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A series of Cu–Zn@CNx catalysts incorporated with platinum group metal (PGM) elements, such as Ru, Pd,

Pt, and Ir were synthesised via the hard template approach, where a metal–organic framework (MOF) is

utilised as a hard template. The developed materials were capitalised for sorption-enhanced synthesis of

formic acid from CO2. The pyrolysis process has proven effective in stabilising the metallic Cu in

a carbon–nitrogen matrix environment. Moreover, the diverse PGM group metal promoters facilitate

enhanced CO2 adsorption behaviour on the catalyst surface. Structure–activity relationship, catalyst

lifetime and deactivation are established through rigorous analysis of fresh and spent catalyst materials

with various analytical techniques, including XRD, Raman, BET, SEM, XPS, chemisorption, physisorption

and HRTEM. The utilisation of water as a reaction medium has been found to alleviate thermodynamic

constraints, thereby promoting enhanced formic acid formation. Furthermore, the promotional effect of

doped metals is elucidated by utilising density functional theory (DFT) calculations and revealed that Ru–

CZ exhibited the highest CO2 adsorption energy, concomitant with the experimental findings, wherein

the Ru–CZ catalyst displayed an outstanding CO2 conversion rate of 12.91% with an impressive TON of

11 435.
Introduction

The profound impact of the industrial revolution and the
extensive utilization of fossil fuels has resulted in a substantial
release of anthropogenic CO2 into the Earth's atmosphere.
Consequently, the atmospheric CO2 concentration surged to
416 ppm in 2021, marking an approximate 1.45-fold increase
compared to the levels recorded in 1850.1,2 CO2 emission is
a critical environmental issue that poses signicant challenges
to global sustainability. The quest for sustainable solutions to
address escalating carbon dioxide (CO2) levels in the atmo-
sphere has spurred signicant research efforts worldwide.
Carbon capture, utilization, and storage (CCUS) represents
a pivotal strategy in the global effort to combat climate change
and mitigate the environmental impacts of CO2 emissions. The
IEA estimates that around 20% of anthropogenic CO2 emissions
can be curtailed through the application of CCUS.3 The initial
phase of CCUS, CO2 capture, focuses on concentrating CO2
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from the exhaust gases of various sources, such as power plants
and other industries such as cement and steel.4 Notably, CO2

capture is the most energy-intensive of these phases and
constitutes roughly 60–70% of the total CCS costs.5 In contrast,
indirect CO2 utilisation, oen referred to as CO2 conversion,
involves the transformation of CO2 into value-added chemicals
and fuels via diverse chemical processes, which is more
attractive than direct CO2 utilisation such as enhanced oil
recovery (EOR), as it offers the potential to simultaneously
address environmental concerns and the energy crisis.6

Currently, extensive research endeavours have been dedicated
to the eld of CO2 mitigation,7–9 with a special focus on
thermocatalysis,10–12 photocatalysis,13–15 electrocatalysis,16,17

emerging CO2 catalytic conversion techniques such as thermo-
photocatalysis and the application of external magnetic
elds.18,19 Although value-added chemicals and fuels, such as
CH4, syngas, and methanol, can be produced through carbon
capture and conversion (CCC), the high cost associated with
CO2 compression and transportation remains a signicant
challenge for the CCC process. To make the CCC process more
economically viable and realise its application on a large scale,
novel sorption-enhanced CO2 utilisation is proposed and has
been a hot topic in current research.20–22 Thus far, various kinds
of relevant processes have been developed by combinations of
different CO2 sorption and CO2 conversion approaches, such as
the ionic liquids-based hybrid process,23 the solvent-based CO2

capture and electrolysis process,24 high-temperature
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8457
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electrochemistry-based CO2 transport membranes,25 the hybrid
CO2 capture and photocatalytic conversion process by using
a novel hybrid sorbent/photocatalyst,26 and the hybrid CO2

sorption (based on a solid CO2 sorbent) and thermocatalytic
conversion process.21

Formic acid has emerged as a potential candidate for
hydrogen storage due to its high hydrogen content (4.4 wt%)
and its ability to release hydrogen upon decomposition. This
makes it an attractive medium for storing and delivering
hydrogen as an energy carrier, particularly for fuel cell appli-
cations.27 The reversible reaction between formic acid and
hydrogen allows for the controlled release of hydrogen when
needed, making it a promising alternative to conventional
hydrogen storage methods such as compressed gas or liquid
hydrogen, which oen face challenges related to storage and
transportation.28 Limited research efforts have been directed
towards heterogeneous catalysis processes aimed at the direct
hydrogenation of CO2 into formic acid, essentially due to
unfavorable thermodynamics.29 Converting two gaseous
substrates into one liquid product typically involves a phase
change, which is inherently unfavorable entropy. To overcome
this thermodynamic barrier, two prevailing strategies have
usually been deployed: (i) utilization of base additives (such as
amines, hydroxides, and (bi)carbonates) and (ii) careful choice
of a reaction medium (such as water, alcohols, DMSO, and ionic
liquids). These approaches have demonstrated fascinating
turnover numbers (TONs) in the CO2 hydrogenation to formic
acid process with various homogeneous catalysts. However, the
practical adoption of such molecular complexes faces limita-
tions linked to the intricate separation, reusability and
mechanical losses of metal complexes, as well as the utilisation
of expensive and air-sensitive ligands.27,29,30

To delimit these hurdles, signicant research efforts have
been focused on heterogeneous catalysts, which offer advan-
tages in terms of ease of separation, handling, and recyclability.
These attributes are particularly favorable for continuous
operation, inspiring substantial research efforts to realize the
heterogeneous catalytic synthesis of formic acid through CO2

hydrogenation. Cu–ZnO catalysts are well-known non-noble-
based catalysts for CO2 adsorption, activation and further effi-
cient hydrogenation to methanol.31–34 However, this catalyst can
also be employed to synthesise formic acid as it is an essential
key intermediate for the process of CO2 hydrogenation to
methanol.29 In a study conducted by Chiang et al. in 2018, Cu/
ZnO/Al2O3 was employed for the direct conversion of CO2 to
formic acid, resulting in a 13.1% CO2 conversion, 59.6% selec-
tivity for formic acid, and a TON of 6.17.35 However, the catalytic
performance of this system is considerably lower compared to
platinum group metal (PGM)-based catalysts reported previ-
ously as the activity of the Cu/ZnO/Al2O3 catalyst system mainly
relies on the number of active sites and the dispersion of Cu/Zn
species.36,37 A key challenge associated with the Cu/ZnO/Al2O3

system is the hydrophilic nature of Al2O3, which absorbs water
produced during the reaction, leading to the agglomeration of
Cu particles and consequently leading to rapid catalyst deacti-
vation.38,39 Therefore, a new approach needs to be adopted for
synthesising the Cu–Zn-based catalyst system considering the
8458 | J. Mater. Chem. A, 2024, 12, 8457–8473
aforementioned limitations and enhancing CO2 hydrogenation
to formic acid with an activity proximate to that of noble metals.

Metal–organic frameworks (MOFs) are a signicant group of
materials recognized for their remarkable surface area, high
thermal stability, and uniform porosity.40–42 These properties
make them highly valuable in absorbing gas molecules,
including CO2, CH4, C3H8, C3H6, etc. These materials are also
well known for developing appropriate catalyst systems as they
provide a porous support for metal nanoparticles (NPs) or
clusters for CO2 hydrogenation reactions.43,44 However, the
majority of MOFs exhibit instability in aqueous environments
due to weak metal–ligand bonding.45 A potential solution to this
challenge involves the pyrolysis of MOFs, resulting in the
formation of porous carbon materials with high surface area
and well-dened structures suitable for capitalisation in
aqueous phase reactions.46 Additionally, during MOF pyrolysis,
metal ions present in the MOF can be reduced, leading to the
formation of metal nanoparticles that function as active sites
for catalytic reactions. Moreover, the carbon matrix developed
during MOF pyrolysis acts as an encapsulating agent for the
metal nanoparticles, averts their aggregation, and confers
stability upon the active sites. Previously, the feasibility of
producing Cu@C through the pyrolysis of Cu-BTC was
successfully demonstrated by Won Cheol Yoo and coworkers in
2015.47

In this study, a series of catalysts, M–CZ@CNx (M = Ru, Pd,
Pt, Ir) were synthesised through the formation of a metal–
organic framework by the solvothermal method, followed by
pyrolysis at high temperature, which was highly active for both
the adsorption of CO2 and further conversion to formic acid
efficiently. A comprehensive comparison was carried out by
introducing active metals for CO2 hydrogenation to formic acid,
including Ru, Pd, Pt and Ir. Among all the catalysts, Ru–CZ
achieved remarkable catalytic activity with a maximum CO2

conversion of 12.91% and a TON of 11 435 for formic acid
production under the optimized reaction conditions. Addi-
tionally, DFT calculations were applied to understand role of
noble metals on CO2 adsorption and conversion to formic acid
by the CuZn@CNx material. Signicantly, the Ru–CZ/CNx
catalyst exhibited exceptional resilience and maintained
consistent performance throughout continuous recycling tests.

Experimental
Methods

Synthesis of M–CuZn MOF (M: Ru, Pd, Pt, Ir). The M–CuZn
MOF was prepared through the solvothermal method, as illus-
trated in Fig. 1. In each synthesis, 4.0 mmol of CuCl2.anhydrous
(CDH, 97%), 4.0 mmol of ZnCl2 (CDH, 99%) and 0.01 mmol of
desired M precursors were dissolved in 20 mL of ethanol (Fisher
Chemicals, 99%). 16.0 mmol of 2-amino terephthalic acid
(CDH, 98%) was dissolved in 20 mL of N,N-dimethylformamide
(DMF) (Sigma Aldrich, 99%). The metal solution was mixed
dropwise with the ligand solution under vigorous stirring at
room temperature, and aer 20 min, the whole solution was
transferred to a 100 mL Teon-lined autoclave and heated at
110 °C for 20 h. The precipitate was collected through
This journal is © The Royal Society of Chemistry 2024
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centrifugation, washed in DMF and rinsed several times with
methanol until no chloride ions were detected by the AgNO3

test. The obtained materials were dried at 60 °C in a vacuum
oven.

Pyrolysis procedure. The M–CuZn MOF samples underwent
pyrolysis in an N2 stream at a ow rate of 40 mL min−1, while
being heated to 900 °C. The temperature of the furnace was
programmed to increase gradually, at a rate of 0.3 °C min−1,
until reaching 80 °C. Subsequently, it was increased at 5 °
Cmin−1 to attain 900 °C, where it was maintained for a duration
of 4 hours. The pyrolysed samples were denoted as CZ, Ru–CZ,
Pd–CZ, Pt–CZ, and Ir–CZ, correspondingly.

Catalyst characterisation. X-ray diffraction (XRD) analysis
was conducted using a PROTO AXRD® Benchtop powder
diffractometer. The powder samples were placed in the sample
holder and measured at ambient temperature with a 600 watts
X-ray power (40 kV/15 mA) and a NaI (Tl) scintillation counter
detector. The X-ray source utilized was anode CuKa with
0.154 nm wavelength radiation. The analysis covered the 2q
range of 10–80°, using a 0.04 step size and 2 s dwell time.

Raman spectroscopy analysis was carried out using a Horiba
LabRAM HR Evolution Raman spectrometer. The synapse
detector of the instrument was thermoelectrically cooled to−75
°C before analysis. The instrument was calibrated using
a silicon wafer, and a thin layer of the sample on a glass slide
was placed on the stage and focused using a 50× lens. The
sample was excited using a 532 nm laser with a neutral density
lter, and the spectrum range was scanned from 50 to
4000 cm−1 with 10 s acquisition and 2-time accumulation.

N2 adsorption–desorption isotherms were obtained using
a Micromeritics ASAP 2020 instrument at a temperature of 77 K.
This analysis aimed to investigate the pore structure of the
catalysts that were synthesized. Before conducting the
measurements, each sample underwent a degassing process in
a vacuum at 393 K for a duration of 6 hours.

The CO2 gas adsorption equilibrium isotherms were ob-
tained using a Micromeritics Tristar II instrument at a temper-
ature of 298 K and a pressure of 1 bar. Prior to the analysis, the
samples were subjected to activation at 120 °C for 12 hours
while concurrently being evacuated using a vacuum pump.
Fig. 1 Schematic representation of the synthesis procedure of M–
CZ@CNx catalysts.

This journal is © The Royal Society of Chemistry 2024
X-ray photoelectron spectroscopy (XPS) examination was
conducted using a Thermo Scientic NEXSA XPS spectrometer
that featured a monochromatic AlKa X-ray source operating at
15 kV. This analysis was carried out under conditions of an
ultrahigh vacuum, ranging from 10−8 to 10−9 mbar. The refer-
ence for calibrating the binding energies of individual elements
was established by utilizing the binding energy peak of C 1s at
284.8 eV.

Transmission electron microscope (TEM) analysis was con-
ducted using a JEOL JEM-2100 instrument. A small amount of
solid catalyst was dispersed in ethanol by sonication, and then
2–3 drops were cast on a Cu grid supported by lacey carbon,
which was dried in a vacuum desiccator. The lament voltage
was set to 160 kV for analysis.

Scanning electron microscope (SEM) images were obtained
using a Zeiss Gemini FE-SEM 300 from Carl Zeiss. The SEM
images were taken at an accelerating voltage of 10 kV, and the
working distance between the specimen and the lower pole
piece was around 9.0 to 9.3 mm.

Temperature-programmed desorption (TPD) of CO2 was
performed on a Micrometrics® Autochem II 2920 instrument.
The ex situ reduced sample was placed in a U-shaped quartz
tube over a layer of quartz wool, and TPD was conducted with
different gases at specic temperatures and ow rates. Gases
were analyzed using a TCD with helium as a reference gas.

The H2 temperature-programmed reduction (H2-TPR) anal-
ysis was conducted utilising a Micromeritics Autochem 2020
instrument employing a hydrogen chemisorption technique.
Initially, a 50 mg sample underwent reduction using a 5%
hydrogen in a nitrogen ow (at a rate of 30 mL min−1) with
a temperature ramp reaching 850 °C, and this temperature was
held for a duration of 1 hour. Subsequently, the reduced sample
was cooled to 40 °C under a stream of nitrogen and subjected to
ten discrete pulses of hydrogen of known volumes. The quantity
of hydrogen chemisorbed served as the basis for determining
the quantity of surface Cu and M (Ru, Pd, Pt, and Ir) present on
the catalyst, assuming a one-to-one ratio of adsorbed hydrogen
atoms to active sites. The dispersion of metals (Dm) was calcu-
lated employing the subsequent formula.

Dm = Msurface/Mtotal × 100%

The Mtotal was obtained through ICP-MS analysis carried out
on a Thermo Scientic™ iCAP™ RQ instrument.

Catalyst activity analysis. The CO2 hydrogenation process
was conducted using a high-pressure batch reactor (25 mL, Parr
instrument) that was equipped with amechanical stirrer. Before
sealing, the autoclave reactor was lled with 16.5 mL of water
and 0.1 g of catalyst. To eliminate air, the reactor was purged 3–
4 times with N2, followed by pressurization to achieve a nal
total pressure of CO2/H2 (1 : 1, p/p) at ambient temperature.
Once the desired reaction temperature was attained, stirring
was initiated at a speed of 400 rpm, considering the
commencement of the reaction. Following the completion of
the reaction, the reactor was depressurized at room temperature
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8459
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Fig. 2 (a) XRD pattern, (b) Raman spectrum, (c) N2 physisorption
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and the vessel was opened. The reaction solution was then
retrieved through centrifugation.

Product analysis. The obtained product underwent analysis
using HPLC with a RID detector and was compared with
a standard formic acid solution. The analysis was carried out
utilizing an Agilent Technologies 1260 Innity II HPLC system.
Before analysis, both the samples and standards underwent
ltration using a Cole-Parmer PTFE nylon HPLC syringe lter
(13 mm lter diameter/0.45 mm pore size) without any dilution.
Separation of formic acid was accomplished using a BIO-RAD
Aminex® HPX-87H HPLC column (7.8 mm × 300 mm) main-
tained at a temperature of 333 K. The ow rate was set at 0.5 mL
per min, employing a mobile phase of 0.05% (w/v) sulphuric
acid, and detection was achieved using a RID. The sample
injection volume was 10 mL, and comparison was made against
a standard calibration curve established with diverse formic
acid concentrations. The entire analytical process was
completed within a 30-minute timeframe, and data were
captured through the OpenLAB CDS Chemstation Edition
Chromatography soware. The HPLC peaks corresponding to
the standard formic acid solution and the CO2 hydrogenated
product appeared at a retention time of 16.443 minutes,
respectively.

To analyze the gaseous products, an online GC system (Agi-
lent 7890B) in conjunction with the reactor was utilized. The
gases H2, CO2, N2, CH4, CO, and C2–C3 were separated using
a Molsieve 5A column and then subjected to analysis with
a thermal conductivity detector (TCD). Furthermore, the
remaining gaseous C4 hydrocarbons were separated using an
HP-PONA column and subsequently analyzed utilizing a ame
ionization detector (FID).

The carbon balance of each reaction was computed using the
atom balance technique and was observed to fall within the
range of 94–98%. The assessment of catalytic performance,
encompassing CO2 conversion, HCOOH selectivity, and TON,
was carried out employing the formulae provided by the
Microso Excel (2021) soware.

Conversion of CO2 ¼ ½CO2�0 � ½CO2�
½CO2�0

� 100% (1)

Selectivity of HCOOH ¼ ½HCOOH�
½HCOOH� þ ½CH3OH� þ ½CO� þ ½CH4�
� 100%

(2)

TON ¼ moles of HCOOH formed

number of active sites on catalyst surface
(3)

Computational method. Utilizing the periodic plane-wave
DFT approach in the Vienna Ab initio Simulation Package
(VASP 5.4),48 the adsorption energies of various intermediates
engaged in the CO2 hydrogenation process leading to formic
acid over distinct CZ and M–CZ model surfaces were deter-
mined. The calculations employed the Revised Perdew–Burke–
Ernzerhof (RPBE) GGA exchange–correlation functional49 in
8460 | J. Mater. Chem. A, 2024, 12, 8457–8473
combination with Vanderbilt Ultraso Pseudopotentials (US-
PP).50 The truncation of plane-wave basis sets occurred with
a cutoff energy of 396 eV. To attain structure optimizations, the
criteria for energy and force convergence were set at 1× 10−6 eV
and 0.05 eV Å−1, respectively. The determination of activated
energy barriers for assorted elementary steps was executed
using the climbing image nudged elastic band (CI-NEB)
technique.

The Cu (111) surfaces were modelled using a three-layer
surface slab, and the surface of the catalyst ZnO/Cu (111) was
developed through the attachment of a Zn6O7 nanocluster onto
the Cu (111) surface. A vacuum of 25 Å was employed in the z-
direction for all surface slabs. TheM–ZnO/Cu (111) (M= Ru, Pd,
Pt, and Ir) surface was obtained by replacing one Cu atom of the
Cu (111) surface with the ‘M’ atoms. In the process of DFT
geometry optimization and transition state calculations, the
lower two layers of the surface slabs were maintained in a xed
position, while the upper layer, along with the ZnO and adsor-
bates, were permitted to undergo relaxation. The binding
energy (BE) of the adsorbate on the surfaces of ZnO/Cu (111)
and M–ZnO/Cu (111) was determined using the following
formula:

BE = Esurface+ads − (Esurface + Eads,gas) (4)

where Esurface+ads, Esurface, and Eads,gas denote the energy of
adsorbate species on the model ZnO/Cu (111) and M–ZnO/Cu
(111) surfaces; the energy of the bare model ZnO/Cu (111) and
isotherm and (d) TPR profile of CZ, Ru–CZ, Pd–CZ, Pt–CZ and Ir–CZ.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Surface composition from XPS, surface area, average pore diameter, and total pore volume from N2 physisorption study, average
particle sizes from XRD and TEM and amount of total CO2 desorbed from CO2-TPD

a

Entry Catalysts

Surface composition
(%)

SBET (m2 g−1) PD (nm) PV (cm3 g−1) DCu (%)

Particle size
of Cu0 (nm)

CO2 desorbed (cm3 per g STP)Cu Zn M XRD TEM

1 CZ 5.32 0.034 — 234 7.2 1.9 37.94 6.8 6.72 0.6347
2 Ru–CZ 5.31 0.035 0.0049 226 6.8 1.6 38.59 5.1 5.03 1.1912
3 Pd–CZ 4.95 0.051 0.0066 220 6.4 1.3 36.93 6.2 6.11 0.9453
4 Pt–CZ 5.14 0.038 0.0044 221 6.5 1.4 35.89 6.0 5.87 0.9511
5 Ir–CZ 5.18 0.031 0.0047 219 6.2 1.3 36.49 5.9 5.76 0.9940

a SBET: BET surface area, PD: pore diameter, PV: pore volume, and DCu: dispersion of Cu.
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M–ZnO/Cu (111) surfaces and energy of the adsorbate molecule
in the gas phase relative to CO2 gas and H2 gas, respectively.

The reaction energies (Ereaction) of elementary reaction steps
were calculated as the difference between the nal and initial
state energies,

Ereaction = EIS − EFS (5)

The activation barrier (Ea) of elementary reaction steps was
calculated as the energy difference between the TS and initial
state,

Ea = ETS − EIS (6)
Results and discussion
Physical and structural properties of catalysts

The powder XRD pattern for the CZ and M–CZ catalysts is ob-
tained and illustrated in Fig. 2(a). In all the freshly prepared
catalysts, the diffraction lines of pure metallic copper are
prominently observed. The characteristic peaks of metallic
copper are observed at 2q angles of 43.8°, 50.9°, and 74.4°,
which are attributed to the (111), (200), and (220) planes,
respectively (indexed as per JCPDS Card No. 003-1018). Signi-
cantly, the XRD pattern does not reveal distinct peaks associ-
ated with Zn species. This absence can be attributed to the
substantial evaporation of the Zn element during the high-
temperature carbonization process, owing to its low boiling
point (905 °C).51 As a result, only a small amount of Zn remains,
leading to undetectable diffraction intensity in the XRD anal-
ysis. The characteristic diffraction peaks for the Ru, Pd, Pt and Ir
phases for respective catalysts were not visible in the diffracto-
grams of catalysts, possibly owing to the low loading of these
metals.

Fig. 2(b) presents the Raman spectra of CZ and M–CZ,
featuring three distinct peaks at 1332, 1596, and 2915 cm−1. The
broad Raman peaks at 1596 cm−1, referred to as the G-band,
correspond to the Raman-active E2g mode. This mode arises
from the vibration generated during the movement in opposite
directions of two neighbouring sp2-bonded carbon atoms in
a single-crystal graphite sheet. The D band at around 1332 cm−1
This journal is © The Royal Society of Chemistry 2024
indicates defects in the graphite layer. Another band at
1350 cm−1 (D-band) signies defects within the carbon textures,
indicating the presence of disordered graphitic carbon.52–54 The
intensity ratio of both the G and D bands is nearly 1.

The N2 adsorption–desorption isotherm technique was
employed to analyse the surface area and pore size distribution
of all the catalysts. Fig. 2(c) shows that each catalyst exhibited
isotherm type IV with an H4 hysteresis loop, suggesting the
presence of sharp mesopores dominating the catalyst surface
within a narrow pore size range of 2 to 5 nm.55 The CZ catalyst
demonstrated a BET surface area of 234 m2 g−1, an average pore
size of 7.5 nm, and a pore volume of 0.6 cm3 g−1. However, with
the incorporation of metals, the surface area decreased and
ranged from 219 to 226 m2 g−1, attributable to pore blocking on
the catalyst surface. This observation was conrmed by
a reduction in pore volume, as presented in Table 1.

H2-TPR was conducted to study the reducibility of the cata-
lysts, and the TPR proles of CZ and M–CZ catalysts are shown
in Fig. 2(d). The proles of CZ and Pd–CZ showed two peaks
below 400 °C, indicating the existence of two reducible species
below 400 °C. It is usually believed that the peak at low
temperatures corresponds to the reduction of highly dispersed
CuO species and CuO strongly interacting with the support,
respectively. The existence of CuO species is mainly due to the
oxidation of surface Cu particles by air exposure during sample
handling, which is further supported by XPS analysis. However,
the disappearance of peak-2 in Ru–CZ, Pt–CZ, and Ir–CZ cata-
lysts may be due to the impact of oxidation resistance properties
of noble metals, including Ru, Pt and Ir. These noble metals can
resist the catalysts or alloys to oxidation by diatomic oxygen in
air at temperatures up to 1000 °C. Along with this, the slight
shiing of the Peak-1 position to the low-temperature region in
the M–CZ catalysts compared to CZ catalysts suggested a highly
dispersed Cu species in the M–CZ catalysts reected in the
comparatively smaller particle sizes measured by TEM and XRD
than the CZ catalyst.

The morphology of the most effective Ru–CZ catalyst was
examined using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM analysis was
conducted following carbonisation, and the resulting images
revealed well-dispersed, spherical Cu particles distributed
throughout the CNx matrix, as depicted in Fig. 3(a–d). The EDX
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8461
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Fig. 3 (a–d) SEM images of Ru–CZ, (e and f) TEM image of CZ, Cu particle size distribution (inset), (g) HR-TEM image of CZ, (h) SAED image of CZ,
(i) TEM image of Ru–CZ, Cu particle size distribution (inset), (j) TEM image of Ru–CZ, Ru particle size distribution (inset), (k) HR-TEM image of Ru–
CZ and (l) SAED image of Ru–CZ.
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analysis conrms the presence of elements, as shown in
Fig. S1(a),† which is in line with the surface composition
measured by XPS. The elemental mapping suggested good
distribution of elements throughout the catalyst surface, as
displayed in Fig. S1(b–g).† The TEM images of the CZ catalyst
conrmed the spherical shape of the Cu nanoparticles which
were well-dispersed over the CNx matrix and can be seen in
Fig. 3(e) with an average particle size of 6.8 nm (Fig. 3(f)). In the
HRTEM (Fig. 3(g)), a d-spacing value of 0.205 nm indicates the
prevalence of the Cu (111) planes, supported by XRD diffracto-
grams, and the selected area electron diffractograms signify
their highly crystalline nature (Fig. 3(h)). Fig. 3(i) displays the
TEM images of Ru–CZ, where the Ru particles were found to be
monodispersed and uniformly distributed on the CNx surface,
with an average particle size of 2.3 nm along with the Cu
nanoparticles. Interestingly, the Cu nanoparticles were found to
possess an enhanced average particle size of 5.1 nm upon the
addition of noble metals to the catalyst. High-resolution TEM
(HR-TEM) micrographs displayed an interplanar distance of
2.08 nm for the spherical Ru nanoparticles, suggesting the
presence of the 101 planes. In addition, the SAED pattern
conrms that the catalysts are highly crystalline. Similarly, the
TEM images of Pd–CZ, Pt–CZ and Ir–CZ suggested that the Cu
8462 | J. Mater. Chem. A, 2024, 12, 8457–8473
nanoparticles possess an average size of 5–6 nm, and the
HRTEM images reveal the predominance of the Cu (111) plane,
as illustrated in Fig. S2.† The EDX-mapping for all the catalysts
is shown in Fig. S3 to S7 (ESI).†

X-ray photoelectron spectroscopy (XPS) was utilized to gain
insight into the oxidation states exhibited by the metals within
the catalysts. The survey spectrum of CZ and M–CZ catalysts
displays well-dened peaks corresponding to Cu, Zn, C, Z, O,
and the respective metals (Fig. S8†), affirming the successful
incorporation of these elements onto the CNx support. The Cu
2p3/2 high-resolution spectrum was subjected to deconvolution,
yielding two distinct peaks centered at 932.7 and 933.6 eV
(Fig. 4(a)), which have been attributed to Cu (0) or Cu(I) and
Cu(II), respectively.56,57 Further renement of the Cu LMM peak
in Fig. 4(b) provides additional evidence of the primary pres-
ence of Cu species in the Cu(I) state on the surface.58 The
occurrence of CuO and Cu2O indicated that copper on the
surface region is oxidized easily at room temperature.59 The Zn
2p spectrum exhibits peaks at 1021.7 and 1022.0 eV in the Zn
2p3/2 region (Fig. 4(c)), which correspond to ZnO and satellite
peaks, across all CZ and M–CZ catalysts.60 The N 1s region was
deconvoluted into three components, identied as pyridinic N
(398.6 eV), pyrrolic N (400.6 eV), and graphitic-N (403.1 eV),61 as
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 XPS spectra of (a) Cu 2p, (b) Cu LMM, (c) Zn 2p, (d) N 1s, (e) C 1s, (f) Ru 3d, (g) Pd 3d, (h) Pt 4f and (i) Ir 4f.
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depicted in Fig. 4(d). The high-resolution C 1s spectrum for
both CZ and M–CZ catalysts (Fig. 4(e)) was resolved into four
distinct peaks positioned at 284.5, 286.3, and 288.0 eV, attrib-
uted to C–C, C–O, and C]O carbon species, respectively.60 The
tted XPS spectra of Ru 3d5/2 have demonstrated that Ru
occurred in the metallic state (280.1 eV) and +4 oxidation state
(280.7 eV),62 as shown in Fig. 4(f). The peak features at 335.6 eV
and 337.4 eV in the Pd 3d5/2 region indicated the coexistence of
Pd in the 0 and +2 oxidation states, respectively63 (Fig. 4(g)).
Similarly, the binding energies of 71.0 eV and 72.9 eV within the
Pt 4f7/2 region (Fig. 4(h)) conrm the occurrence of Pt in the
metallic and +2 oxidation states, respectively.64 The tted peaks
originating at 61.2 eV and 62.1 eV in the XPS spectra of Ir 4f,
shown in Fig. 4(i), are attributed to the Ir oxidation states of
0 and +4, respectively.65

In order to calculate the amount of metals available in M–CZ
catalysts, inductively coupled plasma mass spectrometry (ICP-
MS) was carried out, and the actual contents of metals are fur-
nished in Table S2 in the ESI.† It was observed that the amount
of Zn was decreased compared to the loaded amount, which was
also evidenced in XRD and XPS analysis. This may be attributed
to the evaporation of Zn metals during carbonisation as Zn has
a lower boiling point of 905 °C. However, the amount of Cu and
other noble metals remains close to a nominal value of 15% and
0.03% for Cu and other noble metals (M), respectively.
Catalyst activity analysis

The catalytic performance of the CZ and M–CZ catalysts was
examined for hydrogenation of CO2 to formic acid at a total
This journal is © The Royal Society of Chemistry 2024
pressure (CO2 : H2 = 1 : 1) of 60 bar and a temperature of 80 °C
for 20 h. Irrespective of all the catalysts reported in this study,
formic acid was found to be a highly selective (>99%) product,
where no competing byproducts such as CO, CH4, or CH3OH
were detected in the residual gas analysis (RGA) conducted
using GC andHPLC. This can be ascribed to the execution of the
reaction at a low temperature, where the likelihood of CO2

dissociation is minimal, reducing the generation of alternative
products aside from formic acid. The catalytic activity of these
catalysts was compared with that of the best-reported catalysts
for CO2 hydrogenation to formic acid composed of the metals
considered for this study, including, Cu, Zn, Ru, Pd, Pt and Ir, as
depicted in Fig. 5. Fig. 6(a) illustrates that CZ showed a 5.81%
conversion with a TON of 367 for formic acid, which is signi-
cantly more active than Cu/ZnO/Al2O3.35 The superior catalytic
activity of MOF-derived catalysts is obvious, as metal catalysts
with smaller particle sizes generally display improved catalytic
performance due to an increased percentage of surface atoms.
Interestingly, the activity of the catalysts was signicantly
boosted while the third metal (M: Ru, Pd, Pt, and Ir) was
introduced, exhibiting a very strong inhibition effect. The
highest catalytic activity was achieved in the Ru–CZ catalyst with
a maximum CO2 conversion of 12.91%, followed by Ir–CZ
exhibiting a conversion of 9.21%. The catalysts Pt–CZ and Pd–
CZ showed comparatively inferior CO2 conversions of 8.86%
and 7.78%, compared to Ru–CZ. The turnover number (TON)
values, which represent the number of product molecules
formed per active site of the catalyst, were determined to assess
their catalytic efficiency. The results revealed intriguing insights
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8463
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into the effects of different metal promoters on catalytic activity.
The CZ catalyst showed a TON of 367, which serves as the
reference point for comparison. The introduction of Pd as
a promoter signicantly enhanced the catalytic activity resulting
in a TON of 5200, showcasing a substantial improvement in
catalytic performance. Similarly, the Pt–CZ catalyst displayed
a TON of 7368, indicating its favorable inuence on formic acid
formation. Moreover, Ir–CZ achieved a TON of 8179. This
substantial increase can be attributed to the unique electronic
and structural properties of Ir, which may lead to CO2 activation
and formic acid production. Interestingly, the Ru–CZ catalyst
displayed the highest TON of 11 435, indicating its exceptional
catalytic efficiency and suggesting potential synergistic effects
between Ru and the CuZn catalyst. The presence of Ru improves
the adsorption and activation of CO2 on the catalyst surface,
promoting the formation of formate intermediates. The notable
variations in catalytic effect in terms of CO2 conversion and
TON of Ru, Pd, Pt, and Ir as promoters among the metal-
promoted catalysts highlight the crucial role of each metal in
inuencing the catalytic activity of the CZ catalyst. Nevertheless,
no competing byproducts such as CO, CH4, or CH3OH were
detected in the residual gas analysis (RGA) conducted using GC
and HPLC. This can be ascribed to the execution of the reaction
at a low temperature, where the likelihood of CO2 dissociation
is minimal, reducing the generation of alternative products
aside from formic acid.

The observed trend in CO2 conversion was in accordance
with the CO2 uptake capacity among the different catalysts, as
shown in Fig. 7(b). The CO2 adsorption isotherm for all the
catalysts was recorded under conditions of 25 °C and ambient
pressure. Among the catalysts, Ru–CZ exhibited the highest CO2

uptake capacity at 1.4 mmol gcat
−1, followed by Ir–CZ with 1.2
Fig. 5 Comparison of nanostructured heterogeneous catalysts for CO2

8464 | J. Mater. Chem. A, 2024, 12, 8457–8473
mmol gcat
−1, Pt–CZ with 1.1 mmol gcat

−1, Pd–CZ with 0.9 mmol
gcat

−1, and nally, CZ with 0.6 mmol gcat
−1. This overall obser-

vation was substantiated by additional DFT calculations related
to CO2 adsorption.

The temperature-programmed desorption of CO2 (CO2-TPD)
was carried out to study the surface basicity of the catalysts, and
the desorption proles are depicted in Fig. 6(c). The detailed
analysis of weak, moderate and strong basic sites is furnished in
Table S1.† From the amount of CO2 desorbed, it has been seen
that the basicity of the catalysts increases in the order of CZ <
Pd–CZ < Pt–CZ < Ir–CZ < Ru–CZ, which contributes to a higher
density of active sites for CO2 adsorption to the respective
catalysts. As per the literature, desorption between 90 and 180 °
C offers insights into the presence of weak basic sites, whereas
desorption within the range of 180–400 °C indicates the exis-
tence of moderate basic sites, and desorption surpassing 400 °C
is associated with adsorption onto strong basic sites.66 Strongly
and moderately adsorbed CO2 is an active species that can
potentially undergo hydrogenation processes, whereas weakly
adsorbed CO2 is regarded as physical adsorption and not
activated.67

Fig. 6(d) illustrates a correlation between conversion, CO2

uptake capacity, and the theoretical determination of CO2

adsorption energy using DFT calculations. It was observed that
as the CO2 uptake capacity of the catalysts increases, the CO2

conversion increases accordingly. This is absolutely in line with
the fact that the higher the adsorption of CO2, the higher will be
the activation and, hence, the higher the CO2 conversion.
Furthermore, DFT calculated CO2 adsorption energy conrms
that CO2 adsorption increases in the order of CZ < Pd–CZ < Pt–
CZ < Ir–CZ < Ru–CZ, aligning with CO2 uptake capacity and
hence CO2 conversion. Hence, a strong correlation was evident
hydrogenation to formate/formic acid.35,79–90

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) The performance of various catalysts in CO2 hydrogenation to formic acid, (b) CO2 adsorption isotherm at 298 K, (c) CO2-TPD profile,
(d) CO2 conversion (%) vs. CO2 uptake (mmol g−1) and CO2 adsorption energy (DFT) (eV).
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between CO2 adsorption capacity, conversion, and theoretical
assessments.

While the conversion of CO2 to formic acid inherently
depends on the CO2 adsorption capacity of the catalysts, it is
also inuenced by several factors, including temperature,
pressure, and reaction time. The effect of temperature on the
catalytic conversion of CO2 to formic acid was studied on the
best-performing catalyst Ru–CZ, and it shows a clear trend of an
increase in CO2 conversion and TON with an increase in
temperature (Fig. 7(a)). As the temperature is raised from 30 °C
to 80 °C, the conversion of CO2 to formic acid gradually
increases from 6.61% to 12.91% and then remains unaffected
upon a further increase in temperature. However, a decline in
the TON was noted above 100 °C, stemming from the dimin-
ished stability of formic acid beyond this temperature. The
residual gas analysis (RGA) conducted aer reactions at 100 °C
and 120 °C substantiated the existence of carbon monoxide
(CO) in the residual gas mixture. This observation suggested
that the decomposition of formic acid beyond 100 °C results in
the production of CO and water (H2O), HCOOH / CO + H2O,
aligning with the ndings of Barham and Clark in 1951.68

Similarly, the effect of pressure on the CO2 hydrogenation to
formic acid was systematically investigated with the Ru–CZ
catalyst by increasing pressure from 20 bar to 80 bar, as shown
This journal is © The Royal Society of Chemistry 2024
in Fig. 7(b). As the pressure increases from 20 bar to 40 bar and
further to 60 bar, there is a noticeable enhancement in the
conversion of CO2 to formic acid. The conversions increase
from 6.51% at 20 bar to 9.47% at 40 bar and further to 12.91% at
60 bar. This trend suggests that higher pressures favour the CO2

hydrogenation reaction and promote the formation of formic
acid. The elevated pressure leads to a higher concentration of
reactants on the catalyst surface, which, in turn, facilitates more
frequent collisions between CO2 and hydrogen molecules,
increasing the chances of productive adsorption and subse-
quent reactions. However, it is noteworthy that the conversion
remains constant at 12.91% when the pressure is further
increased to 80 bar. This behaviour indicates that a saturation
point might have been reached, where the increase in reaction
pressure does not provide any enhancement in catalytic activity.

The impact of reaction time on CO2 hydrogenation to formic
acid was monitored carefully, and the results revealed a clear
dependence of the conversion on the duration of the reaction
(Fig. 7(c)). The experimental data indicated that as the reaction
time increased from 4 hours to 24 hours, the conversion of CO2

to formic acid also increased progressively. The conversion
rates were found to be 2.98%, 6.11%, 8.67%, 11.65%, 12.91%,
and 12.91% for reaction times of 4 h, 8 h, 12 h, 16 h, 20 h, and
24 h, respectively. The initial low conversion at 4 hours
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8465
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Fig. 7 (a) Effect of temperature on CO2 conversion and TON for Ru–CZ. (b) Effect of pressure on CO2 conversion for Ru–CZ. (c) Effect of time
on CO2 conversion for Ru–CZ. (d) Recyclability test for Ru–CZ.
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suggested that the reaction required a certain induction period
to reach an active state. With prolonged reaction time, the
concentration of intermediates and active species increased,
leading to enhanced reaction rates and higher formic acid
yields. However, the conversion plateaued aer 20 hours, indi-
cating that the catalytic reaction reached equilibrium, and
further extension of reaction time did not result in additional
formic acid formation.

The recyclability of the Ru–CZ catalyst for CO2 hydrogenation
to formic acid was thoroughly examined, and the results
Fig. 8 Characterization of the spent Ru–CZ catalyst. (a) XRD dif-
fractogram, (b) Raman spectroscopy spectra, (c) N2 isotherm profile,
(d–e) TEM images, (f) HR-TEM and (g) SAED.

8466 | J. Mater. Chem. A, 2024, 12, 8457–8473
demonstrated its excellent stability and consistent catalytic
performance over multiple cycles, as illustrated in Fig. 7(d). In
the rst cycle, the Ru–CZ catalyst exhibited a remarkable
conversion of 12.91% with a turnover number (TON) of 11 435,
indicating its high activity and efficiency in promoting the
desired reaction. Aer the rst cycle, the catalyst was subjected
to subsequent cycles to evaluate its recyclability. Surprisingly,
even aer multiple cycles, the Ru–CZ catalyst retained its cata-
lytic activity with consistently high conversions of 12.9%,
12.77%, and 12.54% in the second, third, and fourth cycles,
respectively, with an associated TON of 11 431.2, 11 422.6, and
11 414.5, respectively. The negligible loss of catalytic activity
over multiple cycles highlights the remarkable recyclability of
the Ru–CZ catalyst throughout the reaction.
Stability of the catalyst

In order to investigate the stability of the catalyst, Ru–CZ, which
exhibited the highest catalytic activity, underwent thorough
systematic characterization aer the completion of the 4th
catalytic cycle by the use of XRD, Raman spectroscopy, N2

physisorption, and HR-TEM analysis. The characteristic peaks
featuring 2q = 43.5, 50.6, 74.3° in the XRD diffractograms,
shown in Fig. 8(a), indicated the consistency of the Cu metallic
phase, as per JCPDS card no. 003–1018. The Raman spectrum
shows two peaks at around 1336 cm−1 (D band) and 1588 cm−1
This journal is © The Royal Society of Chemistry 2024
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Fig. 9 A proposed mechanism for CO2 hydrogenation to formic acid over the surface of M–CZ catalysts.
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(G band), which represent the existence of carbon atoms with
sp2 bonding and sp3 bonding indicative of defects and
disorder,53 respectively. The N2 physisorption isotherm illus-
trated a Type-IV isotherm with H4 hysteresis (Fig. 8(c)), sug-
gesting the mesoporosity of the catalyst surface. A slightly lower
BET surface area of 212 m2 g−1 was observed in the spent
catalyst in comparison to the fresh Ru–CZ catalyst (226 m2 g−1),
which may be attributed to the gradual agglomeration of Cu
particles in each catalytic cycle. The HR-TEM analysis was per-
formed to examine the dispersion and variation in particle size
aer the reaction and the images are shown in Fig. 8(d–f). A
homogeneous dispersion of Cu was observed throughout the
CNx support with a relatively larger average particle size of
7.8 nm in comparison to the fresh catalyst, concomitant with
the crystallite size calculated from the XRD diffractograms (7.7
nm).
Fig. 10 The DFT optimized geometry of (a) Cu-111, (b) CZ, (c) Ru–CZ,
(d) Pd–CZ, (e) Pt–CZ and (f) Ir–CZ surfaces.
Plausible mechanism for CO2 hydrogenation to HCOOH over
the surface of M–CZ catalysts

In a composite catalyst comprising multiple components, each
species is responsible for a distinct role within the reaction
system. Fig. 9 illustrates a conceivable mechanism outlining the
individual contributions of these species. Similar mechanisms
for the formation of formic acid via CO2 hydrogenation have
been documented in prior studies involving ruthenium69 and
gold70 catalysts. Within this context, the interface of Cu and ZnO
acts as an active site for CO2 adsorption and activation,71 as
indicated in Fig. 9(1). Notably, the incorporation of noble
metals such as Ru, Pd, Pt, and Ir signicantly enhances CO2

adsorption by intensifying Lewis's acid–base interactions with
This journal is © The Royal Society of Chemistry 2024
both CO2 and the catalyst surface.72–75 The Cu (111) surface plays
a critical role in the dissociation of hydrogen molecules (H2)
into individual hydrogen atoms (H*), which promptly adsorb
onto the Cu (111) surface,35,76,77 as depicted in Fig. 9(2).

Subsequently, these surface hydrogen atoms traverse the
catalyst surface, interacting with adsorbed CO2. As documented
in the literature, CO2 can undergo hydrogenation to produce
formic acid through two alternate pathways involving interme-
diate species, specically formate (HCOO) and carboxylate
(COOH).78,79 In the ensuing step, an individual hydrogen atom
can bind to the carbon (C) atom of CO2 to yield the HCOO
intermediate (Fig. 9; 3.1 / 4.1) or alternatively form a bond
with the nearest oxygen (O) atom of CO2, resulting in the COOH
intermediate (Fig. 9; 3.2/ 4.2). Subsequently, these HCOO and
COOH intermediates undergo a second hydrogenation step
facilitated by surface-bound hydrogen atoms, ultimately
yielding formic acid. In the nal step, the formic acid desorbs
from the catalyst surface, giving rise to the nal product.
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8467
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Fig. 11 The DFT optimised geometry of CO2 adsorption on (a) CZ, (b)
CZ, (c) Ru–CZ, (d) Pd–CZ, (e) Pt–CZ and (f) Ir–CZ surfaces.

Fig. 12 The DFT optimised geometry of the CO2 + H co-adsorption
on (a) CZ, (b) Ru–CZ, (c) Pd–CZ, (d) Pt–CZ and (e) Ir–CZ surfaces.

Fig. 13 The DFT optimised geometry of the HCOO adsorption on (a)
CZ, (b) Ru–CZ, (c) Pd–CZ, (d) Pt–CZ and (e) Ir–CZ surfaces.

Fig. 14 The DFT optimised geometry of the COOH adsorption on (a)
CZ, (b) Ru–CZ, (c) Pd–CZ, (d) Pt–CZ and (e) Ir–CZ surfaces.
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DFT results

DFT calculations were employed to investigate the impact of
various PGM elements, including Ru, Pd, Pt, and Ir, on the
CuZn (CZ) catalyst for the synthesis of formic acid through CO2

hydrogenation. In addition, a detailed study was carried out to
get an insight into the mechanism through which CO2 hydro-
genated to formic acid. The optimized geometry of the Cu (111)
surface is depicted in Fig. 10(a), while the ZnO/Cu (111) catalyst
surface is obtained by graing a Zn6O7 nanocluster onto the Cu
(111) surface, as illustrated in Fig. 10(b). The geometry-
optimized ZnO/Cu (111) surface exhibits strong interactions
between the Cu (111) surface and the Zn6O7 nanoparticle,
forming multiple Cu–Zn bonds, as shown in Fig. 10(b). Subse-
quently, the Ru–CZ, Pd–CZ, Pt–CZ, and Ir–CZ model surfaces
were generated by replacing one Cu atom at the ZnO/Cu (111)
interface with Ru, Pd, Pt, and Ir atoms, respectively, as pre-
sented in Fig. 10(c), (d), (e), and (f), respectively.
CO2 adsorption

CO2 adsorption was studied on the CZ and M–CZ surfaces, and
it was found that the Cu (111) surface is not active for CO2

activation as CO2 does not adsorb at the Cu (111) surface, as
shown in Fig. 11(a). However, the interface of Cu and ZnO was
found to be a suitable site for CO2 adsorption, as can be seen in
Fig. 11(b). CO2 was adsorbed strongly on the interface of Cu and
ZnO nanocluster by possessing a bent geometry through the
formation of one Zn–O, one Cu–C and one Cu–O bond
8468 | J. Mater. Chem. A, 2024, 12, 8457–8473
(Fig. 11(c)). The bond lengths of Zn–O, Cu–C and Cu–O bonds
were measured to be 1.97 Å, 2.09 Å and 2.15 Å, respectively, and
the O–C–O bond angle was calculated to be 124°. The corre-
sponding binding energy for CO2 adsorption on CZ was
computed to be 0.23 eV, which was endothermic in nature.
Similarly, it was found that the M–CZ surfaces also act as an
active site for CO2 adsorption. The adsorbate molecule CO2

adsorbs strongly on Ru–CZ, Pd–CZ, Pt–CZ and Ir–CZ surfaces
forming Zn–O, M–C (M: Ru, Pd, Pt, and Ir) and Cu–O bonds as
shown in Fig. 11 (c), (d), (e), and (f), respectively. The bond
length of Ru–C, Pd–C, Pt–C and Ir–C was calculated to be 2.07 Å,
2.12 Å, 2.09 Å, and 2.06 Å, respectively. Likewise, the distances
between Zn and O atoms in the Ru–CZ, Pd–CZ, Pt–CZ, and Ir–CZ
catalysts were determined to be 1.97 Å, 1.99 Å, 1.99 Å, and 1.98
Å, respectively, and the lengths of the Cu–O bonds in these
catalysts were found to be 2.11 Å, 2.21 Å, 2.19 Å, and 2.11 Å,
respectively. Among all the M–CZ catalysts, the adsorption of
CO2 on Ru–CZ has the highest binding energy of −0.41 eV,
followed by Ir–CZ exhibiting a binding energy of −0.34 eV,
which was 0.05 eV less exothermic than Ru–CZ. However, the
CO2 adsorption process became further less exothermic with
the Pt–CZ catalyst with a binding energy of −0.15 eV. The
adsorption energy of CO2 on the Pd–CZ catalyst was computed
to be 0.03 eV, indicating endothermic adsorption. Overall, the
trend of CO2 adsorption energy over the set of catalysts was
observed to follow the following trend: CZ < Pd–CZ < Pt–CZ < Ir–
This journal is © The Royal Society of Chemistry 2024
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Fig. 15 The geometry optimised structure of the transition state
during conversion of CO2 + H to HCOO and COOH and associated
energy profile diagrams for (a) CZ, (b) Ru–CZ, (c) Pd–CZ, (d) Pt–CZ and
(e) Ir–CZ.

Fig. 16 The geometry optimized structure of HCOO + H co-
adsorption on (a) CZ, (b) Ru–CZ, (c) Pd–CZ, (d) Pt–CZ and (e) Ir–CZ
surfaces.
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CZ < Ru–CZ. The stronger the adsorption energy, the higher the
stability of the species and hence the higher the catalyst activity.
So, it can be concluded that the result obtained from the DFT
study has a good correlation with the CO2 TPD data (Table 1)
and conversion data collected from experimental data.

CO2 + H co-adsorption

The co-adsorption of CO2 and H is a crucial step for the
subsequent reaction to produce intermediates such as HCOO
and COOH. Fig. 12(a–e) show the geometry-optimized structure
of CO2 + H co-adsorption on the CZ and M–CZ surfaces,
respectively. The most stable conguration for the co-
adsorption of CO2 and H shows that CO2 possesses a V-shape
geometry and the H is positioned at a nearby pseudo-
This journal is © The Royal Society of Chemistry 2024
threefold site. The bond lengths of Zn–O, M–C and Cu–O were
measured to be nearly 1.9 Å, 2.0 Å, and 2.1 Å, respectively, where
the bond length of each Cu–H bond was ∼1.7 Å. The binding
energy of CO2 + H on the surface of CZ was calculated to be
0.12 eV, indicating a slightly endothermic interaction. In
contrast, Ru–CZ exhibited a binding energy of −0.44 eV, which
was themost exothermic among all the catalysts studied for CO2

+ H co-adsorption. A binding energy of −0.05 eV was deter-
mined for the co-adsorption on the surface of Pd–CZ, which was
0.39 eV less exothermic than the Ru–CZ surface. Accordingly,
the binding energy for the Pt–CZ surface was calculated to be
−0.19 eV, comparatively 0.25 eV less exothermic than the Ru–CZ
surface and 0.14 eV higher exothermic than the Pd–CZ surface.
Moreover, Ir–CZ displayed a binding energy of −0.36 eV for the
co-adsorption, 0.31 eV and 0.17 eV more exothermic in
comparison to Pd–CZ and Pt–CZ, respectively. However, it is
0.07 eV less exothermic than Ru–CZ. Hence, the Ru–CZ surface
was found to be a more suitable catalyst surface for the co-
adsorption of CO2 + H, followed by Ir–CZ, Pt–CZ, Pd–CZ and
CZ, respectively.
HCOO vs. COOH adsorption

Aer determining the ideal co-adsorption site of CO2 and H,
a rst insight was obtained for the formation of intermediates,
including formate and carboxylate, which will provide infor-
mation regarding the mechanism of the reaction. The formate
(HCOO) intermediate was found to be adsorbed on the CZ and
M–CZ catalyst surfaces through the formation of Zn–O andM–O
(where M includes Cu, Ru, Pd, Pt, and Ir) bonding as illustrated
in Fig. 13(a–e). The H-atom was attached to the C atom of CO2

with a bond distance of ∼1.1 Å for all the catalyst surfaces. The
Zn–O bond length was determined to be nearly 1.9 Å, and the
Cu–O, Ru–O, Pd–O, Pt–O, and Ir–O bond lengths were measured
to be 2.33 Å, 2.24 Å, 2.56 Å, 2.94 Å and 2.39 Å, respectively. The
HCOO intermediate was adsorbed on the surface of the CZ
catalyst with a computed binding energy of −0.71 eV, which is
exothermic in nature. The Ru–CZ catalyst shows a binding
energy of −1.00 eV, that was −0.29 eV higher exothermic than
the CZ catalyst, indicating a strong affinity towards HCOO
adsorption. Pd–CZ displayed a binding energy of −0.73 eV,
while Pt–CZ exhibited −0.86 eV, which was 0.27 eV and 0.14 eV
J. Mater. Chem. A, 2024, 12, 8457–8473 | 8469
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Fig. 17 The geometry optimised structure of the transition state
during conversion of CO2 + H to HCOO and COOH for (a) CZ, (b) Ru–
CZ, (c) Pd–CZ, (d) Pt–CZ and (e) Ir–CZ.

Fig. 18 The geometry-optimized structure of HCOOH adsorption on
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less exothermic as compared to the Ru–CZ surface, respectively.
Ir–CZ possesses a binding energy of −0.87 eV, signifying
substantial exothermic behaviour, which was 0.13 eV less than
Ru–CZ and 0.14 eV and 0.01 eV more than Pd–CZ and Pt–CZ
surfaces, respectively. This analysis reveals that Ru–CZ is the
most favorable catalyst for HCOO adsorption, implying its
potential for efficient catalytic performance in CO2 hydrogena-
tion to formic acid. Ir–CZ, Pd–CZ, and Pt–CZ also exhibit
favorable exothermic adsorption, albeit with varying degrees,
while CZ demonstrates moderate exothermic behaviour in
HCOO adsorption.

A subsequent calculation was performed for the hydroge-
nation of CO2 to formic acid through the carboxyl intermediate.
Carboxyl is an isomeric intermediate of formate, where the
former has its H bonded to an oxygen atom and the latter to its
carbon atom. The COOH prefers to adsorb on the catalyst
surface in a trans-conguration with its H pointing towards the
surface, forming a Zn–O bond and an M–C bond as shown in
Fig. 14(a–e). The bond lengths of the Zn–O bond, M–C bond and
O–H bonds were measured to be ∼1.9 Å, 2.0 Å and 1.0 Å,
respectively. Among the catalysts investigated, Ru–CZ exhibited
the highest binding energy of −0.80 eV for the adsorption of
COOH, associated with the exothermic nature of this adsorp-
tion. Pd–CZ displayed a binding energy of−0.16 eV, while Pt–CZ
exhibited −0.35 eV, both representing favourable exothermic
adsorption. Accordingly, the binding energy of COOH on the
surface of Ir–CZ was calculated to be −0.77 eV. In contrast, CZ,
the unmodied catalyst, showed a positive binding energy of
0.08 eV, suggesting an endothermic adsorption process.

It was observed that the carboxyl intermediate was 0.79 eV,
0.2 eV, 0.57 eV, 0.51 eV and 0.1 eV less stable as compared to the
formate intermediate on CZ, Ru–CZ, Pd–CZ, Pt–CZ and Ir–CZ
surfaces, respectively. Therefore, the formate intermediate is
found to be more energetically favourable than the carboxyl
intermediate.

Fig. 15(a–e) depict the DFT-optimized structures of transi-
tion states and the energy prole diagrams for the conversion of
CO2 + H to HCOO and COOH intermediates on the surfaces of
CZ and M–CZ catalysts. In the transition state of CO2 + H to
HCOO on the CZ surface, H was positioned on the short-bridge
(SB) site of the Cu (111) surface, where CO2 was activated by
breaking the Cu–C and Cu–O bonds. However, on the surfaces
8470 | J. Mater. Chem. A, 2024, 12, 8457–8473
of Ru–CZ, Pd–CZ, Pt–CZ and Ir–CZ, H was attached to the C
atom, with simultaneous breaking of the Cu–C and Cu–O
bonds. The activation barrier for the formation of the HCOO
intermediate was calculated to be 0.46 eV, 0.15 eV, 0.38 eV,
0.31 eV, and 0.25 eV for the CZ, Ru–CZ, Pd–CZ, Pt–CZ and Ir–CZ
surfaces, respectively. The transition state from CO2 + H to the
COOH intermediate on the CZ surface showed that the H atom
attached to the Cu (111) surface by forming a Cu–H bond,
whereas CO2 was found to be in an activated state with the
breaking of the Cu–O bond. For the formation of the COOH
intermediate the activation barrier was calculated to be 0.72 eV,
0.28 eV, 0.57 eV, 0.46 eV and 0.37 eV for the CZ, Ru–CZ, Pd–CZ,
Pt–CZ and Ir–CZ surfaces, respectively, which were 0.26 eV,
0.13 eV, 0.19 eV, 0.15 eV and 0.27 eV higher in comparison to the
formation of the HCOO intermediate, respectively. These nd-
ings suggested that the CO2 underwent hydrogenation on the
catalyst's surface to formic acid through the formation of
a formate intermediate. In addition, the trend of the activation
energy on the various catalysts was determined to be Ru–CZ <
Ir–CZ < Pt–CZ < Pd–CZ < CZ, which stated that the CO2 hydro-
genates to the HCOO intermediate faster in Ru–CZ followed by
Ir–CZ, Pt–CZ, Pd–CZ and CZ, respectively. Hence, the formate
intermediate was considered for further investigations.
HCOO + H co-adsorption

The further work entails attaching a surface H atom to the
formate to produce the formic acid molecule. For the further
hydrogenation of adsorbed HCOO to HCOOH, it is important to
co-adsorb the HCOO intermediate along with a H, and the best
co-adsorbed state for HCOO and H on the catalyst surface has H
at the PT site on the Cu (111) surface (as shown in Fig. 16(a–e)),
with the interaction between HCOO and H being negligible. The
Cu–H bond length was determined to be∼1.7 Å, while the bond
distance related to the HCOO intermediate remains similar to
that of the adsorbed HCOO without the surface H atom. Ru–CZ
demonstrated the highest exothermicity of the examined cata-
lysts, with a binding energy of −1.05 eV, indicating relatively
higher affinity for HCOO + H co-adsorption. Ir–CZ came in
second with a binding energy of−0.93 eV, comparatively 0.12 eV
less exothermic than the Ru–CZ surface. Both Pt–CZ and Pd–CZ
demonstrated binding energies of −0.90 eV and −0.79 eV,
(a) CZ, (b) Ru–CZ, (c) Pd–CZ, (d) Pt–CZ and (e) Ir–CZ surfaces.

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 The energy profile diagram for the hydrogenation of CO2 to formic acid on CZ and M–CZ catalyst surfaces.
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respectively, which were 0.15 and 0.26 eV less exothermic than
the Ru–CZ surface. Comparatively lower HCOO + H co-
adsorption is shown by CZ, the unmodied catalyst, which
had a negative but less exothermic binding energy of −0.75 eV.
Activation barrier for hydrogenation of HCOO to HCOOH

The CI-NEB calculation for the hydrogenation of HCOO to
HCOO suggested that, in the transition state H formed a single
bond with Cu of the Cu (111) surface on CZ and Ru–CZ surfaces,
as shown in Fig. 17(a) and (b), respectively, whereas the H-atom
was co-ordinated on the short-bridge (SB) position on the
surfaces of Pd–CZ, Pt–CZ and Ir–CZ, as depicted in Fig. 17(c),
(d), and (e) respectively. The Cu–O bond with the HCOO inter-
mediate was observed to be cleaved in the transition state on all
the catalyst surfaces. The activation energy associated with
hydrogenation of HCOO to HCOOH was calculated to be
0.52 eV, 0.13 eV, 0.41 eV, 0.35 eV and 0.21 eV for the CZ, Ru–CZ,
Pd–CZ, Pt–CZ and Ir–CZ catalyst surfaces, respectively.
HCOOH adsorption

In the nal stage, the adsorption of HCOOH was studied on the
surfaces of CZ and M–CZ catalysts. In the most stable congu-
ration, HCOOH was found to be adsorbed on the catalyst
surface by the formation of a Zn–O bond, which was approxi-
mately 2.1 Å long, as depicted in Fig. 18(a–e). It was observed
that the adsorption of HCOOH was independent of metal
promoters by showing very few variations in the binding ener-
gies in the range of −0.88 eV to −0.93 eV.

An overall energy prole diagram is illustrated in Fig. 19
consisting of all the intermediates and transition states taking
part in the reaction mechanism for all the CZ and M–CZ cata-
lysts. The DFT calculations led to the important information
that the hydrogenation of CO2 to formic acid progressed
through the involvement of the formate intermediate. On the
basis of the adsorption of intermediates and activation energy
associated with the hydrogenation of CO2 to HCOO and HCOO
This journal is © The Royal Society of Chemistry 2024
to HCOOH, it could be stated that the hydrogenation of CO2 to
formic acid was more feasible on the Ru–CZ surface followed by
Ir–CZ, Pt–CZ, Pd–CZ and CZ catalysts, respectively, which was
absolutely in line with the experimental outcomes.
Conclusions

In conclusion, a successful single-step pyrolysis auto-reduction
approach was adopted to synthesize a series of CuZn@CNx
catalysts for efficient CO2 adsorption and further hydrogenation
to formic acid in a base-free aqueous medium. Incorporating
noble metals such as Ru, Pd, Pt, and Ir into the CZ (CuZn@CNx)
catalyst system enhanced the adsorption capacity and catalytic
activity of the reported catalyst system. Detail characterization
of the catalysts conrmed that the active metal nanoparticles
were securely encapsulated within the porous carbon–nitrogen
matrix, preventing agglomeration. Among the catalysts tested,
Ru–CZ exhibited the highest catalytic activity, achieving
a substantial CO2 conversion of 12.91% and a TON of 11 434.
This exceptional performance was attributed to the synergistic
effects between Ru, Cu, and Zn, as well as the uniform disper-
sion of active sites and excellent textural properties. DFT studies
supported the experimental ndings, showing that CO2

adsorption on the Ru–CZ surface had the strongest binding
energy compared to the other catalysts studied in this report.
Additionally, the Ru–CZ catalyst demonstrated notable reus-
ability for up to 4 cycles. This research not only highlights the
potential of transforming MOFs into high-performance cata-
lysts but also opens the door for integrated CO2 sorption and
selective conversion to formic acid, promoting sustainability.
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