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Polyethylenimine promoted electrocatalytic reduction of CO2 to 
CO in aqueous media by graphene-supported amorphous 
molybdenum sulphide 
Fengwang Li,a,b Shu-Feng Zhao,a,c Lu Chen,a Azam Khan,a,d Douglas R. MacFarlanea,b* and Jie 
Zhanga,b* 

Abstract: Efficiently and selectively converting CO2 to value-added carbon compounds remains a major challenge in 
sustainable energy research. In this paper, we report the synthsis of a cost-effective catalyst, i.e. amorphous molybdenum 
sulphide on a polyethylenimine modified reduced graphene oxide substrate, for electrocatalytically reducing CO2 into CO 
in CO2 saturated aqueous NaHCO3 media with high efficiency and selectivity. The catalyst is capable of producing CO at 
overpotentials as low as 140 mV and reaches a maximum faradaic efficiency of 85.1% at an overpotential of 540 mV. At an 
overpotential of 290 mV with respect to the formation of CO, it catalyzes the formation of syngas with high stability. 
Detailed investigations reveal that PEI works as a co-catalyst by providing a preabsorption of the CO2. 

Broader context: Electrochemical CO2 reduction using renewable energy as a power source could potentially solve the 
energy and environmental problems arising from excessive use of non-renewable fossil fuels. Currently, electrocatalysts 
for this reaction generally suffer from high cost, low energetic efficiency and poor product selectivity. Nevertheless, 
molybdenum or tungsten containing formate dehydrogenases (FDH) can efficiently and selectively catalyze reduction of 
CO2 to formate in Nature. Inspired by the active sites of FDH, amorphous molybdenum sulphide (MoSx) on a 
polyethylenimine (PEI) modified reduced graphene oxide (rGO) substrate has been synthesized and used as a 
heterogeneous electrocatalyst for reduction of CO2 to CO in aqueous media. The high efficiency and selectivity is 
accomplished by the synergetic effect of MoSx and PEI while rGO improves electrical conductivity of the catalyst. 

Introduction  
Energy and environmental problems are among the most 
challenging issues facing mankind in this century.1-3 Despite 
tremendous efforts to develop renewable energy sources, the 
majority of energy used today is still from non-renewable, 
fossil fuel sources, which leads to an increase in greenhouse 
CO2 levels in the atmosphere and may cause catastrophic 
climate changes. Electrocatalytic reduction of CO2, which 
recycles CO2 back to fuels and commodity chemicals by using 
renewable energy as a power source, could provide an 
attractive solution to this issue.4 However, CO2 is very stable 
under environmental conditions and the hydrogen evolution 
reaction (HER) often prevails over CO2 reduction in aqueous 
electrolytes under cathodic polarization,5,6 making it essential 

to find a suitable catalyst to achieve cost-effective CO2 
reduction with high efficiency and selectivity.  

The past several decades have witnessed reports of a 
number of homogeneous and heterogeneous catalysts for 
electrocatalytic CO2 reduction; these mainly include metals,5 
metal oxides,7,8 metal complexes9-12 and nitrogen-containing 
carbon materials13-16. Among them, noble metals such as Au, 
Ag and Pd have attracted particular interest for they can 
selectively convert CO2 to CO at relatively low 
overpotentials.5,17 Moreover, nanostructured noble metals 
have been developed recently to enhance their 
performance.18-25 For example, oxide-derived Au nanoparticles 
exhibit highly selective CO2 reduction to CO in aqueous 
solution at a lower overpotential than a polycrystalline bulk Au 
electrode.19 However, precious metals are hampered by their 
low abundance and high cost, which restrict their practical, 
large-scale application. Thus, searching for abundant and 
efficient electrocatalysts with selectivity towards CO, or 
capable of producing syngas that could be readily utilized in a 
Fischer-Tropsch process, is vital for commercializing CO2 
electroreduction technologies.26 Although less expensive 
materials such as Cu, Sn, Bi and their oxides have 
demonstrated promise for reduction of CO2 to hydrocarbons, 
formic acid and CO,27-30 these systems generally show low 
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activities and/or selectivity for CO production or need non-
aqueous solvents which may limit practical application. 

In Nature, formate dehydrogenases (FDH), which contain 
molybdenum or tungsten centers coordinated by a 
selenocysteine residue and amino acid residues, can catalyze 
the oxidation of formate to CO2.31,32 Hirst and co-workers33,34 
showed that they could efficiently and specifically catalyze the 
reversible transformation between CO2 and formate under 
mild conditions. This inspires us to explore new catalysts 
resembling the FDH active site for electroreduction of CO2. 
Molybdenum disulphide (MoS2), a two-dimensional transition 
metal dichalcogenide, has sparked tremendous research 
interest as a substitute for Pt for effectively catalysing the HER 
in acidic media.35-37 MoS2 consists of a planar triangular lattice 
of Mo atoms sandwiched between two planes of S atoms and 
each Mo (IV) is coordinated to six S ligands, while each S 
center is connected to three Mo atoms. From a biomimic point 
of view, MoS2 shares a similar structure with the active center 
of FDH, making it potentially an electrocatalyst for CO2 
reduction. Recently, Nørskov et al.38 demonstrated 
theoretically that MoS2 could possibly be an electrocatalyst for 
CO2 reduction and this was subsequently proven 
experimentally in ionic liquid (IL) media with water as a proton 
source.39 In the present work we demonstrate that amorphous 
molybdenum sulphide (MoSx) on a polyethylenimine (PEI) 
modified reduced graphene oxide (rGO) substrate can be a 
highly efficient and selective electrocatalyst for reduction of 
CO2 to CO in simple aqueous media at low overpotentials. We 
show that the PEI layer considerably enhances the catalytic 
activity of the MoSx, presumably by absorbing and stabilising 
both the CO2 and its reduction intermediates, as has been 
suggested previously for PEI on carbon nanotube materials.40  

Experimental 
Chemicals and apparatus 

NaHCO3 (ACS grade), NaOH and NaH2PO4 (AR grade) were 
purchased from Merck. Natural graphite (crystalline, 300 mesh) 
was from Alfa Aesar. Polyethylenimine (PEI, Mn = 10,000, 
branched), polyethylene glycol (PEG, Mn = 400), 
polydiallyldimethylammonium chloride (PDDA, 20 wt% in 
water, Mw = 100,000 ~ 200,000) and (NH4)2MoS4 (99.97% trace 
metals basis) were purchased from Sigma-Aldrich. All the 
chemicals were used without further purification. Graphene 
oxide (GO) was synthesized from natural graphite using the 
method described by Hummers et al.41 Phosphate buffer was 
prepared by adding 5.0 M NaOH solution to 0.1 M NaH2PO4 
solution to adjust the pH to 6.81. All the aqueous solutions 
were prepared with MilliQ water. 
 

 
Fig. 1 Schematic illustration of the fabrication of rGO-PEI-MoSx 
modified electrodes. 

 
Transmission electron microscopic (TEM) images were 

collected on a FEI Tecnai G2 T20 TWIN TEM Instrument. 
Scanning electron microscopic (SEM) images and energy 
dispersive spectrum (EDS) were recorded on a FEI Nova 
NanoSEM 450 FEG SEM Instrument equipped with Bruker 
Quantax 400 X-ray analysis system. Raman spectra were 
obtained using a Renishaw inVia Microscope with a 532 nm 
laser source and IR spectra with a Digilab (7000) Stingray 
Imaging FT-IR Spectrometer. X-ray Diffraction (XRD) data were 
collected with a Philip X-ray powder diffractometer (Cu Kα 
radiation). Gas chromatography (GC) was performed with an 
Agilent 7820 A gas chromatography system equipped with a 
HP-plot molesieve (5A) column and a thermal conductivity 
detector (TCD). The carrier gas was helium (99.99%) for CO 
analysis while nitrogen (99.99%) was used as carrier gas for H2 
analysis. The retention times were compared with known 
compounds. All the electrochemical experiments were 
conducted on a CHI 760E electrochemical workstation (CH 
Instruments, Austin, Texas, USA) at room temperature (22 ± 
2 °C).  
 
Fabrication of rGO-PEI-MoSx electrode 

10 mg graphene oxide (GO) powder was dispersed in 10 mL 
water and pH was adjusted to around 9.0 by adding an 
appropriate amount of aqueous NaOH solution (5.0 M) 
dropwise. After sonication for at least 1 hour, 500 µL of a 5 wt% 
PEI aqueous solution was then added into the GO dispersion 
quickly and sonicated for another 30 minutes. Afterwards, it 
was stirred at 60 °C for 12 hours to form the GO-PEI solution. 
In order to obtain a well-dispersed solution, centrifugation at 
3000 rpm was applied for 20 minutes to remove any large 
aggregates. The procedure for fabricating the rGO-PEI-MoSx 
electrode is schematically described in Fig. 1. Firstly, 4 μl of 
GO-PEI solution was casted onto a glassy carbon electrode 
(GCE, 3 mm in diameter, CH Instruments, USA) to form the GO-
PEI modified GCE and dried under an infrared lamp. The as-
prepared electrode was then immersed into a solution 
composed of 2 mM (NH4)2MoS4 and 0.1 M phosphate buffer 
for electrodeposition of MoSx by cycling the potential from 0.3 
V to -1.3 V (vs. Ag/AgCl (3 M KCl)) at a scan rate of 50 mV s-1 
for 10 times. During this process, GO is electroreduced to 
reduced graphene oxide (rGO), while MoSx is electrodeposited 
onto the rGO. MoSx, rGO-PEI, rGO-MoSx, rGO-PEG-MoSx and 
rGO-PDDA-MoSx electrodes were prepared by a similar 
procedure. To prepare TEM samples, catalyst materials were 
carefully scraped off from the electrode surface and dispersed 
in water by sonication for 30 minutes. Afterwards, 2 µL of the 
dispersion was drop casted on a copper grid and dried in air.  
 
Electrochemical measurements 

Cyclic voltammetric (CV) measurements were carried out in 0.5 
M aqueous NaHCO3 solution saturated with N2 or CO2 by 
bubbling N2 or CO2 for at least 30 minutes in a conventional 
three-electrode cell comprising a platinum wire counter 
electrode, an Ag/AgCl (3 M KCl) reference electrode and a 
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modified or unmodified GCE as the working electrode. In some 
experiments, a piece of high surface area carbon cloth (1 cm x 
0.5 cm) modified with rGO-PEI-MoSx was used as working 
electrode. Electrolysis was performed in a gas-tight two-
compartment electrochemical cell with a glass frit as the 
separator. Each compartment contained 12.5 mL electrolyte 
and approximately 20 mL headspace. A piece of carbon cloth 
(1cm x 1.5 cm) was used as counter electrode, an Ag/AgCl (3 M 
KCl) as reference electrode and a modified glassy carbon plate 
(0.4 cm x 1.5 cm) as working electrode. Before electrolysis, the 
cell was degassed by bubbling CO2 gas for at least 30 min. The 
solutions in both compartment were stirred during electrolysis. 
After the electrolysis, a small fraction of the cell's head space 
products (200 µL) was sampled by gas-tight syringe and 
analysed by GC. The durability test was conducted by 
chronoamperometry at a constant potential of -0.65 V using a 
rGO-PEI-MoSx modified 3 mm diameter GCE. A slightly positive 
CO2 pressure was applied to prevent air from entering the 
electrolysis cell and to maintain the concentration of CO2. 
    All potentials were converted to the reversible hydrogen 
electrode (RHE) reference scale using the formula: E (vs. RHE) 
= E (vs. Ag/AgCl) + 0.210 V + 0.0591 V x pH. All the working 
electrodes were polished using a 0.3 µm aqueous alumina 
slurry on a polishing cloth, sonicated in water and acetone, 
rinsed with acetone, and then dried under a flow of nitrogen 
before use.  

Results and discussion 
Fourier Transform Infrared spectroscopic characterization of 
GO-PEI 

Fourier Transform Infrared (FT-IR) spectroscopic 
characterization of GO and GO-PEI was undertaken to reveal 
the nature of the interaction between PEI and GO. As shown in 
Fig. 2a, these two materials exhibit distinctly different FT-IR 
spectra. Two additional peaks at 2841 and 2932 cm-1 were 
found with GO-PEI, which were assigned to symmetric and 
asymmetric stretching modes of the CH2 of the PEI chains.42 
Furthermore, a significant decrease of the peak at 1724 cm-1  
(attributed to C=O from the carboxyl group in pristine GO) and 
the appearance of a new band at 1632 cm-1 (attributed to the 
C=O stretching of the primary amide) suggest that the carbonyl 
groups are converted to amides on reaction with the PEI.43 
This is further confirmed by the new bands observed at 1450 
cm-1 (C-N stretching vibration) and 1572 cm-1 (N-H bending 
vibration) with GO-PEI.44 This covalent interaction between PEI 
and GO is beneficial in maintaining the high stability of the 
modified electrode under long term electrolysis conditions. It 
is important to point out that the band at 1592 cm-1 ascribed 
to the C=C vibration of the aromatic rings was observed in 
both GO and GO-PEI, implying that the sp2 character in GO-PEI 
is preserved after the chemical conjugation,45 which is crucial 
to preserve the conductivity of the fabricated electrode. 
 

 
Fig. 2 (a) FT-IR spectra of GO (black line) and GO-PEI (red line). 
(b) Electrodeposition of rGO-PEI-MoSx on GCE by repeating CVs 
for 10 cycles. 
     
Fabrication and characterization of rGO-PEI-MoSx 

The rGO-PEI-MoSx electrode was fabricated by 
electrodeposition of MoSx onto a rGO-PEI modified electrode 
using the detailed procedure described in the Experimental 
section. The voltammogram (Fig. 2b) clearly demonstrates that 
a new reduction process at -0.1 V (vs. RHE, all potentials 
hereafter are with respect to this reference) and a new 
oxidation process at 0.4 V emerge and their current magnitude 
increases with cycling.  The oxidation peak is attributed to the 
oxidation of [MoS4]2- to form MoS3 and S8 according to the 
following equation:46 

[MoS4]2− → MoS3 +
1
8 S8 + 2e− 

The reduction peak is assigned to the reduction of the 
electrogenerated S8. In the potential region more negative 
than -0.25 V, reductive deposition of amorphous MoIVS2 (i.e. 
MoSx) takes place according to the previous electrochemical 
quartz crystal microbalance studies.46 

[MoS4]2− + 2H2O + 2e− → MoS2 + 2HS− + 2OH− 
In the potential range of -0.4 V to -0.69 V, GO is electro-
reduced to rGO.47 Thus, the deposition of MoSx and reduction 
of GO occurred simultaneously in this potential region, which 
was confirmed by energy dispersive spectroscopy (EDS) and 
Raman spectroscopy (Fig. S1). The presence of hydrophilic PEI 
on GO could increase the space between each GO layer and 
make it more easily accessible for [MoS4]2- to achieve efficient 
deposition of MoSx.48 Moreover, both rGO-PEI and rGO-PEI-
MoSx modified GCE show a large increase in capacitance 
compared to bare GCE (Fig. S2) due to a significantly enlarged 
conductive surface area introduced by rGO.49 The further 
enhanced capacitance of rGO-PEI-MoSx arises from pseudo-
capacitance processes associated with MoSx.50 To confirm the 
interaction between rGO and MoSx, transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM) 
images were used to characterize the morphology. As revealed 
in Fig. S3, rGO-PEI-MoSx shows a translucent and wrinkled 
texture associated with flexible graphene sheets. Fig 3a shows 
the magnified image and MoSx nanoparticles of diameter 17 ± 
3 nm (Fig. S4) can be clearly seen. The fast Fourier transform 
(FFT) pattern indicates the amorphous nature of MoSx 
nanoparticles (Fig. 3a insert), which is further confirmed by X-
ray Diffraction (XRD, Fig. S5) with no characteristic peak of any 
crystalline structures observed. Moreover, in the absence of 
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GO-PEI, the MoSx tended to aggregate into much larger 
particles (Fig. S6). By contrast, as can be seen from Fig. 3b, the 
MoSx nanoparticles grew uniformly on the surface of rGO-PEI 
allowing the exposure of more edge-active sites of MoSx to 
CO2. 
 

 
Fig. 3 TEM (a) and SEM (b) images of rGO-PEI-MoSx. Insert of 
(a): corresponding FFT pattern. Scale bar: (a) 100 nm, (b) 200 
nm. 
 
CO2 reduction activities of rGO-PEI-MoSx 

To assess the possibility of using rGO-PEI-MoSx for 
electrocatalytic reduction of CO2, CV studies were firstly 
undertaken in N2-saturated and CO2-saturated 0.5 M aqueous 
NaHCO3 solutions (pH values 8.5 and 7.2, respectively) at a 
scan rate of 50 mV s-1 (Fig. 4a). Under both atmospheres, rapid 
increases of current were observed at around -0.22 V. In the 
more negative potential region, a broad process centred at -
0.65 V appears under the CO2 atmosphere. Similar processes 
were also reported in the previous studies with nitrogen-
doped carbon nanofibers15 or Ag22,51 as the catalysts and were 
assigned to the reduction of CO2. Since CV cannot provide 
conclusive evidence about the nature of this reduction process, 
potentiostatic electrolysis was conducted by applying a 
potential in the range of -0.25 V to -0.95 V and the faradaic 
efficiency (F.E.) is plotted as a function of the applied potential 
in Fig. 4b. The results reveal that H2 and CO are the dominant 
products with a combined F.E. of around 100% over the whole 
potential range. Therefore, the liquid products, if any, were 
not analysed. The selectivity towards H2 and CO is strongly 
dependent on the applied potential. At an applied potential of 
-0.25 V (corresponding to an overpotential of 140 mV for the 
formation of CO, since the equilibrium potential is -0.11 V vs. 
RHE5. All the overpotentials hereafter are reported with 
respect to this equilibrium potential.), CO with a F.E. of ~ 5% 
was detected while H2 is the dominant product. This 
overpotential for CO formation is significantly lower than that 
of polycrystalline Au or Ag5 and as low as that achieved in 
oxide-derived Au nanoparticles under the same conditions.19 
F.E. of CO formation overtakes H2 evolution when the 
potential becomes more negative and it reaches the maximum 
of 85.1% at an applied potential of -0.65 V (overpotential of 
540 mV), which exceeds the highest F.E. of the polycrystalline 
Ag electrode reported in the same electrolyte medium.5 H2 
regains dominance in the more negative potential region. This 
phenomenon was also observed in the case of Ag catalyst in 
previous reports.5,51 The explanations given in these reports 
are summarized as follow: at relatively positive potentials, the 

driving force for CO2 reduction is lower than that for HER (the 
equilibrium potential is 0 V vs. RHE for 2H2O+2e-→2H2+2OH-); 
therefore, HER is the major process. At a more negative 
potential, the kinetics of CO2 reduction increase; the formation 
of adsorbed CO hinders the HER process. When the applied 
potential is further more negative, CO2 reduction becomes 
relatively slow due to the enhanced driving force for HER and 
the large proton availability in water, even if CO2 reduction 
process is not eventually mass-transport controlled. 
Consequently, HER dominates again. 
 

 
Fig. 4 (a) CVs of rGO-PEI-MoSx modified GCE in N2-saturated 
(black curve) and CO2-saturated (red curve) 0.5 M aqueous 
NaHCO3 solution. Scan rate was 50 mV s-1. Insert: structure of 
PEI. (b) Faradaic efficiency for CO (red bars) and H2 (blue bars) 
as a function of potential. 
      
    The intrinsic catalytic activity toward CO2 reduction for each 
MoSx active site is indicated by turnover frequency (TOF), 
calculated using the following equation: 

 

TOF =
𝐼𝐼totalF. E.

2𝐹𝐹𝐹𝐹  

 
where Itotal is the current (in A) in CV measurement, F.E. is 
faradaic efficiency for CO formation, n is active sites number 
(in mol) and F is Faraday’s constant (in C mol-1). The factor 2 
arises from the fact that two electrons are required to form 
one CO molecule from one CO2 molecule. Taking Itotal = 3.4 x 
10-4 A, F.E. = 85.1%, n = 6.18 x 10-10 mol (estimated from 
voltammetric measurements (Fig. S7)), the TOF at the applied 
potential of -0.65 V is calculated to be 2.4 s-1. Such a large TOF 
value implies that this catalyst could potentially be used for 
practical applications when it is immobilized on a porous 
support with a large surface area. Indeed, a current density as 
high as 55 mA cm-2 at -0.65V could be reached when the rGO-
PEI-MoSx composite catalyst was immobilized on a carbon 
cloth electrode (Fig. S8). 
    It is also worth noting that the molar ratio of H2 and CO is 
about 2:1, which is the composition of syngas, when the 
applied potential is -0.4 V (equivalent to 290 mV overpotential 
for CO formation) (Fig. 5). Thus, this produced gas mixture 
could readily serve as the source gas for the Fischer-Tropsch 
process, an important gas to liquids technology for generating 
methanol, synthetic petroleum and other liquid fuels.26 More 
importantly, the F.E. of H2 and CO remains constant at this 
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potential over at least 3 hours of electrolysis (Fig. 5), showing 
great promise as a practical catalyst for this process.  
 

 
Fig. 5 Amount and faradaic efficiency of H2 (circles) and CO 
(squares). Potentiostatic electrolysis at -0.4 V in CO2-saturated 
0.5 M aqueous NaHCO3 solution. Measurement interval: 0.5 h. 
  
    In addition, the durability of rGO-PEI-MoSx was also studied 
by chronoamperometry at -0.65 V, which is the optimum 
potential with respect to maximum CO selectivity. As shown in 
Fig. S9, the current remains stable in the time scale of 16 hours 
(60,000 s). Initial decay of current, which cannot be completely 
attributed to the double layer charging process, is mainly due 
to the adsorption of gaseous products. This current was largely 
recovered when the electrode was left under open circuit 
condition for 500 seconds before applying the same potential 
for electrolysis, suggesting long-term durability of the rGO-PEI-
MoSx. SEM images and EDS of the electrode surface after 
60,000 s are shown in Fig. S10. Compared with SEM image 
taken before the electrolysis (Fig. 4c), not much difference in 
morphology was observed after the long-term electrolysis 
experiment. The elemental analysis reveals the preservation of 
C, N, Mo and S elements, which also indicates the stability of 
the material. 
 
Possible origins of the activity of rGO-PEI-MoSx for CO2 
reduction 

To reveal the possible origins of the activity of rGO-PEI-MoSx 
for CO2 reduction, the CV measurements were undertaken 
using rGO-PEI, rGO-MoSx and rGO-PEI-MoSx modified GCEs, 
respectively. As shown in Fig. 6a, in the absence of MoSx, rGO-
PEI modified GCE demonstrates a reduction onset potential 
that is about 500 mV more negative than the other two 
electrodes in both N2-saturated and CO2-saturated 0.5 M 
aqueous NaHCO3 solutions which indicates that MoSx is the 
effective catalyst towards the reduction reactions observed 
here. Electrolysis results (Fig. 6b) show only H2 was detected 
with a F.E. of ~93% at -0.85 V. The rGO-MoSx modified GCE 
presents similar CV curves in N2 and CO2 atmospheres and 
potentiostatic electrolysis at -0.65 V reveals that H2 is the only 

product with a F.E. of ~95%. Interestingly, although the 
incorporation of PEI into rGO-MoSx system results in a 
decrease in current density under either N2 or CO2 
atmospheres, which will be discussed later, there is a 
significant difference in voltammetric characteristics and a 
considerably higher F.E. for CO at -0.65 V. Hence, a synergetic 
effect of PEI and MoSx is responsible for the catalysis of CO2 
reduction.  
 

 
Fig. 6 (a) CVs of rGO-PEI, rGO-MoSx, rGO-PEI-MoSx modified 
GCE in N2-saturated and CO2-saturated 0.5 M aqueous NaHCO3 
solution. Scan rate was 50 mV s-1. (b) Faradaic efficiency for CO 
(red bar) and H2 (blue bars) of rGO-PEI, rGO-MoSx, rGO-PEI-
MoSx, potentiostatic electrolysis at -0.65 V in CO2-saturated 
0.5 M aqueous NaHCO3 solution. CVs of rGO-PDDA-MoSx (c) 
and rGO-PEG-MoSx (d) modified GCE in N2-saturated and CO2-
saturated 0.5 M aqueous NaHCO3 solution. Scan rate was 50 
mV s-1. Insert of (c) and (d) shows the structure of PDDA and 
PEG, respectively. 

 
Crystalline MoS2 has demonstrated its capability for 

effectively electroreducing CO2 in an imidazolium based IL 
mixed with water as proton source.39  Similar observations 
have also been made previously by the same group in their 
study of electrocatalytic reduction of CO2 at an Ag electrode in 
this media.52 They found that imidazolium cation could act as a 
cocatalyst via the formation of IL-CO2 complex to reduce the 
activation energy barrier. Nørskov et al. recently predicted 
theoretically by DFT calculations that the edge sites of MoS2 
could be the catalysing sites for CO2 reduction.38 They claimed 
that the bridging S atom at the edges of MoS2 could selectively 
bind the intermediate HCOO over the product CO, which 
resulted in a deviation from the transition-metal scaling 
relationship of intermediates in CO2 reduction process and 
therefore significantly improved CO2 reduction activities over 
transition-metal catalysts. On this basis, in principle, 
amorphous MoSx used in our study should be a better 
electrocatalyst for CO2 reduction due to its rich of the edge 
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sites. Moreover, they also showed that in a proper coverage of 
H (depends on reaction conditions, such as applied potential) 
at the edge of MoS2, the S edges provided more selectivity for 
CO2 reduction over HER than the Mo edge. This could also be 
one of the reasons that the F.E. of CO reached the maximum at 
a certain applied potential and decreased at either more 
positive or negative potentials observed in electrolysis. It is 
worth to note that the electron transport on the surface of 
electrode can be speeded up by compositing MoSx with 
conducting rGO for MoSx’s relatively poor conductivity.53  

However, in the absence of PEI, rGO-MoSx modified GCE 
only showed activity towards HER, which infers the crucial role 
of PEI for CO2 reduction. To investigate its role, PEI was 
replaced with other polymers, poly diallyldimethylammonium 
chloride (PDDA) or polyethylene glycol (PEG) for the 
fabrication of rGO-polymer-MoSx modified electrodes. Fig. 6c 
and d present the CVs of rGO-PDDA-MoSx and rGO-PEG-MoSx 
modified GCE in N2-saturated and CO2-saturated 0.5 M 
aqueous NaHCO3 solution at the scan rate of 50 mV s-1, 
respectively. Again, both electrodes show similar CV curves in 
N2 and CO2 atmospheres with the same onset potential and 
only a slight decrease of current density in the present of CO2 
and further potentiostatic electrolysis demonstrated H2 as the 
only product. Thus it is clear that the PEI possesses unique 
properties that produce synergetic effects with MoSx for CO2 
reduction. The function of PEI may be ascribed to the following 
factors. Firstly, PEI has been widely used in CO2 capture 
technology since it has high capacity and selectivity toward 
absorption of CO2 due to carbamate formation.54 It can 
increase the concentration of CO2 on the electrode surface, 
leading to increased availability of CO2 for the reaction. 
Secondly, a large number of amine functionalities on PEI could 
be expected to effectively suppress HER and thus enhance the 
competitive CO2 reduction as suggested previously by Tsai et 
al..55 Moreover, amines together with rGO might have 
concerted interaction with the edge of MoSx and further 
modulate the H coverage.56 Thirdly, PEI may lower the energy 
barrier for reducing CO2 to CO2·- intermediate by stabilizing the 
intermediate CO2·- through hydrogen bonding interactions.40  

Conclusions 
In summary, we have synthesized amorphous molybdenum 
sulphide (MoSx) on polyethylenimine (PEI) modified reduced 
graphene oxide (rGO-PEI-MoSx) and used it as a 
heterogeneous catalyst for electrocatalytic reduction of CO2 to 
CO in CO2 saturated aqueous NaHCO3 solution with high 
efficiency and selectivity. The catalyst is capable of reducing 
CO2 to CO at an overpotential as low as 140 mV. It reaches a 
maximum faradaic efficiency of 85.1% at an overpotential of 
540 mV, under which this catalyst exhibits a high TOF value of 
2.4 s-1 for the formation of CO. Consequently, when the 
catalyst was deposited on the porous carbon cloth electrode 
with a large active surface area, a current density of about 50 
mA cm-2 can be reached at the same overpotential. At an 
overpotential of only 290 mV with respect to CO formation, 
this catalyst is also capable of producing syngas. The catalyst is 

highly stable in the long-term electrolysis. The efficiency and 
selectivity towards CO2 reduction rather than hydrogen 
evolution at the optimal applied potential are attributed to the 
synergetic effect of MoSx and PEI: (1) the intrinsic properties of 
MoSx that it can selectively bind the intermediate during the 
CO2 reduction reaction path is the principal factor contributing 
the CO2 reduction. (2) PEI, an amine containing polymer with 
outstanding CO2 adsorption capacity can stabilize the 
intermediate and thus lower the energy barrier by hydrogen 
bond interaction. Our promising rGO-PEI-MoSx composite 
catalyst may pave a new way for efficient CO2 reduction 
catalysis based on inexpensive noble-metal-free materials. 
Catalytic performance could be further improved by finely 
tune the properties of MoS2 using the well-established doping 
methods.37,46,57 
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Fig. S1 EDS (a) and Raman spectrum (b) of GO-PEI and rGO-PEI-MoSx. The presence of peaks of 
Mo and S indicates the successful deposition of MoSx on GO-PEI. Moreover, the N peak remains 
after the electrodeposition, which implies the stability of PEI anchored on GO. After the 
electrodeposition of MoSx. D and G peaks are observed at 1348 and 1596 cm-1, which correspond to 
the E2g mode observed for sp2 carbon domains and edges and/or defects of the sp2 domains, 
respectively.1 The intensity ratio (ID/IG) of D band and G band of GO-PEI is about 0.83, while the 
ID/IG of rGO-PEI-MoSx is 1.21 due to the presence of unrepaired defects that remain after the removal 
of large amounts of oxygen-containing functional groups. This ID/IG ratio value is consistent with 
most chemical reduction reports,1,2 suggesting that the successful electroreduction of GO to rGO 
accompanied by the electrodeposition of MoSx. 

 

0.1 0.2
-8

-4

0

4

8

 
 

Cu
rr

en
t /

 µ
A

Current / V vs. RHE
 

Fig. S2 CVs of bare GCE (—), rGO-PEI (—) and rGO-PEI-MoSx (—) modified GCE in 0.1 M 
phosphate buffer (pH=6.81) at a scan rate of 10 mV s-1. Compared to bare GCE, both rGO-PEI and 
rGO-PEI-MoSx modified GCE show a large increase in current at the potential region in the absence 
of faradaic current, which indicates a significantly enlarged surface area introduced by graphene. The 
further enhanced capacitance of rGO-PEI-MoSx arises from the pseudo-capacitance processes 
associated with MoSx. 



 

Fig. S3 TEM image of rGO-PEI-MoSx, which shows a translucent and wrinkled texture associated 
with flexible graphene sheets. Scale bar is 400 nm. 
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Fig. S4 Size distribution of MoSx nanoparticles shown in Fig. 3a. 
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Fig. S5 XRD pattern of bare FTO (black) and rGO-PEI-MoSx on FTO (red). Comparing these two 
spectra, only characteristic peaks of FTO can be observed from the rGO-PEI-MoSx modified FTO, 
which confirms the amorphous state of MoSx. 

 

 

Fig. S6 TEM image of MoSx electrodeposition in the absence of GO-PEI.  MoSx tends to aggregate to 
large nanoparticles and thus the amount of exposed edge active sites reduces. Scale bar is 200 nm. 
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Fig. S7 

 

0.0 0.4 0.8 1.2
0

100

200
 

 

Cu
rr

en
t /

 µ
A

Potential / vs. RHE

 rGO-PEI
 rGO-PEI-MoSx

 
Fig. S7 Oxidation peak of rGO-PEI and rGO-PEI-MoSx. To quantify the total amount of 
MoSx, freshly prepared rGO-PEI-MoSx electrode was electrochemically oxidised in 0.5 M 
H2SO4 under cyclic voltammetric conditions in the potential region from 0 V to 1.4 V (vs. 
RHE) at a scan rate of 50 mV s-1. The amount of electron (Q) consumed to oxidise MoIV and 
S2

2- associated with MoSx to MoVI and SO4
2-, respectively, is calculated by integrating the area 

of the oxidation peak, which corresponds to the overall 18-electron oxidation process 
described in the following equation:3,4 

MoS2 + 11H2O → MoO3 + 2SO4
2− + 22H+ + 18e− 

The electric quantity Q is integrated to be 1.08 x 10-3 C. Thus the amount of MoSx is 6.18 x 10-10 mol 
based on the Faraday’s law.  
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Fig. S8 Linear sweep voltammogram obtained using a rGO-PEI-MoSx modified carbon cloth (—) as 
working electrode in CO2-saturated 0.5 M aqueous NaHCO3 solution. In the absence of rGO-PEI-
MoSx, only a small background current was observed (—). Scan rate was 5 mV s-1. 

 

 

Fig. S9 Chronoamperometric response of a rGO-PEI-MoSx modified GCE at a constant potential of    
-0.65 V. At the 10,000th and 50,000th second, the applied potential was switched to open circuit 
potential for 500 seconds before recovering to -0.65 V. 

 



 

Fig. S10 SEM (a) and EDS (b) of rGO-PEI-MoSx taken after 60,000 seconds of electrolysis. The 
electrode surface does not show obvious difference after the long-term electrolysis experiment while 
the MoSx maintains its nanoparticle morphology. The EDS analysis reveals the preservation of C, N, 
Mo and S elements. Scale bar: 200 nm. 
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