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Herein, CdS nanorods (CdS-NR) was synthesized through a simple and facile solvothermal method.
XRD pattern and TEM/HRTEM images indicated that hexagonal CdS nanorods with a diameter of 10
nm were successfully prepared. When used as electrocatalyst for CO2 reduction reaction (CO2RR),
CdS-NR afforded an excellent electrocatalytic performance in aqueous electrolyte. In comparison with
commercial CdS nanoparticles (CdS-NP), CdS-NR could trigger the electroreduction of CO, to CO
with a higher faradic efficiency and current densities. The enhanced electrochemical performance of
CdS-NR than that of CdS-NP were ascribed to its enhanced adsorption of CO., charge transfer ability
and more exposed active sites. More importantly, it was noticed that H, generated along with CO, and
the generated gas products with controllable ratios exhibited impressive potentials to directly using as
syngas.
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1. INTRODUCTION

Syngas, a mixture of CO and H» with certain ratios, is an indispensable feed gas for the
production of important chemicals like methanol, olefin and alkane [1]. Industrially, syngas is mainly
produced through gasification and natural gas reforming process, which is always an energy and cost
intensive process [2]. Alternatively, syngas production via electrocatalytic CO2 reduction reaction
(CO2RR) in ambient conditions shows a prospectively potentials in the future [3].

Up to now, some electrocatalysts were artfully designed to produce syngas with controllable
ratios of CO and Hz. Wen et al. reported that ingenious designing of Cu nanoparticles decorated
reduced graphene oxide achieved the easily production of syngas with a tuneable ratio of H2/CO from
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1.16 to 6.38 [4]. Chen and his co-workers found that carefully preparation of Co/Ni single-atom
catalysts with controllable ratio of Co/Ni could produce a high syngas production with CO/ H; ratios
from 0.23 to 2.26 [5]. Moreover, Yang et al. reported that transition metal like Fe, Co and Ni decorated
Au electrocatalysts was able to control the generation of H> and CO from aqueous CO>, and thus the
syngas with desirable compositions was achieved [6]. Based on those results, we believe that
electrocatalysts with different crystal phases, morphologies and compositions can efficiently affect the
activity and selectivity for syngas production.

Recently, metal sulphides such as CuS, SnS, MoS> and In,Ses showed considerable potentials
for electrocatalytic CO2RR, since their morphologies and compositions can be easily tuned [7-9]. By
using ionic liquid as electrolyte, Han et al. reported that defective y-In,Ses loaded on carbon paper
delivered a current density high to 90.1 mA cm to produce syngas with a CO/H- ratio of 1:1 [10].
Verily recently, Gao and Yu et al. reported that CdS nanoneedle arrays with high-curvature
nanostructure exhibited an excellent CO2RR performance with high current density and faraday
efficiency for CO evolution [7]. More importantly, the crystal structure and surface state of CdS needle
could be maintained during CO2RR process, which was unlike most other reported metal sulphides
with unstable structure and compositions during CO2RR process. In addition, the optical and electronic
properities of CdS were easily tuned via controlling exposed crystal faces of CdS [11,12]. Therefore,
CdS is suitable to act as a model to study the electrocatalytic CO-RR performance of metal sulphides
with different morphologies and exposed crystal faces.

In this work, CdS nanorods (CdS-NR) with preferential orientation growth along [001] were
prepared by a simple solvothermal method. In comparison with commercial CdS nanoparticles (CdS-
NP), the special nannrod-like morphology is beneficial for CO. adsorption, charge transfer and
exposure of active sites, which is favourable to CO2RR. Correspondingly, CdS-NR shows much higher
faraday efficiency and current densities for electroreduction of CO» to CO than that of CdS-NP. More
significantly, syngas with CO/H: ratios from 0.33 to 1.71 can be easily obtained by precious control
the applied potentials for CdS-NR. This work will shed a light on the effect of morphology and
exposed crystal face of electrocatalysts on electrocatalytic CO2RR performance.

2. EXPERIMENT

2.1 Preparation of CdS nanorod (CdS-NR)

1.0 mmol CdCl2+2.5H,0 was dispersed into 40 mL ethanediamine with stirring for 0.5 h. Then
4.0 mmol thiourea was added, stirring for another 0.5 h. Subsequently, the mixture was poured into a
100 mL Telfon-lined autoclave and maintained at 180 °C for 12 h. The resulting yellow solid products
were centrifuged, washed with absolute ethanol and distilled water for several times, and then dried at
60 °C overnight. For comparison, CdS nanoparticle (CdS-NP) was purchased from Aladdin Co. (A. R.,
98 %).
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2.2 Characterization

The crystal structure of the as-prepared samples was examined by X-ray diffraction (XRD)
patterns using a Bruker D8 Advance X-ray diffractometer with Cu Ko radiation operated at 40 kV and
40 mA. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images were
obtained on a FEI Tecnai 20 transmission electron microscope at an accelerating voltage of 200 kV.
CO; adsorption dates were recorded at ASAP 2460. All the gas products (CO and H2) were quantified
with a gas chromatography (Agilent 7820A), equipped with a thermal detector and flame ionization
detector. Liquid products were quantified by H nuclear magnetic resonance spectroscopy. All the
electrochemical measurements were carried out on electrochemical workstation (CHI 760)

2.3 Electrochemical tests

Working electrodes were prepared as following: 10 mg of CdS-NR or CdS-NP and 5 mg XC-
72R carbon were dispersed in a mixture solution containing 0.7 mL H2O, 0.2 mL isopropanol and 0.1
mL 5 wt% Nafion solution with ultrasonic treatment for 2 h. Then, 0.2 mL of the catalyst ink was
dropped onto the two sides of a carbon paper with a size of 1.0*1.0 cm? and then dried at 60 °C.

All the electrochemical measurements were performed in a H-type cell separated with a proton
exchange membrane (Nafion 117), in which saturated Ag/AgCl and Pt mesh were used as reference
electrode and counter electrode, respectively. CO.-saturated 0.5 M KHCOs3 (pH ~ 7.2) was used as
electrolyte. CO with a flow rate of 20.0 sccm (standard cubic centimetre per minute) was through the
electrolyte during electrolysis. Linear sweep voltammetry (LSV) curves were recorded at a scan rate of
10 mV/s. The electrochemical impedance spectroscopy (EIS) was recorded at the AC amplitude of 5
mV with the frequency ranging from 0.1 Hz to 100 k Hz.

3. RESULTS AND DISCUSSION

3.1 Structure and morphology
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Figure 1. XRD pattern of CdS-NR.
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CdS-NR was prepared via a solvothermal method. Fig. 1 showed the XRD diffaraction patterns
of CdS-NR. The diffraction peaks at 26 value of 25.0, 26.6, 28.4, 36.6, 43.7, 47.8 and 51.9 ° were
attributed to the (100), (002), (101), (102), (110), (103), (112) crystal planes of the hexagonal CdS
(PDF#01-0780), respectively. Moreover, the microstructure of the as-prepared CdS-NR was revealed
by TEM and HRTEM images. As clearly shown in Fig. 2A, CdS-NR exhibited a nanorod-like
micromorphology with a diameter of 10 nm. Furthermore, the HRTEM image in Fig. 2B displayed
clear crystal lattices with a spacing distance of 0.335 nm, which was ascribed to the (200) plane of
hexagonal CdS [13]. In addition, the reduced fast-fourier transformed (FFT) patterns insert in Fig. 2B
implied that only the diffraction characteristic of the [001] zone axis of hexagonal CdS was observed,
further demonstrating the successfully synthesis of CdS nanorod.
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Figure 2. (A) TEM and (B) HRTEM images of CdS-NR. Inset in B is the corresponding fast-fourier
transformed patterns of the selected area in HRTEM.

3.2 Catalytic performance

Polarization curves for CdS-NR and CdS-NR were recorded with a scan rate of 10 mV/s in Ar
or COz-saturated 0.5 M KHCOs. As shown in Fig. 3A, CdS-NP and CdS-NR exhibited similar current
densities under Ar atmosphere under potentials positive than -0.95V. With applied potentials become
negative than -0.95 V, CdS-NP showed higher current densities. It was reported that hydrogen
evolution reaction (HER)-competing reaction of CO2RR mainly happened under Ar atmosphere [14].
Therefore, it was accepted that CdS-NP and CdS-NR displayed similar HER performances in Ar-
saturated electrolyte. However, in comparison with CdS-NP, CdS-NR showed much higher current
densities under CO. atmosphere (Fig. 3B), demonstrating that CdS-NR possessed higher CO2RR
activity [15].
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Figure 3. Polarization curves for CdS-NR and CdS-NP in (A) Ar or (B) CO»-saturated 0.5 M KHCO:s.

The generated gaseous and liquid products for CdS-NP and CdS-NR during potentiostatic
electrolysis were quantitatively measured by gas chromatography and nuclear magnetic resonance
(NMR) spectra, respectively. The corresponding I-T curves for CdS-NP and CdS-NR were shown in
Fig.4A and 4B, respectively. It was clearly observed that CdS-NR delivered higher current densities
than that of CdS-NP under same applied potentials. According to the analysis of the generated
products, CO and H, were the only detectable products under all applied potentials. As shown in Fig.
4C, the faradic efficiency (FE) of CO (FEco) for both CdS-NP and CdS-NR increased with the applied
potentials getting more negative and reached maximum at -0.978 V. However, CdS-NR displayed
higher values of FEco than that of CdS-NP under all applied applied potentials, and that CdS-NR
possessed a maximum FEco up to 59.6%, while it was only 44.2% for CdS-NP. Moreover, CdS-NR
also showed much higher partial current densities of CO than that of CdS-NP (Fig. 4D), demonstrating
that CdS-NR had a better CO2RR performance than that of CdS-NP, which is comparable to, even
better than the reported CdS-based and other metal sulphides in aqueous electrolyte (Table 1) [2,7,16-
21]. Meanwhile, the FEs of H, (FEH2) for those two samples were shown in Fig. 4E. As observed, FEs
of Ha for both samples showed a same variation under different applied potentials, but FEs of H> for
CdS-NP were all higher than that of CdS-NR. As well known, the tuneable ratio of CO and H; in
syngas could be used to produce various chemical products. Fortunately, CO and H> were the only
gaseous products in our system, which provided a platform to produce syngas with different ratio of
CO and H». As shown in Fig. 4F, CdS-NR displayed a ratio of CO/H> from 0.33 to 1.71 by changing
the applied potentials. However, CdS-NP only had a narrow ratio of CO/H> from 0.18 to 0.94. The
wide ratio for CO/H2 made it easily to prepare specific syngas by controlling applied potentials. Hence,
CdS-NR showed a perspective prospect for syngas generation.
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Figure 4. Potential-dependant I-T curves for (A) CdS-NP and (B) CdS-NR with respect of time. (C)
Potential-dependent FE of CO CdS-NP and CdS-NR. (D) CO partial current densities for CdS-
NP and CdS-NR. (E) Potential-dependent FE of H, for CdS-NP and CdS-NR. (F) Ratio of
FEco/FEH2 for CdS-NP and CdS-NR with respect of potentials.

Table 1. Comparison of the maximum FEco and the corresponding CO partial current densities for
CdS-NR in this work and other CdS-based and metal sulphides in aqueous electrolyte

FEco Jjco
Electrocatalyst Electrolyte Reference
(%) (mA cm™)
CdS-NR 59.6 14.8
0.5 M KHCOs3 This work
CdS-NP 44.2 7.8
CdS NNs 0.5 M KHCOs3 91.1 8.2 [7]
CdS-CNTs 0.1 M KHCOs3 92.0 10.5 [16]
P-Cd|S 0.25 M K2SO4 ~70 ~4 [17]
CdS nanorods 0.1 M KHCOs3 81 21.9 [2]
CdS nanorods 0.5 M KHCOs3 95 5.7 [18]
CuzS 0.5 M KHCOs3 15.8 31.6 [19]
h-CuS MCs 0.1 M KHCO; 32.7 - [20]
[GO-PEI-MoS; 0.5 M NaHCO;  85.1 0.3 [21]
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3.3 Mechanism for enhanced catalytic activity

Moreover, we further explored the origins of the better CO2RR performance of CdS-NR than
that of CdS-NP. Well known that the adsorption of CO> was primary and important step for
electrocatalytic CO2RR. Therefore, CO, adsorption measurement for CdS-NR and CdS-NP was firstly
conducted. As shown in Fig. 5A, at the given relative pressure (P/Po) (0.002~0.995), CdS-NR showed
a much higher CO- adsorption ability than that of CdS-NP. A better adsorption of reactant always led
to a more excellent catalytic activity [22]. Furthermore, electron transfer was vital during
electrocatalytic CO2RR process. Therefore, electrochemical impedance spectroscopy (EIS) was taken
to analysis the charge-transfer behaviours. As shown in Fig. 5B, the smaller semicircle diameter of
CdS-NR reflected a smaller charge-transfer resistance and more favourable charge transfer kinetics,
which may due to the reason that the special rod-like micromorphology of CdS-NR could minimize the
electron transport distance [23]. Additionally, the electrochemically active surface areas (ECSA) of
CdS-NR and CdS-NP were obtained by calculating their double-layer capacitances (Cai), since ECSAs
was in proportion to Cqi. Cai was measured based on the CV curves at different scan rates under non-
faradic region (Fig. 6A-B). As shown in Fig. 6C, the measured Ca of CdS-NR was 1.484 mF cm?,
which was about 3.8 times larger than that of CdS-NP (0.395 mF cm), demonstrating that the CdS-
NR provided more accessible active sites, which benefited CO2RR [24]. Overall, in comparison with
traditional CdS nanoparticles, the unique nanorod-like structure endowed an enhanced electrocatalytic
CO2RR performance of CdS-NR.
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Figure 5. (A) CO- adsorption curves and (B) EIS for CdS-NR and CdS-NP.
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against scan rates for CdS-NP and CdS-NR.
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4. CONCLUSIONS

In summary, nanorod-like CdS-NR with a diameter of 10 nm was successfully synthesized via
a solvothermal method, which was used as electrocatalyst to produce syngas through electrocatalytic
CO:2 reduction reaction. In comparison with commercial CdS nanoparticles, CdS-NR exhibited a much
better electrochemical performance toward syngas production in 0.5 M KHCOa. In detail, CdS-NR
possessed much higher values of FE and partial current densities for CO generation. More importantly,
syngas with various ratio of CO/H, from 0.33 to 1.71 could be easily obtained for CdS-NR, while
CdS-NP only produces syngas with a narrow range from 0.18 to 0.94. The wide ratio for CO/H, made
it desirable to prepare specific syngas by controlling applied potential. Systematic studies indicated
that the special nanorode-like structure of CdS-NR was beneficial to CO; adsorption, charge transfer
and exposure of more active cites, which endowed it better electrochemical performance.
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