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Electrochemical reduction of CO, (CO,RR) offers a sustainable approach to simultaneously lower
atmospheric CO, levels and convert it into useful chemicals. While noble metals are currently the most
effective catalysts for this process, their expense limits large-scale use, driving the search for more
affordable alternatives. Transition-metal sites incorporated within metal-organic frameworks (MOFs)
show great catalytic promise; however, the inherently poor conductivity of MOFs remains a significant
obstacle. The porous structure of activated carbon provides a high surface area for efficient electron
transport and CO, adsorption, while the encapsulated MOF imparts catalytic sites with tuneable
electronic properties and molecular selectivity. The synergistic interaction between the MOF and AC
enhances the availability of active sites, conductivity, improves charge transfer kinetics, and suppresses
competing hydrogen evolution. In this work, Cu-Zeolitic Imidazole Framework (Cu-ZIF) nanoparticles
were grown directly within a hierarchically porous activated carbon matrix, rather than physically
blended with conductive additives. This encapsulation strategy resulted in composites with enhanced
conductivity, maintained Cu-ZIF crystallinity, and strong electronic coupling between the components.
When applied to electrochemical CO,RR, the Cu-ZIFRAC composite achieved low overpotential of
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—0.56 V (vs. RHE) at —10 mA cm™2

current density, surpassing the performance of usually reported

MOF-based systems. Moreover, the catalyst selectively produced acetic acid (71.5% faradaic efficiency) at
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1 Introduction

The escalating concentration of atmospheric CO,, primarily
from the continuous burning of fossil fuels, poses a severe
environmental threat by exacerbating climate change.' Long-
term atmospheric monitoring indicates that the global mean
CO, concentration has increased by approximately 35% over the
past six decades, as evidenced by continuous records such as
the Keeling curve.> Addressing this global challenge requires
developing sustainable solutions for CO, utilization. Among the
various CO, conversion methods, the electrochemical carbon
dioxide reduction reaction (CO,RR) has garnered significant
interest as an economically viable approach to transform CO,
into valuable chemicals and fuels.**

Despite its promise, CO,RR faces significant hurdles. A
major challenge is the requirement for high overpotentials to
activate the stable CO, molecule. Furthermore, CO,RR in
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—0.3 V (vs. RHE) onset potential demonstrating excellent potential for efficient and scalable CO,

aqueous solutions is highly competitive with the hydrogen
evolution reaction (HER), as their redox potentials are close.”®
This competition necessitates the use of catalysts with high
selectivity to ensure the CO,RR is efficient and prevents energy
waste on HER.

Copper (Cu) stands out among transition metals as effective
catalyst for highly reduced products like hydrocarbons and
alcohols from CO,, rather than just CO.? This is attributed to
Cu's ability to facilitate C-C bond formation and reduce the
energy needed for CO binding. However, Cu catalysts typically
suffer from low faradaic efficiency (F.E.) and selectivity toward
a single product due to the competitive HER and numerous
potential-dependent reaction pathways.'**> Overcoming these
limitations often involves controlling catalyst morphology,
support materials, and electrolyte conditions.

Recent studies have highlighted that the catalytic behaviour
of Cu-based electrocatalysts during CO, electroreduction is
strongly influenced not only by catalyst morphology and grain
boundaries, but also by dynamic surface species formed under
reaction conditions. For example, oxygen-containing adsor-
bates such as hydroxyl species were reported to strongly interact
with Cu surfaces, influencing intermediate adsorption and
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multicarbon product formation."® In addition, carbon deposi-
tion formed during CO, reduction has been identified as
a critical deactivation pathway for Cu electrodes, particularly
under methane-forming conditions, where deposited carbon
blocks active sites and deteriorates -catalytic stability.™*
Furthermore, defect-rich Cu catalysts containing abundant
grain boundaries were shown to promote CO-CO coupling and
enhance C,. product selectivity by stabilizing key reaction
intermediates.” These findings collectively demonstrate that
catalyst reconstruction, surface poisoning, and interfacial
adsorption phenomena play decisive roles in determining the
activity, selectivity, and stability of Cu-based CO,RR catalysts.

Metal-Organic Frameworks (MOFs), such as Zeolitic Imida-
zolate Framework-8 (ZIF-8), offer significant advantages for
electrocatalysis, including atomically dispersed metal sites,
tuneable porosity, large surface area, and high stability. MOFs
possess three distinguishable sites—the metal node, the
organic linker, and the pore space—where catalytic functions
can be allocated.”'®'” These structural properties can poten-
tially enhance catalytic performance,'® leading to smaller onset
potentials™ and improved faradaic efficiency (F.E.).*° Despite
these benefits, MOFs inherently suffer from low electrical
conductivity, which is a significant bottleneck for efficient
charge transfer in electrocatalytic systems.”* While pyrolyzing
MOFs is one strategy to create a conductive carbon lattice with
embedded metal atoms, this process typically destroys the
unique electronic structure that supports the material's cata-
lytic capacity, diminishing the MOF's advantages. Thus, there is
an urgent need to engineer composite materials that combine
the catalytic activity and product specificity of Cu with the high
surface area and structural tunability of MOFs, while simulta-
neously addressing the conductivity issue.***?

In this work, we report the in situ growth of Cu-Zeolitic
Imidazole Framework (Cu-ZIF) within the porous architecture
of activated carbon (AC) to obtain a highly conductive and
structurally stable catalyst for electrochemical CO, reduction.
The carbon scaffold facilitates efficient electron transport and
improves the mechanical integrity of the Cu-ZIF domains under
electrochemical operation. Importantly, Cu-ZIF MOF has not
been previously investigated for CO, reduction, and the Cu-
ZIF@AC composite introduced here represents a novel cata-
lyst platform that integrates enhanced conductivity, improved
stability, and accessible Cu active sites. This composite further
promotes the efficient electroreduction of CO, toward a valu-
able carbon-based product.

2 Experimental section
2.1 Materials and reagents

Copper(u) nitrate trihydrate (Sigma-Aldrich, 99%), 2-methyl
imidazole (2-MI) (SRL, 99%), potassium bicarbonate (SRL,
99%), sodium sulphate (CARLO ERBA Reagents, 99%).

2.2 Synthesis of Cu-ZIF

Copper(u) nitrate trihydrate was added to the 10 ml DI water in
a beaker and stirred for 10 min. 2-Methyl imidazole (2-MI) was
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added to the 5 ml DI water in a beaker and stirred for 10 min.
Copper(u) nitrate trihydrate and 2-methyl imidazole (2-MI) was
taken in 1:2 mmol ratio. Then the 2-MI solution was added to
the copper nitrate solution dropwise during stirring and kept
the whole solution in stirring for few hours. Then the solution
was transferred to a Teflon-lined stainless-steel autoclave and
heated at 180 °C for 24 h. The obtained dark brown coloured ppt
was washed with DI water followed by acetone and dried in an
oven at 70 °C overnight. Then the powder was calcined at 150 °C
for 4 h at rate of 1 °C min™" in a tubular furnace.>*2

2.3 Synthesis of Cu-ZIF@AC

250 mg of activated carbon and copper(u) nitrate trihydrate was
dispersed in 10 ml of DI water overnight. Then, 5 ml DI water
solution of 2-methyl imidazole (2-MI) was added dropwise to the
above solution followed by stirring. The metal precursor and
organic linker was taken in 1:2 mmol ratio to get ultimate
7 wt% Cu-ZIF loading within the AC matrix. Next, the solution
was transferred in a Teflon lined stainless steel autoclave and
heated at 180 °C. After that, the obtained solid ppt was washed
with DI water and acetone followed by centrifugation and dried.
Then, the black powder obtained was calcined in tubular
furnace at 150 °C for 4 h at a ramp rate of 1 °C min~*.2%2728

2.4 Instrumentations

Synthesized Cu-ZIF, Cu-ZIF@AC were calcined in KSL-1100X
furnace equipped with quartz tube. The Powder X-ray Diffrac-
tion (PXRD) patterns of all the materials were analysed using
X'Pert Pro X-ray diffractometer with Cu Ka radiation (A = 0.154
nm). SEM images were taken by High Resolution Scanning
Electron Microscope (HRSEM, TESCAN MAIA3). The pore
distribution and surface area of the samples were analysed
using the Micrometric TriStar 11PLUS. Thermogravimetric
analysis was performed using METTLER TOLEDO TGA/DSC 1
STAR® system. The Raman spectroscopy of all the samples were
performed using a confocal Raman microscope Alpha 300R,
Witec, Germany with a 532 nm excitation wavelength at a laser
power of 5 mW. All the electrochemical measurements were
performed using BioLogic SP-150e potentiostat. The H, gas
evolved during CO,RR was measured using PFRIFFER VACUUM
HiCUBE Mass spectrometer. Fourier Transform Infrared (FTIR)
spectroscopy of the samples was analysed using JASCO FT/IR-
4700 spectrometer. The CO,RR products were detected and
quantified using BRUKER 400 MHz Nuclear Magnetic Reso-
nance (NMR) Spectrometer.

2.5 Electrode fabrication

A catalyst ink was prepared by mixing active materials, 10%
carbon black and 5% PTFE as binder followed by dispersing the
mixture in isopropanol under stirring to form a homogeneous
slurry. Then, 50 pL of the ink containing 3 mg of mass loading
was drop-cast onto a 1 x 1 cm precleaned carbon paper. The
coated carbon paper was dried at 60 °C to evaporate the solvent
completely.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.6 Electrochemical measurements

The electrochemical measurements were performed using a three-
electrode setup in a H-type electrochemical cell having Nafion-117
separator between cathode and anode compartment. All the
electrochemical studies were done in Biologic SP 150e electro-
chemical workstation. The working electrode was 1 x 1 cm carbon
paper coated with the catalyst ink, coiled Pt wire served as counter
electrode and Ag/AgCl (3 M KCl) electrode was used as reference
electrode. All the measured potentials were converted to Reversible
Hydrogen Electrode (RHE) value as following,*

Erng = Eagagct + 0.0591 x pH + EAgagc (1)

where, Eryg is the potential vs. RHE; Eag/aqci is the potential
applied vs. Ag/AgCl reference electrode, Eagagci is the standard
potential of Ag/AgCl reference electrode.

The Cyclic Voltammetry (CV) of Cu-ZIF and Cu-ZIF@AC was
done using 0.5 M Na,SO,. For analysing CO, reduction (CO,RR)
activity for Cu-ZIF@AC, the Linear Sweep Voltammetry (LSV)
was performed in N, saturated 0.5 M Na,SO, and CO, saturated
0.5 M KHCOj;. The gases were purged for 20 minutes for satu-
ration. The comparative CV, LSVs of the materials were per-
formed in CO, saturated 0.5 M KHCO;. The stability of the
catalyst was analysed using 12 h chronoamperometry at —0.56 V
(vs. RHE) in CO, saturated 0.5 M KHCO3.

2.7 Product quantification

400 MHz Nuclear Magnetic Resonance (NMR) was used for the
detection and quantification of the CO, reduction products. The
liquid products are collected from the electrochemical cell after
chronoamperometry measurements at different potentials, i.e.
—0.3, —0.4, —0.5, —0.56, —0.6, —0.7 V (vs. RHE). In all the
samples acetic acid is the major products, formic acid and
methanol are the minor products.

2C0O, + 8H" + 8¢~ — CH3COOH + 2H,0 (2)
CO, + 2H* + 2¢” — HCOOH (3)
CO, + 6H" + 6e~ — CH30H + H,0O (4)

The products were quantified by collecting the electrolyte
after chronoamperometry at different potentials and mixing it
with 0.01 M maleic acid as an internal standard and 10% D,O.
The following equation was used to quantify the products,*

xS omi
WX P 2 (5)

X
Mi Si nmy Ve

C =

where, C; is the concentration of the product, v. is the volume of

S
electrolyte collected; S_[ is the ratio of the area of the peaks of
i

liquid product to the internal standard; v; is the volume of
internal standard added; M; is the molecular weight of the

internal standard; p; is the density of the internal standard; ﬁl is
1

the ratio of the number of protons of internal standard to the
liquid product.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For the competitive Hydrogen evolution reaction (HER), the
H, was quantified using Mass Spectroscopy (MS).

Faradaic efficiency (F.E.) of each CO, reduction product was
calculated to quantify the fraction of the total charge that
directly contributed to the formation of that product. The F.E. is
determined according to,*”

nkz

F.E.(%) = x 100 (6)
where, n is the number moles of the product; F is the Faraday
constant (96 485 C mol ™ %); z is the number electrons required
for a particular product formation as shown in the reactions (2-
4);* I is the current applied, ¢ is the duration of the
electrocatalysis.

2.8 Computational details

Spin-polarized density functional theory (DFT) calculations
were carried out using periodic boundary conditions in the
Vienna Ab initio Simulation Package (VASP)** to investigate the
Cu-ZIF's structural features, CO, adsorption behaviour, and
catalytic mechanisms. The exchange-correlation energy was
described using the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional.®***
Electron-ion interactions were taken into consideration using
the projector-augmented wave (PAW) method.*® Grimme's D3
dispersion correction (PBE-D3) was implemented to account for
van der Waals interactions.*® All atoms were completely relaxed
until the total energy and atomic forces converged to less than
107°evand 2 x 1072 eV A™?, respectively, using a plane-wave
cutoff energy of 500 eV. Due to the large size of the ZIF unit
cell, a1 x 1 x 1 Monkhorst-Pack k-point grid was used for
Brillouin-zone sampling.*

The zero-point energy (ZPE) and entropy contribution were
included in all Gibbs free energy calculations. The ZPE was
evaluated using a second-order finite-difference method based
on the numerical differentiation of forces with a step size of
0.015 A and computed at room temperature using VASPKIT.* In
this study, the adsorption energy (E.qs) was calculated accord-
ing to the following eqn (7):*

Eags = Exco, — (Ex + Eco,) (7)

where Exco,, Ex, and Eco, represent the free energies of the
adsorbed system, the isolated Cu-ZIF, and the CO, molecule,
respectively.

The energy of the reaction is defined as the difference in the
energies of the product(s) and reactant(s) as shown in eqn (8):*

Erxn = ZEproduct - ZErcactam (8)

where Er, Eproducts Ereactant T€Presents the total energy of the
reaction, total energy of the products and total energy of the
reactant respectively.

To account for the influence of the applied electrochemical
potential on the free energies of adsorbed intermediates, the
computational hydrogen electrode (CHE) framework intro-
duced by Noerskov and co-workers is adopted. Within this
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approach, all thermodynamic quantities are referenced to the
reversible hydrogen electrode (RHE).*** The reaction free
energy at a given potential U is therefore obtained from eqn (9).

AEreaction((]) = AEreaclion(O) —nelU (9)

where n denotes the number of electrons transferred in the
elementary step (here, n = 1 for each redox step), e is the
elementary charge, and U is the applied electrode potential.
Consequently, elementary steps involving coupled proton-
electron transfer exhibit a linear dependence on the applied
potential, whereas non-redox transformations such as C-O
bond cleavage remain unaffected by changes in U. Throughout
this work, all free-energy evaluations are carried out at pH = 0,
consistent with standard CHE conventions.

2.9 Structural optimization

In this study, we optimized the structure of Cu-ZIF for the first
time. The Cu-ZIF structure was adopted from the ZIF-8 MOF*
(Fig. S9) which contained 96 carbon, 120 hydrogen, 48 nitrogen
and 12 zinc atoms. The ZIF-8 was modified by substituting 12
Zn atoms with Cu atoms to form Cu-ZIF. Each Cu atoms are
bonded with the N-sites of 2-methyl imidazole (2-MI) organic
molecules forming an elipto-spherical structure. Each unit cell
of the Cu-ZIF was formed by the complexation of 12 Cu (C4H;5N,
= 2-MI), units in which the bi-coordinated copper metal atoms
coordinated with the chelating nitrogen sites of the other 2-
methyl imidazole units, hence forming the bulk Cu-ZIF.

3 Results and discussions

To explain the advantages of MOF-encapsulated activated
carbon, we have grown Cu-ZIF MOF inside the pores of activated
carbon. The Cu-ZIF@AC composite was prepared as follows.
First, copper nitrate trihydrate and Activated Carbon (AC) were
dispersed overnight under stirring in an aqueous solution.
Next, the 2-MI solution was added dropwise for a few hours,
followed by a hydrothermal reaction, as illustrated in Fig. 1.

3.1 Physical characterization

The crystal structure of the Cu-ZIF, Cu-ZIF@AC, and AC were
characterized using a Powder X-ray Diffractometer (PXRD) with
Cu Ka radiation (A = 0.154 nm). The XRD pattern of the Cu-
ZIF@AC composite perfectly matched the PXRD peaks of Cu-
ZIF, having 26 values at 14.46°, 29.62°, 31.52°, 33.1°, 34.85°,
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39.54°, 44.88°, and 48.01°, indicating the successful formation
of Cu-ZIF inside the activated carbon pores.>**® The peak at
14.46° 20 value for Cu-ZIF@Ac is sharper than Cu-ZIF indicates
the increase in crystallinity due to the growth of nano-Cu-ZIF
inside activated carbon pores. In addition, a peak is observed
at a 26° value of 26.35° corresponding to the (002) planes of
graphitic segments of activated carbon (AC), as shown in Fig. 2a.
Virtually all the MOF particles were confined within the carbon
pores, as evidenced by the HRSEM images (Fig. S1). EDS
elemental mapping of copper was performed to provide direct
evidence for the encapsulation and spatial distribution of Cu-
MOF within the activated carbon. As shown in Fig. S2, the Cu
elemental signal is uniformly distributed throughout the acti-
vated carbon without the presence of localized Cu-rich regions
or phase separation. The homogeneous dispersion of Cu
confirms the successful encapsulation of copper species.

The bonding property was characterized using a Fourier
Transform Infrared Spectrometer (FTIR). The FTIR spectrum
(Fig. 2b) of Cu-ZIF displays the characteristic vibrational bands
corresponding to the 2-methyl imidazole linker, including C-N,
C=N, and C-H modes, along with the Cu-N band, confirming
the integrity of the framework.>?® In the Cu-ZIF@AC
composite, these bands are significantly suppressed due to
the dominant absorption features of activated carbon, which
mainly show C=C stretching and a broad O-H band. The
overlap and reduced intensity of Cu-ZIF signals in the
composite reconfirm the successful encapsulation of Cu-ZIF
inside the pores of activated carbon.

The Raman spectrum (Fig. 2c) of pristine Cu-ZIF exhibits
distinct Cu-N vibrational modes in the low-frequency region
(280 em™") reflecting the preserved metal-ligand coordination
environment.>* In the Cu-ZIF@AC composite, these Cu-N
features are largely suppressed due to the dominant carbona-
ceous scattering originating from activated carbon. The
pronounced D and G bands in both AC and Cu-ZIF@AC further
confirm the incorporation of Cu-ZIF mainly inside the pores of
activated carbon.

The thermal stability was measured using thermal gravim-
etry analysis (TGA). The TGA profiles (Fig. 2d) show that the
pristine Cu-ZIF undergoes substantial mass loss at ~180 °C and
~325 °C, while the Cu-ZIF@AC composite displays a gradual
degradation pattern, indicating improved thermal stability.***¢

Determining the surface area of porous materials is crucial
for understanding their catalytic performance. N, gas adsorp-
tion-desorption was performed for all the materials at 77 K for

O Cuz*ion

- Activated Carbon

Fig. 1 Schematic diagram of the synthetic process of MOF encapsulated activated carbon.
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Fig.2 (a) XRD pattern of AC, Cu-ZIF, Cu-ZIFQAC where to the (002) planes of week graphitic segments of Activated Carbon (AC) as shown in the

projected view; (b) FTIR spectrum of AC, Cu-ZIF, Cu-ZIFQAC showing the vibrational modes; (c) Raman spectra of AC, Cu-ZIF, Cu-ZIFQAC
powders coated on glass slide (d) TGA diagram of AC, Cu-ZIF, Cu-ZIFQAC for thermal stability test; (e) N, gas adsorption isotherms of AC, Cu-ZIF,
Cu-ZIF@AC mentioning the surface areas; (f) BJH model for pore distribution of AC, Cu-ZIF, Cu-ZIFQAC based on N, gas adsorption experiment.

the estimation of surface area and porosity. The N, adsorption—-
desorption isotherm (Fig. 2e) of Cu-ZIF@AC exhibits combined
Type I(b)/Type IV(a) characteristics, indicating hierarchical
porosity generated when Cu-ZIF nanocrystals grow inside the
activated-carbon framework.***® The strong uptake at low P/P,
corresponds to the preserved micro-porosity of AC (1350.25 m>
g~ "), while the additional rise at intermediate pressures reflects
the formation of new mesopores during MOF nucleation within
the carbon pores. This is further supported by the H4 hysteresis
loop, typical of slit-shaped micro-mesoporous structures
derived from the AC scaffold. In contrast, pristine Cu-ZIF shows
a weak Type IV(a) isotherm with an H3 hysteresis and a very low
surface area (41.7 m> g~ ').*** The significant decrease in BET
surface area for Cu-ZIF@AC (502.02 m* g~ ') compared to AC
confirms that the MOF growth is confined within the carbon
matrix, resulting in a more interconnected and accessible pore
network.

The pore-size distribution curves (Fig. 2f) show clear differ-
ences in the porous structures of the three materials. AC
exhibits a strong peak at ~20 A, confirming its predominantly
microporous character with narrow slit-shaped mesopores.***¢
Pristine Cu-ZIF displays a broad distribution centred at ~30 A,
arising from mesopores.**™*® In the Cu-ZIF@AC composite, the
distribution is dominated by the AC-derived micropores, while
the broad mesopore peak of Cu-ZIF is largely suppressed. This
indicates that Cu-ZIF nucleates within the confined carbon
pores, thereby limiting the formation of large mesopores.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Inductively Coupled Plasma Optical Spectroscopy (ICP-OES)
quantified the copper (Cu) content of the Cu-ZIF@AC
composite as 2.1 wt% (Table 1).

3.2 Electrochemical tests

The Cu-ZIF@AC was investigated as a cathode in an electro-
catalysis system. To prepare the electrodes, an ink comprising
active materials, carbon black as a conductive agent, and PTFE
as a binder was prepared and drop-cast onto carbon paper. To
evaluate the electrochemical profiles, cyclic voltammetry (CV)
was performed at 50 mV s~ scan rate for all materials in a N,-
saturated 0.5 M Na,SO, solution. The Cu-ZIF@AC showed Cu'/
Cu”" redox couple at 1.28 and 0.2 V vs. RHE, whereas the Cu-ZIF
showed Cu*/Cu®*" redox couple at 1.01 and 0.57 V vs. RHE
(Fig. 3a). The area under the CV curve of Cu-ZIF@AC is larger
than that of pristine Cu-ZIF, indicating a higher electrical
conductivity of the composite compared to the MOF.

To directly verify the improved conductivity of the
composite, Electrochemical Impedance Spectroscopy (EIS)

Table 1 The wt% of Cu in the composite Cu-ZIF@QAC determined
using ICP-OES

Wt% of Cu
Sample determined by ICP-OES
Cu-ZIF@AC 2.1 £ 0.002

Nanoscale Adv.
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Fig.3 (a) CV of Cu-ZIF@QAC, Cu-ZIF in N, saturated 0.5 M Na,SOy; (b) LSV of Cu-ZIFQAC, Cu-ZIF in CO, saturated 0.5 M KHCOx3; (c) LSV of Cu-

ZIFQAC in 0.5 M Na,SOy4, N, and CO, saturated 0.5 M KHCOs; (d) 12 h of stability test using chronoamperometry for Cu-ZIFQAC in CO, saturated
0.5 M KHCOs at constant potential of —0.56 V vs. RHE; (e) CV of Cu-ZIFQAC coated fresh electrode and electrode after 12 h of chro-
noamperometry; (f) LSV of Cu-ZIFQAC coated fresh electrode and electrode after 12 h of chronoamperometry.

measurements were performed (Table S2). The Nyquist plots
(Fig. S4) show that the charge-transfer resistance (R.) of pris-
tine Cu-ZIF is significantly high (133.98 Q), confirming its
intrinsically poor electrical conductivity. In contrast, Cu-
ZIF@AC exhibits a dramatically reduced R value (4.89 Q),
which is slightly more than that of bare AC (3.91 Q). This
substantial decrease in R.; clearly demonstrates that incorpo-
rating Cu-ZIF within the conductive AC matrix greatly enhances
interfacial electron transfer kinetics. The reduced charge-
transfer resistance provides direct quantitative evidence sup-
porting the improved conductivity and confirms the synergistic
interaction between AC and Cu-ZIF in facilitating efficient
electron transport.

During the CO,RR, the gaseous CO, interacted with water to
produce carbonic acid (H,CO3), facilitating the dissolution of
additional CO,. The formed H,CO; existed in equilibrium with
bicarbonate (HCO; ), which was further in equilibrium with
carbonate (CO;*7). Under neutral pH conditions, carbonate
ions were protonated to yield bicarbonate. Consequently, the
CO,-saturated solution contained a higher concentration of
bicarbonate ions participating in the CO, reduction reaction.””

Linear sweep voltammetry (LSV) was performed for all elec-
trodes at 10 mV s ' scan rate in CO,-purged 0.5 M KHCO; to
study the electrocatalytic performance for electrochemical
CO,RR. The Cu-ZIF@AC demonstrated an overpotential of
—0.56 Vvs. RHE at —10 mA cm™ 2, compared to —0.72 V vs. RHE
for Cu-ZIF, having a lower current density than Cu-ZIF@AC
(Fig. 3b). Cu-ZIF@AC composite exhibits the lowest over-
potential for CO,RR at —10 mA em™ > current density among the

Nanoscale Adv.

MOF-based catalysts listed in Table S1.*”*°7 The results
demonstrate that the growth of MOF within the pores of acti-
vated carbon enhances the catalytic activity of the composite
towards CO,RR. Considering the limited solubility and diffu-
sion coefficient of CO, in aqueous electrolytes, partial mass
transport limitations may arise in H-cell configurations at
higher overpotentials. To minimize concentration polarization,
the electrolyte was continuously stirred during electrolysis, and
the catalyst loading was optimized to avoid excessive catalyst-
layer thickness. Therefore, the observed current densities are
mainly attributed to catalytic kinetics within the investigated
potential range, although some diffusion limitations at more
negative potentials cannot be completely excluded.’®* To
confirm that the cathodic current resulted from CO, reduction
rather than from the hydrogen evolution reaction (HER, 2H" +
2e” — H,), the LSV was re-performed using a N,-saturated
0.5 M KHCOj; electrolyte at 10 mV s~ ' scan rate. In this CO,-free
environment, the overpotential shifted to —0.66 V vs. RHE at
—10 mA cm? (Fig. 3c), indicating that the reduction process
was dominated by HER, thereby confirming the catalyst's strong
selectivity for CO, reduction. LSV measurements were also
performed in 5 M Na,SO,, a CO,-free, non-carbonate electrolyte,
to evaluate the intrinsic HER activity of the Cu-ZIF@AC under
inert conditions exhibiting overpotential of to —0.72 V vs. RHE
at —10 mA cm 2.

The stability of the electrode is one of the challenges in
electrocatalysis. To examine the stability of Cu-ZIF@AC elec-
trode, chronoamperometry was performed at —0.56 V vs. RHE
for 12 h in CO,-saturated 0.5 M KHCO; solution, showing an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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average current density of —10 mA cm™ 2 (Fig. 3d). Cu-ZIF@AC
shows more electrochemical stability than AC and Cu-ZIF
(Fig. S3) indicates that the growth of nano-Cu-ZIF inside the
activated carbon pores improves electrochemical stability of the
composite over 12 h of chronoamperometry. The redox peak in
the CV of the Cu-ZIF@AC coated electrode after 12 hours of
chronoamperometry was slightly shifted from that of the fresh
electrode (Fig. 3e). The LSV of the electrode after 12 hours of
chronoamperometry almost overlapped with that of the fresh
electrode, indicating the durability of the electrode is good
enough (Fig. 3f).

To further understand catalyst durability, PXRD analysis
(Fig. S7b) of the catalyst before and after 12 h electrolysis was
carried out. The diffraction peak intensity decreases and slightly
shifted after prolonged electrolysis, suggesting partial struc-
tural modification and a decrease in crystallinity. This behav-
iour may be associated with catalyst surface reconstruction,
partial loss of active sites, or adsorption of reaction intermedi-
ates, products on the catalyst surface during extended elec-
trolysis, potentially contributing to catalyst deactivation.

3.3 Product analysis

The CO,RR products were analysed using a 400 MHz NMR and
quantified using eqn (5) at different potentials. The NMR
diagrams of observed products at different potentials and
different times are shown in (Fig. S5 and S6). The F.E. (%)
describes the fraction of total charge contributed to the
formation of each product. The F.E. (%) was calculated using
eqn (6) at different potentials and also at —0.3 V for different
times of product collection.

The faradaic efficiency profile, shown in Fig. 4a, exhibits
a clear potential-dependent distribution of products. Across all
applied potentials, acetic acid (AcOH) remains the predominant
product, contributing the largest fraction of F.E. At —0.3 V
potential, the highest F.E. of 71.5 + 0.29% is found for AcOH
outperforming several previously reported MOF- and Cu-based
catalysts summarized in Table S1.>>*” As potential becomes
more negative, the F.E. of AcOH gradually decreases 54.79 +
0.15%, 49.8 + 0.12, 44.23 £ 0.15%, 27.53 £ 0.17%, 19.12 +
0.14% at —0.4, —0.5, —0.56, —0.6, —0.7 V (vs. RHE) respectively
accompanied by a concurrent rise in competitive Hydrogen
Evolution Reaction (HER). Minor amounts of formic acid
(HCOOH) and methanol (MeOH) were detected. Overall, the
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plot demonstrates that the catalytic system primarily favours
AcOH formation at low potential. But, decrease in C, product
faradaic efficiency was observed with increasing negative
potentials. While C, formation on Cu-based catalysts is gener-
ally favored within an optimal potential window, deviations
from this trend can occur due to changes in reaction kinetics
and competing hydrogen evolution reaction (HER). In the
present system, the enhanced HER at higher cathodic poten-
tials competes for active sites and protons, thereby limiting the
availability of CO, reduction intermediates required for C-C
coupling. As a result, the selectivity shifts away from C, prod-
ucts at more negative potentials, indicating a competition-
controlled regime between CO, reduction and HER rather
than a monotonic potential dependence.®>*

At an onset potential of —0.3 V (vs. RHE), the F.E. profile
(Fig. 4b) demonstrates that acetic acid (AcOH) is the predomi-
nant CO,RR product over 15-60 minutes of chro-
noamperometry in CO,-purged 0.5 M KHCO;. Minor formation
of HCOOH, MeOH, and H, was observed. The consistent
product distribution over time confirms the catalyst's stable
activity and sustained selectivity towards AcOH at an onset
potential of —0.3 V (vs. RHE).

To further confirm the stability of product selectivity during
long-term operation, gas chromatography (GC) calibration was
performed for quantitative determination of acetic acid, and the
faradaic efficiency (F.E.) was evaluated at different time inter-
vals during the 12 h chronoamperometric test at —0.56 V vs.
RHE maintaining —10 mA ecm™? current density. The GC cali-
bration curve and the corresponding time-dependent F.E.
results are provided in Fig. S7. The F.E. toward acetic acid
remains relatively stable throughout the electrolysis period,
indicating that the Cu-ZIF@AC electrode maintains both
activity and selectivity under extended electrochemical
operation.

Gas-phase FTIR (Fig. S8) did not detect CO in the product
stream, suggesting that although the reaction may proceed
through a CO-mediated pathway, any transiently formed CO is
rapidly consumed and further reduced to downstream products
on the Cu-ZIF@AC catalyst. To detect gas phase product like
CH,, C,H,, we performed Mass Spectroscopy of the samples
taken from mouth space of the H-cell cathode chamber but no
gas phase product was detected except H, gas.

(a) [EEH2 (b) [H, [ MeOH
100 [ MeOH 1004 [_JHCOOH [CTAcOH
[__]HCOOH — :
[1AcOH e
__ 804 80- —
S -
o 15+ 2 69.6% ! 71.0% i
u 60 0.20% 5 60- b 71.5% 69.1%
54.79 + w
498+
40+ 045% 11 0125 ||4a23+ 40+
0.15%
2753 +
201 017% |[19.42 % 201
0 0.14% o
-0.3 -04 -05 -056 -06 -0.7 15 30 45 60
E (V vs. RHE) Time (min.)

Fig. 4

(a) Faradaic efficiency with error bar of the CO,RR products at different potentials (vs. RHE) of chronoamperometry; (b) faradaic efficiency

of CO,RR products at —0.3 V vs. RHE onset potential at different times of chronoamperometry.
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3.4 Structural and geometrical optimization of Cu-ZIF

To clarify the relationship between catalytic activity and struc-
tural sites, the Cu-ZIF framework was modulated and analysed
using DFT calculations. These calculations were used to identify
the most active Cu sites for CO, activation and their conversion
to CH;COOH within the Cu-MOF. We relaxed the Cu-ZIF
structures without any symmetric constraints for the struc-
tural and geometrical optimization.

Fig. 5 depicts the optimized primitive cell of the Cu-ZIF. The
optimized unit cell of the Cu-ZIF contains 276 atoms, with
lattice parameters: a = 16.33 A, b = 16.61 A, ¢ = 16.62 A, and
angles a = 93.00°, § = 106.61°, ¥ = 100.06°. The Cu-N bond
lengths range from 1.96 A to 2.03 A. Each copper atom is
tetrahedrally coordinated to the nitrogen atoms of the ligands,
exhibiting two distinct bond lengths. This variation may arise
from the unsymmetrically filled t,, orbitals of Cu®" (d® config-
uration),*** as well as steric repulsions from the methyl groups
or other framework atoms.®* The unit cell is constructed from
a combination of six distorted four-membered rings and eight
six-membered rings, forming the three-dimensional Cu-ZIF
framework.

To further investigate the electronic structure of the Cu
active sites, additional spin-polarized calculations were per-
formed using different magnetic initializations. The spin-
polarized configuration initialized with MAGMOM = 0.6
converged to the lowest-energy state with a total energy of
—1756.0987 eV, whereas the non-spin-polarized configuration
(ISPIN = 1) exhibited a higher energy of —1755.5236 eV. The
stabilization energy of approximately 0.64 eV demonstrates that
the Cu-ZIF framework energetically favours a spin-polarized
electronic ground state.

Hydrogen

Fig. 5
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The origin of this stabilization is associated with the di-
storted tetrahedral coordination environment surrounding the
Cu centers. In Cu®* (3d°), the ligand-field splitting generated by
the tetrahedrally distorted Cu-N coordination is insufficient to
fully quench the unpaired Cu 3d electron density, thereby
preserving localized magnetic moments at the Cu sites. Such
spin-polarized Cu d states can significantly influence the
adsorption and activation of CO, molecules through enhanced
electronic coupling and orbital hybridization between the Cu
centres and adsorbate frontier orbitals. Consequently, the local
coordination geometry and magnetic electronic structure
collectively contribute to the catalytic behaviour of the Cu-ZIF
framework.

3.5 Thermodynamic energy analysis for Cu-ZIF and catalytic
pathway

Due to its asymmetrical chemical environment, the Cu-based
zeolitic imidazole framework (Cu-ZIF) contains twelve distinct
Cu sites available for CO, adsorption. To investigate variations
in the catalytic behaviour of these sites, a single CO, molecule
was adsorbed onto each of the twelve Cu centres. The corre-
sponding adsorption energies were calculated using eqn (7) and
are summarized in Tables S3 to S6. Among these, the most
stable, least stable, and intermediate stable adsorption config-
urations, denoted as Cuz, Cu,, and Cus, with adsorption ener-
gies of —0.58 eV, —0.18 eV, and —0.36 eV, respectively, were
selected for detailed analysis. As illustrated in Fig. 5b and c, CO,
molecules are preferentially adsorbed within the 4 or 6-
membered pores of the ZIF. Probably one of the oxygen atoms of
CO, interacts strongly with the Cu centre, resulting in a slight
elongation of one C-O bond.*® The adsorption energy values,

(a) Structural and geometrical optimized bulk system of Cu-ZIF; CO, adsorbed at (b) Cus and (c) Cus sites of Cu-ZIF.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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together with the molecular orientation of CO, within the pores,
reveal the contributions of van der Waals and electrostatic
interactions to the overall binding strength.

The catalytic behaviour of the Cu adsorption sites is also
influenced by the spin-polarized electronic structure of the Cu-
ZIF framework. The distorted tetrahedral coordination around
the Cu centers preserves partially occupied Cu 3d states,
resulting in localized magnetic character at the active sites.
Such spin polarization modifies the electronic interaction
between the Cu centers and adsorbed CO,-derived intermedi-
ates, including *OCHO and *COOH.

The variation in adsorption energies among the Cus, Cus,
and Cuj sites therefore arises not only from differences in local
geometric confinement within the framework pores but also
from differences in the electronic structure of the individual Cu
centers. In particular, the stronger stabilization observed at the
Cuj; site is attributed to favourable orbital interactions between
the spin-polarized Cu d states and the adsorbate orbitals,
leading to enhanced stabilization of the *OCHO intermediate.
In contrast, the comparatively weaker adsorption at Cu; alters
the relative stability of the *COOH intermediate and promotes
a competing reaction pathway. These results demonstrate that
the interplay between distorted coordination geometry and
spin-polarized electronic structure plays an important role in
governing the site-dependent CO, electroreduction mechanism
in Cu-ZIF.

During the initial proton-electron transfer in CO, electro-
reduction, two competing intermediates (*OCOH and *COOH)
may form depending on the protonation site.*” The distinct
coordination environments of the Cu, (n = 3, 5, 7) active sites
result in variations in intermediate stabilization and reaction
pathways toward CH;COOH, as shown in Fig. 6a.

Comparative energetics reveals that Cu; favours the *OCHO-
mediated pathway, as *OCHO formation 1.59 eV and its
subsequent hydrogenation proceed with the lowest energy
penalties (vs. 2.09 eV for COOH). The hydrogenation of *OCHO
to *OCHOH proceeds thermodynamically favourably with
a reaction energy of —1.61 eV, whereas the subsequent conver-
sion of *OCHOH to *CHO requires a substantial energy input,
1.88 eV, associated with C-O bond cleavage, identifying it as
a key uphill step in the reaction pathway. The following
hydrogenation steps from *CHO to *CHOH and then to
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*CH,OH occur readily, facilitating further reduction of the
intermediate. However, the formation of *CH, from *CH,OH
involves an additional energetic penalty (1.40 eV). Once *CH, is
generated, subsequent hydrogenation to *CH; and ultimately to
CH;COOH becomes strongly exergonic (—2.41 eV and —1.00 eV,
respectively), driving the reaction toward the formation of
a stable CH;COOH product as shown in Fig. 6a. Cus also follows
a predominantly OCHO-based mechanism, with subsequent
hydrogenation to OCHOH, which is an exergonic step with
a free energy change of —1.63 eV. The transformation of
*OCHOH to *CHO constitutes a key thermodynamically
demanding step in the *OCHO-mediated pathway of 1.77 eV.
Subsequent hydrogenation to *CH,O proceeds favourably,
while further reduction to *CH,OH and its conversion to *CH,
involves an energetic penalty of 2.36 eV. Notably, once *CH, is
formed, the remaining hydrogenation steps toward *CHj; and
ultimately CH;COOH are strongly downhill in energy (—2.51 eV
and —2.00 eV, respectively). Overall, these energetic trends
demonstrate that the OCHO route is thermodynamically well-
aligned for efficient CH;COOH formation. Nonetheless, strong
exergonicity in the final hydrogenation steps still promotes
CH;COOH formation.

In contrast to the Cu; and Cus sites, the Cu; site (Fig. 6a)
supports a competing *COOH-mediated reaction pathway, in
which *COOH step of 0.24 eV is thermodynamically more stable
than *OCHO step of 1.34 eV, indicating a preference for this
intermediate. The conversion of *COOH to *CO involves only
a modest energetic requirement of 0.28 eV, after which hydro-
genation of *CO proceeds preferentially via the *CHO (1.45 eV)
intermediate rather than *COH (1.67 eV). Subsequent hydro-
genation steps from *CHO to *CH,O is largely favourable and
further to *CH,OH step at a low energy cost of —1.73 eV and
0.36 eV, respectively, enabling smooth progression along the
pathway. However, C-O bond cleavage during the trans-
formation of *CH,OH to *CH, is a highly energetically
demanding step of 2.53 eV at the Cu, site, representing
a significant bottleneck. Once this barrier is overcome, the
remaining hydrogenation steps toward *CHj; and ultimately
CH3COOH are strongly exergonic (—2.57 eV and —1.97 eV,
respectively), thereby favouring the formation of acetic acid
despite the presence of an energetically challenging interme-
diate step.
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Fig.6 Free energy profile for CO, to CHsCOOH on Cu-ZIF at Cus, Cus,
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represent the CHzCOOH pathway for Cus, Cus, Cu; copper adsorbing sites in the Cu-ZIF, respectively.
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Under an applied potential of —0.7 V vs. RHE (maximum
potential applied experimentally), the free energies of most
intermediates become negative, indicating spontaneous
progression toward CH;COOH on all three catalysts. Even with
this potential shift, Cu; maintains the lowest overall thermody-
namic reaction energy (—1.45 eV) without any applied potential
for CO, to CH3;COOH, demonstrating superior catalytic activity
relative to Cus (—1.05) and Cu;, (—1.41 eV) (Fig. 6b). At an applied
experimental potential of —0.70 V vs. RHE, the calculated ther-
modynamic reaction energies for the Cus, Cus, and Cus; sites are
—7.05, —6.65, and —7.01 eV, respectively. Similarly, at other
experimental applied potentials of —0.56 and —0.30 V was also
performed as shown in Fig. S11 and the corresponding reaction
energies for Cus, Cus, Cu; are —5.93, —5.53, —5.89 eV and —3.85,
—3.45, —3.81 eV, respectively.

The asymmetric Cu-ZIF offers multiple Cu active sites with
distinct CO, adsorption strengths and reaction energetics,
resulting in site-dependent CO, electroreduction pathways.
Among the investigated sites, Cu; and Cus preferentially promote
the *OCHO-mediated route, while Cu, favours a competing
*COOH pathway. In all cases, C-O bond cleavage from *OCHOH
or *CH,OH to *CH, constitutes the key thermodynamic bottle-
neck, whereas the final hydrogenation steps toward CH;COOH
are strongly exergonic. Overall, Cu; exhibits the most favourable
adsorption and lowest overall reaction free energy, identifying it
as the most active site for acetic acid formation.

4 Conclusions

This work demonstrates the high electrocatalytic efficiency of
a composite material consisting of the Cu-ZIF integrated with
activated carbon for CO, electroreduction. Because MOFs are
inherently insulating, establishing electrical conductivity is
a prerequisite for their application in electrochemical systems.
In this study, Cu-ZIF nanoparticles were grown inside
a conductive porous carbon matrix. Notably, X-ray diffraction
confirmed that incorporation into the carbon support did not
alter the crystalline structure of Cu-ZIF. When tested in CO,-
saturated aqueous electrolyte, the composite electrode exhibi-
ted excellent catalytic activity, with an onset potential of —0.3 V
vs. RHE and a current density of —10 mA cm™ > at —0.56 V. The
composite also demonstrated strong operational stability,
maintaining nearly constant performance over 12 hours of
continuous electrolysis. "H-NMR analysis identified acetic acid
as the primary reduction product. Collectively, these findings
highlight the effectiveness of this composite design by growing
nano-Cu-ZIF in activated carbon, thereby enabling Cu-ZIF's
efficient participation in electrochemical CO, reduction.
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