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Abstract: To enable the reuse of carbon dioxide (CO2), electrocatalytic reduction of CO2 (CO2RR) into
syngas with a controllable H2/CO ratio is considered a cost-effective and intriguing approach. Here,
a number of silver (Ag)-doped, zeolitic imidazole framework composites were prepared by a facile
method. The outcomes demonstrate that CO2 electroreduction on Ag-doped ZIF-8 catalysts produces
just CO and H2, without having any liquid fuel, resulting in a total faradaic efficiency approaching
100%. The most optimal Ag-Zn-ZIF-8 (10% Ag, 90% Zn) demonstrates good selectivity for syngas
(CO and H2) that can be easily adjusted from 3:1 to 1:3 (H2/CO) by changing the applied voltage
during the CO2 conversion process.
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1. Introduction

Syngas, known as synthetic gas, comprises carbon monoxide (CO) and diatomic
hydrogen (H2). It can be prepared using a number of processes, such as steam-reforming
methane, partial oxidation of hydrocarbons, and gasification of biomass. Syngas is a fuel
gas mixture that can be used in many ways [1]. It has the ability to make several products,
including chemicals, fuels, and electricity. Compositions of syngas that consist of varying
volumetric ratios of H2/CO in quantities of 33.33/66.67, 50/50, 66.67/33.33, 80/20, and
100/0 can be used as precursors to make synthetic fuels such as natural gas, methanol, and
dimethyl ether via a Fischer–Tropsch (F–T) process [2]. In addition, syngas can be used
as an alternative to fossil fuels because it can be made from different feedstocks, such as
biomass and waste feedstock, and can be further used in gas turbines to produce electricity,
which generates less greenhouse gas overall [3].

One such greenhouse gas is carbon dioxide (CO2), a colorless and odorless compound
that is a vital part of the carbon cycle. One of the main causes of the world’s climate
change is the rising level of CO2 in the atmosphere. The current concentration of CO2 in the
atmosphere is at 414 ppm [4]. This high level of CO2 in air is a detriment to the environment.
In order to preserve human health and safety, monitoring and managing CO2 levels in our
environment is crucial. Net zero emissions is the desired outcome of minimizing the worst
effects of climate change and limiting the rise in global temperatures. The term “net zero
emission” describes a situation in which the amount of greenhouse gas emissions created is
equal to the amount of those emissions that are removed from the atmosphere. Numerous
nations, businesses, and organizations have established goals to reach net zero emissions
by a target year, in most cases, either 2050 or 2060. This goal can be accomplished in a
number of ways by following the four Rs—rethink, reduce, reuse, and recycle. Examples
of such approaches include the utilization of renewable energy sources, improvements in
energy efficiency, and the transition to low-carbon modes of transportation. The above
strategies can also be combined with the removal of carbon dioxide from the atmosphere
through practices such as reforestation and afforestation, as well as carbon capture, storage,
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and utilization [5]. Reusing CO2 as a feedstock for various compounds, such as methane,
formic acid, alcohol, and hydrocarbons, is a promising approach. Moreover, producing
syngas by the CO2 reduction reaction (CO2RR) method can address the above issues while
reducing the greenhouse effect [6].

Electrochemical CO2 reduction is a promising method for lowering greenhouse gas
emissions and creating useful products from CO2 due to its high selectivity, durability,
energy efficiency, and versatility. However, there are still a number of improvements
required before widespread industrial use, including raising the effectiveness and longevity
of catalysts, enhancing reaction conditions, and lowering costs [7–9].

Metal–organic frameworks (MOFs) are crystalline porous materials made up of metal
ions or nodes joined by organic linkers [10,11]. They possess favourable properties, includ-
ing high porosity, substantial surface area, variable pore size, exceptional tunability, and
good stability, which have drawn much research attention. A number of applications take
advantage of the distinctive characteristics of MOFs, such as gas storage and separation,
catalysis, drug delivery, and sensing [10,12–16]. One such application is CO2 conversion—a
critical step in the effort to lower the emissions of greenhouse gases. In CO2 conversion
operations, MOFs can be utilized as catalysts to transform CO2 efficiently into usable
products or fuels. The zeolitic imidazolate framework (ZIF) is an important subclass of
MOFs, with the majority of series including Zn or Co as the metal core and imidazole as
linkers. Among ZIFs, the Zn-based zeolitic imidazole framework (ZIF-8) shows strong
thermal and chemical stability that distinguishes it from other MOFs.

Ag and its composite materials are usually used as promising catalysts due to their
inexpensive cost, high catalytic activity, and stability [17–20]. Ag-anchored ZIFs have shown
promising synergetic applications [21–23]. Research has demonstrated that Ag is capable
of converting CO2 to CO with a high faradaic efficiency (FE), although the current density
remains low [24–31]. Therefore, this work aimed to use Ag and ZIF-8 composite materials
for the E(electrochemical) CO2RR. ZIF-8 was used to anchor doped silver nanoparticles by a
simple, low-temperature chemical deposition technique. Characterization and application
of the resulting catalysts for electrochemical CO2 reduction reaction (ECO2RR) to syngas
were evaluated in aqueous solutions of 0.1 M KHCO3 at room temperature in an H-cell. In
addition, the materials were examined in flow cells to assess their electrocatalytic properties
in depth to produce pure syngas at various potentials.

2. Results and Discussion

The overall strategy in this work relied on using ZIF-8 to disperse the Ag nanoparticles
in the framework. ZIF-8 contains Zn atoms as metal centers, which are considered as
promising active sites for CO2 electrocution to CO [32]. In addition, the ZIF-8 contains
homogenous pores that can act as nano-reactors to confine the growth of Ag+ nanoparti-
cles [33]. Finally, a mild reducing agent such as ascorbic acid is used to reduce Ag+ into
metallic Ag nanoparticles within the pores of the ZIF-8. The washing step prior to reduction
was crucial in removing most of the surface Ag ions to avoid the agglomeration and the
growth of large Ag particles, which could lead to a significant drop in the surface area. The
as-prepared Ag-ZIF-8 was characterized with several techniques.

X-ray diffraction (XRD) was carried out to investigate the phase formation and purity
of the prepared material. As can be observed in Figure 1a, the ZIF-8 sample exhibited a
sharp and intense diffraction pattern, which confirms the formation of high crystalline
material and is in agreement with the simulated reference pattern [34]. The samples of
5% Ag-ZIF-8 and 10% Ag-ZIF-8 showed similar diffraction patterns, with the exception
of a noticeable peak at 38.0◦ in 10% Ag-ZIF-8 corresponding to phase 111 of metallic
Ag [35]. The elemental composition was confirmed by the energy dispersive X-ray (EDX)
in Figure 1b,c and showed the existence of Ag and ZIF-8 elements (Zn, C, N and O) for 5%
Ag-ZIF-8 and 10% Ag-ZIF-8. The calculated Ag ratio in Figure S1 is in good agreement
with the theoretical one, 4.6 and 8.5% for the samples of 5% Ag-ZIF-8 and 10% Ag-ZIF-8,
respectively. Conversely, due to the small Ag loading in 5% Ag-ZIF-8, the same peak



Catalysts 2023, 13, 867 3 of 12

was not as clear. The elemental composition was studied by the energy dispersive X-ray
(EDX) in Figure 1b, which confirmed the presence of Ag, Zn, and O atoms in the 10%
Ag-ZIF-8 sample.
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Figure 1. (a) The XRD of ZIF-8 and Ag-ZIF-8, (b) the EDX of 5% Ag-ZIF-8, (c) the EDX of 10% Ag-ZIF-8.

The morphological and structural properties of the prepared material were investi-
gated by the SEM. Figure 2a shows the SEM of ZIF-8, which reveals uniform dodecahedron
crystals. In comparison of ZIF-8 with the Ag-loaded sample, there was no significant
difference in the morphology and no agglomeration of Ag nanoparticles was observed. The
SEM results were supported after carrying out the TEM (Figure 2g–i). The TEM showed
uniform crystals corresponding to the ZIF-8 frame work. In the high-resolution image,
no Ag particles agglomerated were observed on the surface of the MOF. The elemental
mapping (Figure 3) confirmed the uniform dispersion of the elements (C, N, Zn, O, and Ag).
The phase of Zn in the ZIF-8 was Zn2+ due to its binding with the nitrogen atoms in the
organic imidazole linkers, while the doped Ag phase was metallic within the framework as
confirmed by XRD, and had no covalent bond with the organic linker or the metal node in
the framework. These results were also supported by XPS analysis [34,36,37].

The surface area of the ZIF-8 and Ag-ZIF-8 was investigated with the aid of the BET
surface analyzer (Figure 4a). The pristine ZIF-8 showed a high surface area characteristic of
most MOFs, which is about 1500 m2 g−1. Upon the loading of the silver nanoparticles, a
decrease in the surface area was observed to ~1200 and 1000 m2 g−1 for 5% Ag-ZIF-8 and
10% Ag-ZIF-8, respectively, which further confirmed the loading of the nanoparticles into
the framework of the ZIF-8, as shown in Figure 4a. Moreover, FTIR was carried out for
ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8, revealing identical IR spectra as shown in Figure 4b.
The peak for 2-methylimidazole (MeIm) was seen at 694 cm−1 (C-H bend).
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The in-plane deformation vibration of (=C-H) was confirmed by the peak at 1147 cm−1.
The CH2 wagging transmits light at 1313 cm−1, and the =C-H in-plane bending happens at
995 cm−1. Both CH3 and CH2 responded at 1384 cm−1 and 1427 cm−1, respectively, due to
their asymmetric bends. Stretches of the carbon–carbon double bond (C=C stretch) and
the carbon-nitrogen double bond (C=N stretch) had peaks at 1456 cm−1 and 1585 cm−1,
respectively. The (C-H) symmetric stretch and (=C-H) stretch were both confirmed by
the two tiny narrow peaks at 2931 cm−1 and 3137 cm−1, respectively. The IR spectra in
Figure 4b confirm the preservation of the framework even after Ag loading [38], which
further supports the XRD results.

In order to demonstrate the overall electrocatalytic performance, the electrocatalysts
(ZIF-8, 5% Ag-ZIF-8, 10% Ag-ZIF-8) were analyzed using linear sweep voltammetry (LSV)
in N2- or CO2-saturated 0.1 M KHCO3 electrolytes (Figure 5a). The faradaic currents found
in an N2-saturated electrolyte are inextricably linked to the hydrogen evolution reaction
(HER), whereas the faradaic currents in the presence of CO2 are ascribed to contributions
from both the HER and CO2RR. In all cases, the CO2-saturated electrolyte exhibited higher
current densities than the N2-saturated electrolyte. It can be observed clearly that pristine
ZIF-8 showed the lowest current density. Upon the loading of the ZIF-8 with 5% Ag, the
current density increased significantly (from 5 to 10 mA cm−2). The current density also
increased with a greater Ag loading of 10% to 14.5 mA cm−2.

To gain insight about the mechanism and the kinetics of the ECO2RR, the Tafel slope
was estimated from the polarization curves (Figure 5b). Tafel values of 420, 221, and
154 mV dec−1 were calculated for the electrodes ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8,
respectively. The lowest Tafel slope value suggests faster reaction kinetics and facilitated
adsorption of the CO2•− intermediate [39].

Another important factor is the electrochemical active surface area (ESCA), which can
be estimated from the double-layer capacitance (Cdl). The Cdl was evaluated by recording
cyclic voltammograms (Figure S2) at different scan rates (50, 100, 150, 200, and 250 mV s−1)
and plotting the capacitive current vs. the scan rate. As shown in Figure 5c, 10% Ag-
ZIF-8 exhibited the highest Cdl value (1.25 mF), followed by 5% Ag-ZIF-8 (1.00 mF), and
the pristine ZIF-8 showed the lowest Cdl value (0.90 mF). Electrochemical impedance
spectroscopy (EIS) was used to study the interaction between the electrode and electrolyte
interface through charge transfer resistance (Rct), which was obtained from Nyquist plot [40]
(Figure 5d). The high frequency is ascribed to the CO2RR to CO (mass transport), whereas
the low frequency could be related to the electrolysis process (HER). The Rct values were 205,
148, and 140 Ω cm2 for the electrodes ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8, respectively.
It can be seen that doping the ZIF-8 with Ag enhances the charge transfer rate dramatically,
and the 10% loading showed the lowest Rct.
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Figure 5. (a) The polarization curves of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8 in N2 and CO2-saturated
0.1 M KHCO3. (b) Tafel slope of ZIF-8, 5% Ag-ZIF-8, 10% Ag-ZIF-8. (c) Cdl slopes of ZIF-8, 5% Ag-ZIF-8,
and 10% Ag-ZIF-8. (d) Nyquist plots of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8 (e) chronoamperometry
of 10% Ag-ZIF-8 in CO2-saturated 0.1 M KHCO3. (f) FE of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8 in
CO2-saturated 0.1 M KHCO3.

The electrode durability was investigated using chronoamperometry (Figure 5e) in
0.1 M KHCO3. The long-term current time curve revealed a good stability for 16 h. The elec-
trochemical performance toward CO2 reduction was investigated for the three electrodes
(ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8) using the chronoamperometry at different applied
potentials for 1 h and the products were quantified using online connected GC-BID. The CO
faradic efficiency (FE) of the electrodes is compared in Figure 5f. The three electrocatalysts
showed a similar trend in the CO production. At low applied potential, a low CO yield was
observed. Increasing the potential led to a significant increase in the CO FE%. The applied
potential −1.1 VRHE exhibited the highest FE%. A further increase in potential led to a
decrease in the FE%. The lower CO FEs at greater negative potentials (–1.3 V versus RHE)
may result from the limited CO2 and polarization losses. The applied voltage increased the
current densities of the electrocatalysts, the CO FE gradually reduced, and the CO current
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densities remained constant due to the competing HER on the electrode surface, which is
consistent with the results reported previously. The 5% Ag-ZIF-8 showed higher FE% than
the ZIF-8 at these applied potentials. The 10% Ag-ZIF-8 showed the highest FE (70% for
CO and 30% for H2) at −1.1 V.

The optimized electrode (10% Ag-ZIF-8) in the H-cell was also investigated in the flow
cell system, which is a more practical setup. The LSV and FE obtained from the flow cell
were compared with the results obtained from the H-cell. As can be observed in Figure 6a,
the current density in the flow cell was significantly higher than that in the H-cell. This
can be attributed to the GDE, which allows the diffusion of more CO2 gas into the catalyst
surface. Additionally, the flow system provides fresh electrolyte to the electrode surface,
which facilitates the overall reaction. Since the electrolyte compartments in the flow system
are separated, unlike the H-cell, two different electrolytes can be used. KOH in the anolyte
serves as a proton source due to the oxygen evolution reaction in the anode, which is more
efficient than KHCO3. The FE% trend was different in the case of the flow cell. The highest
FE% values (69.0 and 80%) were observed at relatively lower potentials (−0.7 and −0.9 VRHE).
Moreover, when the FEs were compared (Figure 6b,c), the flow cell showed higher conversion
rate at lower applied potential (80% at −0.9 VRHE) compared to (70% at −1.1 VRHE) for the
H-cell. In addition to the higher FE in the flow cell, its higher efficiency can be noted by
calculating the partial current density (the current utilized in the CO2 conversion). As shown
in Figure 6d, the current was almost 5 times the one used in the H-cell.
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The electrochemical performance and conversion efficiency of the current findings
are shown in (Table 1), which compares Ag-based, ZIF-8, and Ag-ZIF-8 composites for the
electroreduction of CO2 into usable liquid chemicals. The 10% Ag-ZIF-8 produced syngas
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with a FE% ratio of 70:30 (CO:H2) at a potential of −1.1 V vs. RHE and 80:20 at a potential
of −0.9 V vs. RHE, which is a marked improvement over previous reports.

Table 1. Comparison of the catalytic performances of 10% Ag-ZIF-8 and the similar electrocatalysts
reported in literature for the reduction of CO2.

Electrocatalyst Electrolyte Main
Product

FE%
[CO:H2]

Current
Density

[mA cm−2]

Potential [V]
vs. RHE Cell Type Ref.

ZIF-8 0.5 M NaCl CO 65:35 3 −1.14 H-cell [32]

ZIF-8 0.25 M K2SO4 CO 81:15 8.5 −1.1 H-cell [41]

ZIF-108 0.25 M K2SO4 CO 52:48 24.6 −1.3 H-cell [41]

ligand-doped ZIF-8 0.1 M KHCO3 CO 90:10 10.1 −1.2 H-cell [42]

Ag2O/layered ZIF 0.25 M K2SO4 CO 80:20 32 −1.3 H-cell [28]

Ag nanosheets 0.5 M KHCO3 CO 91:9 6.48 −0.9 H-cell [29]

Ag/carbon paper 0.5 M K2HPO4 + 0.5 M
KH2PO4 at pH 10 CO 80:20 51 3 V (ECell) Flow cell [43]

Ag/carbon paper 0.5 M KHCO3 CO 60:20 50 −1.45 Flow cell [44]

Ag/ZIF-8 0.5 M KHCO3 CO 70:30 2.6 −1.1 V H-cell This
work

Ag/ZIF-8 1 M KOH CO 80:20 28 −0.9 V Flow cell This
work

3. Experimental
3.1. Materials

Zinc nitrate (ZnNO3) (99.95%), silver nitrate (AgNO3), ascorbic acid (99.0%) 2-methyl
imidazole (99.0%), potassium bicarbonate (99.9), and potassium hydroxide(99.5%) were
purchased from Sigma Aldrich, St. Louis, MO, USA. Methanol (CH3OH) (99.8%) was
procured from Sharlu (Sharjah, United Arab Emirates).

3.2. Preparation of ZIF-8

ZIF-8 was prepared according to the procedure reported by Lee et al. [45]. Briefly, 1.31 g
of Zn(NO3)2 was dissolved in 45 mL of methanol in a 100 mL beaker. In another beaker,
2.87 g of 2-methyl imidazole was dissolved until a clear solution appeared. The two clear
solutions were mixed in a 150 mL round bottom flask and stirred at room temperature for
1 h. The synthesized white ZIF-8 suspension was separated by centrifugation at 8000 rpm
for 10 min. The white crystal was washed three times with methanol.

3.3. Preparation of Silver Nanoparticles Decorated on ZIF-8

The 5% Ag-ZIF-8 was prepared as follows (as shown in Figure 7). Briefly, 10 mg of silver
nitrate (AgNO3) was dissolved in 20 mL of methanol, then 100 mg the as-prepared ZIF-8 was
added to the solution. The solution was sonicated for 10 min and stirred for 2 h. The white
crystals were separated and washed with methanol three times to remove the surface Ag+.
The crystals were re-dispersed in 20 mL methanol and 20 mg of ascorbic acid was added and
the solution was stirred for 30 min. Then, the crystals were separated and washed several
times with DI water and methanol and dried at 50 ◦C under vacuum for 5 h.
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3.4. Preparation of the Electrocatalyst
3.4.1. Electrode Fabrication of H-Cell

Ten milligrams of the ZIF-8 or Ag-ZIF-8 catalyst was dispersed in 1 mL mixture of
750 µL isopropanol, 200 µL DI water, and 50 µL Nafion (5%). The mixture was sonicated
for 20 min. Then, 100 µL of the suspension was drop-cast onto 1 cm2 conductive carbon
paper and dried at room temperature.

3.4.2. Electrode Fabrication of Flow Cell

The spray painting method was applied to prepare the working electrodes for the
flow cell. This process is efficient and cost-effective for creating gas diffusion electrode
(GDE) with superior electrochemical performance. Twenty milligrams of the ZIF-8 or
Ag-ZIF-8 catalyst was dispersed in a 2 mL mixture of 1500 µL isopropanol, 400 µL DI
water, and 100 µL Nafion (5%). The mixture was homogenized using a magnetic stirrer
or ultrasonication. Next, 200 µL of the prepared ink was kept under constant air flow and
pressure and sprayed on GDE using the spray gun method. Using a high-pressure air spray
gun, the catalyst ink was sprayed onto the carbon support material’s surface. The spray
nozzle is normally operated at 1.5 to 3 bar of pressure, with a 2 to 5 cm gap between it
and the GDE. The GDE coated with the catalyst ink was then dried for 30 to 60 min at a
temperature of 60 to 80 ◦C before its application in the flow cell.

3.5. Characterization

Morphological and detailed microstructural attributes of the materials were discerned
by field emission scanning electron microscopy (FESEM, Tescan Lyra-3, Kohoutovice, Czech
Republic). The sample was gold-coated for 30 s before SEM and EDS analysis. Another
technique employed for the characterization of the samples was X-ray diffraction (XRD,
Rigaku MiniFlex, Austin, TX, USA) to reveal the crystal structure of the materials. To begin,
the samples were finely powdered using a mill and pestle to ensure consistency and remove
any big pieces. The next step was to put the powdered samples into a sample holder. The
sample was then prepared for analysis by having its surface flattened and leveled using a
glass slide. This helps to ensure that reliable results are obtained. After that, the sample
holder was transferred into the XRD machine, and the analysis commenced. The obtained
XRD was matched with the simulated XRD of the materials. Fourier-transform infrared
(FT-IR Thermo, Waltham, MA, USA) was used to identify the functional groups in the
materials. BET surface analyzer (Triplex) was used to calculate the porous nature of a
material. This method is based on gas adsorption as a function of pressure. Typically the
sample is first degassed at 120 ◦C for 6 h. Under a nitrogen environment, the gas pressure
is measured vs. the amount of gas adsorbed by the sample to calculate the porosity. A gas
chromatographer (GC) equipped with barrier ion discharge detector (Shimadzu, Kyoto,
Japan), and potentiostat (Gammray 620, Warminster, UK) were used.
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3.6. The Electrochemical Studies

The ECO2RR performance was investigated with the aid of H-cell and flow cell
systems. The H-cell consisted of a silver silver-chloride electrode (Ag/AgCl) as a reference
electrode. A platinum mesh was used as a counter electrode. As-prepared Cu-NP@NC film
on conductive carbon paper was used as the working electrode. A potentiostat (Gammray
620) was connected to the electrodes in the cell.

The flow cell setup consisted of three main components. The first one was the elec-
trolyte compartments, one compartment containing the catholyte, which was 0.5 M KHCO3,
and the second compartment containing the anolyte, which was 1.0 M KOH. The second
component was the cell, which consisted of the cathode part (where the CO2 gas passes
on one side of the GDE and the catholyte passes on the other side) and the anode part
connected to the anolyte. The two parts of the cell were separated by a proton permeable
membrane to allow the produced H+ to pass from the anode to the cathode. The third com-
ponent of the flow cell was the pump, which controlled flows and circulated the catholyte
and anolyte between the electrolyte compartments to the cell. Similar to the H-cell, the
reference electrode was connected with working electrode (GDE) on the cathode side and
counter electrode on the anode side and all were connected to a potentiostat workstation
(Gammray 620).

The ECO2RR performance was evaluated by carrying out linear sweep voltammetry
(LSV) techniques, and calculation of the overpotential at different current densities (current
normalized to the geometric surface area of the electrode). The cyclic voltammetry (CV)
and LSV experiments were performed in 0.1 M potassium bicarbonate (KHCO3).

ERHE = EAg/AgCl + 0.059 × pH +
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