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Abstract: The development of a selective and efficient catalyst for CO2 electroreduction is a great
challenge in CO2 storage and conversion research. Silver metal is an attractive alternative due to its
enhanced catalytic performance of CO2 electroreduction to CO. Here, we prepared Ag nanowires
anchored on carbon support as an excellent electrocatalyst with remarkably high selectivity for the
CO2 reduction to CO. The CO Faradic efficiency was approximately 100%. The enhanced catalytic
performances may be ascribed to dense active sites exposed on the Ag nanowires’ high specific
surface area, by the uniform dispersion of Ag nanowires on the carbon support. Our research
demonstrates that Ag nanowires supported on carbon have potential as promising catalysts in CO2

electroreduction.
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1. Introduction

With the continuous consumption of fossil fuels, the anthropogenic global warming
caused by CO2 emissions into the atmosphere has attracted significant attention to the
energy storage and conversion research field [1–3]. CO2 conversion to useful fuel/chemical
feedstock can alleviate the challenging environmental problems [4–6]. The utilization
of renewable energy, for instance, solar and wind, during this conversion is promising.
However, the intermittent properties of these resources restrict their further application.
By comparison, the defects can be overcome by the electrocatalysis of CO2 gas into energy
fuels [7,8]. Boosting the selectivity and efficiency of CO2 reduction is the overarching
challenge for industrializing CO2 reduction. Aqueous electrocatalytic reduction of CO2 at
ambient temperature, which is a cost-effective method compared with the electrocatalysis
in ionic liquids, has attracted significant attention recently [9,10]. Nevertheless, the electro-
catalytic reduction of CO2 in aqueous solution continually competes with the hydrogen
evolution reaction (HER), which is a side reaction accompanying CO2 reduction [11,12].
Thus, an efficient electrocatalyst with high selectivity is crucial for the fulfillment of energy
conversion [13].

Metallic catalysts are appealing for CO2 electroreduction due to their excellent catalytic
activity and selectivity [14–17]. It is acknowledged that CO is an indispensable constituent
of syngas (a mixture of CO and H2), which is generally used to produce Fischer–Tropsch
fuels such as gasoline, methanol and ammonia [18,19]. Gold (Au) [20,21], silver (Ag) [22,23],
palladium (Pd) [24,25] and zinc (Zn) [26,27], which exhibit outstanding selectivity to CO,
have been demonstrated to be efficient electrocatalysts for CO2 reduction. Nevertheless,
gold and palladium are improper for large-scale utilization owing to their rarity and
costliness [28]. Zinc possesses poorer stability compared with the other three metals [29].
Silver provides an appreciable compromise between expense and performance and is an
attractive option.
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Three-dimensional porous Ag, or Ag foam electrodes, present remarkable Faradic
efficiencies of CO, over 90% [30,31]. However, a large quantity of Ag is required to achieve
high catalytic activity on these macroscopic Ag bulk electrodes, which is the inherent defect
of Ag bulk materials. Nanostructured Ag catalysts provide a multitude of active sites for
CO2 reduction owing to their high specific surface areas, thus surpassing bulk materials in
efficiency and selectivity [32]. Salehi-Khojin et al. demonstrated that Ag nanoparticles with
a size of 5 nm exhibited CO2 conversion rates 10 times higher than bulk silver [33]. Liu et al.
indicated that triangular silver nanoplates possessed a remarkably greater Faradaic effi-
ciency of 96.8%, superior durability of up to 7 days, and an ultralow overpotential of 96 mV,
which is attributed to the shape-controlled structure optimizing the edge-to-corner ratio
and facets with low activation energy to initiate CO2 reduction [34]. Luan et al. reported
that readily prepared large-scale silver nanowire arrays, with a diameter of 200 nm, ex-
hibited enhanced current density with an efficiency over 90% under a moderate potential
of −0.49 V [35]. Liu et al. investigated the catalytic activity of Ag nanowires of 25 nm
diameter, achieving a maximum Faradaic efficiency of 99.3%, remarkably low overpoten-
tial, and excellent durability [36]. Furthermore, a Ag catalyst alloying with other metals
also displayed enhanced catalytic activity [37–39]. Despite the intrinsic performance of
Ag nanocatalysts which is evidently reinforced via modification, the shortcoming is that
discrete nanostructured catalysts are dispersed on the glass carbon electrode (GCE) inho-
mogeneously, thus the electrical conductivity is weakened and the catalytic performance is
degraded. The application of support can promote electron transfer to the active sites by
intense coupling between the catalyst particles and the support, consequently improving
the catalytic activity of the nanoparticles [40].

In this study, silver nanowires (Ag NWs) with a diameter of ~200 nm, supported
on carbon, were synthesized using the facile polyol-based method. The characterization
analysis indicated that Ag NWs were uniformly scattered on the carbon support without
accumulation. The as-fabricated Ag NWs/C displayed outstanding catalytic performance
in the CO2 reduction reaction (CO2RR) with a remarkably enhanced Faradaic efficiency,
comparable to that of Ag nanowires with a diameter of 25 nm, as reported by Liu et al.,
and superior to that of silver nanowire arrays with a similar diameter.

2. Materials and Methods
2.1. Synthesis of Ag NWs/C

In brief, 0.2 g of poly(vinylpyrrolidone) (PVP, 58,000 g mol−1) was first dissolved
in 50 mL of ethylene glycol (EG) by continuous agitation at ambient temperature. Then,
0.25 g of silver nitrate (AgNO3) was dissolved in the PVP/EG solution and transparent
liquid mixtures were achieved. Next, 19.2 mg of FeCl3 was added to 20 mL of EG. Then,
200 µL of FeCl3 /EG mixtures was transferred into the AgNO3/PVP/EG mixtures and
stirred for 2 min to form a uniform solution. Finally, 160 mg amorphous carbon black (CB,
CABOT, VXC72) was added into the mixture, which was then decanted to an autoclave
for generating Ag NWs/C at 130 ◦C for 5 h. The as-fabricated precipitation was cleaned
with deionized water and ethyl alcohol, followed by centrifugation and freeze-drying
treatment. As a reference, powders consisting of 5 mg of Ag bulk and 5 mg of carbon black
were mixed.

2.2. Characterization of Ag NWs/C

The chemical phase structure of the as-obtained Ag NWs/C catalyst was determined
by powder X-ray diffraction (XRD) with Rigaku Rotaflex Cu Kα radiation. The mass fraction
of Ag NWs from Ag NWs/C composites was ascertained by Leeman inductively coupled
plasma-atomic emission spectrometry (ICP-AES). The micromorphologies of the catalyst
were identified by Zeiss Sigma field emission scanning electron microscopy (FESEM)
with an acceleration voltage of 10 kV. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscope (HRTEM) were conducted on a JEOL JEM
2100 microscope, which was operated at an accelerating voltage of 200 kV.
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2.3. Electrochemical Measurements

All electrochemical measurements of CO2 reduction were performed in a homemade
three-electrode electrochemical H-cell, as shown in Figure 1. The two compartments were
segregated by a piece of Nafion 117 membrane. A CHI 660E potentiostat was employed for
the electrochemical tests. The catalyst-coated GCE was the working electrode. To fabricate
the working electrode, 10 mg of Ag NWs/C was dispersed in the mixed solvent, consisting
of 700 µL of isopropanol, 200 µL of deionized water and 100 µL of 5.0 wt.% Nafion solution
to form a homogeneous ink by half hour ultrasonic treatment. Afterwards, 5.0 µL of cata-
lyst ink was transferred onto a GCE with a diameter of 5 mm and solid loading of about
0.26 mg cm−2. The GCE was naturally air-dried at ambient temperature. A platinum plate
was used as the auxiliary electrode and a saturated calomel electrode as the reference elec-
trode. The electrolyte adopted was 0.1 M KHCO3 solution. The electrochemical tests were
carried out atmospherically at room temperature (25 ◦C). The electrolyte was deaerated via
bubbling Ar or CO2 gas at 20 mL min−1 for 2 h before each electrochemical test to assure
an Ar or CO2 saturation state. During the electromechanical measurements, Ar or CO2 gas
was continuously purged into the solution to preserve saturation levels throughout the
tests. Linear sweep voltammetries (LSVs) were carried out at a scanning rate of 20 mV s−1.
The durability of the catalysts was tested in CO2-saturated electrolytes with a potentiostatic
pattern for 40 h. All the measured potentials were reported with respect to a reversible
hydrogen electrode (RHE) by E (V vs. RHE) = E (V vs. SCE) + 0.241 V + 0.0592 × pH with
the iR drop calibration by Eactual = Emeasure − iRsolution.

Figure 1. Schematic illustration of three-electrode electrochemical H-cell.

2.4. Product Analysis

To determine the products of CO2 reduction, and corresponding FEs and selectivity,
potentiostatic electrolysis was imposed on the Ag NWs/C and Ag bulk-modified GCE.
Briefly, 50 µL of catalyst ink was transferred onto a GCE of 10 mm diameter (solid loading
~0.64 mg cm−2). The gas phase products in the cathode compartment were quantified by
Agilent 6890N gas chromatography (GC). The liquid-phase products were analyzed via
1H nuclear magnetic resonance (NMR). The electrolyte in the cathode compartment was
agitated with continuous CO2 gas purging throughout the electrolysis process. The FEs of
gaseous products were determined in S1 in supplementary materials.

3. Results and Discussion

The XRD pattern of Ag NWs/C illustrated in Figure 2 shows that diffraction peaks
appearing at 38.6, 44.8, 64.9, 77.8 and 81.8◦ corresponded to (111), (200), (220), (311) and
(222) planes of face-centered cubic Ag (JCPDS No. 87-0719). It is noteworthy that a signal
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for the peak of carbon black (002) was not observed, which is ascribed to the faint signals
of amorphous carbon black overlaid by the intense diffraction peaks of Ag NWs with
excellent crystalline quality [41,42]. The XRD analysis demonstrated that pure Ag NWs
supported on carbon were mildly fabricated. The mass fraction of Ag loaded on carbon
was 86.9%.

Figure 2. XRD patterns of AgNWs/C.

The micromorphology and microstructure of Ag NWs/C were characterized by SEM
and TEM. It can be seen from the SEM image under lower magnification (Figure 3a) that
loose Ag NWs were uniformly distributed without accumulation, which is due to excellent
dispersion of Ag NWs by the carbon support. The SEM image under higher magnification
shows that the prepared Ag NWs possessed a smooth surface with the diameter normally in
the range from 200 to 400 nm. The lengths of Ag NWs were up to hundreds of micrometers.

Figure 3. SEM images of (a) Ag NWs/C under lower magnification, (b) Ag NWs/C under higher
magnification.

The carbon support was not obviously observed, which may be a result of the amount
of carbon black added in the process of synthesizing the catalyst. By contrast, Ag NWs with
0, 300 mg and 640 mg of carbon black were synthesized as shown in Figure 4. It is observed
that the Ag NWs without carbon black are formed with considerable accumulation. Large
pieces of silver can also be observed. The Ag NWs were scattered on the flocculent carbon
support for Ag NWs with 300 mg of carbon black. However, for Ag NWs with 640 mg of
carbon black, the Ag NWs were largely covered by carbon support.
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Figure 4. SEM images of (a) Ag NWs; (b) Ag NWs + 300 mg carbon black; (c) Ag NWs + 640 mg carbon black.

The TEM images in Figure 5 show that the Ag NWs were of several micrometers in
length with a width of about 200 nm, which is consistent with those observed by SEM.
The HRTEM images in the inset further confirmed the successful fabrication of Ag NWs
nanocrystallines with interfringe distances of 0.231 nm and 0.207 nm, which correspond to
(111) and (200) planes of Ag NWs, respectively. The crystalline structure captured in the
HRTEM images was in agreement with the analysis from XRD data.

Figure 5. TEM images of Ag NWs/C and corresponding HRTEM images (inset).

The catalytic activity of the as-prepared Ag NWs/C was evaluated by electrochemical
measurements. Figure 6a depicts the LSVs of the Ag NWs/C catalyst where the 0.1 M
KHCO3 electrolyte was saturated with Ar and CO2 gas. The onset potential initiating
CO2 reduction was −0.32 V with a maximum current density of 1.46 mA cm−2 in CO2-
saturated solution. The onset potential was observed at −0.50 V, and the maximum current
density was only 0.55 mA cm−2 in Ar-saturated solution. By comparison, the cathodic
current density gained in CO2-saturated solution was much higher (~2.7-fold) and the
onset potential was considerably more positive than those under Ar-saturation, which is
attributed to reactions of CO2 reduction in parallel with HER. CVs of Ag NWs/C catalyst,



Energies 2021, 14, 2840 6 of 10

where the 0.1 M KHCO3 electrolyte was saturated with Ar and CO2 gas, also showed much
higher cathodic current density and more positive onset potential in CO2-saturated solution.
LSVs for Ag NWs/C and Ag bulk in CO2-saturated solution are shown in Figure 6b.
It can be seen that Ag bulk exhibited a reduction current density of 1.49 mA cm−2 at
−0.83 V, while Ag NWs/C displayed a higher current density of 1.77 mA cm−2 at −0.82 V,
manifesting enhanced cathodic kinetics of Ag NWs/C catalyst for CO2 electroreduction,
which is also evidenced by comparing CVs for Ag NWs/C and Ag bulk in CO2-saturated
solution. The value of ECSA of the Ag NWs- and Ag bulk-modified electrode was 3.88 cm2

and 3.75 cm2 (See Figure S1 in Supplementary Materials). Therefore, the current densities
calculated by the electrode geometric area is used in present study.

Figure 6. (a) LSV for Ag NWs/C in Ar- and CO2-saturated 0.1 M KHCO3 electrolyte; (b) LSV for Ag NWs/C and Ag bulk
in CO2-saturated solution; (c) CV for Ag NWs/C in Ar- and CO2-saturated 0.1 M KHCO3 electrolyte; (d) CV for Ag NWs/C
and Ag bulk in CO2-saturated solution.

To verify the occurrence of CO2RR driven by Ag NWs/C, electrolysis under potentio-
static pattern at different potentials combining with GC and NMR was performed. FEs of
gas-phase products over the Ag NWs/C catalyst are shown in Figure 7a. The distributions
of gas-phase products demonstrated that CO and H2 were the major gaseous products (See
Tables S1 and S2 in Supplementary Materials), and no liquid products were detected during
the electrolysis process. The variation of FEs with the applied potentials demonstrated that
the synthesized Ag NWs/C catalyst was highly selective (exceeding 90%) to CO products,
ranging from −0.650 V to −0.718 V, with the maximum FE of CO reaching 100% at −0.67 V.
The maximum FE of CO was much higher than that (84%) of the Ag nanowire arrays
electrode of 200 nm in diameter, as reported by Luan et al. [35] and comparable to that
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(99.3%) with five-fold twinned Ag NWs of 25 nm diameter, as reported by Liu et al. [36].
A mixture of CO and H2, which is known as syngas, was formed with the drop of potential.
The FEs of Ag bulk are shown in Figure 7b for comparison. Clearly, Ag NWs/C exhibited
significantly higher FEs over the range of the applied potentials. Furthermore, CO gas
could only be detected at the potentials more negative than −0.58 V for Ag bulk, with the
maximum FE of 41% obtained at the considerably negative potential of −0.86 V. Compara-
tively, the maximum FE of Ag NWs/C was ~2.4-fold higher than Ag bulk, demonstrating
that Ag NWs/C outperform Ag bulk in catalytic selectivity and efficiency. To obtain further
insights into the catalytic selectivity of Ag NWs/C, the partial current densities of CO
production at different applied cell potentials for Ag NWs/C and Ag bulk are compared
in Figure 8. The value of jCO for Ag NWs/C was 0.23 mA cm−2, which was ~4.6-fold
higher than that (0.05 mA cm−2) of Ag bulk at the potential where the maximum FE of
Ag NWs/C was obtained. The values of jCO were enhanced as the measured potentials
scanned cathodically, demonstrating that CO2 reduction kinetics were augmented with the
more negative applied potential exerted on the Ag NWs/C catalyst.

Figure 7. (a) FEs of gas-phase products over Ag NWs/C; (b) FEs of CO on applied cell potentials for Ag NWs/C and Ag
bulk catalysts.

Figure 8. Partial current densities of CO at different applied cell potentials for Ag NWs/C and Ag
bulk catalysts.
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The Tafel plots of Ag NWs/C and Ag bulk catalysts are plotted in Figure 9 to compare
the intrinsic activities. The Tafel slope of 200 mV dec−1 for Ag NWs/C was much higher
than the theoretical value of 120 mV dec−1, according to the kinetics under the assumption
that the first step proceeds at a much more negative potential than the second step in
CO2 electrocatalytic reduction, indicating that the first step is a rate-determining step for
CO2 reduction [23]. Additionally, the Tafel slope achieved from the Ag NWs/C electrode
was much lower than that of Ag bulk (260 mV dec−1), suggesting enhanced kinetics
with a more prominent intrinsic activity [36]. The durability tests of the prepared Ag
NWs/C and Ag bulk catalysts were conducted at the specific potentials of −0.67 V for 40 h,
as shown in Figure 10. Remarkably, the current density decayed slowly at the beginning
before it became steady, which may be ascribed to the mass-transportation balance process
during CO2 reduction [35]. No apparent slowdown in current density for Ag NWs/C was
observed after 40 h testing, while the current density of Ag bulk displayed a continuous
decline throughout the testing. CO and H2 were the gas-phase products, and no liquid
products were detected during the potentiostatic measurement at −0.67 V vs. RHE for
about 40 h (See Figures S2 and S3 in Supplementary Materials). The FE of CO decreased
from 100% to 71.4% during the potentiostatic measurement, indicating that the long-term
performance decayed with time.

Figure 9. Tafel plots of Ag NWs/C and Ag bulk catalysts.

Figure 10. The durability tests of Ag NWs/C and Ag bulk catalysts, and the variation of FE of CO
and H2 with time on Ag NWs/C-modified electrode.
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4. Conclusions

Silver nanowires loaded on carbon supports were synthesized for carbon dioxide
electroreduction. The Ag NWs/C with a diameter of 200–400 nm exhibited excellent
catalytic activity for the CO2 reduction to CO, with a high CO Faradic efficiency. Our work
highlights that Ag NWs with a diameter of hundreds of nanometers, anchored on carbon
by facile synthesis, can also provide preeminent catalytic performance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14102840/s1, Figure S1: Figure S1. CV curves of (a) Ag NWs and (b) Ag bulk at different
sweep rates; (c) The difference between anodic current densities and cathodic current densities at
−0.25 V vs. SCE as a function of sweep rates, Figure S2: Spectra of (a) FID and (b) TCD during
potentiostatic measurement at −0.67 V vs RHE, Figure S3. The 1H NMR spectrum for the elec-
trolytic solution prepared with KHCO3 and D2O after potentiostatic electrolysis at −0.67 V, Table S1:
The calibration of GC by standard gas, Table S2: The concentration of CO at different potentials.
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