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Transforming CO, to CO via reverse water—gas shift (RWGS) reaction is widely regarded as a promising
technique for improving the efficiency and economics of CO, utilization processes. Moreover, it is also
considered as a pathway towards e-fuels. Cu-oxide catalysts are widely explored for low-temperature
RWGS reactions; nevertheless, they tend to deactivate significantly under applied reaction conditions due
to the agglomeration of copper particles at elevated temperatures. Herein, we have synthesized homoge-
neously distributed Cu metallic nanoparticles supported on Mo,C for the RWGS reaction by a unique
approach of in situ carburization of metal-organic frameworks (MOFs) using a Cu-based MOF ie.
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HKUST-1 encapsulating molybdenum-based polyoxometalates. The newly derived Na—Cu—-Mo,C nano-
composite catalyst system exhibits excellent catalytic performance with a CO production rate of
3230.0 mmol gear + h™ with 100% CO selectivity. Even after 250 h of a stability test, the catalyst remained
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Introduction

Carbon dioxide (CO,) anthropogenic emissions have drawn
immense worldwide interest in recent years due to their poss-
ible environmental, social, and economic implications, with a
focus on global warming. Therefore, CCUS (carbon capture,
utilization, and sequestration) technologies have been devel-
oped to utilize CO, as a carbon pool to synthesize value-added
compounds and to mitigate CO, emissions globally." A key
component of C1 chemistry is carbon monoxide (CO), which is
specifically produced by the reverse water-gas shift (RWGS)
reaction (eqn (1)).> When coupled with renewable hydrogen
(H,), the produced CO serves as a feedstock for the production
of e-fuels via the Fischer-Tropsch (FT) process or methanol
synthesis.?

CO; +H, > CO+Hy0, AHyy, =+421kmol™' (1)

“Light and Stock Processing Division, CSIR-Indian Institute of Petroleum (IIP),
Dehradun-248005, India. E-mail: ankurb@iip.res.in

bInorganic Materials and Catalysis Division, CSIR-Central Salt and Marine
Chemicals Research Institute, G. B. Marg, Bhavhagar-364002, India

‘Department of Chemical Engineering, Indian Institute of Technology, Hyderabad
502284, India

“Academy of Scientific and Innovative Research (AcSIR), Ghaziabad-201002, India

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01185f

14066 | Nanoscale, 2024, 16,14066-14080

active with more than 80% of its initial activity.

As an endothermic process, the RWGS reaction frequently
requires a high temperature to promote the equilibrium con-
version which limits the catalyst’s stability.> Although Pd- and
Pt-based noble metal catalysts have been utilized extensively
for this process, their practical uses are restricted due to their
high cost and low catalytic efficiency.* Cu-based catalysts’ high
activity, selectivity, and cost-effectiveness make them the most
preferred non-noble metal catalysts for this process (Table 1).
The conventional Cu-oxide catalysts, on the other hand, at
elevated temperatures suffer from severe agglomeration of sup-
ported Cu particles leading to rapid deactivation under typical
operating conditions.? This is due to the low Tammann temp-
erature of the Cu particle, which causes sintering at higher
temperatures.® Therefore, the primary impediment to their
industrial implementation is their poor stability.

One of the main challenges to developing effective and
durable RWGS catalysts is finding a suitable support material
that can substantially improve Cu dispersion while impeding
particle agglomeration during the reaction. Transition-metal
carbide (TMC) supports are an intriguing option that have
attracted a lot of attention in recent years since they are econ-
omical, non-toxic and non-hazardous and exhibit near noble
metal-like behavior.” Furthermore, the unique catalytic pro-
perties of TMCs, which facilitate H, dissociation and C=O
bond scission in addition to improving the dispersion and
activation of small metal particles, possibly promote the
RWGS activity.® Among the different TMCs, Mo,C has emerged

This journal is © The Royal Society of Chemistry 2024
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Table 1 A brief quantitative comparison of the previously reported RWGS catalysts with this work

CO, conversion CO selectivity COyield CO production rate Stability
Catalysts (%) (%) (%) (mmol h™ g ™) test (h) Ref.
CuO/y-Al,0;4 60 100 60 — 80 21
0.25Fe0.75Cu 37 100 37 134.3 48 22
FeCu/CeAl 42 100 42 102.2 48 23
DFNS-TiO,-Cu10 10 99.8 9.98 5350 200 24
CuSiO-1 9.8 100 9.8 2585 45 25
Cu-2D-Si0,-850r 10 100 10 296 54 26
K-Co/CeO, (1/10) 37 100 37 2478 NR 27
15CuCe 60 100 60 2466 230 28
Cu/Al,O5 47 100 47 2097 40 29
Cu/p-Mo,C 40 100 40 1786 40 12
CuSiO/CuOy 17.8 100 17.8 114 24 30
Cu/Al,O4 50 100 50 22 NR 31
Co/Mo,C 9.5 100 9.5 51 36 32
Na-Cu-Mo,C 5.9 100 5.9 3230 250 This work
Na-Cu-Mo,C 74 100 74 57.8 100 This work

as one of the most promising supports that may be used in
RWGS reactions because of these characteristics and its low
cost.” Mo,C has been commonly seen in p-Mo,C, which has a
hexagonal closed packed (hcp) structure, and a-Mo,C, which
has a face-centered cubic (fcc) structure.'® However, the
f-Mo,C support is commonly used for RWGS reactions due to
its relatively higher stability and CO, conversion rate.""'> To
further enhance the CO selectivity and RWGS rate, alkali
metals i.e., Na, K, Cs, are also employed in conjunction with
Cu-Mo,C catalysts. One potential effect of integrating alkali
metals is an increased CO, adsorption capacity, accelerating
electron transfer and improving interactions with CO, mole-
cules.”” Xu et al. demonstrated that K incorporation on Cu/
f-Mo,C resulted in a significant increase in CO, conversion
compared to Cu/p-Mo,C."* Similarly, Zhang et al. reported that
the Cs incorporation enhanced the CO, conversion and CO
selectivity in Cu/p-Mo,C catalysts.'®

Recently published results suggest that MOFs (Metal-
Organic Frameworks) are interesting precursors for the syn-
thesis of nano-porous carbides as heterogeneous catalysts.'®
The MOF-assisted synthesis can endow the active metals in the
derived materials with greater stability than the original
MOFs."”?° Moreover, the organic linker-coordinated metal
clusters may partially or completely prevent the pyrolysis-
induced agglomeration of the resulting metal nanoparticles.?
Moreover, the large surface area of the materials ensures the
efficient diffusion of reactants and products from active
sites.>® The North East Normal University-5, or NENU-5 MOF
is a bimetallic MOF in which the pores of a Cu-based MOF
[HKUST-1; Cus(BTC),(H,0)3] enclose a Keggin type Mo-based
polyoxometalate (POM) (H3PMo0;,040). Mo interacts with the
carbonaceous ligands to form MoC,, and Cu** is reduced to
Cu metallic particles during the carbonization of NENU-5 in
an inert atmosphere, producing uniformly dispersed Cu metal-
lic particles on the MoC, support, i.e. Cu-MoC,.>*> This MOF-
assisted synthesis of MoC, avoids the necessity for a CH, + H,
gas mixture for molybdenum phase carburization and the pre-
reduction step for Cu®>" reduction to the Cu metallic phase."

This journal is © The Royal Society of Chemistry 2024

The resultant material can be utilized directly as a hetero-
geneous catalyst or after removing the Cu metallic particles to
produce only MoC, as a heterogeneous catalyst. Wu et al. pro-
duced porous MoC, nano-octahedra by eliminating Cu par-
ticles from Cu-MoC, generated from NENU-5 MOF for the
Hydrogen Evolution Reaction (HER).>> Zhang et al. doped Pt
over NENU-5 MOF followed by carbonization to form a Mo,C-
supported Pt-Cu nanoalloy heterostructure for the same
purpose.®® Based on these presumptions, we attempted for the
first time to synthesize a NENU-5 MOF derived Na-Cu-Mo,C
nanocomposite catalyst for the RWGS reaction. This approach
generated high surface area porous nano-structured highly dis-
persed Cu metallic particles over the Mo,C support.

Experimental

Synthesis of an octahedron NENU-5 MOF assisted
nanostructured porous Na-Cu-Mo,C catalyst

The overall synthesis procedure to prepare a nanostructured
porous Na—-Cu-Mo,C catalyst for an efficient RWGS reaction is
illustrated in Scheme 1. Here, two types of NENU-5 MOF were
prepared by a direct precipitation method, one with glutamic
acid and the second with a sodium glutamate modulator.
First, a 40 ml aqueous solution of 1 mmol copper(u) acetate
monohydrate (0.2 g) (TCI, >95%), 0.3 g of phosphomolybdic
acid hydrate (CDH), and 0.5 mmol r-glutamic acid (0.073565 g)
(Thermo Scientific, 99%) or 0.5 mmol monosodium glutamate
(0.08455 g) (Loba Chemie, 99%) was prepared. After that, a
solution of 40 ml ethanol (Fisher Chemical) and 0.67 mmol
1,3,5-benzene tricarboxylic acid (BTC) (0.1408 g) (TCI, >98%)
was added dropwise to that solution at room temperature to
form a green precipitate. After 14 h of stirring, the material
was washed with ethanol and dried at 70 °C to obtain pure
octahedron NENU-5 and Na-NENU-5 MOF. The obtained
NENU-5 and Na-NENU-5 MOF were then pyrolyzed in a tubular
furnace in the presence of N, at 800 °C for 6 h to obtain Cu-
Mo,C and Na-Cu-Mo,C catalysts. The Cu-Mo,C catalyst was
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Scheme 1 Synthesis scheme for the nano-structured porous Na—Cu-
Mo,C catalyst.

disseminated in 0.1 M FeCl;-3H,O solution to remove the Cu
particles and produce the third catalyst, named Mo,C. The cat-
alysts were then directly tested for the RWGS reaction.

Catalyst characterization

X-ray diffraction (XRD) patterns were acquired using a PROTO
AXRD® Benchtop Powder diffractometer. Raman spectra were
collected with a Horiba LabRAM HR Evolution Raman
Spectrometer using a 532 nm laser as an excitation source.
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HR-TEM) images were cap-
tured using the JEOL JEM-2100 instrument. SEM images were
captured using a Quanta 200 F, M/s FEI instrument. X-ray
Photoelectron Spectroscopy (XPS) was carried out on a Thermo
Scientific NEXSA XPS spectrometer. Thermogravimetric ana-
lysis (TGA) was carried out using a PerkinElmer TGA 4000
thermogravimetric analyzer. N,O titration analysis was per-
formed using a Micrometrics® Autochem II 2920 instrument.
CO, Temperature-Programmed Desorption (CO, TPD) experi-
ments were carried out on a Micrometrics® Autochem II 2920
instrument. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis was performed on the Teledyne
Leeman Labs Prodigy7 instrument. The FTIR spectra of the
catalysts were obtained on a Spectrum Two, PerkinElmer
instrument using a pellet form of the catalysts diluted with
potassium bromide. N, adsorption-desorption isotherms at
93 K were obtained using the Micromeritics ASAP 2020 Surface
Area & Porosity Analyzer and the BET equation. In situ CO,
DRIFT spectra were obtained using the PerkinElmer Inc. in
Massachusetts, USA. The other details of characterization tech-
niques and procedures are given in the ESL.{

Catalytic activity tests

The RWGS reaction was conducted to evaluate the catalyst’s
activity using a 4 mm diameter vertical fixed bed continuous-
flow reactor. Using a layer of quartz wool (4 mm diameter) in
the center of the reactor, 0.02 g of the catalyst was loaded to
form a catalyst bed. To monitor the reactor system’s tempera-
ture, a thermocouple was placed directly beneath the catalyst
bed. A temperature differential of 50 °C and a gas space hour
velocity (GHSV) of 300000 ml g.,, " h™' were the conditions
under which all activity tests were conducted. As an internal
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standard to monitor the effluent volume and determine the
reactant conversion and product selectivity, N, was also fed
into the reactor along with the reactant. The Na-Cu-Mo,C
catalyst was also tested with various H, : CO, ratios (other para-
meters were the same as the activity test) to maximize the rate
at which CO was produced (for 3:1, H,:CO,:N, vol% was
60:20:20; for 2:1, H,: CO,: N, vol% was 60:30:10; and for
1:1, H,: CO,: N, vol% was 45 : 45 : 10). The activity of the Na-
Cu-Mo,C catalyst was also compared with that of the bench-
mark Cu/ZnO/Al,0; catalyst (HIFUEL W220) from 350-600 °C
as well as its stability for 20 h at 600 °C with 300 000 ml g, *
h™ GHSV (H,:CO, ratio 1). Subsequently, a high space vel-
ocity test (3 000 000 ml g, * h™") with a 1:1 H, : CO, ratio was
carried out using 0.002 g of Na-Cu-Mo,C catalyst in the same
reactor at 350-600 °C with a 50 °C temperature differential.
The Na-Cu-Mo,C catalyst was also subjected to a 250 h stabi-
lity test at 600 °C using the same reaction conditions. Finally,
the activity of the Na—-Cu-Mo,C catalyst was also analyzed in a
wider temperature range from 300-800 °C with a relatively
lower GHSV (10000 ml g.,, ' h™") (H,:CO, ratio 4), and
further stability was analyzed at 800 °C for 100 h. Following
60 minutes of reaction at each temperature, the composition
of the effluent gas was analyzed and quantified using an
online Agilent 7890B Refinery Gas Analyser gas chromato-
graph. A Molsieve 5A column was used to separate the gases
H,, CO,, N,, CH,4, and CO which were then measured using a
thermal conductivity detector. All of the gas cylinders used in
the activity test were acquired from SIGMA GAS SERVICES
(SGS) and were at least 99% pure. The following formulas were
used to calculate the CO, conversion, CO selectivity, CO pro-
duction rate, and CO yield:

CO, conversion (%)

_ [mmolof CO,J;, — [mmol of COJoy 100 (2)
[mmol of CO,];,
1 of CO
COsselectivity (%) = [mmol of COJoy x 100 (3)
[Total mmol of products],,,

CO production rate (mmolh ™" g, ")

_ [Amount of COJ,, (mmol min~") x 60 (minh™")  (4)
- Catalyst weight (g)
1 of
COyield (%) = MmOl COlowy _ 4 (5)

[mmol of CO,;,

The subscripts “in” and “out” stand for mmol min™" of a given
species at the reactor’s input and output during the reaction,
respectively.

Results and discussion
The characterization of the as-synthesized NENU-5 MOF

The X-ray diffraction patterns of the NENU-5 and Na-NENU-5
are shown in Fig. 1(a) which confirm the excellent crystallinity
of the as-synthesized samples and the diffraction pattern

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD pattern (a) and SEM images of NENU-5 (b and c), and Na-
NENU-5 MOF (d and e).

35737 There is a

matched well with previously published works.
positive shift and broadening of the diffraction peaks for Na-
NENU-5, demonstrating a slight change in the crystal structure
and a lower crystallite size compared to the NENU-5. The calcu-
lated crystallite size for the most intense peak (20 ~ 11.7°) of
Na-NENU-5 and NENU-5 MOF is 30.4 and 68.4 nm. In the
NENU-5 (Fig. 1b and c), the SEM images confirmed a conven-
tional octahedron morphology with particle sizes of around
~2-3 um; however in the Na-NENU-5 (Fig. 1d and e), the par-
ticle size significantly decreased and was in the range of
~400-500 nm. The SEM energy-dispersive X-ray spectroscopy
(EDX) investigation of NENU-5 and Na-NENU-5 shows the exist-
ence of well-distributed component elements (Fig. S1 and
S27). The effect of a decrease in particle size in MOFs is also
clearly visible in the N, adsorption-desorption isotherms. As
displayed in Fig. S3,f the BET surface area of Na-NENU-5
(410 m> g™') was larger than that of the NENU-5 (352 m” g™ %),
with a characteristic hysteresis loop demonstrating the porous
nature of the MOFs.

This journal is © The Royal Society of Chemistry 2024
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The FTIR spectrum was used to further analyze the exist-
ence of various functional groups in the synthesized MOFs. As
shown in Fig. 2(a), the characteristic bands at 1106, 1065, and
1032 cm™" can be attributed to the P-O bonds and those at
955, 890, 812, and 790 cm™' can be attributed to various
modes of Mo-O or Mo-O-Mo bonds, supporting the presence
of a Keggin type Mo-based polyoxometalate.*®*™*° Similarly, the
IR bands at 1373 cm™* for C-O bonds, at 1450 and 1555 cm™*
for C=0 bonds, and at 1645 cm™* for C=C bonds in the BTC
ligand of HKUST-1 were observed.*' The IR bands at 760, 730,
and 494 cm™' can be attributed to the Cu-O bonds in
HKUST-1.*>** The C-H stretching of the methylene group in
BTC shows small bands near 2922 cm™" along with a broad-
band centered near 3450 cm™" for O-H vibration.*® As can be
seen in the Raman spectra in Fig. 2(b) of MOFs, the Raman
bands at 1000, 973, 890, 603, and 233 cm ' are due to
different modes of Mo-O and Mo-O-Mo bonds of a Keggin
type Mo-based polyoxometalate.*® The other Raman bands can
be attributed to the different vibrational modes of functional
groups present in the HKUST-1, whose Raman shift matched
well with previously published works.***> This overall provided
additional evidence in support of the Keggin type Mo-based
polyoxometalate’s successful incorporation into the HKUST-1
framework. The thermal stability of the MOFs was further com-
pared in a N, atmosphere and results are shown in Fig. 2(c).
Both MOFs exhibited comparable weight loss and patterns,

Na-NENU-5 (a)

Transmittance (%)
Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500 4000 250 500 750 10001250 1500 1750 2000

Wavenumber (cm™!) Raman shift (cm™1)

100

——NENU5
(c) —— Na-NENU-5
90+

80 -

70 4

60 4

Weight (%)

504

40

304

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2 FT IR spectra (a), Raman spectra (b), and TGA analysis (c) of
NENU-5 and Na-NENU-5.
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with a 20% loss between 50-200 °C attributed to the removal
of water or solvent molecules and a 26% loss between
200-400 °C due to complete decomposition of the organic
framework.*®

The characterization of the pyrolyzed MOFs

Fig. 3(a) shows the XRD pattern of the prepared catalysts. The
characteristic diffraction peaks at 260 = 34.5°, 38.0°, 39.5°,
52.3°, 61.8°, 69.8°, 74.9°, and 75.9° can be attributed to the
(100), (002), (101), (102), (110), (103), (112) and (201) crystal
planes of hexagonal $-Mo,C (JCPDS no. 35-0787), respect-
ively.*” The formation of the Mo,C phase after pyrolysis of Mo
salts and carbon sources in this temperature range is consist-

ent with previously published works.*®*° The diffraction peaks
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at 260 = 43.3°, 50.4°, and 74.1° can be assigned to the (111),
(200) and (220) crystal planes of the Cu metallic phase (JCPDS
no. 003-1018).>° Overall, the analysis showed that the bulk of
the catalysts is composed of the Mo,C and Cu metallic phases.
The diffraction peaks of the Cu metallic phase disappeared
completely in the Mo,C, indicating that Cu particles were suc-
cessfully removed from the catalyst. This was further sup-
ported by ICP-OES analysis, where Cu wt% decreased from
21.3 to 0.25 from Cu-Mo,C to Mo,C (Table 2). It is worth men-
tioning that the positively shifted and broader diffraction
peaks of the Mo,C and Cu phases in the Na-Cu-Mo,C catalyst
imply a slight change in the crystal structure and a smaller
crystallite size of these phases in Na-Cu-Mo,C when com-
pared with the Cu-Mo,C catalyst. It also demonstrates that the

& B-Mo,C
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Fig. 3 XRD pattern (a), Raman spectra (b), N, adsorption—desorption isotherms (c), and pore size distribution (d) of the derived catalysts.
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Table 2 Surface composition, ICP-OES elemental analysis, physiochemical properties, crystallite size and H, consumption during H, pulse

reduction after N,O titration of MOF derived catalysts

ICP-OES

Relative surface elemental

composition by XPS analysis Crystallite

(atomic%) (Wt%) Physicochemical properties size (nm)

H, consumption after N,O

Catalysts Cu Mo C Na Cu Mo  Surfacearea(m®g™") Poresize(nm) Cu Mo titration (mmol g™")
Mo,C 0.2 12.8 87.0 — 0.25 55.2 35 14 — 25.1 0.001
Cu-Mo,C 6.4 18.4 752  — 21.3 40.2 31 12 38.9 23.1 0.022
Na-Cu-Mo,C 5.9 16.3 76.6 1.2 20.5 38.3 56 32 29.3 15.4 0.036

structural changes observed in the original MOFs were inher-
ited in the catalysts even after the pyrolysis. The crystallite
size of both phases was determined using the most intense
peaks (28 ~ 39.5° for Mo,C and 43.3° for the Cu phase), and
the crystallite size of Mo,C is 25.1 nm, 23.1 nm, and 15.4 nm
for Mo,C, Cu-Mo,C, and Na-Cu-Mo,C, respectively. The
crystallite size of Cu was calculated and found to be 38.9 nm
for Cu-Mo,C and 29.3 nm for Na-Cu-Mo,C. Fig. 3(b) dis-
plays the Raman spectra of the synthesized catalysts, con-
firming the formation of the B-Mo,C phase. The Raman
bands at 656, 812, and 986 cm™' can be attributed to the
Mo-C stretching of the p-Mo,C phase.’ Additionally, the D
and G bands at 1350 and 1580 cm™ ' correspond to the
stretching of the disordered graphitic carbon and sp”
bonded carbon atoms, respectively confirming the presence
of the carbon species.’"®> In N, adsorption-desorption iso-
therms, the BET surface area for Cu-Mo,C, Mo,C, and Na-
Cu-Mo,C was 31 m”> ¢”%, 35 m*> g7', and 56 m” g™, respect-
ively (Fig. 3c). The pore size distribution for Cu-Mo,C, Mo,C,
and Na-Cu-Mo,C was around 12 nm, 14 nm, and 32 nm,
respectively, indicating the porous nature of the catalysts
(Fig. 3d). N,O titration analysis is an effective method to esti-
mate the Cu metal dispersion (Disc,) as reported
previously.>>”* Based on the following reactions during the
N,O titration method followed by H, consumption during H,
pulse reduction, we can estimate that the Disg, « H, con-
sumed after N,O titration:

2Cu+ N,O <~ CuO+N, (6)

Cu,0 +H, < 2Cu+ H,0 (7)

As a result, the amount of H, consumed following the N,O
titration analysis in eqn (6) can be used as a benchmark to
assess the Disg, in catalysts. As tabulated in Table 2, the H,
consumption for the Mo,C, Cu-Mo,C, and Na-Cu-Mo,C was
0.001, 0.022, and 0.036 mmol g~*, respectively. In another way,
it indicates that the Cu dispersion for the derived catalysts
follows the order Mo,C < Cu-Mo,C < Na—Cu-Mo,C.

CO, adsorption properties are an essential characteristic of
the CO, conversion processes that can be directly related to
the activity of the catalysts. CO, TPD experiments were carried
out to investigate the CO, adsorption properties of the catalysts
and the results are shown in Fig. 4(a and b). As observed in
Fig. 4a, all catalysts exhibit one prominent CO, desorption

This journal is © The Royal Society of Chemistry 2024

peak between 750-850 °C, which is attributed to CO, desorp-
tion from strong basic sites (>500 °C). This suggests that all of
the catalysts are highly saturated with strong basic sites. The
significant difference in CO, TPD results can be seen in the
graph below 500 °C, as shown in Fig. 4b. The desorption peaks
can be divided into two regions, weak basic sites (<150 °C) and
medium basic sites (150-450 °C). There are no discernible de-
sorption peaks for the Mo,C catalyst in this region.
Nevertheless, in Cu-Mo,C, the presence of Cu results in an
increase in the CO, desorption peaks in this region, which was
the consequence of the formation of additional weak and
medium basic sites. Furthermore, in Na-Cu-Mo,C, the
inclusion of Na not only considerably enhanced the area of de-
sorption peaks, but also demonstrated additional desorption
peaks in this region. The formation of additional basic sites in
the presence of Na is consistent with previously reported
works.">>® As a result, we can infer the following sequence of
increases in CO, adsorption ability: Mo,C < Cu-Mo,C < Na-
Cu-Mo,C.

Fig. 5(a-f) depict the TEM images of the Na-Cu-Mo,C
catalyst for investigating detailed nanostructured infor-
mation. After pyrolysis of Na-NENU 5, the octahedral shape of
the particles is well retained as a diamond-shaped outline of
the octahedron can be seen in the TEM images. A more in-
depth examination of the octahedron shape reveals that it
consists of nano-particles of about 5-7 nm [Fig. 5(g)]. The
high-resolution TEM (HRTEM) image of these nano-particles
displays lattice fringes of Mo,C and Cu metallic phases with
interplanar distances of 0.23 nm and 0.208 nm for the (101)
and (111) crystal planes, respectively. A thin layer of amor-
phous carbon can be seen between these particles, which is
also supported by the Raman spectra of the catalysts. The for-
mation of this layer is significant because it can prevent the
agglomeration of the Mo,C and Cu particles during the car-
burization process.>® The selected area electron diffraction
(SAED) pattern indicates that these nanoparticles are both
single crystalline and polycrystalline, which correspond to
Mo,C and Cu phases [Fig. 5(h)]. The EDX elemental map-
pings as shown in Fig. 5(i, j) and S47 further demonstrate the
presence and uniform distribution of Na, Cu, Mo, and C
elements.

The surface elemental composition and valence states of
elements present in the catalysts were examined using X-ray
photoelectron spectroscopy (XPS). The XPS survey spectrum of
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Fig. 4 CO, TPD analysis of the derived catalysts (a) and below 500 °C (b).

catalysts implies the existence of the respective elements
[Fig. 6(a)]. In the Mo 3d XPS spectra in Fig. 6(b), the fitting of
the peaks suggests the presence of the Mo-C, Mo**, Mo*", and
Mo°" oxidation states with a binding energy near 228.5, 229.2,
229.5, and 232.9 eV for Mo 3ds, spin-orbital coupling.’®*’
The presence of various oxidation states other than Mo-C
species can be attributed to the oxidation of Mo-C owing to
exposure to air, as previously reported.’® In the Cu 2p XPS
spectrum (Fig. 6¢), the two prominent peaks at 952.8 and
932.8 eV can be attributed to the 2p;/, and 2p,, for the Cu® or
Cu' oxidation state.”® The additional small peaks at 956 and
934.7 eV with satellite peaks near 944.3 eV can be assigned to
the Cu”" oxidation state.’® Since it is challenging to dis-
tinguish between the Cu’ and Cu" species during deconvolu-
tion because of their comparable binding energies, the Cu
LMM Auger area at around 568 eV was also examined to
provide information about a particular chemical state of the
Cu element (Fig. 6d). In the Cu LMM Auger, the peak location
at 570 and 569 eV corresponds to the Cu® and Cu® oxidation
states, respectively, confirming the coexistence of both phases
in the surface of all catalysts.”® The existence of a Cu® oxi-
dation state in catalysts, albeit Cu,O does not appear in the
XRD peak, could be attributed to the surface oxidation of Cu®
resulting from air exposure. Importantly, as can be seen from
the XPS survey spectrum and Cu 2p XPS peak, the XPS peak of
the Cu species significantly decreased for Mo,C catalysts in
comparison to those for Cu-Mo,C and Na-Cu-Mo,C, indicat-
ing the successful removal of Cu species concurrent with the
XRD pattern. As shown in Fig. 6e, the C 1s spectra also decon-
voluted to four major peaks at 283.9 (Mo-C), 284.8 (C-C),
285.9 (C-0), and 288.9 eV (C=0).%° The existence of Na in Na-
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Cu-Mo,C is further verified from the Na 1s XPS, which shows
a prominent peak at 1071.9 eV for the Na species (Fig. 6f).®*

Fig. 7 shows the in situ CO, DRIFT spectra over the Na-Cu-
Mo,C catalyst at 550 °C with 5 ml min™" of CO, + 20 ml min™"
H, flow. The strong bands between 2200-2450 cm™" are associ-
ated with the asymmetric vibrations of the gas phase CO,
molecule’s O-C-O bond®” and O-H stretching vibrations of
-OH groups, combination bands, and CO, overtones are
responsible for the bands observed after 3500 cm™". The bicar-
bonates, mono- or bi-dentate carbonates, and bi-dentate brid-
ging carbonate species exhibit both symmetric and asymmetric
vibrations of C-O bonds, which account for the broad peaks
observed between 1300-1450, 1470-1700, and 980-1080 cm ™,
respectively.®””®* The strong wide bands that appear between
1900-2000 cm™*, 2000-2050 cm ™!, and 2130-2230 cm™" corres-
pond to the stretching vibration of the C-O bond of bridged
CO, linearly adsorbed CO, and gaseous CO, respectively.®®> The
strong bands near 1320, 1570, and 1670 cm™" correspond to
the symmetric and asymmetric vibration of the C-O bonds of
formates species.®”®® A band near 1720 cm™" can be attributed
to the symmetric and asymmetric vibration of C-O bonds of
formyl species.®® The associative mechanism and redox
mechanism are the two pathways that the RWGS reaction
follows. In the associative mechanism surface adsorbed
species interact with each other to form possible intermediates
i.e., formates, formyl, carbonates, etc. The intermediates then
decompose to form CO and H,O molecules.®”°® However, the
redox mechanism proceeds without any possible intermedi-
ates. The appearance of the formate and formyl species in the
spectra indicates that the RWGS reaction over the Na-Cu-
Mo,C catalyst follows the associative mechanism.

This journal is © The Royal Society of Chemistry 2024
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Catalytic results of the pyrolyzed MOF for the RWGS reaction

Fig. 8(a) depicts the activity of the catalysts for the RWGS reac-
tion at atmospheric pressure and reaction temperatures
ranging from 350 to 600 °C with 50 °C increments and
300 000 ml g.,. " h™" of GHSV. The CO, conversion of all cata-
lysts increased with temperature, as predicted from reaction
thermodynamics. At 350 °C, the activity of the catalysts is so
low that it is not possible to compare it in terms of CO, conver-
sion. However, with temperature, CO, conversion increases in
the order Mo,C < Cu-Mo,C < Na-Cu-Mo,C for all screened

This journal is © The Royal Society of Chemistry 2024

temperatures with 100% CO selectivity. The catalysts, Mo,C,
Cu-Mo,C, and Na-Cu-Mo,C converted 6.6, 13.6, and 20.4%
CO, at 600 °C, respectively (the enlarged portion of Fig. 8a
shown in Fig. S5t). The CO production rate for Mo,C, Cu-
Mo,C, and, Na-Cu-Mo,C is 146.0, 303.2, and 456.7 mmol
2. L h™ at 600 °C [Fig. 8(b)]. The further optimization of the
Na-Cu-Mo,C catalyst was also carried out with different
H,: CO, ratios to increase the CO production rate. With an
H, : CO, ratio of 4, 3, 2, and 1, CO, conversion over Na—Cu—
Mo,C was 20.4, 19.2, 16.0, and 13.2% with 100% CO selectivity
at 600 °C, respectively. At the same temperature, the CO pro-
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Fig. 7 In situ CO, DRIFT spectra over the Na—Cu—Mo,C catalyst, at 550 °C after 5 ml min™ CO, + 20 ml min~* H, flow for 60 min (a) 120 min (b),
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duction rate increased to 456.7, 478.0, 593.2, and 739.2 mmol
gca[l h™' with a decrease in the H,:CO, ratio from 4 to 1
[Fig. 8(c and d)].

We have also compared the results of the Na-Cu-Mo,C
catalyst with the benchmark Cu/ZnO/Al,O; catalyst (HiFUEL
W220). The reaction was conducted between a temperature of
350-600 °C having 300 000 ml g, " h™" GHSV (H, : CO, ratio
1). The reaction was further proceeded for 20 h at 600 °C to
compare the stability of both catalyst systems. As shown in
Fig. S6,1 the Cu/ZnO/Al,O; catalyst is more efficient at all
temperatures; nevertheless, this catalyst was severely de-
activated during the stability test. Within 20 h, the Cu/ZnO/
Al,O; catalyst lost 44% of its original activity (conversion
reached approximately 14% from 24% at 600 °C after 20 h). In
contrast, the Na-Cu-Mo,C catalyst remained stable for 20 h
without any substantial deactivation. Both catalysts, however,
remained 100% selective for the CO formation during activity
comparison and the stability test.

To maximize the CO formation rate, we performed an
additional reaction over the Na-Cu-Mo,C catalyst at a rela-
tively higher GHSV (3000000 ml g.,. ' h™") with a 1:1
H, : CO, ratio [Fig. 9(a)]. Although CO, conversion decreased at
higher GHSV, there is a significant increase in CO production
rate at each screening temperature as compared to the lower
GHSV test. The CO production rate reached up to 3230.0 mmol

This journal is © The Royal Society of Chemistry 2024

2. - h™' with 5.9% CO, conversion at 600 °C [Fig. 9(b)].
Under similar reaction conditions, a stability test of the Na-
Cu-Mo,C catalyst was also conducted at 600 °C for 250 h of
reaction time. As shown in Fig. 9(c), the CO production rate
and CO, conversion initially slightly decreased and then
remained at an average value of 2590.0 mmol g.,. " h™" and
4.7% throughout the reaction, respectively. This reveals that
the Na-Cu-Mo,C catalyst maintains 80% of its initial activity
after 250 h of reaction time, demonstrating excellent stability.

Finally, a low space velocity test (10000 ml g., ' h™")
(H, : CO, ratio 4) with a wide temperature range (300-800 °C)
was also conducted to increase the CO, conversion to a practi-
cal and reasonable value. As shown in Fig. 10a, the CO, conver-
sion at 300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C was
around 6, 13, 22, 39, 60, and 74%, respectively.

Remarkably, despite having a low space velocity, the Na-
Cu-Mo,C catalyst is 100% selective for CO production at all
screened temperatures. At 800 °C, 74% CO, conversion and
100% CO selectivity resulted in a 74% CO yield. Under these
harsh reaction conditions (high temperature, high CO, conver-
sion, and high CO concentration), we further proceeded to
check any catalyst deactivation at 800 °C (Fig. 10b). We
observed an initial slight decrease in the CO, conversion up to
20 h of reaction, after which the conversion remained steady
between 68-70%. However, the reaction was performed for
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100 h, and at that time CO, conversion was 68%, indicating
that the catalyst lost just 8% of its initial activity.

Interestingly, the catalysts are active after pyrolysis due to
the in situ formation of the active phases, i.e. Mo,C formed
by the interaction of Mo with the carbonaceous ligand sim-
ultaneously reduced the Cu®** to Cu metallic phase. This is a
significant benefit since this approach eliminates the need
for a CH, + H, combination for molybdenum phase carburi-
zation and an H, pre-reduction step for Cu®** reduction to

14076 | Nanoscale, 2024, 16, 14066-14080

the Cu metallic phase, resulting in major process efficien-
cies in a real industrial application. Moreover, the catalyst
Na-Cu-Mo,C outperformed most of the previously reported
Fe, Cu, and Co-based catalyst systems with its exceptional
stability over 250 h and CO production rate of 3230.0 mmol
g - h™' (Fig. 9c and Table S1f). Importantly, Na pro-
motion is not done in a traditional separate step and
instead remains in the Na-Cu-Mo,C catalysts as a salt
residue after the synthesis.

This journal is © The Royal Society of Chemistry 2024
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Characterization of the used Na-Cu-Mo,C catalyst after a

100 h stability test at 800 °C

To decipher the changes in the catalyst under these severe
reaction conditions, the Na-Cu-Mo,C catalyst that was
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employed underwent further characterization using XRD,
Raman, and TEM/HR-TEM analyses following a 100 h stability
test at 800 °C. As shown in Fig. 11a, the XRD pattern of the
catalyst shows the presence of the p-Mo,C and Cu metallic
phase with diffraction peaks matching well with their respect-
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Fig. 11 The XRD pattern (a) and Raman spectra (b) after the stability test for 100 h at 800 °C over the Na—Cu—Mo,C catalyst.
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Fig. 12 TEM analysis of the Na—Cu—Mo,C catalyst after the 100 h stability test at 800 °C; TEM images (a—f), SAED pattern (g) and EDX/elemental

mapping (h and i).
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ive JCPDS file no. as displayed in Fig. 3a. Similarly, Raman
spectra of the catalyst show the bands near 656, 812, and
986 cm™" for the Mo-C stretching of the B-Mo,C phase with
the D and G bands near 1350 and 1580 cm ™" for the carbon
species (Fig. 11b). These results demonstrate that the chemical
composition of the catalyst remains unchanged even after the
100 h stability test. The catalyst was also examined using TEM/
HR-TEM analysis to figure out the change in its nanostructure
(Fig. 12a-i). As illustrated in Fig. 12a, the octahedral shape is
still apparent and its constituent particles are embedded
firmly within the amorphous carbon. However, as shown in
Fig. 12b-d, we observed an increase in the particle size inside
the octahedral shape compared to the particle size in the fresh
Na-Cu-Mo,C catalyst. This increase in the particle size can be
the reason for the initial decrease in the CO, conversion up to
20 h of reaction. This initial increase in particle size is inevita-
ble under the reaction conditions because the reaction was
carried out at 800 °C, which was also the pyrolysis temperature
of the MOFs. The EDX elemental mappings reveal a good dis-
tribution of all constituent elements, and the quantitative data
obtained were comparable to the fresh Na-Cu-Mo,C catalyst
(Fig. 12h, i and Fig. S77). Overall, the characterization findings
of the Na-Cu-Mo,C catalyst after a 100 h stability test at
800 °C demonstrate that the chemical composition and mor-
phology of the catalyst remained unchanged.

Conclusions

We reported a successful synthesis of a new NENU-5 MOF-
derived nanocomposite catalyst having Mo,C as a support with
Cu nanoparticles as an active site for CO, transformation to
CO. The in situ carburization of the NENU-5 MOF generated
partially sintered Cu particles which exhibited remarkable
stability with a prolonged activity. The Na-Cu-Mo,C nano-
composite exhibited outstanding stability up to 250 h studied
reaction time while retaining its 80% initial activity. This cata-
lyst displayed an exceptional CO production rate of
3230.0 mmol g, " h™ without any side product formation at
600 °C temperature, superior performance to the majority of
the reported copper-based catalyst systems.
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