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ABSTRACT

The development of highly performing Cu-based catalysts with high dispersion of Cu species in nanocrystalline form on a suitable oxide support is significant in
reverse water gas shift (RWGS) reaction. We report a simple and robust one-pot sol-gel synthesis of mesoporous Al;o.xCuxOy (my-Al;o.xCux-SG) catalysts with Cu
species in a highly dispersed nanocrystalline form in the y-AlyO3 matrix and its high catalytic performance in RWGS reaction. The lack of long range structural order
of copper species in my-Al;oxCux-SG catalysts evidenced from Cu—K edge extended X-ray absorption fine structure (EXAFS) studies illustrates the fine distribution of
copper species in mesoporous y-AlpOs lattice. Activity study revealed that my-Al;¢.xCux-SG catalysts showed significantly high CO, conversion to CO and excellent
catalytic stability compared to y-Al;.xCux-I prepared by conventional impregnation method. Mesoporous AlgCu; (my-AlgCu;) displayed a CO2 conversion of 45 % at
500 °C, which is about 2.8 times higher activity than conventional y-AlgCu;-I catalyst with almost same Cu loading as that of my-AlgCu; catalyst. Stability study at
500 °C over a period of 50 h revealed that my-Al;.xCuy-SG catalysts at low Cu loading (my-Alg 9Cup 1) showed excellent catalytic stability. The strong copper-alumina
interaction in my-Al;oxCux-SG catalysts with enhanced number of active sites at the copper-alumina interface as evidenced from field emission scanning electron
microscope (FESEM), high-resolution transmission electron microscope (HRTEM), H,_temperature programmed reduction (H2-TPR), X-ray photoelectron spec-
troscopy (XPS), electrochemical characterization, and Cu—K edge EXAFS analysis enhances the activity and stability of the catalyst. Density functional theory (DFT)
studies and the Operando DRIFTS-MS analysis of RWGS over my-AlgCu; catalyst revealed that the mechanism of RWGS reaction to CO formation on my-Al;o.xCux-SG
catalysts is preceded through the formation of a hydroxycarbonyl (OCOH) intermediate. The present synthesis strategy provides an opportunity for producing Cu-
based catalysts with further enhanced activity and stability in RWGS reaction by suitable modification of the catalyst.

1. Introduction

CO4 conversion to CO by catalytic hydrogenation via reversible
water gas shift (RWGS) reaction is a highly attractive and industrially
relevant reaction due to the reason that CO is a potential feedstock upon
which many industrial processes like methanol production, Fischer—-
Tropsch synthesis, and Monsanto/Cativa acetic acid synthesis relies
[1-4]. The production of liquid fuels and chemicals by integrating the
RWGS process using atmospheric CO; as a sustainable feedstock with
well-established processes, such as Fischer-Tropsch (FT) synthesis and
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methanol synthesis is especially promising if the process can incorporate
Hj; from a renewable energy process, which offers a promising solution
for solving the environmental issues and energy crisis pertaining to the
continuous use of fossil fuels [1-3]. However, the high temperature
operating profile of the endothermic RWGS reaction poses a real chal-
lenge in developing highly active, CO selective, and thermally stable
RWGS catalysts [5,6]. Among various catalysts, Cu-based catalysts are
highly attractive in RWGS reaction due to the high CO5 hydrogenation
activity and CO selectivity of copper, and it's cheaper availability
compared to noble metals [2,6-8]. However, the difficulty in achieving
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highly dispersed Cu species in nanocrystalline form by conventional
catalyst preparation methods, and the catalyst deactivation due to the
low thermal stability and sintering of supported copper particles under
the harsh reaction conditions are the major drawbacks of Cu-based
RWGS catalysts [2,6-9]. Different strategies like use of irreducible and
reducible oxide supports and various other substrates such as transition
metal carbides, perovskite-type oxides, etc., support modification, sta-
bilization of Cu particles through confinement effect by incorporating
Cu particles into the pores of porous structured materials such as zeolites
and mesoporous silica, preparation method, alloying with other metals,
use of basic metal and electronic promoters, by preparing in stable
crystalline phases such as spinel oxide and layered double hydroxide
forms, etc. have been adopted in the literature to develop Cu-based
RWGS catalysts with improved activity and stability [8-20].

The catalyst support has a crucial role in the catalytic activity and
stability of Cu-based catalysts in RWGS reaction by dispersing and
modifying the chemical nature of the active component [13-20]. Hence
the role of catalyst support and its modification would appear to offer
the most chances of improving the stability while maintaining high ac-
tivity and CO selectivity. Among all supports, alumina is more attractive
and widely used support in RWGS reaction and several commercial re-
actions such as CO3 hydrogenation to CH3OH and CHy4 due to its inter-
esting physico-chemical characteristics, high surface area, cheap and
easy availability [11,17,21]. However, CO3 adsorption and its activation
are generally regarded to be moderate on Aly,O3 [6,11]. Further, the
RWGS reaction over conventionally prepared Al,O3 supported Cu cat-
alysts shows poor activity at low Cu loading due to insufficient active
sites whereas at high Cu loading (>5 %) the Cu-Al;O3 interaction is
weak and it shows fast decay of catalytic activity due to severe
agglomeration of Cu nanoparticles at high temperature [11,17,20].

Mesoporous alumina and mesoporous alumina supported metal ox-
ides with tunable pore sizes and narrow pore size distribution have given
significant research importance in chemical and material field due to its
interesting physico-chemical properties and potential applications in
adsorption and catalysis [22,23]. Compared to conventional alumina,
mesoporous alumina has unique advantages in heterogeneous catalytic
reactions due to high surface area and thermal stability, highly exposed
and increased number of active sites, easy diffusion and migration of
reactants and products in and out of the catalyst surface [23]. Therefore,
the drawbacks associated with conventional Cu/y-AlyO3 could be pre-
vented if catalytically active Cu ion species are introduced into a mes-
oporous alumina framework. Mesoporous Cu/y-AlyO3 can offer more
active sites for RWGS reaction by accommodating the active copper
species in sufficient number and effectively enhancing the dispersion of
active copper species in nanocrystalline form, and also can withstand the
reaction conditions by confining the active Cu particles inside the
mesopores and significantly improving the copper-alumina interaction
[24]. Moreover, y-Al,O3 in mesoporous form improve the activation and
hydrogenation of CO5 molecules by providing more Lewis acid and
Bronsted acid centers and allow the re-dispersion of active copper
component during the reaction, thus improving the activity and stability
of the catalyst.

Herein, we report the synthesis of CuO nanoparticles integrated in a
mesoporous y-Al;O3 having the general composition of Aljg.xCuxOy
(where x = 0.1, 0.5, 1 and 1.5) via a facile one-pot sol-gel route and
demonstrate its high CO, conversion to CO and enhanced stability in
RWGS reaction. Unlike the conventional preparation methods such as
impregnation, the sol-gel method adopted here overcomes the difficulty
in achieving effective dispersion of Cu nanoparticles at higher Cu
loading in y-Al,O3 lattice to provide a greater number of active sites for
high activity in RWGS reaction. Detailed structural characterization of
mesoporous AljgxCuyOy (henceforth abbreviated as my-Al;oxCux-SG)
catalysts revealed that CuOy species are in a highly dispersed nano-
crystalline state through strong Cu-Al;Og3 interaction in my-Al;o.xCux-
SG, which enhances the catalyst stability and provides an optimum
concentration of surface active sites for CO, and Hy adsorption and their
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activation in accelerating the rate of reaction. Moreover, the meso-
porosity of the material enhances the diffusion rate of reactants and
products on the catalyst surface and also offers a spatial confinement
effect to the active CuOy species, which could enhance the overall ac-
tivity and catalyst stability by retarding the agglomeration of Cu parti-
cles during the course of the reaction. The synthesis approach described
in this work is very simple and robust in the sense that we use readily
available structure directing agents ethylenediaminetetraacetic acid
(EDTA) and ethylenediamine (ED) rather than any expensive surfactants
to fabricate Alj9xCuxOy in a mesoporous form and it is a potential
strategy to address the issues related to conventional and other Cu-based
catalysts in the RWGS reaction.

2. Experimental section
2.1. Catalyst synthesis

Aluminium (III) nitrate nonahydrate (Al(NO3)3-9H20, Sigma-
Aldrich), copper (II) nitrate trihydrate (Cu(NOs)2-3H20, SRL), ethyl-
enediaminetetraacetic acid (EDTA, Loba Chemie), ethylenediamine (ED,
Merck), and y-Al,03 (Aldrich, surface area 205 m?/ g) were used as such
without any further purification. Mesoporous Cu®" ion incorporated
y-Al;03 (my-Al;o.xCux-SG) having the general formula Al;oxCuyOy
(where x = 0.1, 0.5, 1 and 1.5) was prepared by a one-pot sol-gel syn-
thesis technique combining EDTA and ED in aqueous media by a similar
procedure as described earlier in the literature [23,25]. Initially, an
aqueous solution of metal ion precursors of 0.5 M concentration was
prepared by using Al(NO3)3-9H,0: EDTA: ED in 1:1:3 M ratio, and Cu
(NO3)2-3H0: EDTA: ED in 1:1:2 M ratio, for AI*" and Cu?*, respec-
tively. For the preparation of AI*" precursor solution, 0.15 mol of ED
was added to an aqueous suspension of EDTA-water mixture containing
0.05 mol of EDTA with gentle stirring. To the clear solution of the EDTA-
ED mixture, 0.05 mol of AI(NO3)3-9H,0 was added and then heated at
80-90 °C with vigorous stirring till it becomes a clear solution and
subsequently made up to 100 mL. The preparation of 0.5 M Cu?* ion
solution was accomplished by dissolving 0.05 mol of Cu(NO3),-3H20 in
an aqueous solution containing 0.05 mol of EDTA and 0.1 mol of ED and
the whole solution was then made up to 100 mL. The AI** and Cu®*
precursor solutions were then mixed in different proportions for pre-
paring my-Alg gCug 1, my-Alg 5Cug 5, my-AlgCu; and my-Alg 5Cu; 5 cata-
lysts. As an example, for the preparation of my-AlgCu; catalyst, 27 mL of
0.5 M Al**-solution, and 3 mL of 0.5 M Cu®*-solution were thoroughly
mixed in a 250 mL beaker and stirred for 5 min. The mixed solution on
heating at 60 °C for 24-36 h in an air oven resulted in a bluish gel. The
gel when heated at 200 °C for 4 h at a heating rate of 2 °C/min was
transformed into a voluminous carbonaceous material, which was
powdered and finally calcined at 500 °C for 4 h at a heating rate of 2 °C/
min. The sol-gel synthesis sequences involved in the my-Al;oxCux-SG
formation is presented in Scheme 1. For mesoporous y-Al,O3 (my-Al;03)
synthesis, Al precursor solution (0.5 M, 11 mL) alone was used and
followed the same synthesis steps as described in Scheme 1. A CuO/
Al,03 catalyst with an almost same amount of Cu content as that of my-
AlgCu; (10 mol% Cu based on Al and Cu content or 12.17 wt% of Cu
based on the weight of Cu in the reduced state and Al,O3 weight) was
also synthesized by a conventional wet impregnation method, and it was
used as reference material (designated as y-AlgCu;y-I) for comparison.
For the preparation of y-AlgCu;-I, about 4.59 g of y-Al;03 was added to
40 mL aqueous solution containing 2.42 g of Cu(NOs)3-3H50. The
resulting mixture was sonicated for 30 min and the suspension thus
obtained was dried overnight at 120 °C. The dried solid powder was then
grinded well and eventually calcined at 500 °C for 4 h at a heating rate of
2 °C/min.

2.2. Physico-chemical characterization

X-ray diffraction (XRD) patterns were recorded on a Panalytical Aeris
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Scheme 1. Schematic illustration of the sequential processes involved in the synthesis of mesoporous Al;.xCuyOy (my-Al;o.xCux-SG) catalysts.

X-ray diffractometer using Cu Ko radiation (A =1.5406 ;\) with a Ni filter
to identify the phase characteristics of the material. Each sample was
scanned at a rate of 5°/min, in the 20 range of 10 to 80°. The Ny
adsorption analysis was performed at liquid N temperature (77 K) on a
Quantachrome autosorb automated gas sorption system (NOVA 1200)
and/or Micrometrics TriStar II 3020 apparatus (Norcross, GA, USA) to
study the textural properties of the catalysts. The catalysts were pre-
heated at 250 °C for 2 h under vacuum before the adsorption-
desorption analysis. Specific surface area was calculated from the
adsorption branch of the isotherm using Brunauer-Emmett-Teller (BET)
equation. The average pore size and pore volume were calculated by the
Barret-Joyner-Halenda (BJH) method. High resolution scanning elec-
tron microscopic (HRSEM) images and energy dispersive X-ray (EDX)
measurements were performed on a Nova Nano SEM450 microscope
(FEIL, Hillsboro, OR). Field emission scanning electron microscopic
(FESEM) and energy dispersive X-ray (EDX) measurements were carried
out on a Carl Zeiss-Sigma 300 microscope. Transmission electron
microscopic (TEM) and high-resolution TEM (HRTEM) images and en-
ergy dispersive X-ray (EDX) measurements were obtained using the
JEOL/JEM 2100 instrument at an accelerating voltage of 200 kV. The
HRTEM and selected area electron diffraction (SAED) pattern of selected
samples were measured on a JEOL/JEM 2100 electron microscope at
200 kV with LaBg as the electron gun. X-ray photoelectron spectroscopy
(XPS) analysis was carried out on a Thermo Scientific photoelectron
spectrometer using a monochromatic Al Ka anode (1486.6 eV) as an X-
ray source. The binding energy (BE) correction was applied for each
element by taking C 1 s peak (284.6 eV) as reference. For quantification,
the peak intensities of each element was estimated and employed along
with photoionization cross section factors [26]. The Hy_temperature
programmed reduction (Hy-TPR) analysis was performed in a U-shaped
quartz reactor. Before TPR measurement, each sample was treated at
150 °Cfor 1 hin a flow of Ar. Subsequently, TPR analysis was carried out
by heating the sample from room temperature to 950 °C at a heating rate
of 10 °C/min while 5 % Hy/Ar reactive gas stream was passed through
the catalyst. A thermal conductivity detector (TCD) was used for
measuring the hydrogen consumption. A standard sample of CuO
(Sigma-Aldrich 99.99 %) was used as reference for calibration.

The X-ray absorption spectroscopy (XAS) measurements including

both Cu K-edge X-ray absorption near edge structure (XANES) and Cu K-
edge extended X-ray absorption fine structure (EXAFS) analyses were
performed using the energy scanning EXAFS beamline (BL-09) facility
installed at Indus-2 (2.5 GeV and 300 mA) at the Raja Ramanna Centre
for Advanced Technology (RRCAT), Indore, India. The XAS analysis of
all the samples was performed in transmission mode. The energy range
of the beam line is 4 to 25 keV [27]. The beamline optics mainly consists
of a Si (111) Double Crystal Monochromator (DCM) with continuous-
scan mode. Data processing and analysis of XANES and EXAFS was
carried out using different modules of the Demeter software package
[28]. Hephaestus module was used to obtain energy edge positions and
Athena module was employed for data processing, including back-
ground removal, normalization, pre-edge and post edge correction and
Fourier transform techniques. Artemis module of same software package
was used for EXAFS fitting (modeling) using the scattering paths
generated from the crystallographic data of CuO (COD ID 1011148)
[29]. The EXAFS fitting details are provided in the supporting
information.

2.3. Catalyst activity evaluation

The catalytic performance of the my-Al;o.xCux-SG and y-Al;g.xCuy-I
catalysts were recorded in an automated six-flow parallel reactor sys-
tem, consisting of six quartz tube down flow reactors with an inner
diameter of 7 mm as previously reported [30]. About100 mg of catalyst
was used for each measurement, and it was kept on the porous struc-
tured quartz support in the middle of the reactor. The catalysts were pre-
heated at 400 °C in a flow of N; before the activity measurements. The
catalytic evaluation was carried out at a Hp:CO3 ratio of 4:1 under at-
mospheric pressure. The flow rates of COy, Hy, and Ar were maintained
at 10, 40, and 50 mL/min, respectively by means of mass flow con-
trollers. The temperature screening of the catalysts was performed be-
tween 300 and 600 °C by introducing the above gas mixture with Hy/
CO;, ratio of 4 into the reactor system at a constant weight hourly space
velocity (WHSV) of 12,000 mL g~ h™!. The duration of each tempera-
ture screening test was 1 h. The stability tests of the catalysts were
performed at 500 °C at the same space velocity of 12,000 mL using the
above gas mixture with Hy/CO; at a mole ratio of 4. All the catalysts
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were reduced in a flow of 10 % Hy/N5 at 400 °C for 30 min before the
reaction. The CO3 conversion and CO selectivity calculated was within
the error limit of +5 % for all the experiments. The reactants and
products were analyzed using an online gas chromatograph, equipped
with both thermal conductivity and flame ionization detectors. The CO,
conversion and CO selectivity was calculated using the Egs. (1) and (2)
to evaluate the performances of the catalysts.

[CO,];,, — [CO,]

ion (%) = out 5 1 1
CO,, conversion (%) CO,.. x 100 (@D)]
- [CO]
CO selectivity (%) = ———2% % 100 2
Y= coy], - €O, @

2.4. Density functional theory (DFT) calculation details

All the density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP.6.2.1) [31,32]. The
generalized gradient approximation (GGA) with PBE exchange and
correlation functional was used to account for the exchange-correlation
energy [33]. The electron-ion interactions were described using the
projected augmented wave (PAW) method and the plane-wave (PW)
basis set [31,32]. The kinetic energy cut-off of the plane wave basis set
was set to 520 eV. The convergence criterion for energy calculation and
structure relaxation was set to a self-consistent field threshold of 107>
eV, and a maximum force threshold of 0.05 eV/A. The bulk structures of
Cu (mp-30) and y-Aly03 (mp-1143) were taken from the materials
project database and were fully relaxed. I'-centered k-meshes of the size
of 6 x 6 x 6and 5 x 5 x 2 were used for sampling the Brillouin zone in
the case of bulk of Cu and y-Al;0s3, respectively. After relaxing the atoms
in the unit cell, we created a supercell of the sizes of 4 x 3 x 1 and 2 x 2
x 1, for Cu (111) and y-Al;03 (110), respectively. The stable termina-
tions, based on previous works, were cleaved for Cu (111) [34] and
v-Alx03(110) [35,36]. The bottom four and six atomic layers of Cu (111)
and y-AlyO3 (110) supercells, respectively, were fixed to reduce the
computational cost of the calculations and to mimic the bulk. I'-centered
k-mesh of the size of 2 x 2 x 1 was used for sampling the Brillouin zone
for both surface slab models. Gaussian-type smearing with a width of
0.05 eV was applied for the electronic energy density of states. For
identifying the transition states, the climbing-image nudged elastic band
(CI-NEB) method was used, and frequency analysis was performed to
confirm that there was only one imaginary frequency along the reaction
coordinate. For CI-NEB calculations, the maximum force threshold of
0.10 eV/A was implemented. Vacuum distances of 15 A and 12 A were
introduced to the slab models of Cu (111) and y-AloO3 (110), respec-
tively, in the z-direction to minimize interaction with the periodic im-
ages. Dipole corrections were applied in the vacuum (z) direction. The
van der Waals interactions were described by the DFT-D3BJ method
developed by Grimme et al. [37,38]

The adsorption energies (E,qs), reaction energies (AE), and activa-
tion barriers (E,) were calculated as follows:

Eads = Eslab+reactant - Eslab - Ereactant (3)
AE = Eproduct - Ereactant (4)
Ea = Elransition state — Ereac\ant (5)

Here, Egabireactant iS the total energy of the slab with a reactant
adsorbed on it, Eggp is the total energy of the clean slab, Ereactant and
Eproduct are the total energies of the reactant and product of each
elementary reaction step, and Eansition state iS the total energy of the
transition state (TS). The thermodynamic corrections to Gibbs free en-
ergies have been applied to all the intermediates and TS based on har-
monic frequency calculation, as implemented in VASP, and VASPKIT
[39] was used for data post-processing with the reaction temperature of
350 °C and pressure of 1 atm.
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3. Results and discussion

3.1. Synthesis aspects and characterization (XRD, FESEM, TEM, N,
adsorption, and TPR) of my-Al;o.xCu,-SG catalysts

The AI3" and Cu®"cations in aqueous solution undergo chelation
with the structure directing chelating reagents EDTA and ED [23]. The
EDTA with four carboxyl groups and ED with two amino groups are
strongly coordinating and they have the advantage of holding both AI**
and Cu®" ions in the organic gel network through chelation. The distinct
advantage of these chelating ligands is that the formation of stable metal
hydroxy species through extensive hydrolysis and condensation re-
actions and/or precipitation reactions is prevented during the initial sol
formation. The sol containing EDTA-ED combination, and the metal
cations coordinated to the structure directing agents on controlled
heating at 60 °C undergo cross-linking by extensive condensation re-
action between the free -COOH group in EDTA and an amine group in
ED to form a transparent polyamide gel network accommodated with
AI®* and Cu®" ions. The structure directing agents play multiple roles in
this sol-gel process, such as stabilizing the metal ions through chelation,
speeding up the condensation and gelation process, and also functioning
as fuel during the heat treatment. The polymeric gel on further heating
at 200 °C leads to extensive condensation and cross-linking to form a
voluminous black colored carbonaceous product with the release of
gaseous products such as NHs, hydrocarbons, CO, and H,0. The black-
colored product on subsequent calcinations at 500 °C in air burns out
the carbonaceous species to form my-Al; g.xCux-SG nanocomposites. The
advantageous aspect of adopting such a sol-gel process by employing a
combination of chelating agents is to trap AI*" and Cu®*' ions in the
polymer gel and to achieve highly dispersed metal ions all throughout
the polymeric framework, whereas in conventional sol-gel method the
particles also become the part of the gel structure [40]. This cooperative
organization of organic and inorganic species through different kinds of
physical and chemical interactions allows fine distribution of Cu?* ions
at the nanoscale level in the mesoporous y-Al,O3 network. This synthesis
strategy is suitable for producing highly homogeneous mesoporous Cu-
based y-Al;O3 oxides at reduced temperatures.

The XRD patterns of pure my-Al,O3 and my-Al;(xCux-SG catalysts
prepared by sol-gel method displayed in Fig. 1 exhibit broad diffraction
peaks approximately at 20 = 18.8°, 37.8°, 45.5°, 66.5°, corresponding to
(111), (311), (400), (440) reflections of y-Al,O3 (JCPDS 10-0425 &
JCPDS 29-0063). However, sharp diffraction peaks characteristic of
bulk CuO (JCPDS No. 48-1548) is the dominant phase in the case of
conventionally prepared y-AlgCuj-I catalyst (Fig. 1, F). The broad
diffraction features and the absence of diffraction peaks of bulk CuO
phase in my-AljxCuy-SG catalysts indicate that the particle size of
copper species is very small, and copper species are highly dispersed in
the y-Al,O3 lattice. However, compared to pure y-Al;Os, slight shift in
the 26 values and minor changes in the peak intensities in the XRD
pattern of my-Al;¢xCux-SG is attributed to the possible doping of Cu into
y-Al;03 lattice.

The textural parameters, such as the BET surface area (Sggr), pore
size by BJH method (Dgyy), and pore volume (Vp) derived from Ny
adsorption analysis of my-Al;(.xCux-SG catalysts are given in Table S1 in
the supporting information. The Ny adsorption—-desorption isotherm of
all my-Al;(xCux-SG catalysts displayed type IV isotherm (Fig. 2A) indi-
cating the mesoporous nature of the material. Interestingly, the BJH
pore size (Dgyy) distribution is in the mesopore range of 3-5 nm
(Fig. 2B). The BET surface areas (Sggr) of Alg 9Cug 1, Alg5Cug s, AlgCuy,
and AlgsCu; 5 were 332, 321, 278, and 269 ng’l, respectively. The
pore volume (Vp) of these materials is in the range of 0.36-0.40 cm>g L.
It is worth to note that in comparison with pure mesoporous y-Al,O3
(SgeT = 323 ng_l, Dgyy = 6.1 nm, Vp = 0.49 cm3g_1) (not shown),
there is no large decrease of textural parameters even at higher copper
loading. The BET surface area, pore size, and pore volume of the
conventionally prepared y-AlgCu;-I catalyst was 125 m?g ™}, 3.6 nm, and
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Fig. 1. XRD patterns of mesoporous my-Al;oxCuy-SG catalysts with different
copper content prepared by sol-gel process (A: my-Al;O3, B: my-Alg 9Cug 1, C:
my-AlgsCups, D: my-AlgCuy, E: my-AlgsCu;s) and y-AlgCu;-I prepared by
conventional impregnation method (F: y-AlgCu;-I). Note that the XRD intensity
of y-AlgCu;-I was divided by a factor of 5 for a better visualization of the XRD
peaks of my-Al;oxCux-SG catalysts in the same frame.

0.17 ecm®g~1, respectively. This underscores that the present synthesis
strategy is capable of accommodating more amount of Cu species with
high dispersion in the y-Al,Oj3 lattice rather than forming any agglom-
erated Cu species as distinct bulk phase and this result is in line with the
observations made from XRD.

The SEM and FESEM analyses of my-Al;oxCux-SGeatalysts were
performed to investigate their surface morphology and the images of a
representative composition of my-AlgCu are displayed in Fig. 3A-C. The
SEM (Fig. 3A) and FESEM images (Fig. 3B-C) demonstrate the my-Al;(.
xCux-SG catalysts are porous in nature comprised of mesopores and
macropores, and the alumina particles are irregular in shape with rough
surface. Such a structure with surface roughness and the presence of
mesopores and macropores are beneficial for adsorption, easy diffusion
of surface reaction species and to minimize the pressure drop issues that
may occur during reaction [23]. The SEM and FESEM EDX analysis were
performed to confirm the elemental composition and to understand the
homogeneity and dispersion of Cu in my-AlgCuy, and the results for my-
AlgCu; is provided in Fig. 3C-G. The EDS chemical mapping at different
spots in the SEM and FESEM images confirmed that the elemental
composition is very close to the theoretical value (within the maximum
error limit of +3.2 %) and the copper species are well distributed in the
alumina lattice, indicating the good chemical homogeneity of the cata-
lyst (Fig. S1 in the supporting information). A typical SEM EDX pattern is
shown in Fig. 3D. The FESEM EDX analysis and elemental mapping
images of O, Al and Cu elements (Fig. 3E-G) further indicated fine
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distribution of copper species all over the alumina surface, illustrating
that homogenous hybridization of CuO species and alumina and hence
an excellent interface interaction exists between copper and alumina in
my-Al;0.xCux-SG catalysts.

TEM and HRTEM images of representative samples of my-Alj.4Cuy-
SG catalysts provided in Fig. 4A (my-Alg9Cug ;) and Fig. 4B&D (my-
AlgCu;) demonstrate that the material is comprised of particles in the
nano-regime with particle size less than 10 nm. It is also evidenced that
the particles are interconnected to form a disordered mesoporous
structure. There is hardly any variation in the morphological features
and particle size between different compositions. This illustrates that the
present preparation method allows higher loading of copper oxide
species in alumina without altering the morphology and microstructural
characteristics of AlpOs. This is likely due to the formation of highly
dispersed Cu?™-0-Al**species in the my-Aljo.4Cux-SG catalysts. Irre-
spective of the copper loading the uniform contrast observed in TEM
images and no evidence of segregation of copper particles as separate
entity indicates that the material is homogeneous, and the copper spe-
cies are diffusely dispersed throughout the alumina. The SAED pattern of
my-AlgCu; in Fig. 4C displayed broad circular rings characteristic of
v-Al;03 phase with weak electron diffraction features, indicating that
the CuO species are nanocrystalline and they are finely dispersed in the
my-Al,O3 lattice [23]. The HRTEM analysis (Fig. 4D) shows isolated
CuO species having clear lattice fringes with a spacing of 0.24 nm, which
is characteristic of the (111) facets of CuO [25,41]. This further confirms
that the copper species in my-Al;¢xCux-SG catalysts are nanocrystalline
and there is a close contact between alumina and copper species through
strong interaction of the isolated Cu?" ions with the v-AlO3 lattice [17].

It has been reported in the literature that the activity and stability of
Cu/Aly0s is largely dependent on the copper-alumina interaction [17].
Hy-TPR analysis performed on my-AlgCu; and the y-AlgCu;-I reference
catalysts (Fig. 5) in the present study provides further evidence on the
relatively strong copper-alumina interaction in my-Al;o.xCux-SG cata-
lysts. The reduction pattern of my-AlgCu; and y-AlgCuj-I catalysts
depicted in the Ho-TPR profile in Fig. 5 is different, suggesting that the
strengths of copper-alumina interaction in these two catalysts are
different. The my-AlgCu; catalyst showed a sharp high intense peak at
236 °C, followed by a very low intense peak at 280 °C and a relatively
broad intense high temperature peak at 330 °C. Contrarily, the con-
ventional y-AlgCu;-I catalyst displayed the reduction peaks at 224 °C as
a sharp intense low temperature peak and a relatively broad intense
peak centered at 267 °C with a shoulder at 320 °C. The first two peaks
can be assigned to the highly dispersed CuO and bulk CuO species,
respectively [17,42]. The shoulder peak at 320 °C is likely due to the
presence of fine CuO aggregates consisting of smaller particles strongly
bound to the y-Al,03 lattice. With respect to the conventional y-AlgCu;-I
catalyst, the TPR peaks in the Hp-TPR profile of my-AlgCu; catalyst is
shifted to higher temperatures, which can be attributed to the relatively
strong interaction of the highly dispersed Cu species with the alumina
support [17]. It is important to note that when analyzing TPR profiles,
not only the oxidation state and the copper loading should be consid-
ered, but also the interaction between copper and the support should be
taken into account. Copper is in +2 oxidation state in both my-AlgCuy
and y-AlgCu;-I catalysts, which is confirmed by XPS and Cu K-edge
XANES analysis as will be seen below. Also, the copper loading is same
in both my-AlgCu; and y-AlgCu;-I catalysts. Therefore, compared to
v-AlgCuy-I catalyst, the relatively lower Hy consumption on my-AlgCuy
in the H,-TPR profile is a clear indication that copper has a significantly
stronger interaction with the alumina lattice in my-AlgCu; than in
conventional y-AlgCu;-I catalyst, as it likely hinders the reducibility of
copper species.

3.2. XPS studies of my-Aljp.xCux-SG catalysts

XPS of my-Al;xCux-SG and y-AlgCu;-I catalysts were performed to
understand the chemical states of Cu, Al and O and the relative
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Fig. 2. (A) N, adsorption—desorption isotherms, and (B) pore size distribution obtained from N, adsorption analysis for mesoporous Al;o.,CuyOy (my-Al;¢.xCu,-SG)
catalysts with different copper content prepared by sol-gel process (my-Al;O3, my-AlgoCug 1, my-AlgsCugs, my-AlgCu;, and my-AlgsCu;s) and conventional

y-AlgCuy-1 catalyst prepared by impregnation method.

proportion of Cu and Al on the catalyst surface. XPS parameters derived
from various peak components are provided in Table S2 in the sup-
porting information. The Cu 2p XPS spectra of fresh my-Al;¢xCux-SG
and y-AlgCu;-I catalysts shown in Fig. 6A exhibit Cu 2ps,2 and Cu 2p; /2
main peaks in the binding energy (BE) ranges 933.6-933.9 eV and
953.5-953.8 eV, respectively with a spin-orbit coupling constant of 19.9
+ 0.1 eV. The BE values and the appearance of an intense satellite
feature around 942 eV is a clear indication that the oxidation state of
copper is +2 in all samples [17,43]. It can be noticed that the FWHM of
Cu 2p3/2 main peak of my-AlggCug; is 3.07 eV, and it reduces to
2.51-2.56 eV at higher Cu loading. With respect to my-Al;o.xCuy-SG
catalysts, y-AlgCu;-I showed a relatively low value of FWHM (2.34 eV),
suggesting that the electron density on Cu species is different due to the
difference in the strength of metal-support interaction and the chemical
environment of copper in the alumina matrix. The BE of the Al 2p XPS
spectra of all the catalysts in Table S2 and Fig. S2 (supporting infor-
mation) fall in the range of 73.5-74.1 eV and is characteristic of AI>*
species in copper-alumina mixed oxide system [26].

The O 1 s XPS spectra given in Fig. S3 show a relatively more spectral
broadening with a FWHM in the range of 2.93-3.03 eV for my-Al;¢.xCuy-
SG catalysts in comparison with conventional y-AlgCuj-I catalyst
(FWHM of 2.49 eV) (see Table S2 in the supporting information). The O
1 s spectra of all the fresh samples on deconvolution are resolved into
two peak components centered at 529.8 and 531.3 eV, which can be
assigned to lattice oxygen (Oy) and hydroxyl oxygen (Op), respectively

(Fig. S3) [25,44,45]. With respect to the conventional y-AlgCu;-I cata-
lyst, the quantity of surface OH species in my-Al;¢xCux-SG catalysts is
relatively high. The peak intensity ratio between hydroxyl oxygen (Op)
and lattice oxygen (Op) estimated for my-Alg gCug 1, my-Alg 5Cug 5, my-
AlgCuy, my-Alg 5Cu; 5, and conventional y-AlgCuy-I catalysts were 0.46,
0.40, 0.30, 0.34, and 0.29, respectively (see Table S3 in the supporting
information). The amount of surface OH species on my-Al;oxCuy-SG
catalysts are high at low copper content (my-AlggoCup; and my-
Alg5Cups), however it shows a decreasing trend at higher copper
loading (my-AlgCu; and my-Alg 5Cu; 5). Evidently, the amount of surface
hydroxyl groups (-OH) in my-Al;g.xCux-SG catalysts are related to the
copper content in the sample to a great extent. At low Cu loading, such
as in the case of my-Alg 9Cuyg 1, copper is mainly present as isolated cut
ions formed by exchanging with the H atoms of the alumina hydroxyl
groups. As the Cu content increases, more and more hydroxyl groups on
the alumina surface are consumed and as a result a gradual decrease of
hydroxyl group was observed up to my-AlgCu; in the present study. With
further increase of Cu loading to my-Alg sCu; 5, the availability of hy-
droxyl groups for exchange decreases, leading to the formation of bulk
copper oxide and the recovery of some hydroxyl groups. Probably this
could be the reason for the slight increase of hydroxyl group on my-
Alg 5Cu; 5 with respect to my-AlgCu;. Also, the preparation method,
interaction between CuO and Al,;Os, particle size of copper species,
surface Cu—Al spinel formation, variation in the heat treatment and
calcination processes during the material synthesis etc. are decisive
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Fig. 3. SEM (A), and FE SEM images of my-AlgCu; (B and C). SEM-EDX spectrum of my-AlgCu; extracted from C (D). The EDS mapping of my-AlgCu;: (E) Al, (F) Cu,

and (G) O, which reveals uniform distribution of Cu on the alumina surface.

factors that determine the concentration of hydroxyl groups on the
catalyst surface.

The valence band (VB) XPS spectra of my-Al; 9.xCux-SG and y-AlgCu;-
I catalysts recorded below 15 eV are shown in Fig. 6B. Valence band
spectra are essentially comprised of low BE electrons (below 15 eV)
occupied by bonding orbitals, and it provide valuable information on the
electronic interaction among various elements in the material. The vast
difference in the photoionization cross section (c) values for Cu 3d
(0.012 Mb) and O 2p (0.00024 Mb) at hv = 1486.6 eV and the fact that
the first lowest occupied core level of AI>* occurs only at 74 eV benefits
in validating VB features in my-Al;(xCux-SG and y-AlgCu;-I catalysts
[46]. All the catalysts exhibit a main VB feature at around 4-4.5 eV due
to Cu 3d bands [25,43]. The intensity of this peak is relatively high for
materials at high copper content (my-AlgsCu;s, my-AlgCu; and
v-AlgCuy-I), but it is reduced for catalysts at low copper loading (my-
Alg 9Cugp 1 and my-Alg 5Cug 5). The BE overlap between Cu 3d VB feature
at 4-4.5 eV and O 2p feature at 4.5-7.5 eV is due to the strong hy-
bridization of Cu 3d and O 2p orbitals and is characteristic of Cu?*"
species [46]. The broad satellite feature at 9-13 eV resulted by the
photoionization of 3d° ground state configuration is further evidence
that copper exists in +2 oxidation state [25,47]. Nonetheless, this sat-
ellite feature is relatively weak in my-Al; g xCuy-SG catalysts compared to
y-AlgCuy-I catalyst, suggesting that the Cu®" species are strongly inter-
acting with AlyO3 in my-Al;(xCux-SG catalysts. Furthermore, the VB
spectra also show a shoulder around 2.3 eV, which can be ascribed to the
antibonding orbitals of the Cu 3d [46]. This shoulder peak appears to be
prominent on Cu rich catalysts (my-Alg 5Cu; 5, my-AlgCu; and y-AlgCu;-
D) as has been reported for bulk CuO, but it is very weak on my-Al; .xCuyx-

SG catalysts with low Cu content (my-Alg 9Cugp ; and my-Alg 5Cug s).

The surface concentration of Cu and Al were calculated using the
relations between the elemental peak intensity, kinetic energy, and
photoelectron cross section, as previously reported [43,48]. The peak
area of Cu 2ps3/» and Al 2p were used for the calculation. The Cu/Al
surface atomic ratio calculated from XPS for all the catalysts are less
than the bulk atomic ratio (Table S2 in the supporting information). The
data revealed that the surface concentration of Cu is lowest on my-
Alg 9Cug 1, and there is a concomitant relation between Cu/Al surface
atomic ratio and Cu loading in my-Al;o.xCux-SG catalysts. Among all
catalysts in this study, y-AlgCu;-I showed the highest amount of copper
on the surface. The relatively low Cu/Al surface atomic ratio in my-Al;.
xCUx-SG catalysts is likely due to the incorporation of more Cu species in
the bulk and/or confinement of fine particles of Cu species in the porous
structure of the material and its isolation from the surface.

3.3. XANES and EXAFS studies of my-Aljp.xCuy-SG catalysts

The Cu K-edge XANES and EXAFS analyses were performed in
transmission mode for selected catalysts to understand the local struc-
ture and electronic states of Cu species in the samples. Cu K-edge XAS
absorption spectra is resulted when electronic transition occurs from Cu
1 s state to the unoccupied valence state or into a continuum state [49].
The normalized Cu K-edge XANES spectra of my-Al;oxCux-SG and
v-AlgCuy-I catalysts are compared with standard sample of CuO in Fig. 7.

The main transition features B and C in the edge portion of the
XANES spectrum points to the 1 s — 4p dipole allowed transition. The
secondary absorption band feature B is attributed to a shake-down
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Fig. 4. TEM images of my-Alg 9Cug (A) and my-AlgCu; (B). SAED pattern corresponding to the TEM image of my-AlgCu; (C). HRTEM images of my-AlgCu; (D).
HRTEM image of my-AlgCu; given in the inset in (D) illustrates the lattice fringes of CuO and the close contact between CuO and alumina lattice.
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Fig. 5. H,-TPR profiles for my-AlgCu; and conventional y-AlgCu,-I catalysts.

process and it appears as a weak shoulder-like feature at around 8985.5
eV (B) in the present study [49]. The absorption band at 9000-9020 eV
(D) is due to multiple scattering process, whereas the oscillation at
9030-9080 eV (E) is attributed to single scattering from the nearest-
neighbor O atom of Cu [49]. The spectral data in Fig. 7 and edge ab-
sorption energy values provided in Table S4 in the supporting infor-
mation demonstrate that the edge absorption energy of the fresh my-
Aly9xCux-SG catalysts (in the range of 8990.7-8991.9 eV) and conven-
tional y-AlgCuy-I catalyst (8990.4 eV) is more close to CuO (8990.2 eV),

suggesting that copper is in +2 oxidation state in fresh catalysts [49-51].
Moreover, the slope of the edge absorption calculated for y-AlgCu;-I
catalyst is very close to CuO standard and it is relatively less when
compared to my-Al;oxCux-SG catalysts (see Table S4 in the supporting
information). In the particular case of my-AljoxCuy-SG catalysts, the
slope of the edge absorption increases as the Cu concentration decreases.
With respect to y-AlgCu;-I catalyst, the slightly increased edge absorp-
tion energy value of my-Al;.xCux-SG catalysts suggests that the copper-
alumina interaction in my-Al;(xCux-SG catalysts is stronger than in
y-AlgCuy-I catalyst and it is in corroboration with the TPR result.
Additionally, the amplitude of the oscillation in the region at
9030-9080 eV (E) is reduced much in my-Al;oxCux-SG catalysts
compared to y-AlgCu;-I catalyst and CuO standard due to higher degree
of local structural disorder in the former case.

The Cu K-edge EXAFS spectra of my-Aljg.xCuy-SG and y-AlgCu;-I
catalysts, and standard sample of CuO in k space and the corresponding
Fourier transformed (FT) spectra in R space are provided in Fig. SA&B,
respectively. The peaks at 1-2 A in the FT spectra in Fig. 8B corresponds
to the bond between Cu and O in the first coordinate shell [10,49]. The
peaks in the range of 2-3.2 A describe the absorbed Cu to nearest Cu
coordinate shell distance [49]. The Cu K-edge EXAFS spectral charac-
teristics of y-AlgCu;-I catalyst in terms of spectral appearance (Fig. 8A)
and the Cu—O and Cu-O-Cu peak features in the corresponding FT
spectrum (Fig. 8B) is very much resembled to CuO, suggesting that the
local structure of Cu species in y-AlgCu;-I is similar to that of bulk CuO
standard [10,46,49]. This infers that the copper species in the y-AlgCu;-I
catalyst interacts weakly with the alumina support due to its bulk-like
characteristics. However, in comparison with y-AlgCu;-I and CuO stan-
dard, the Cu K- EXAFS analysis of my-Al;oxCux-SG catalysts showed
dampened EXAFS oscillations in k-space, especially at higher wave
numbers (Fig. 8A) and the amplitude of the second shell peak (Cu — O-
Cu feature) is significantly less and/or not discernible in the
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corresponding Fourier transformed (FT) spectrum in R-space at 2-3.2 A
(Fig. 8B). This suggests that a long-range structural order was lacking in
my-Al;0.xCux-SG catalysts, likely due to the high dispersion of copper
species in the alumina lattice resulting a strong copper-alumina inter-
action imparted by the porous structure [10].

To understand the influence of preparation method on the chemical
environment of Cu in the alumina catalysts, EXAFS modeling (fitting) of
fresh samples of my-AlgCu; (Fig. 8C) and the conventional y-AlgCuy-I
(Fig. 8D) catalysts were performed. The structural parameters calculated
from EXAFS fitting are tabulated in Table S5. The copper species in
mesoporous my-AlgCu; showed the best fit when the first shell
describing the Cu—O path is only considered for modeling. The Cu—O
distance obtained by this fitting model is 1.949 = 0.01 A. This distance is
very close to the distance calculated for Cu®>* species in Cu®* containing
catalyst system and CuO standard [10,46,52]. The absence of well
discernable EXAFS peak features beyond the first Cu—O path of its
fitting spectrum suggests that the copper species are in short-rang order
and the remote atoms contribute less significantly to the EXAFS spectra
[10]. This infers that copper species in my-Al;o.xCux-SG catalysts are
most likely in a highly dispersed state in the mesoporous y-Al,O3 lattice
as described in the case of porous Cu/CeQOy/ZSM-5 and Cu/ZSM-5
catalyst systems [10,53]. In contrast to this, the EXAFS modeling of
v-AlgCuy-I indicates that bulk CuO-like species are apparent with Cu—0O
and Cu—Cu distances of 1.955 + 0.07 A and 2.884 + 0.07 A, respec-
tively. The fitting parameters calculated for y-AlgCu;-I are in good match
with the values calculated for copper containing catalyst system that
show longer-range CuO structure [10,46].

3.4. Catalytic activity

To check the efficacy of my-Al;o.xCux-SG catalysts in the RWGS re-
action, we performed activity measurements in the temperature range of
300-600 °C and time-on-stream studies for stability tests at 500 °C at a
space velocity (WHSV) of 12,000 mLg~! h™! while maintaining a Ha/
CO4 mole ratio of 4. Control experiments performed on pure mesoporous
y-Al;03 (my-Aly03) showed less than 2 % CO, conversion in the tem-
perature range of 300-600 °C (Fig. 9), suggesting that an active metal or
metal oxide integrated in alumina is essential for improving the CO,
activation and its further conversion to CO in RWGS reaction. This also
ensures the possibility of thermal induced CO; conversion to CO is much
less over the present catalyst system.

CO4, conversion obtained for RWGS reaction on my-Al;.xCuy-SG and
conventionally prepared y-AlgCu;-I catalysts at various temperatures is
displayed in Fig. 9 (see Table S6 in the supporting information for ac-
tivity data). Irrespective of the copper concentration, all my-Al;gxCuy-
SG catalysts show distinctly higher CO2 conversion compared to con-
ventional copper catalysts. CO2 conversion increases as the copper
concentration increases while maintaining 100 % CO selectivity in all
the cases. For example, my-Al;(xCuy-SG catalysts showed a CO, con-
version of 27 %, 35 %, 45 %, and 47 % at 500 °C for x values of 0.1, 0.5,
1, and 1.5 respectively. The non-mesoporous conventional y-AlgCu;-I
catalyst was less performing than my-Al;gxCux-SG under similar
experimental conditions and it showed only 16 % CO, conversion at
500 °C. It is worth to note that the my-Al;(xCuy-SG catalyst even at
lowest copper content (my-Alg 9Cug 1, 1.24 wt% Cu or 1 mol% Cu with
respect to the total metal content) also showed higher CO;, conversion
than the conventional y-AlgCu;-I catalyst containing 12.17 wt% of Cu
(or 10 mol% Cu). Furthermore, the mesoporous AlgCu; with almost
same Cu loading as that of y-AlgCu;-I resulted 2.8 times higher CO5
conversion than y-AlgCu;-I. These results exemplifies that the present
synthesis method is versatile in producing sufficient number of active
sites at relatively low copper loading for CO activation and its subse-
quent reduction by Hy to CO, and the intrinsic activity of copper species
integrated in my-AljgxCux-SG catalysts is much higher than the
conventionally prepared copper catalyst.

The RWGS reaction performed at various temperatures on my-Al;g.
xCux-SG catalysts and y-AlgCu;-I catalysts revealed that CO2 conversion
and CO production rate increases with reaction temperature for all the
catalysts due to the endothermic nature of the reaction. Both my-Al;.
xCUx-SG and y-AlgCuy-I catalysts show 100 % CO selectivity at 300-
600 °C, and we could not identify any other side product under the
experimental conditions we performed. The my-Al;oxCux-SG catalysts
exhibit distinctly higher CO5 conversion and CO yield especially at
relatively lower temperature than the conventional copper catalyst. CO5
conversion to CO formation occurs at 300 °C on my-Al;(.xCux-SG cata-
lysts at x > 0.5, whereas for my-Alg gCug 1, CO production starts at a
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slightly higher temperature of 350 °C. For example, my-AlgCu; showed a
CO4 conversion of 2.4 % at the reaction temperature of 300 °C, which is
increased to 22.3 % at 400 °C, 45 % at 500 °C and 60.4 % at 600 °C. The
conventional y-AlgCu;-I catalyst, on the other hand, didn't show any
activity up to 350 °C. The y-AlgCu;-I catalyst could achieve a CO5 con-
version of only 2 %, 16.3 % and 39.5 % at 400 °C, 500 °C, and 600 °C,
respectively. We also performed RWGS reaction on my-Al;o.xCux-SG
catalysts without any pre-reduction treatment and found that the cata-
lysts in unreduced conditions are also active with a maximum of 6.6 %
decline in the activity with respect to the parent sample for all the
compositions and at all temperatures while maintaining 100 % CO
selectivity (see Fig. S4 in the supporting information). This is an added

advantage of the present catalyst system that the pre-activation step
often needed for the reaction can be avoided, which can minimize the
overall process cost, and it is relevant in real industrial applications.
The catalytic performance of my-Al;(xCux-SG and y-AlgCu;-I cata-
lysts were carried out by performing time-on-stream (TOS) for a period
of 50 h at 500 °C and WHSV of 12,000 mLg ! h™! to check the stability
of the catalyst, and the results are shown in Fig. 10 (see Table S7 in the
supporting information for activity data). The my-Alg 9Cug catalyst
displayed excellent stability with a CO3 conversion of 26-28 % and no
detectable deactivation throughout the 50 h of activity study. Interest-
ingly, my-Al;0.xCux-SG catalysts with higher Cu loading also displayed
high activity with comparatively less decline in the CO2 conversion as
time progresses. For example, my-AlgCu; (12.17 wt% Cu) showed a CO»
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Fig. 10. Stability test by TOS study on my-Alg 9Cug 1, my-AlgCu; and conven-
tional y-AlgCu;-I catalysts at 500 °C (reaction conditions: 100 mg catalyst, Hy/
CO, mole ratio = 4, WHSV = 12,000 mL-g~1-h™%).
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conversion of 43.7 % in the second hour of the reaction and it is
decreased to 37.8 % after 50 h of time on stream (Fig. 10), whereas my-
Alg 5Cuy 5 catalyst with more Cu loading resulted a CO, conversion of
44.5-40.3 % with only a 4 % decrease of CO; conversion in the 30 h TOS
study (not shown). All these catalysts show a CO selectivity of 100 % and
no side products such as CH4 were detected during the entire period of
study. In comparison, the conventional reference y-AlgCu;p-I catalyst
showed only 17.2 % CO, conversion in the second hour, which is
decreased to 8.2 % after 50 h period though the CO selectivity is 100 %
throughout the TOS study. Compared to the my-AlgCu; catalyst that lost
only 13.5 % of its initial activity after 50 h, the conventional y-AlgCu;-I
catalyst with same Cu content as that of my-AlgCu; catalyst lost 52.3 %
of its initial activity after 50 h. The hydroxyl groups on the alumina
surface act as anchoring sites for Cu species and thereby play a decisive
role in determining the nature of the Cu-Al;O3 interaction and the dis-
tribution of copper species, which influences the stability and catalytic
efficiency of my-AljpxCuy-SG catalysts. my-AlggCug; containing
maximum amount of surface hydroxyl group and lowest Cu loading
promote high dispersion of Cu species on the alumina surface with high
binding strength of copper species to the alumina support, resulting high
catalyst stability though it shows relatively less CO2 conversion rate due
to low Cu content in it. The present study also demonstrates that the
conventional y-AlgCuy-I catalyst with a higher copper concentration and
lowest quantity of surface hydroxyl group on the alumina surface is less
effective in stabilizing Cu particles and as a result sintering of Cu par-
ticles occurs and the catalyst deactivates fast during the RWGS reaction
at higher reaction temperature. Compared to conventional y-AlgCu;-I
catalyst, my-AlgCu; catalyst with relatively more surface hydroxyl group
could stabilize more Cu particles, which enhances the stability of the
catalyst.

Despite the low affinity of Cu metal for H, and high vulnerability of
Cu catalysts to sintering at high temperature, continuous efforts have
been made in the literature in developing Cu-based catalysts for RWGS
reaction and a comprehensive analysis of these catalysts and advances in
their development is addressed in a recent review [20]. A comparison of
the activity of my-Al;o.xCux-SG catalysts in this study with various Cu-
based catalysts reported in the literature is provided in Table S8 in the
supporting information. The RWGS reaction activity of my-Al;o.xCux-SG
catalysts in this study are highly promising than most of the Cu-based
catalysts such as Cu catalysts produced by different preparation
methods, Cu catalysts supported on irreducible and reducible oxide
supports and various other substrates [2,9-20], Cu-incorporated zeolites
and mesoporous silica [10,19], Cu—Al spinel catalysts [17], Cu-based
layered double hydroxides (LDHs) [18], and Cu catalysts in combina-
tion with other secondary metal component as promoter or additive
[2,11,20] (see Table S8 in the supporting information). Particularly, as
shown in Table S8, compared with the previously reported Cu/Al,O3
catalysts with Cu content comparable in the range of the present catalyst
system, my-AljoxCuy-SG catalysts showed excellent catalytic perfor-
mance in terms of activity and stability. Moreover, under similar
experimental conditions, my-Al;(xCux-SG catalysts displayed remark-
ably high CO; conversion rate and stability than the conventional
y-AlgCuy-I catalyst in this study. With respect to the Cu/Al,O3 catalysts
reported in the literature, the high catalytic performance of my-Al;g.
xCux-SG catalysts in this study is likely due to fine dispersion of Cu
nanocrystallites in the mesoporous y-Al,O3 frame work and its stabili-
zation by surface hydroxyl group furnished by mesoporous alumina,
resulting in an increased number of surface-active sites for adsorption
and reaction.

3.5. Characterization of spent catalysts and structure-activity relation

The structure-activity study of my-Al;(xCux-SG and y-AlgCu;-I cat-
alysts revealed that the Cu loading and surface heterogeneity such as the
distribution of Cu and the nature of oxygen species surface morphology
and porosity, Cu-Al,O3 interaction and the nature of active sites at the
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Cu-Al,03 interface, and the electronic characteristics of the Cu species in
due course of the reaction play crucial roles in the RWGS reaction ac-
tivity, CO selectivity and stability. The relatively high CO production
rate and stability of my-Al;(xCux-SG catalysts in comparison with the
conventional y-AlgCu;-I catalyst exemplifies that the activity and sta-
bility of copper sites is enhanced in my-Al;oxCux-SG catalysts. This is
due to the fine distribution of Cu species in the mesoporous alumina
lattice, modified metal-alumina interface, and the strong metal-support
(copper-alumina) interaction as evidenced from XRD, SEM/TEM, XPS
and Cu K-edge XAS studies. Additionally, the porous characteristics of
the material reduces the diffusion limitation of the reactants and prod-
ucts, avoid the pressure drop problem during catalysis and also offers a
spatial confinement effect to the active CuOy species, which could
enhance the overall catalytic performance by retarding the agglomera-
tion of Cu particles during the course of the reaction.

The nature of interaction between the reactant molecules (CO, and
Hj) and the catalyst surface, the charge transfer property of the catalyst
as well as the relative amount of the active components at the copper-
alumina interface are decisive in the activation and dissociation of
CO4 and Hy, and their subsequent reduction pathway to CO. To know the
electron transfer dynamics and the relative number of active sites at the
Cu-AlyO3 interface, electrochemical properties of mesoporous AlgCu;
and conventional y-AlgCu;-I catalysts were studied by electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) (see sup-
porting information for details). The Nyquist plot obtained from EIS and
CV curves of my-AlgCu; and conventional y-AlgCu;-I catalysts are shown
in Fig. S5 and Fig. S6, respectively. The apparently smaller R.; value of
mesoporous AlgCu; compared to conventional y-AlgCu;-I catalyst in-
dicates the faster charge transfer efficiency and higher conductivity of
the my-AlgCu; catalyst. The voltametric charge (Q) obtained from the
CV curve is used to determine the number of surface-active sites(n),
which can be correlated to the activity of the catalyst in RWGS reaction.
The Q and the corresponding ‘n’ values of the my-AlgCu; (0.1055C and
5.47 x 10”7 mol) was comparatively higher than the y-AlgCuy-I catalyst
(0.0363C and 1.88 x 10”7 mol), implying that my-AloCu; with large
number of surface-active sites are more efficient than conventional
y-AlgCuy-I catalyst in RWGS reaction.

Further information on the surface heterogeneity in terms of Cu
distribution and relative amount of oxygen species, and a corroboration
of it with RWGS activity was obtained from XPS analysis. The Cu/Al and
On/O¢ (Onydroxyl/OLattice) ratios calculated from XPS analysis is plotted
against the catalyst composition in Fig. 11. Catalyst surface either
enriched with hydroxyl group or Cu species is not good for the reaction.
For example, my-Alg 9Cuy ; catalyst with relatively high concentration of
hydroxyl group and low Cu content shows poor activity. Similarly,
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Fig. 11. Correlation of Cu/Al and Ogyydroxyl/Orattice (On/OL) surface atomic
ratio and RWGS reaction activity of my-Al;o,Cuy-SG and conventional
y-AlgCuy -1 catalysts. Cu/Al and Oy/Oy, surface atomic ratio obtained from XPS
was plotted.
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v-AlgCuy-I catalyst surface with more Cu content show poor activity.
From the Fig. 11 and activity results, it is clear that an optimum amount
of surface hydroxyl and Cu species on the catalyst surface is good for
better activity in RWGS reaction. These results suggest that the number
of surface active sites available for CO5 adsorption and activation, and
subsequently its reduction by Hy to CO decreases if alumina surface is
covered with more Cu species [20,26]. The relatively lower CO3 con-
version on y-AlgCu;-I is likely due to this hypothesis. The my-Al;¢xCux-
SG catalysts (my-AlgCu; and my-Alg 5Cu; 5) with uniform distribution of
surface hydroxyl group and Cu species in an optimum concentration
exhibited the highest activity.

To understand the critical changes happened to the catalyst materials
after the reaction, characterization of the spent catalysts of my-AlgCu;
and the y-AlgCu;-I catalysts obtained after stability study at 500 °C were
carried out. XRD pattern of the spent catalyst of conventional y-AlgCu;-I
catalyst show sharp and intense reflections characteristic of metallic
copper (Fig. S7 in the supporting information). The comparatively large
activity decline observed in the case of conventional y-AlgCu;-I catalyst
as time progresses is likely due to the segregation of Cu nanoparticles
into bulk agglomerates under the reaction conditions [10]. Contrarily,
the broad peak observed at 20 =30-40° in the fresh catalyst of my-AlgCuy
has become more sharp with very weak reflections of metallic Cu at 20
=43.248° (JCPDS No. 4-836) in the corresponding spent catalyst. This
suggests that the Cu species were not segregated much, and they are in a
highly dispersed state and still exists as fine particles in my-AlgCu; [26].
The enhanced charge transfer and the electrochemically more active
sties at the copper-alumina interface, and the strong metal (Cu)-support
(Al,03) interaction in my-AlgCu; modify the electronic structure of Cu
species, enhances the Cu dispersion, and suppress the segregation of Cu
nanoparticles into bulk agglomerates during the reaction, which ac-
counts for its enhanced activity and stability in comparison with con-
ventional y-AlgCuy-I catalyst [2].

Cu 2p XPS analysis of my-AlgCu; and y-AlgCuy-I catalysts obtained
after RWGS reaction provided clear evidence of the Cu?" reduction
during the RWGS reaction (Fig. 12A). The deconvolution analysis of the
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Cu2ps,» peaks of the spent my-AlgCu (y-AlgCuy-I) catalysts showed two
BE components at 933.5 (933.7) eV and 931.9 (932) eV. The high BE
component at 933.5 (933.7) eV is due to cu?t species, whereas the low
BE component at 931.9 (932) eV is due to reduced Cu species (Cu" and
cu 1 7,26,43]. The evidence of an intense satellite feature at around
943 eV supports the presence of Cu®" species in the spent my-AlsCu and
v-AlgCuy-I catalysts, indicating that part of the reduced copper species
must have reoxidized during the reaction process [26]. The literature
evidence suggests that the BE component at 932 eV is not discernible to
discriminate Cu™ and Cu® species [17,26,43]. A higher percentage of
reduced Cu species on the y-AlgCu;-I surface (51 %) compared to my-
AlgCu; surface (39 %) indicating that the cu®t species in y-AlgCuy-I is
reduced more during the reaction. Moreover, the FWHM of the Cu 2p3/»
peak component of the spent catalyst of y-AlgCu;-I (3.63 eV) is higher
than the corresponding fresh catalyst (2.34 eV), and the spent catalyst of
my-AlgCu (3.23 eV). The above results hint that the peak component
around 932 eV is comprised of both Cu® and Cut species [43].

To distinguish Cu™ and Cu® species in the spent samples, X-ray-
induced Auger electron spectroscopic analysis of spent my-AlgCu; and
y-AlgCuy-I catalysts were performed and the spectral results are shown
in Fig. 12B. It can be seen from the Cu LMM Auger spectra that both the
spent catalysts exhibit Cu LMM Auger components at KE values of 916.5,
917.6, 918.9, which are assigned to cul, Cu*z, and Cuo, respectively
[25,43,54]. In contrast to spent my-AlgCu; catalyst, the KE component
corresponding to Cu® at 918.9 eV on spent y-AloCu;-I catalyst is rela-
tively sharp with less broadening. This clearly indicates the contribution
of Cu® is high on the conventional spent y-AloCu;-I catalyst, which un-
derlines the results obtained from XRD and Cu 2p XPS analysis. How-
ever, a reliable estimation of each Cu component is difficult due to a
large overlap of the Auger peaks with a significant background in the
spectra [43].

The VB XPS spectra of the spent AlgCu; and y-AlgCu;-I catalysts
provide further evidence on the surface electronic structure of Cu spe-
cies on the catalyst surface (Fig. 12 C) [46]. Besides the main Cu 3d band
at 4-4.5 eV and broad low intense O 2p features at 4.5-7.5 eV, a new VB
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Fig. 12. Cu 2p core level XPS spectra (A), Cu LMM Auger electron spectra (B), and Valence band XPS spectra (C) of spent my-AlgCu; and conventional y-AlgCu;-

I catalysts.
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feature appears at 1.3 eV in the spent catalysts of AlgCu and y-AlgCu;-I,
which is characteristic of CupO species [25]. The relatively weak satel-
lite peak observed at 9-12.5 eV for the spent catalysts is attributed to
Cu®" species [25,43]. Interestingly the VB spectra of the spent catalyst
y-AlgCuy-1I show a shoulder around 2.3 eV, which is similar to that of
bulk CuO [46]. However, this shoulder peak is very weak or absent in
the spent my-AlgCu; catalyst, suggesting that the aggregation and par-
ticle growth of Cu species are very much high in conventionally pre-
pared y-AlgCu;-I catalyst. The VB spectra of the spent my-AlgCu; and
v-AlgCuy-I catalysts also show a low intense BE feature at Fermi level (0
eV), the intensity of which is more pronounced in y-AlgCu;-I and it is due
to the Fermi level (Eg) of metallic Cu species [55,56]. VB XPS spectra
given in Fig. 12C agrees with XRD and Cu 2p core level XPS results.

Further evidence of severe aggregation of Cu species in y-AlgCu;-I
compared to my-AlgCu; during the reaction was obtained from XPS by
comparing the Cu/Al atomic ratio between the fresh and spent samples.
The Cu/Al surface atomic ratio calculated for spent y-AlgCu;-I catalyst
showed a value of 0.020, which is about 76 % decrease with respect to
the value of 0.083 in the corresponding fresh catalyst. Contrarily, the
Cu/Al surface atomic ratio on my-AlgCu; was increased to 0.029 in the
spent catalyst from an initial value of 0.018 in the fresh catalyst, sug-
gesting that mesoporous structure in my-Al;.xCux-SG catalysts allow re-
dispersion of Cu species without any particle growth during the reaction.
These results exemplify a remarkable change in the electronic structure
of Cu species on the spent catalysts surface with respect to the fresh
catalysts. We have performed in situ XPS analysis under NAP-XPS con-
ditions (typically ~0.1 mbar of the reactive gas environment) to obtain
more reliable information about Oy/Oy, surface atomic ratio, oxidation
states and relative proportion of various surface Cu species in real re-
action conditions in the presence of H., CO2 and H2/CO: mixtures.
However, the intrinsic charging of this material resulted a charging-
induced shift of approximately 36 eV, limiting its suitability for in situ
NAP-XPS analysis at elevated pressures (see supporting information for
details).

The Cu K-edge XANES and EXAFS analysis of the spent catalyst of
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my-AlgCu; was carried out and compared with the corresponding fresh
catalyst and other standard copper oxides including CuO and CuyO to
understand the oxidation state of Cu and the structural changes
happened to the catalyst after the RWGS reaction (Fig. 13A). The edge
energy value of the spent my-AlgCu; catalyst (8989.06 eV) in the XANES
spectra in the inset of Fig. 13A was about 1.2 eV less than with respect to
the corresponding fresh catalyst and it is in between CuO and CupO. This
further confirms the reduction of CuO species occurs during the RWGS
reaction. Nonetheless, we could not observe any large difference in the
XANES and EXAFS spectra between fresh and spent -catalysts
(Fig. 13B&C). Further, a comparison of the curve-fitting analysis of the
spent and fresh AlgCu; catalyst confirmed that the local structure of the
Cu species in the spent catalyst is essentially the same as that of the fresh
sample though the Cu-O-Cu peak feature in the spent catalyst is slightly
grown (Fig. 13D). The above results underscore that there is not much
variation in the local environment of copper species in my-AlgCuj, and
the structural integrity of the catalyst was maintained during the
reaction.

3.6. DFT study of the RWGS reaction on Cu (111) and Cu/y-Al;03(110)
surfaces

Density functional theory (DFT) calculations were performed to
explore the RWGS reaction mechanism on the catalyst surfaces of Cu
(111) and Cu/y-Al303(110). The bulk structures of Cu (mp-30) and
v-Al;O3 (mp-1143) were taken from the materials project database.
Then the stable surface terminations were cleaved for Cu (111) and
v-Al203(110). We used these two slab models to study the RWGS reac-
tion mechanism (CO2 + Hy — CO + H30). The reaction free energy
profile is shown in Fig. 14. The reaction is initiated by adsorption of
reactants CO, and Hj on the surfaces. The CO, molecule is only physi-
cally adsorbed over Cu (111) (Eyqs = 0.68 eV), while it is chemically
adsorbed over Cu/y-Aly03 (110) (Eags = —1.51 eV). On the other hand,
H, is weakly physisorbed (E;qs = 0.48 eV) in both cases. Subsequently,
the adsorbed H; molecule is activated to produce surface adsorbed H
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Fig. 13. (A) Cu — K edge XANES spectra of fresh and spent my-AlgCu; catalysts and reference samples (CuO and Cu,0). (B) Cu — K edge EXAFS spectra, and (C) the
corresponding Fourier transform (FT) spectra of fresh and spent my-AlgCu; catalysts and reference samples (CuO and Cu,0). (D) EXAFS modeling data of spent my-

AlgCu; catalyst.
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Fig. 14. The calculated reaction free energy profile of the COOH pathway of the reaction mechanism for the RWGS reaction on the Cu (111) and Cu/y-Al;03(110)
surfaces. The reaction free energy profile in reddish brown and black colors indicate the reaction pathway on Cu (111) surface, and Cu/y-Al;03(110) surface,
respectively.

species (H*), and the C—O bond of COy* is activated by H* to produce (OH* 4+ H* — Hy0%). In the case of Cu (111), this step has an activation

CO* and OH*. In the case of Cu (111), this process is thermodynamically barrier of 1.15 eV and reaction energy of 0.17 eV; however, the same
and kinetically much more energy demanding (E, = 1.28 eV; AE = reaction step over Cu/y-Al,O3 (110) is rather difficult (E, = 3.22 eV; AE
—0.88 eV) compared to that over Cu/y-AloO3 (110) surface (E; = 0.67 = 2.42 eV). The last step of CO* and HoO* desorption is facile for both
eV; AE = —2.01 eV). The next step in the process is water formation models. Overall, DFT calculation indicates that RWGS reaction is
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Fig. 15. (a) Temporal evolution of operando DRIFTS spectra recorded during the RWGS reaction over my-AlgCu; catalyst. Reaction conditions: P = 1 bar, T = 300 °C,
H,:CO4:Ar = 4:1:1, and total flow rate of 60 mL/min (b) Evolution of the main bands related to surface species involved in the reaction and evolution of the m/z = 2
signal (Hy) followed on-line by MS.
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thermodynamically favorable over Cu/y-AlyO3 (110) compared to Cu
(111) catalytic surface.

3.7. Operando DRIFTS-MS analysis of RWGS over my-AlgCu; catalyst

The my-AlgCu; catalyst was selected to gain further details about the
species involved in the RWGS mechanism using operando DRIFTS-MS
measurements. We hypothesize that the reaction occurs through the
formation of hydroxycarbonyl intermediates which are rapidly decom-
posed into CO and H,0. In this pathway, the redox pair Cu®/Cu®" plays a
key role. Nevertheless, these intermediates are very unstable and can be
hardly detected by DRIFTS. To confirm this hypothesis, the experiment
was carried out at 300 °C to minimize overall conversion, thereby
enabling the investigation of CO: activation under conditions of limited
reactivity. Additionally, the catalyst was pretreated in the absence of
hydrogen to maintain the Cu?>" oxidation state or to allow only partial
reduction.

Fig. 15 displays the time-resolved spectra recorded as a function of
time-on-stream for my-AlgCu; catalyst. As can be observed, three spec-
tral features were developed at 1225, 1430 and 1651 cm™! suggesting
the formation of surface bicarbonates [57]. Although the 3800-3300
em™! is partially masked by the characteristic combination modes (v3 +
2v9) and (v3 + v7) of gaseous CO; [58], it is clearly observed that a band
at 3751 cm ™! vanished with the reaction time. This feature is assigned to
aluminium bonded terminal hydroxyl species [59]. It is well known that
bicarbonate formation on an oxide surface occurs from the reaction
between CO; and the surface hydroxyl groups. Such an interaction has
been typically observed on alumina, where it was found that reaction
takes place with the highest wavenumber of hydroxyls [60]. Likewise,
Song et al. [61] reported that terminal hydroxyl groups are the involved
species in the CO2 activation. Busca and Lorenzelli proposed that bi-
carbonate can adsorb as either monodentate or bidentate structures on
the surface of metal oxides [57] although in alumina more typically
observed are the monodentate species.

Moreover, a broad band centered at 960 cm ™! is also observed. Some
studies have shown that monodentate and bidentate bicarbonate species
can exhibit bands in the ~960-980 cm ! region, which are assigned to
bending or torsional modes [62]. The intensity of these bands is typically
weak to moderate compared to the strong band observed at 1225 cm ™~
In our case, the emergence of the band at 960 cm™! suggests that the
bicarbonate species could become highly distorted, or that it is acti-
vated, forming a non-conventional surface intermediate. As shown in
Fig. 15b, the IR profiles clearly reveal that hydroxyl groups disappeared
while bicarbonate species were simultaneously formed. Additionally, it
is noteworthy that the band at 960 cm ' emerged precisely after
hydrogen consumption, in concordance with the negative peak observed
at m/z = 2 signal of mass spectrometer. According to the TPR results
(Fig. 5), it is reasonable to assume that Cu®" is reduced to Cu' at a
temperature of 300 °C and the band at 960 cm ™! could be related to O-
cu®t stretching vibrations [63]. Therefore, it can be stated that ions
Cu®* were partially reduced during the reaction to form new Cu entities,
which acted as adsorbed H, sources for the transformation of the
adsorbed CO; on the Cu—Al surface. In agreement with Song et al. [61],
the exposure of Cu active sites can be facilitated by H pre-adsorption or
co-adsorption, which simultaneously promotes the formation of carbon-
containing intermediates. We speculate that to the formation of local
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reduced copper hydroxycarbonate species analogous to azurite and/or
malachite phases can act as active phase for low temperature reverse
water gas shift reaction as was recently reported by our group [64]. In
other study, Jiang et al. [65] demonstrated copper carbonate hydroxide
resembling the mineral malachite acts as a precursor of interfacial CO
during CO, electroreduction. Based on all these observations, we pro-
pose that CO: is activated on the hydroxyl groups of alumina, forming a
monodentate bicarbonate which, in the presence of partially reduced
copper, undergoes a restructuring to form a species that could be the
precursor of hydroxycarbonyl-type intermediates as sketched in Scheme
2. In the classical associative mechanism, it has been proposed that
bicarbonate-type species are reduced to formates, which then decom-
pose into CO and water. Herein, the apparent absence of formates — that
typically require high temperatures for decomposition — suggests that
optimal low-temperature RWGS catalysts follow alternative pathways
involving thermally less stable intermediates, such as the one proposed
here.

During CO: adsorption and activation, alumina acts not only as a
support but also as an electron acceptor. This additional role enhances
the electrostatic interaction between the copper active centers and the
negatively charged oxygen atoms of CO, thereby facilitating the acti-
vation of the C—O bonds. This synergistic effect has been also demon-
strated by means of DFT calculations concluding that the interaction
between the Al-0s support and small clusters of copper is crucial for
effective CO: activation [66].

3.8. The RWGS reaction mechanism

Based on the reaction pattern, DFT calculation on Cu/y-Al;O3, and
Operando DRIFTS-MS analysis of RWGS reaction over my-AlgCu; cata-
lyst in this study and the literature evidences of various metal doped
oxide catalyst system [67-69], the mechanism for CO production is
proposed to be CO; + Hp - OCOH—CO + H,O via the formation of
hydroxycarbonyl intermediate and accomplished through different steps
as illustrated in Scheme 3. The RWGS reaction is initiated by adsorption
of COy and Hy molecules on Cu/y-AlyO3 surface, subsequently their
activation to form surface COy* and H* species (Egs. (6)—(7)). As pre-
viously reported for the case of oxide supported metal catalysts [67-69],
we believe that the copper-alumina interface plays crucial roles in the
activation of CO2 and Hj though Cu nanoparticles directly don't have
any role in the activation of CO. In the second step, the C—O bond of
surface adsorbed CO-* in its first stage of reduction process react with
adsorbed H species (H*) to form hydroxycarbonyl (O=C*-OH) in-
termediates at the copper-alumina interface (Eq. (8)). The hydrox-
ycarbonyl (O=C*-OH) species are then decomposed to form CO* and
OH* in the third step (Eq. (9)). Subsequently, in the fourth step, water
formation (OH* + H* — Hy0*) occurs by the reaction between OH* and
the remaining surface H* and complete the overall CO, reduction pro-
cess (Eq. (10)). Desorption of surface CO* and HyO* occurs in the final
step of the reaction cycle (Egs. (11)-(12)). The strong metal-oxide
interaction in my-Al;(.xCu,-SG catalysts stabilizes the Cu nanoparticles
in the y-Al;O3 lattice, which enhances the adsorption and dissociation of
hydrogen and CO, activation. Consequently, formation of more
hydroxycarbonyl species occurs on my-AlCu materials, which enhances
the RWGS activity.
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Scheme 2. Proposal of hydroxycarbonyl precursor intermediate on my-AlgCu; catalyst.
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Scheme 3. Proposed associative mechanism of RWGS reaction on my-Al;oxCu,-SG catalysts.
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4. Conclusions

We report a simple and robust sol-gel synthesis strategy to prepare
mesoporous Aljg.xCuxOy (my-AljoxCux-SG) and its high efficiency in
RWGS reaction. The combination of both EDTA and ED as structure
directing agents is critical for integrating Cu species in the y-Al,O3 lat-
tice. The broad diffraction features and the absence of diffraction peaks
of bulk CuO phase in my-Al;(xCux-SG catalysts indicates that the par-
ticle size of copper species is finely dispersed in the y-Al,O3 lattice. The
characteristic type IV isotherm and the pore size distribution with pore
size in the range of 3-5 nm demonstrate the my-Al;oxCux-SG catalysts
are mesoporous. The SEM-EDX analysis and FESEM EDX elemental
mapping images of O, Al and Cu revealed that copper is well distributed
in the alumina lattice, illustrating that homogenous hybridization of
CuO species and alumina and hence an excellent interface interaction
exists between copper and alumina in my-Al;(xCux-SG catalysts. The
HRTEM analysis confirmed that the copper species in my-Al;¢.xCuy-SG is
nanocrystalline and there is a close contact between alumina and copper
species through strong interaction of the Cu®* ions with the y-Al;03
lattice. Ho-TPR analysis performed on mesoporous AlgCu; and the
conventional y-AlgCuj-I catalysts provides further evidence on the

CU-A'zOg

)
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H.0 (9)

strong copper-alumina (metal-support) interaction in my-Al;¢xCux-SG
catalysts. A detailed XPS analysis of my-Al;g.xCux-SG catalysts and
v-AlgCuy-I confirmed that Cu exists in +2 oxidation state in all catalysts.
The detailed Cu—K edge EXAFS analysis of my-Al;oxCux-SG catalysts
revealed that a long range structural order was lacking in my-Al;¢xCuy-
SG catalysts likely due to the fine distribution of copper species in the
alumina lattice and within the porous structure of the alumina leading to
a strong copper (metal)-alumina (support) interaction.

The comparison of the catalytic activity between the my-Al;g4Cuy-
SG catalysts and y-AlgCu;-I in RWGS reaction revealed that irrespective
of the composition the my-Al;(.xCuy-SG catalysts showed high COy
conversion and catalytic stability than y-AlgCu;-I. For example, meso-
porous AlgCu; displayed a CO, conversion of 45 % at 500 °C, which is
about 2.8 times higher activity than y-AlgCuy-I catalyst with almost same
Cu loading as that of AlgCu;. Time-on-stream studies on my-Al; o xCux-SG
catalysts at 500 °C over a period of 50 h revealed that the catalyst at low
Cu loading (my-Alg 9Cug 1) showed excellent catalytic stability, whereas
the higher Cu loaded sample my-AlgCu; resulted only 5.9 % decrease in
the activity. This result is highly promising when considering the poor
thermal stability of Cu-based catalysts at >5 wt% Cu reported in the
literature. A detailed structure-activity study revealed that in compari-
son with conventional y-AlgCu;-I catalyst the superior catalytic perfor-
mance of my-Al;¢.xCuy-SG catalysts is due to the fine distribution of Cu
species in the alumina lattice, modified metal-alumina interface,
enhanced charge transfer and electrochemical surface area, and the
strong copper-alumina interaction as evidenced from XRD, SEM/TEM,
TPR, electrochemical characterization, XPS and Cu K-edge XAS studies.
The presence of mesopores and macropores in my-Al; ¢.xCuy-SG catalysts
reduces the diffusion limitation of the reactants and products, avoid the
pressure drop problem during catalysis and also offers a spatial
confinement effect to the active CuOy species. DFT studies revealed that
the mechanism of CO2 reduction to CO formation by RWGS reaction on
my-Al;0.xCuy-SG catalysts is preceded through the formation of a
hydroxycarbonyl (OCOH) intermediate. The Operando DRIFTS-MS
analysis of RWGS over AlgCu; catalyst substantiate the DFT results
and the proposed reaction mechanism that the reaction goes through a
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redox mechanism with the formation of hydroxycarbonyl intermediates,
which are rapidly decomposed into CO and H2O. In this pathway, the
redox pair Cu’/Cu®" plays a key role. The activity and stability of my-
Aly9xCuyx-SG catalysts can be further improved by introducing other
electronically interacting and/or structurally modifying elements in it,
the sol-gel synthesis strategy described in this work is highly promising
for that.
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