the O, resistance of Cu-based catalysts.

3.2. Effect of Reaction Temperature

In addition to O, resistance, CO-SCR also faces the challenge of low-temperature
performance. As described, although noble metals have superior O, resistance [56-58],
their high cost and poor low-temperature performance make them unsuitable for the
treatment of large-scale industrial tail gas [59,60]. In contrast, transition metal-based
catalysts, especially Cu-based catalysts, have been widely studied for their low-temperature
activity and low cost [61]. Under O;-containing conditions, the minimum temperature
at which the Cu-based catalyst achieves the best catalytic effect is mainly 200-300 °C, as
shown in Table 1. Most published studies did not provide data on the selectivity of Nj.
Even in only a few studies reporting N, selectivity, it requires a relatively high reduction
temperature to achieve a better catalytic effect. For example, under the reaction conditions
of 0.1% CO, 0.05% NO, and 1% O, the Pt-Cu@M-Y catalyst [36] could achieve 43% NO
conversion and 53% Ny selectivity at 350 °C. In the presence of 0.65 vol.% O, the Cu/AlIPO4
catalyst [31] could achieve 78% NO conversion and 48% Ny selectivity at 400 °C. Therefore,
it is necessary to improve the low-temperature activity and N selectivity of the Cu-based
catalysts under O,-rich conditions in the future.
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3.3. SO, and H,O Poisoning

The presence of SO, and H,O in the flue gas also has a certain impact on the catalytic
performance of the catalysts. Some studies have revealed that SO, could adsorb on the
surface of the catalysts and compete with NO to form sulfate [62]. The deposition of sulfate
led to a decrease in the NO reduction efficiency, and this process is mostly irreversible. On
the other side, the effect of H,O on the catalyst activity is minor [21]. Sierra Pereira and
Urquieta-Gonzalez studied the effect of SO, or H;O on the catalytic activity of Cu/TiO;
for CO + NO reaction [26]. In the absence of SO, and H,O, Cu/TiO; exhibited high NO
conversion. After SO, was introduced for 30 min, the activity of Cu/TiO, decreased from
approximately 55% to 0. Even if SO, was removed from the feed gas, the activity cannot
be recovered at all, as shown in Figure 5a. The results indicate that SO, poisoning of
Cu/TiO; catalyst is irreversible. This phenomenon was attributed to the formation of
metal sulfates on the surface of catalysts, which blocked the active site. Compared with
SO,, HyO has a relatively weak effect on the catalytic activity, as shown in Figure 5b. The
introduction of 10 wt.% H,O led to a reduction in NO conversion from 60% to 40%. After
the elimination of H,O, the activity of Cu/TiO, could be recovered. Liu et al. [44] reported
that CuCoCe/2D-VMT exhibited superior catalytic activity in the presence of O, (1 vol.%)
and HyO (5 vol.%), enabling full NO conversion to N; at 300 °C. When a small amount of
SO, (50 ppm or 100 ppm) was introduced, the catalytic activity decreased slightly, and soon
reached a plateau. After SO, was removed, the activity gradually returned to the initial
value. It is known that SO; can occupy some active sites, resulting in a slight decrease in
NO conversion. However, adding a certain amount of SO, can achieve the balance between
the SO, adsorption and the SO, reduction by CO, so the conversion of NO remains stable.
Moreover, the 2D-VMT has a high specific surface area, which can provide storage space
for the generated sulfate. Furthermore, Ce preferentially adsorbs SO, to protect the Cu
active site. When a large amount of SO; is introduced, the balance between SO, adsorption
and reduction is broken, so the catalytic activity continues to decrease. It may be that a
large amount of SO, reacts with H,O to produce stable sulfate, which occupies the active
site, resulting in the irreversible deactivation of the CuCoCe/2D-VMT catalyst.
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Figure 5. The effect of O, or SO, (a) and H,O (b) on the catalytic performance for the CO-SCR
reaction over Cu/TiO,. Reproduced from [26] with permission.

Some studies also reported that SO, and/or H,O have no significant effect on catalytic
activity. Pan et al. investigated the catalytic activity of Cu-Ce-Fe-Co/TiO, for CO + NO
reaction in the presence of SO, or HO, and found that after 50 ppm SO, or 10% H,O addition
to the feed gas, NO conversion on Cu-Ce-Fe-Co/TiO, did not exhibit significant changes
and remained stable. This phenomenon is attributed to the special spinel structure of the
Cu-Co-based catalysts, which preferentially adsorbs NO and CO compared with SO,. This is
also consistent with the findings of Chen et al. [44]. However, after simultaneously introducing
SO, and H,O, the activity of Cu-Ce-Fe-Co/TiO, decreased from approximately 95% to 60%.
After SO, and H,O were removed, the activity gradually recovered to about 80%.
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4. Reaction Mechanism

At present, the widely accepted redox reaction mechanisms of CO-SCR catalysts are
the Langmuir-Hinshelwood (L-H) mechanism and the Eley—Rideal (E-R) mechanism [63].
The E-R mechanism means that the reaction proceeds through the interaction between
the adsorbed species and the gaseous reactant, while the L-H mechanism is when the
reaction is performed by the adsorbed components [64]. The L-H mechanism is usually
preferred because the reaction attempts may be enormous [65], which is generally accepted
by researchers for metal oxide catalysts [63]. First, CO is adsorbed to the surface of the
catalyst and reacts with lattice oxygen to form oxygen vacancies (CO catalytic oxidation).
Next, the o-terminal of NO is adsorbed on the oxygen vacancy, and then N-O breaks to
form N(,q) (ad stands for an adsorbed state) and new lattice oxygen. However, oxygen
vacancies can also be occupied by O,, leading to catalyst deactivation in the presence of
O;. Finally, N(,q) transforms into N3 or N>O by reacting with another N,q) or another NO.
N;O can be subsequently adsorbed to oxygen vacancies and then form new lattice oxygen
and N,. The reaction formula is as follows:

MO + COpg) — M + COpg 1)

M + NO(ad) — MO + NZ(ad) (2)

M + NO(ad) + OZ(ad) — MO + NZ(ad) (3)
M + OZ(ad) — MO (4)

Zhang et al. [37] found that the model reaction NO + CO + O, over Ce-Cu-BTC follows
the L-H mechanism, as shown in Figure 6a. NO is preferentially adsorbed on the active site of
Ce-Cu-BTC to form various adsorbed NO species. CO is mainly adsorbed to the Ce3* sites on
the catalyst surface. The adsorbed NO species can react with the adsorbed CO species to form
different intermediates. The interaction between Cu and Ce is conducive to the formation of
more Cu*, which can promote the conversion of the N,O intermediate to Ny.

Cu/ALO;

(b)
N,+CO
+CO; 1720, co, NO
CO,
[ cv PN 0 @ @ o
NO, NO. NO NO, 1/2N,

Figure 6. The reaction mechanism of Ce-Cu-BTC (a) and low-loaded CuO/Al,O3 (0.5 wt.% Cu)
(b) for CO-SCR in the presence of O,. Reproduced from [34,37] with permission.

Many researchers [66,67] believe that O, is preferentially adsorbed and dissociated at
the active site, which hinders the further adsorption and dissociation of NO, so the catalytic
performance of the catalysts decreases with the increase in O, concentration. In addition,
the increased surface coverage of O,q) after dissociation increases the contact probability
with CO(,q), and directly consumes part of the reductant CO, which is also regarded as an
important reason for the decline in NO conversion. Amano et al. [34] found that under
O,-containing conditions, the reaction mechanism of CuO/Al,O3 with different Cu loading
is significantly different. When the loading amount of Cu is very small (0.5 wt.%), there is a
single electron redox behavior, which is the cycle of Cu?>* and Cu*. It is considered as the
reaction mechanism of NO reduction by CO in the presence of O, as shown in Figure 6b.
However, when the loading of Cu reaches 3 wt.%, Cu?* is more easily reduced to metallic
CuY; the latter is more conducive to CO oxidation than NO reduction.
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On the other hand, it is also reported that O, has a positive effect on CO-SCR because
the dissociated O(,q) can combine with the adsorbed NO to form NO,, which can further
rapidly react with CO to form Ny and CO;. Fukuda et al. [68] found that after introducing
O3, the catalytic performance of Cuy,O/vy-Al,O3 for the CO+NO reaction was improved.
Spassova et al. [53] deem that O, is adsorbed to the surface of the catalyst and then
cleaved to O,q), which then reacts with CO(,4y and NO to CO; and NO,, and finally, NO,
reacts with CO to produce CO; and Nj. Similarly, Gholami [29] also believes that under
O»-containing conditions, O; is adsorbed on the catalyst surface and then cleaved to O(,gq),
which reacts with CO to CO,, and then NO is adsorbed on the generated oxygen vacancy
and decomposed into N(,q) and O(,q). Subsequently, N(,q) reacts with another N,q) to
generate N, and O(,q) reacts with another NO form NO,. Finally, NO; reacts with CO to
produce N, and COs.

5. Conclusions and Perspectives

In recent years, the selective catalytic reduction of NO with CO as the reductant is
one of the research hotspots in the denitrification field. Research on the application of
Cu-based catalysts in NO-CO reaction system has increased year by year, mainly focusing
on Oy-free or hypoxic conditions. When the O, concentration increases, the NO conversion
or N selectivity decreases significantly, and the selective catalytic activity of the catalysts
decreases. This stems from the following reasons: (i) O, is preferentially adsorbed and
dissociated at the active site, which hinders the adsorption and dissociation of NO; (ii) O.q)
reacts with CO, which directly consumes part of the reductant CO; and (iii) O(,q) reacts
with NO, resulting in the decrease in N selectivity. Therefore, it is necessary to investigate
the relationship between the structural change in crystal defects and the type of oxygen
species on the surface of Cu-based catalysts, and the type of NO and CO adsorbed species,
so as to deeply understand the reaction process of CO-SCR. The influence of O; on the
crystal structure of the Cu-based catalysts, the electron transfer of metal elements, as well
as the dissociation of N-O bonds and O-O bonds should also be studied to explore the
reaction mechanism of CO-SCR, so as to improve the O, resistance of the catalysts. Follow-
up research can be implemented from the following aspects: (1) some in situ methods
can be employed to study the real-time structure-activity relationship of the Cu-based
catalysts in the future, because in terms of this reaction, to date, there is a lack of in situ
characterization methods to monitor the structural changes of the catalysts in the reaction
process; (2) it is imperative to develop green and energy-saving strategies to synthesize
the Cu-based catalysts, i.e., ball milling, and mechanical mixing, used for CO-SCR. The
currently used preparation methods for the Cu-based catalysts are mainly solution-based
strategies, such as wet impregnation, precipitation, and sol-gel. These preparation methods
involved complex operations, enormous energy, and are not conducive to industrialization.
In short, in view of the superior catalytic performance and low cost of Cu-based catalysts, it
is urgent to further study how to simultaneously achieve a suitable antioxidant effect, low-
temperature activity, and high SO, /H,O tolerance to promote the industrial application of
the CO-SCR technology.
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