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chanism of the electroreduction
of CO2 to CO over ZIF-8, ZIF-67, and ZIF-90: a DFT
perspective

Imtiaz Hussain, a Umar Farooq a and Khurshid Ayub *b

The carbon dioxide reduction reaction (CO2RR) is an important solution for reducing carbon levels.

Achieving high selectivity and low cost for the catalyst are the main challenges. In this study,

computational approaches at the density functional theory (DFT) level are employed to investigate the

catalytic activity and mechanism of the conversion of CO2 to CO by zeolitic imidazolate framework

(ZIF)-based catalysts (ZIF-8, ZIF-67, ZIF-90). Analysis of the activation energy (Ea) barrier reveals that ZIF-

8 is the most efficient (Ea = 0.39 eV) among the considered catalysts. The quantum theory of atoms in

molecules (QTAIM) and noncovalent interaction index (NCI) analyses during the activation step of the

CO2 molecule reveal the partial covalent and strong electrostatic interactions between the analyte (CO2

molecule) and the catalysts (ZIF-8, ZIF-67, and ZIF-90) at various sites. The natural bonding orbitals

(NBO) and electron density difference (EDD) analyses confirm the charge redistribution and bending of

the CO2 molecule as it interacts with the catalyst surface during the activation step. Overall, the study's

findings indicate ZIF-8 to be the most stable and effective electrocatalyst surface for the CO2RR.
1. Introduction

The consumption of fossil fuels, viz., coal, natural gas, and
petroleum, has led to a gradual increase in CO2 emissions,
leading to disasters such as global warming,1,2 ooding,
droughts, and heat waves.3–7 Since the start of the 21st century,
the CO2 emission rate has been increasing atz3% per year.8 To
achieve the goal of net-zero CO2 emissions (reducing by 80–95%
by 20509,10), many chemical efforts are being introduced to
overcome the problem via thermal catalysis,11,12 photo-
catalysis,13,14 and chemical catalysis.15 The electrochemical
conversion of CO2 into value-added chemicals such as CO, CH4,
CH3OH, HCOOH, and C2H5OH has been employed as an eco-
friendly method.16–22 The direct conversion of CO2 to CO
demonstrates signicant promise, as it involves only two elec-
tron transfer steps along with proton transfer.23 The as-made
CO can be further reduced by the Fischer–Tropsch process24

to value-added hydrocarbons (C1 and C2 products) and their
oxygen derivatives.

As CO2 is inert under most conditions, the electrochemical
CO2RR is thermodynamically and kinetically unable to activate
C]O bonds, hindering the formation of C–C and C–H
bonds.25–29 The CO2RR process also suffers from drawbacks,
such as poor selectivity toward the target products, inferior
catalytic activity, and low energy. It demands the development
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of efficient electrocatalysts. Many efforts have been devoted to
the electrochemical catalysts for the CO2RR, including
metals,30–32 metal alloys,33–35 oxides,36,37 and chalcogenides38,39 of
transition metals, carbon-based materials,40–42 and single-atom
catalysts (SACs).43–45 The noble metals, including Ag, Au, Cu,
and Pd, demonstrate outstanding efficacy in the electrocatalytic
conversion of CO2 to CO.46–54 Nonetheless, the limitations of
these catalysts, including scarcity, elevated costs, and suscep-
tibility to poisoning, signicantly hinder their widespread
commercial utilization.

Recently, heteroatom-doped carbon materials have emerged
as effective catalysts for the electrochemical CO2RR.42,55–58

Particularly, new carbon catalysts doped with atomic metals
have garnered a great deal of interest due to their effective
electrochemical reduction of CO2 to CO.42,59–62 Metal–organic
frameworks (MOFs), porous materials consisting of metal and
organic linkers, have superb capability for CO2 capture and
conversion due to their tunable bandgap, adjustable pore size,
well-dened crystalline structure, and large specic surface
area.63–65

Among the various MOFs, ZIFs exhibit superior CO2RR
selectivity toward CO. This CO is used for coupling to form C–C,
which is necessary for obtaining multi-carbon value-added
products.66–68 ZIF-8, ZIF-67, and ZIF-90 were selected for this
study due to their electrocatalytic performance, high surface
area and porosity, chemical stability, and selective CO2

adsorption. ZIF-8—which consists of Zn2+ linked to 2-methyl-
imidazole (2-mIm) through N moieties in a quadrilateral
geometry—exhibits superior electrochemical CO2RR activity
RSC Adv., 2025, 15, 49455–49467 | 49455
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among the ZIF family.69–71 ZIF-67, which consists of Co2+ linked
to 2-mIm by N moieties in a quadrilateral geometry, has wide
applications in various elds, including catalysis.72 ZIF-90,
which consists of Zn2+ linked to imidazole-2-carboxyaldehyde
(ICA), has wider applications in catalysis, drug delivery, etc.73

Density functional theory (DFT) simulations are considered
to be one of themost efficient and advanced tools for theoretical
exploration of the pathways of catalysis.74–76 Here, to explore the
mystery of the electronic properties of the reactants, products,
and intermediates involved, and the pathway of the CO2RR to
give CO, a DFT-based comparative study of structurally related
ZIFs (ZIF-8, ZIF-67, and ZIF-90) is performed. The aim of the
study is to nd an efficient and a more-selective electrocatalyst
for the CO2RR. We have explored the energetics and the
stabilities of various species involved in the conversion of CO2

to CO. The electronic properties and interactions of the analyte,
the catalyst, and the intermediates are characterized using
frontier molecular orbitals (FMO), natural bonding orbitals
(NBO) charge, electron density differences (EDD), noncovalent
index interactions (NCI), and quantum theory of atoms in
molecules (QTAIM) analyses. This mechanistic study will enable
us to design and understand more efficient catalysts for CO2RR.

2. Computational methodology

The Gaussian 09®77 program package was used for DFT calcu-
lations. The B3LYP functional with the 6-31G(d,p) basis set was
used during geometry optimizations for all non-metallic
elements (C, H, O, and N), while the B3LYP/SDD (Stuttgart–
Dresden effective core potential) basis set was employed for the
Zn and Co atoms. The SDD basis set has been widely used and
validated for describing the electronic structure and coordina-
tion environment of transition metals in metal–organic frame-
works and related catalytic systems. Its use ensures a reliable
balance between computational efficiency and accuracy in
modeling metal–ligand interactions. The hybrid DFT functional
B3LYP is well known for its ability to calculate the thermody-
namic parameters and electronic properties of compounds in
a quantum-chemical manner.78–80 It is frequently adopted for
both geometry optimizations and mechanistic studies as a reli-
able functional.81–83 For structure visualization, GaussView®

(version 5), Visual Molecular Dynamics® (VMD), Multiwfn
package® (version 3.8) and Chemcra® packages were used.84–86

Vibrational frequency analysis was performed for all states at
the DFT-optimized geometries to conrm the stationary points
as true minima or transition states as saddle points. True
minima were conrmed by the absence of imaginary frequen-
cies, while transition states were characterized by a single
imaginary frequency. Three ZIF-based catalysts (ZIF-8, ZIF-67,
and ZIF-90) were employed in the mechanistic investigation of
the CO2 reduction reaction (CO2RR) aer being optimized
based on their experimentally available structural data. Various
spin states were considered for geometry optimization to obtain
the most stable spin state (Table S1).

The adsorption energy (Eads) of a species is the amount of
energy released when it is adsorbed on a surface or that is
required for it to desorb from that surface. Eqn (1) is used to
49456 | RSC Adv., 2025, 15, 49455–49467
determine the energy for CO2 adsorption (Eads) over various
catalysts, where ECO2@Cat stands for the electronic energy of the
CO2 adsorbed on the catalyst, ECO2

for the electronic energy of
a single CO2 molecule, and ECat for the electronic energy of the
specied catalyst.

Eads = ECO2@Cat − (ECat + ECO2
) (1)

Eqn (2) provides the activation energy (Ea), where ETS and ER
are energies of the transition state and reactants, respectively.

Ea = ETS − ER (2)

The reaction energy (Er) corresponds to the heat released or
absorbed during a reaction. It helps to nd whether a reaction is
endothermic (+ve value of Er) or exothermic (−ve value of Er)
and is given by eqn (3).

Er = EP − ER (3)

where, EP and ER are the energies of the products (P) and
reactants (R), respectively.

EDD and NBO analyses help evaluate the mechanism of the
CO2RR by the designed complexes by investigating the nature of
donor–acceptor interactions. To explain the nature of the
bonding in terms of orbital interaction and charge transfer,
NBO analysis was performed at B3LYP/6-31G(d,p) level of
theory. Additionally, topological studies such as QTAIM and
NCI were carried out using the Multiwfn package (version 3.8)
for a better understanding of the nature of interatomic
interactions.

3. Results and discussion
3.1. Geometry optimization of catalysts

The geometries of the designated catalysts (ZIF-8, ZIF-67, and
ZIF-90) were optimized by taking their single tetrahedron unit
before using them as electrocatalysts in CO2RR. In the opti-
mized geometries of the catalysts, the linker (2-mIm for ZIF-8
and ZIF-67 and ICA for ZIF-90) surrounds the central metal
(Zn for ZIF-8 and ZIF-90 and Co for ZIF-67) tetrahedrally
through nitrogen sites (Fig. 1), which is consistent with the
literature.87 The approximate metal–linker (M–L) bond lengths
for ZIF-8, ZIF-67, and ZIF-90 are 2.03 Å, 2.01 Å, and 2.06 Å,
respectively. These bond lengths are indicative of the strength
of the M–L bond and how the linker inuences the coordination
environment.

To understand the inuence of changing the central metal
ion (in the case of ZIF-8 and ZIF-67) and linkers (in case of ZIF-8
and ZIF-90) on the electronic properties of the catalysts, FMO
analysis of the designed catalysts was performed (Fig. 2). The
analysis showed that the gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) is increased by changing the metal from Zn
in ZIF-8 to Co in ZIF-67, whereas this gap is reduced by
changing the linkers from 2-mIm in ZIF-8 to ICA in ZIF-90. The
HOMO–LUMO gap for ZIF-8, ZIF-67, and ZIF-90 is 6.50 eV,
6.56 eV, and 4.77 eV, respectively. In the case of ZIF-67, its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized geometries of ZIF-8, ZIF-67, and ZIF-90 with the M–L bond lengths (through nitrogen sites) determined at the B3LYP/6-
31G(d,p) (H, C, N, and O) and SDD (Zn and Co) levels of theory.
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stronger M–L bonding, compared with that of ZIF-8, leads to
stabilization of the HOMO and destabilization of the LUMO,
and increases the gap between them. In the case of ZIF-90, the
electron-withdrawing formyl/aldehyde group adds new unoc-
cupied orbitals of low energy and reduces electron density at the
linker side, resulting in a reduced HOMO–LUMO gap. The
energy values of the HOMO, LUMO and HOMO–LUMO energy
gap for ZIF-8, ZIF-67, and ZIF-90 are listed in Table S2.
3.2. ZIF-catalyzed mechanism for the CO2RR

To investigate the mechanism of the CO2RR to give CO,88,89 the
geometries of the transition states and intermediates were
studied. Initially, the CO2 molecule is weakly physisorbed on
the surface of the catalyst, resulting in the formation of a van
der Waals complex consisting of a tetrahedral unit of the
Fig. 2 HOMO–LUMO isosurfaces for ZIF-8, ZIF-67, and ZIF-90.

© 2025 The Author(s). Published by the Royal Society of Chemistry
catalyst and a linear CO2 molecule. During this step, the CO2

molecule orients towards the active site on the catalyst before
the activation step. This does not affect the geometries of either
of the reactants relative to their free states. The next step is the
activation of CO2 by the electrocatalyst, yielding ZIF–COO− as
an intermediate. This step is followed by the rst protonation
step, which produces ZIF–COOH. Finally, the second proton-
ation, accompanied by electron transfer, leads to the formation
of water gas (CO andH2O), which immediately desorbs from the
catalyst surface.90 This is due to the polarity of CO, as its
negatively charged C atom does not remain bonded to the C
atom of the linker, which is also an electron donor site of the
electrocatalyst. To evaluate the catalytic performance for the
reduction of CO2 to CO, the energy barrier for the activation step
was studied. The activation energy or energy barrier (Ea) values
for CO2 using ZIF-8, ZIF-67, and ZIF-90 are listed in Table S3.
RSC Adv., 2025, 15, 49455–49467 | 49457
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3.3. Mechanism of the CO2RR catalyzed by ZIF-8

The energy diagram of the DFT-based mechanistic study of the
CO2RR catalyzed by ZIF-8 is shown in Fig. S1. Initially, the
reactant CO2 is physiosorbed at the surface of the catalyst,
forming a van der Waals complex (vdW) comprising a tetrahe-
dral unit of ZIF-8 and a linear CO2 molecule with a relative
energy of −0.27 eV with respect to the energy of the reactants in
their free states. In this step, the reactants are properly oriented
toward each other and are stabilized relative to their free states
by 0.27 eV before activation of the CO2 molecule for the CO2RR.
Electron transfer then occurs to form a complex (Int1)
comprising the ZIF-8, CO2, and an electron with an electron
affinity value of 5.27 eV. This leads to the activation of the CO2

molecule, which results in the formation of a ZIF8–COO−

intermediate (Int2) by passing through the transition state TS.
In TS, CO2 interacts with the catalyst through its C atom at the
sp2-hybridized C atom of the linker and is then chemisorbed at
the catalyst to give Int2.91 The formation of TS with a relative
energy of −5.06 eV must overcome an activation energy barrier
of 0.48 eV (11.07 kcal mol−1) to give Int2 with a relative energy of
−5.61 eV. The structural parameters, such as vibrational
frequencies, bond lengths and bond angles, of the reacting
species are critical in the activation step, which demonstrate the
stability of the transition state and in turn facilitate proton-
ation. In the case of ZIF-8, the C]O bond lengths of the CO2

molecule extend from 1.17 Å in Int1 to 1.27 Å and 1.21 Å in TS
and nally to 1.29 Å and 1.22 Å in Int2. During this activation,
the C–C bond distance between the interacting carbon atoms of
CO2 and the linker is reduced to 2.18 Å in TS and 1.58 Å in Int2,
from a distance of 3.39 Å in Int1 (Fig. S1). The O–C–O bond
angle also changes from 180° in Int1 to 135° in TS and nally
becomes 128° in Int2. The L–M–L bond angle also increases to
accommodate the attachment of CO2. In the gas phase, CO2

shows two main vibrational modes, asymmetric stretching at
2436 cm−1 and symmetric stretching at 1372 cm−1. During the
activation step, the frequencies of these modes decrease, indi-
cating bending of the CO2 molecules and weakening of the
carbon–oxygen double bonds. The asymmetric stretching
frequency changes from 2436 cm−1 in the gas phase to
1788 cm−1 in Int1, 1873 cm−1 in TS, and 1805 cm−1 in Int2. This
elongation of the C]O bond lengths, reduction in the C–C
bond distance, and bending of the CO2 molecule upon
adsorption, as evident from the bond angle reduction and
reduction in vibrational frequencies of the C]O bond, conrm
the activation of the CO2 molecule over the ZIF-8. This activa-
tion step leads to the formation of Int2, releasing 0.17 eV of
energy overall in this step. In the next step, the rst protonation
occurs, giving the ZIF8–COOH intermediate (Int3) with a rela-
tive energy of −14.69 eV. The stability of intermediate Int3 is
evident by the release of 9.08 eV as proton affinity energy and is
in accordance with the value found by Lias et al.92 Int3
undergoes decarboxylation upon the second protonation,
accompanied by the addition of an electron to give a product
complex comprising ZIF-8 and water gas, i.e., CO and H2O, with
a relative energy of−15.72 eV. During this decarboxylation step,
1.03 eV of energy is released, as supported by the study of Hu
49458 | RSC Adv., 2025, 15, 49455–49467
et al. on the decarboxylation mechanism in the gas phase.93 The
enthalpy of the product complex indicates that it is more stable
than the reactants.

To ensure that the located transition states truly connect the
desired reactants and products, intrinsic reaction coordinate
(IRC) calculations were performed for a representative case: the
CO2 activation step on ZIF-8. The IRC analysis was carried out
using the B3LYP/SDD (for Zn) and 6-31G(d,p) (for non-metal
atoms) level of theory. The successful IRC path conrms that
the optimized transition state for CO2 activation over ZIF-8 is
a true rst-order saddle point connecting the correct reactant
and product minima. Based on this representative validation,
the same TS optimization protocol was applied to other cata-
lysts (ZIF-67 and ZIF-90).

3.4. Mechanism of the CO2RR catalyzed by ZIF-67

The energy diagram of the DFT-based mechanistic study of the
CO2RR catalyzed by ZIF-67 is shown in Fig. S2. In this case, the
van der Waals complex (vdW0) comprising the tetrahedral unit of
ZIF-67 and linear CO2molecule is formedwith a relative energy of
−0.11 eV. Following the addition of an electron, an intermediate
(Int10) comprising ZIF-67 and CO2 is formed, with an electron
affinity of 6.59 eV. The intermediate ZIF-67–COO− (Int20) is then
formed, resulting in the activation of the CO2 molecule by
passing through a transition state (TS0). Here, CO2 interacts
through its C atom with the ZIF-67 at the sp2-hybridized C atom
of 2-mIm. The formation of TS0 with a relative energy of−5.40 eV
must overcome an activation energy barrier of 1.30 eV
(29.98 kcal mol−1) to form Int20 with a relative energy of−5.75 eV.
In the case of ZIF-67, the C]O bond lengths of the CO2 molecule
extend from 1.17 Å in Int10 to 1.23 Å and 1.20 Å in TS0 and nally
to 1.30 Å and 1.22 Å in Int20. During this activation, the C–C bond
distance between the carbon atom of CO2 and that of the linker is
reduced from 4.46 Å in Int10 to 2.18 Å in TS0 and 1.57 Å in Int20

(Fig. S2). The O–C–O bond angle changes from 180° in Int10 to
143° in TS0 and nally becomes 128° in Int20. The L–M–L bond
angle also increases to accommodate the attachment of CO2.
Frequency analysis of the activation step revealed a redshi in the
values of the CO2 molecule, indicating its bending and weak-
ening of its carbon–oxygen bonds. The asymmetric stretching
frequency of CO2 changes from 2436 cm−1 in the gas phase to
2427 cm−1 in Int1, 1996 cm−1 inTS, and 1788 cm−1 in Int2. These
changes conrm the activation of the CO2 molecule over ZIF-67.
This activation step leads to the formation of Int20 with the
absorption of an energy of 0.50 eV. In the next step, the rst
protonation occurs, giving a ZIF67–COOH intermediate (Int30)
with a relative energy of −14.42 eV. The stability of intermediate
Int30 is evident from the release of 8.67 eV as proton affinity
energy.92 Int30 undergoes decarboxylation upon the second
protonation, accompanied by the addition of an electron, giving
a product complex comprising ZIF-67 and water gas, i.e. CO and
H2O, with a relative energy of −16.23 eV.

3.5. Mechanism of the CO2RR catalyzed by ZIF-90

The energy diagram of the DFT-based mechanistic study of the
CO2RR catalyzed by ZIF-90 is shown in Fig. S3. For ZIF-90, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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van der Waals complex (vdW00) is formed and stabilized with
a relative energy of−0.40 eV. The activation of the CO2molecule
is initiated by the addition of an electron to give a complex
(Int100) including ZIF-90, CO2 and an electron with an electron
affinity of 6.53 eV. The activation of the CO2 molecule results in
the formation of the ZIF90–COO− intermediate (Int200) by
passing through a transition state (TS00). CO2 interacts through
its C atom with the sp2-hybridized C atom of the ICA in the ZIF-
90. The formation of TS00 with a relative energy of−5.42 eV must
overcome an activation energy barrier of 1.51 eV
(34.82 kcal mol−1) to give Int200 with a relative energy of
−5.52 eV. In the case of ZIF-90, the C]O bond lengths of the
CO2 molecule extend from 1.17 Å in Int100 to 1.23 Å and 1.20 Å in
TS00 and nally become 1.28 Å and 1.22 Å in Int200. During this
activation, the C–C bond distance between the interacting
carbon atoms of CO2 and the linker is reduced to 1.90 Å in TS00

and 1.61 Å in Int200, from a distance of 4.05 Å in Int100 (Fig. S3).
The O–C–O bond angle changes from 180° in Int100 to 142° in
TS00 and nally becomes 131° in Int200. The L–M–L bond angle
also increases to accommodate the attachment of CO2.
Frequency analysis of the activation step revealed a redshi for
CO2, which indicated its bending and weakening of its carbon–
oxygen bonds. The asymmetric stretching frequency of CO2

changes from 2436 cm−1 in the gas phase to 2433 cm−1 in Int1,
1999 cm−1 in TS, and 1829 cm−1 in Int2. These changes indicate
the activation of the CO2 molecule over the ZIF-90. This acti-
vation step leads to the formation of Int200 by absorbing an
energy of 1.41 eV overall in this step. In the next step, the rst
protonation occurs, giving a ZIF90–COOH intermediate (Int300)
with a relative energy of−14.04 eV. The stability of intermediate
Int300 is evident by the release of 8.52 eV as proton affinity
energy.92 Int300 undergoes decarboxylation upon second
protonation, accompanied by the addition of an electron, giving
a product complex comprising ZIF-90 and water gas, i.e., CO
and H2O, with a relative energy of −16.39 eV.
3.6. Effect of solvent

To evaluate the solvent effect on the energetics of the reaction
mechanism, single-point SMD calculations of the involved
intermediates and transition states were performed using water
as a solvent. This systematically modied the energetics of the
intermediates, but did not alter the sequence of the mechanism
observed in the gas phase.

Transition states for all catalysts were stabilized by the
addition of the solvent effect, as evident from the lowering of
their activation barriers. In the cases of ZIF-8, ZIF-67, and ZIF-
90, Ea changes from 0.48 eV, 1.30 eV, and 1.51 eV to 0.11 eV,
0.83 eV, and 0.95 eV, with the activation barriers being lowered
by 0.37 V, 0.47 V and 0.56 V, respectively.

The solvent stabilization of the transition state structures
(TS) implies that transition states with a polar nature will be
more stabilized in the aqueous environment of the electro-
chemical experiment, thus lowering the kinetic barriers for the
reaction to occur. The solvent causes some intermediates like
Int3 to gain a signicant amount of stability (for instance, ZIF-8
Int3: −9.08 / −12.98 eV), which hints that polar/charged
© 2025 The Author(s). Published by the Royal Society of Chemistry
species are intensively solvated. Conversely, the very early
intermediates (Int1 to be exact) are the least stabilized by
solvation in the case of ZIF-8 (ZIF-8 Int1: −5.27 / −1.75 eV),
which implies that the effects caused by solvation are relatively
dependent on the charge distribution and shape of each
species.

While the energies were altered in absolute terms, the rela-
tive positions of the intermediates and the identity of the
probable rate-determining step remained nearly the same in
qualitative terms in both the gas and implicit-solvent data. A
good example is the situation in which the energies of all the
TSs decrease, but ZIF-90 retains the highest TS energy (0.95 eV)
among the three in the SMD calculations, which is in line with
the gas-phase trend.

The net effect of solvation is the lowering of the activation
barriers, which is seen as additional stabilization of the polar
intermediates; this is in line with lower overpotentials and
changed selectivity in aqueous electrochemical cells, which are
consistent with the experimental observations. Thus, the gas-
phase investigation gives a mechanistic view, and the SMD
results indicate that solvent inclusion changes the specic
barrier heights but not the proposed mechanism.
3.7. Comparison of catalytic activity

The activation energy barriers for the CO2RR over the proposed
catalysts are between 0.48 and 1.51 eV, as shown in Table S3.
Overall, ZIF-8 exhibits the lowest activation energy barrier
among the catalysts considered in this study (0.39 eV), which
can be readily overcome under mild conditions. This low acti-
vation barrier for ZIF-8, as compared to the other ZIFs, can be
explained by comparing the geometries of their transition states
for the activation step. The geometries of the transition state for
the CO2 reduction reaction over ZIF-8, ZIF-67, and ZIF-90 are
quite complex and differ from each other in accordance with
their respective activation barriers. In the frequency analyses of
the respective species, a progressive redshi is observed in the
asymmetric stretching mode from the reactant (Int1) via the
transition state (TS) and the intermediate (Int2). This conrms
the stepwise activation and the gradual bending of CO2. ZIF-8
shows the strongest frequency reduction among all the
studied catalysts; this is an indication of stronger catalyst –CO2

interaction and more effective activation (Table S4). A correla-
tion exists between this trend and the higher catalytic activity of
ZIF-8 that has been reported experimentally for CO2 reduction
reactions. In the transition state of ZIF-8, the bond lengths of
C]O are 1.27 Å and 1.21 Å, which are greater than that of 1.17 Å
in free CO2 and suggest a great deal of charge transfer from the
catalyst to CO2. In contrast, the ZIF-67 and ZIF-90 transition
states have less pronounced C]O elongation with distances of
1.23 Å and 1.20 Å, respectively, which indicates lower charge
transfer. Another critical factor inuencing activation is the
O–C–O bond angle; its signicant reduction to 135° in the case
of ZIF-8 strongly favors CO2 activation. For ZIF-67 and ZIF-90,
the angles are greater than those for ZIF-8, being 143° and
142°, respectively, indicating reduced bending of CO2 and
therefore weaker activation. The C–C bond length between
RSC Adv., 2025, 15, 49455–49467 | 49459
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carbon dioxide and the sp2-hybrid carbon of the linker also
offers insight regarding the interaction strength. Shorter bond
lengths indicate stronger interactions andmore-efficient charge
transfer. ZIF-90 possesses a shorter C–C distance (1.90 Å) than
ZIF-8 (2.18 Å) and ZIF-67 (2.18 Å). However, ZIF-90 has the
highest activation barrier of 1.51 eV due to the lack of charge
transfer from the imidazole-2-carboxaldehyde linker, which is
poor at transition state stabilization because of its lower effec-
tiveness. The trend in the observed activation barriers (ZIF-8 <
ZIF-67 < ZIF-90) is a result of the CO2 distortion, linking
strength, and charge transfer from the complex. Regarding
these ZIFs, ZIF-8 has the most changeable transition state
shape, thus leading to the smallest amount of energy being
needed for activation. This indicates that, in comparison to the
other catalysts under study, ZIF-8 is the best candidate for the
CO2RR because it offers the most favorable transition state
geometry together with the lowest energy needed for activation.

Our DFT study, which revealed the mechanistic trends,
showed a strong relationship to the experimentally observed
CO2R activity and selectivity in ZIF-based catalysts. Specically,
the extent of CO2 activation (indicated by the n3 reduction in the
frequencies of IR modes, charge transfer, and transition state
stabilization) correlates with higher CO selectivity and lower
overpotential in the experimental data. Compared to those ob-
tained using Ag,94 Cu and Cu2O,95 and Pd3Au96 surfaces as the
electrocatalyst for the CO2RR, the computed CO2RR barrier for
ZIF-8 is substantially smaller. ZIF-8 is a potential catalyst for the
CO2RR owing to its highest activity among all catalysts studied
here.
3.8. QTAIM and NCI analyses

The nature of the interactions between the analyte and the
catalyst was analyzed using a topological analysis, quantum
Fig. 3 QTAIM analysis results of respective intermediates and transition

49460 | RSC Adv., 2025, 15, 49455–49467
theory of atoms in molecules (QTAIM). The values of the topo-
logical parameters, viz., the electron density (r), Laplacian of
electron density (V2r), sum of electron densities (H), kinetic
energy (G), potential energy (V), and interaction energy (Eint) of
individual bonds, were used to gain deep insight into the nature
of interactions. Values of r less than 0.1 a.u. indicate the pres-
ence of weak interactions (for van der Waals <0.02 a.u., for
partially covalent 0.02–0.2 a.u.), whereas values greater than 0.2
a.u. represent strong covalent interactions. Positive values of
V2r andH represent noncovalent interactions, whereas negative
values indicate covalent interactions. Values of Eint less negative
than −3 kcal mol−1 for individual bonds represent weak inter-
actions such as van der Waals forces; values of −3 to
−10 kcal mol−1 represent strong electrostatic interactions like
hydrogen bonding, and values more negative than
−10 kcal mol−1 represent strong interactions, for example,
covalent bond values are −50 kcal mol−1 or more negative.84,97

The Eint of individual bonds was calculated by using eqn (4).

Eint = V/2 (4)

The ratio −V/G is another parameter that indicates the
nature of interactions. It should be less than 1 a.u. for non-
covalent interactions and 1–2 a.u. for partially covalent inter-
actions. At bond critical points (BCPs), the values of G and V
remain positive and negative, respectively. The QTAIM analysis
results for intermediate and transition states are given in Table
S5, whereas BCPs are shown in Fig. 3.

Through QTAIM analysis, 3 and 5 BCPs were seen for Int1
and TS on the ZIF-8 surface, 4 and 5 BCPs were discovered for
Int10 and TS0 on the ZIF-67 surface, and 3 and 4 BCPs were
discovered for Int100 and TS00 on the ZIF-90 surface. An increase
in the number of BCPs for the respective transition states
relative to that of intermediates for each catalytic surface
states for ZIF-8, ZIF-67, and ZIF-90.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 NCI isosurfaces of the transition states and intermediates for
ZIF-8, ZIF-67, and ZIF-90.
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indicates the stabilization of the transition state relative to the
reactants. At all the BCPs of the intermediates (Int1, Int10 and
Int100), the values of r and –V/G are less than 0.02 and 1,
respectively (Table S5). The values ofH and V2r are positive, and
the values of Eint are less negative than −3 kcal mol−1. These
values of the structural parameters indicate the presence of
weak noncovalent interactions such as van der Waals interac-
tions. In the TS for ZIF-8, at the BCPs C50–C14 and O51–Zn32,
the values of all these parameters are in ranges indicating
partially covalent interactions, while at the BCP O51–H40, the
value of Eint is −5.648 kcal mol−1, suggesting the presence of
hydrogen bonding. In the TS0 for ZIF-67, at two BCPs, C49–C14
and O50–Co52, the values of all these parameters indicate
partially covalent interaction, while at the BCP O50–H39, the
value of Eint is −4.706 kcal mol−1, indicating the presence of
hydrogen bonding. In the TS00 for ZIF-90, at the two BCPs, C46–
C3 and O47–Zn1, the values of all these structural parameters
are in the range suggesting partial covalent interaction. These
QTAIM parameters at the remaining BCPs for the TS indicate
noncovalent interactions.

QTAIM analysis of the transition states for ZIF-8, ZIF-67, and
ZIF-90 conrmed a distinct trend concerning stability. ZIF-8 has
the electron density (r) at the bond critical points (BCPs), with
0.062 a.u. for C50–C14 and 0.055 a.u. for O51–Zn32, indicating
the strongest bonding interactions. ZIF-67 comes next with
moderate values of 0.052 a.u. for C49–C14 and 0.038 a.u. for
O50–Co52, while ZIF-90 shows the weakest interactions of 0.038
a.u. for O47–Zn1 and 0.022 a.u. for C46–C3. Similarly, the most
negative value of potential energy density (V), which indicates
the level of bond stabilization, was recorded for ZIF-8 (−0.050
a.u. for C50–C14 and −0.108 a.u. for O51–Zn32), ZIF-67 (−0.036
a.u. for C49–C14 and −0.074 a.u. for O50–Co52) and the least
negative value for ZIF-90 (−0.050 a.u. for C46–C3 and −0.064
a.u. for O47–Zn1). The interaction energy (Eint = V/2) shows the
same trend, with ZIF-8 having the most stabilizing values
(−15.688 kcal mol−1 for C50–C14 and −33.885 kcal mol−1 for
O51–Zn32), followed by ZIF-67 (−11.295 kcal mol−1 for C49–C14
and −23.218 kcal mol−1 for O50–Co52), and ZIF-90 having the
least stabilizing interactions (−15.688 kcal mol−1 for C46–C3
and −20.080 kcal mol−1 for O47–Zn1). The bond character ratio
(−(V/G)) supports this, with ZIF-8 demonstrating the highest
values that show strong to partially covalent bonding, ZIF-67
showing some covalent and ionic character, and ZIF-90
showing more closed-shell bonding interactions.

The reason that ZIF-8 has a comparatively higher transition
state stability than ZIF-67 and ZIF-90 can be explained by
considering the bonding interactions. ZIF-8 has a higher elec-
tron density, more negative potential energy density, and larger
interaction energy, suggesting greater charge transfer efficiency,
which yields a more stable transition state. The cobalt in ZIF-67
tends to alter the electronic environment, weakening the
interactions a bit compared to those in ZIF-8, hence its
moderate stability. Comparatively, ZIF-90 has the least amount
of those bonds because of the presence of ICA, which decreases
charge transfer efficiency and stablilizes bonds, which in turn
explains the observed progression towards weaker transition
state stability: that of ZIF-8 is greater than ZIF-67, which is
© 2025 The Author(s). Published by the Royal Society of Chemistry
greater than ZIF-90, where ZIF-8 is most favorable for CO2

activation, and ZIF-90 is the least stable.
Noncovalent interaction index (NCI) analysis is another tool

for studying the nature of the different attractive as well as
repulsive interactions, viz., H-bonding, weak van der Waals
interactions, and steric repulsion interactions between an
analyte and catalyst. It assists in nding the stability and
RSC Adv., 2025, 15, 49455–49467 | 49461
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Fig. 5 EDD analysis showing the bending of the CO2 molecule, C–O bond elongation, and charge redistribution upon moving from the first
intermediate to the transition state for ZIF-8, ZIF-67, and ZIF-90.
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reactivity of the transition states and intermediates of interest.
The NCI analysis is based on the reduced density gradient
(RDG) maps (2D and 3D).98,99 These RDG maps and isosurfaces
are further based on r and V2r values, as shown in eqn (5).

RDG ¼ 1

2ð3pÞ1=3
V2r

r3=4
(5)

Both the 2Dmaps and 3D isosurfaces depend upon the values
of sign(l2)r. In 2Dmaps, sign(l2)r is plotted at the abscissa while
RDG is plotted at the ordinate. The factors sign(l2) and r repre-
sent the type and strength of interaction, respectively. Positive,
slightly negative, and highly negative values of sign(l2)r indicate
steric repulsions, weak van der Waals interactions, and strong
electrostatic interactions, and appear as red-, green-, and blue-
colored areas or patches in the maps, respectively. These RDG
maps and isosurfaces of the respective intermediates (Int1, Int10

and Int100) and transition states (TS, TS0 and TS00) for ZIF-8, ZIF-67,
and ZIF-90 are shown in Fig. 4.

The green patches in the 3D RDG isosurfaces of the inter-
mediates (Int1, Int10 and Int100) indicate van der Waals inter-
actions between the interacting moieties of fragments. The
appearance of green areas in the 2D RDG maps in the range of
0.002 to −0.018 a.u. indicates weak van der Waals interactions
between the fragments. For the transition states, the blue
donut-shaped patches in the 3D RDG isosurfaces indicate
strong electrostatic interactions, e.g. partially covalent interac-
tions and H-bonding, and thick green patches indicate weak
van der Waals interactions between the interacting moieties of
the fragments. In the 2D RDG maps, the appearance of green
areas in the range of 0.002 to −0.018 a.u. correspond to weak
van der Waals interactions and the blue areas in the range of
−0.018 to −0.050 a.u. indicate the strong electrostatic
49462 | RSC Adv., 2025, 15, 49455–49467
interactions, e.g. H-bonding and partially covalent interactions
between interacting moieties of the fragments. This analysis of
the isosurfaces indicates the stability of the transition states as
compared to the complexes. In case of TS for ZIF-8, the strong
attractive forces (as shown by the donut-shaped blue patches in
Fig. 4) between the carbon atoms of CO2 and the linker group of
the catalyst correspond to the greater charge transfer capability
of ZIF-8 and lead to a low activation barrier. This barrier
increases in TS0 of ZIF-67 compared to that in TS of ZIF-8 due to
the increased repulsive forces operating (as evident from the
red-colored patches in Fig. 4) between O of CO2 and N atom of
the linker group of the catalyst. In the case of ZIF-90, TS00 has the
highest energy barrier due to the presence of only weak attrac-
tive forces (as evident from the cyan colored patch in Fig. 4)
between the C atoms of CO2 and the linker group of the catalyst
and increased repulsive interactions.
3.9. Natural bond orbitals (NBO) and electron density
differences (EDD) analyses

The activation and reduction of CO2 over the designed catalysts
were further conrmed by natural bond orbitals (NBO) and
electron density differences (EDD) analyses. NBO analysis was
performed to determine the exact amount of charge transfer
from the donor (catalyst) to the acceptor (analyte, i.e., CO2

molecule). The calculated values of the NBO charges on the
corresponding species, i.e., analyte and catalyst, are listed in
Table S6. Study of the intermediates (Int1, Int10 and Int100) and
transition states (TS, TS0 and TS00) in the NBO analysis indicated
that the catalyst transfers its charge to the analyte species and
activates the CO2 molecule for its subsequent reduction to CO.
In the case of the intermediates, the NBO charges on the catalyst
moiety are +1.003, 0.994, and 0.997, while those for the analyte
are −0.003, 0.006, and 0.003 for ZIF-8, ZIF-67, and ZIF-90,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively. In the transition states, the NBO charges on the
catalysts are +1.612, 1.387, and 1.354, whereas those on the
analytes are −0.612, −0.387, and −0.354 in the case of ZIF-8,
ZIF-67, and ZIF-90, respectively. It clearly indicates the charge
transfer from the catalyst to the analyte. This charge transfer
follows the trend of highest to lowest for ZIF-8, ZIF-67, and ZIF-
90, which explains the order of their activation barriers from
lowest to highest for CO2 activation, respectively. The greater
the charge transfer from the catalyst to CO2, the easier its
activation and hence the smaller activation barrier will be.
Overall, this charge transfer reveals that the catalyst shis
charge to the analyte, assisting the C–O bond elongation and
activation of the CO2 molecule for further reduction to CO.

The electron density difference (EDD) contours for the rele-
vant intermediates and transition states were used to investi-
gate the interaction of CO2molecules with the ZIF-8, ZIF-67, and
ZIF-90 surfaces. Fig. 5 shows the contours for the interaction of
CO2 on ZIF-8, ZIF-67, and ZIF-90. Purple represents the accu-
mulation of charge, while pink represents the depletion of
charge. The contours of the respective intermediates and tran-
sition states for each catalyst demonstrate that, upon adsorp-
tion of CO2 on the catalyst surface, the carbon atom of CO2

interacts with the sp2-hybridized carbon atom of the corre-
sponding linker, converting its localized p-bond character into
a delocalized, resonating form. During this interaction, the CO2

molecule bends, and both C–O bonds elongate. For ZIF-8, these
bonds elongate from 1.17 Å to 1.27 Å and 1.20 Å, for ZIF-67 from
1.170 Å to 1.235 Å and 1.198 Å, and for ZIF-90 from 1.171 Å to
1.200 Å and 1.240 Å. This bending and bond elongation in CO2

causes the redistribution of the electronic density. It also reveals
that the charge is being transferred from the catalyst to the
analyte. The EDD results in Fig. 5 agree with the NBO analysis,
indicating a strong interaction between the analyte and the
catalytic surface.

4. Conclusion

In this study, the catalytic reduction of CO2 to CO over
a selection of ZIFs (ZIF-8, ZIF-67, and ZIF-90) was compre-
hensively investigated using quantum-chemical DFT investi-
gations. Comparison of the CO2 activation barriers over these
ZIFs indicated that the activation of CO2 is more thermody-
namically favorable over ZIF-8, as indicated by its having the
lowest activation barrier (0.48 eV) compared to those for ZIF-
67 (1.30 eV) and ZIF-90 (1.51 eV). The better catalytic activity
of ZIF-8 is attributed to its better electron transferring capa-
bility and stabilization of the carboxylate group produced
during activation in comparison to ZIF-67 and ZIF-90. This
facilitates the subsequent reduction to CO. QTAIM and NCI
analyses were carried out to explore the interactions occurring
during the activation step of the CO2 molecule. These reveal
the partially covalent and strong electrostatic interactions at
the respective interacting sites of the analyte (CO2 molecule)
and the catalyst (ZIF-8, ZIF67 and ZIF-90). NBO and EDD
analyses of the activation step also conrmed the charge
redistribution and bending of the CO2 molecule as it interacts
with the catalyst surface. During the protonation step of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
carboxylate ion, the values of released energy for ZIF-8, ZIF-67,
and ZIF-90 are 9.08 eV, 8.67 eV, and 8.52 eV, indicating the
stabilization of the produced carboxyl group. Upon electron-
coupled proton transfer, decarboxylation occurs, which
releases an energy of 1.03 eV, 1.81 eV, and 2.35 eV, respec-
tively. Overall, this study indicates that the ZIF-8 complex is
an effective electrocatalyst for the CO2RR, which gives
researchers a new opportunity to enhance the catalytic
potential of ZIF-8 and create a novel electrocatalyst derived
from ZIF-8 for effective CO2RR.
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