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A B S T R A C T   

An effective electrochemical carbon dioxide reduction reaction (eCO2RR) requires the discovery of a catalytic 
system that is highly active and selective for multi-carbon products together with superior CO2 diffusion at a 
catalyst layer to minimize the reduction barriers. Here, we found a catalytic system that uses molybdenum 
phosphide (MoP) nanoparticles covered by imidazolium-functionalized ionomer (Im) that promotes CO2 diffu
sion at the catalyst layer toward the catalyst surface, where CO2 is reduced to ethanol (C2H5OH). The electro
chemical results with the MoP-Im co-catalyst show a C2H5OH production Faradaic efficiency and a cathodic 
energy efficiency of 77.4% and 63.3%, respectively, at a potential as low as − 200 mV vs. RHE. The electro
chemical experiments along with our physicochemical characterizations indicate that the Im improves CO2 
diffusion and balances water content resulting in a higher CO2-to-water ratio at the catalyst layer and fine-tunes 
the electronic properties of Mo atoms at the MoP surface. In-situ Raman spectroscopy reveals that a high number 
of adsorbed *CO intermediates on the surface and a higher binding strength of *CO intermediates on the Mo 
surface sites in the presence of imidazolium molecules are the main reasons for a superior C-C coupling and 
thereby the improved C2H5OH formation.   

1. Introduction 

The US economy accounts for the release of a large amount of carbon 
dioxide (CO2) into the atmosphere, causing severe environmental im
pacts [1]. However, CO2 can be directly converted to value-added 
products via an electrochemical process driven by renewable energy 
that provides a promising path to carbon-neutral manufacturing of 
chemicals and fuels at the gigaton scale [2,3]. While recent studies have 
mainly focused on the development of catalysts to effectively produce 
multi-carbon (C2

+) products, it is also important to improve CO2 diffu
sion (mass transport) to the catalyst surface where CO2 is adsorbed and 
then converted to *CO2

- intermediates that are identified to be thermo
dynamically uphill steps in many catalytic systems leading to a high 
overpotential and therefore, a low energy efficiency of the electro
catalytic CO2 reduction reaction (eCO2RR) [4,5]. This requires the 

discovery of a novel catalytic system that has a dual effect: (i) high ac
tivity and selectivity toward C2

+ products, and (ii) high CO2 affinity to 
reduce diffusion limitations of the reaction. Recent studies have found 
that imidazolium-based ionic liquids can improve eCO2RR performance 
by lowering the thermodynamic barriers of the reaction [4,6,7]. The 
imidazolium cations can also enhance the diffusion of CO2 to the catalyst 
surface and balance the water content needed for the reaction [8]. 

In the quest for catalysts to produce C2
+ chemicals in eCO2RR, tran

sition metal phosphide (TMPs) have received great attention due to their 
low overpotentials and high selectivity toward C2

+ products, such as 2,3- 
furandiol (C4H4O3) [9], methylglyoxal (C3H4O2) [10], and ethanol 
(C2H5OH) [11,12]. It has been shown that nanostructured TMPs have a 
promising catalytic ability owing to their unique structural properties 
that provide a high density of metal active sites at the surface with 
outstanding electronic properties, i.e., high density of d-orbital electrons 
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at the Fermi energy and low work function that can be ideal for elec
trocatalysis [13]. 

In this study, we have demonstrated a novel catalytic system with 
molybdenum phosphide (MoP) nanoparticles, a TMP, as the catalyst, 
and an imidazolium-functionalized ionomer (Im) as a catalyst helper 
that works remarkably well as a unified system to effectively produce 
C2H5OH in a hybrid electrolyte of 3 M potassium hydroxide (KOH) and 
3 M potassium chloride (KCl). 

2. Experimental section 

2.1. Synthesis of MoP-Im and MoP catalysts and the ionomer 

Ammonium molybdate tetrahydrate ((NH4)6Mo7O24.4 H2O, Sigma 
Aldrich), ammonium hydrogen phosphate ((NH4)2HPO4, Sigma Aldrich) 
and citric acid (C6H8O7, Sigma Aldrich) were used to synthesize MoP 
nanoparticles. First, (NH4)6Mo7O24.4 H2O (4.68 g) and (NH4)2HPO4 
(0.5 g) with a molar ratio of 1:1 were dissolved in a sufficient amount of 
DI-water (40 ml) at 90 ºC for 2 h. Then citric acid (0.1 g) was added to 
the solution in a molar ratio of 2 (citric acid): 1 (Mo). After we evapo
rated the excess water, the remaining brown slurry was dried in vacuum 
at 120 ºC for 24 h and hand ground to get the MoP precursor. The pre
cursor was then sintered at 500 ºC for 5 h under nitrogen flow. The 
obtained dark gray powder was then heated to 650 ºC at a heating rate of 
10 ºC/min and kept at 650 ºC for 2 h under a controlled flow of 8 vol% of 
hydrogen/argon to obtain the MoP nanoparticles. The as-synthesized 
MoP nanoparticles were then deactivated under mixed 2 vol% oxy
gen/argon flow for 2 h, after which they could be handled in ambient air 
[13] 

The Im used for our MoP-Im was synthesized by mixing 2.4 g of 
divinylbenzene (C6H4(CH=CH2)2, Sigma Aldrich), 0.048 g of cyclo
hexane carbonitrile (C6H11CN, Sigma Aldrich), 0.08 g 1,1-azobis 
cyclohexane carbonitrile (NCC6H10N = NC6H10CN, Sigma Aldrich) 
and 1.5 g of 2-methylimidazole (C4H6N2, Sigma Aldrich) in 10 ml of 
dimethylformamide (HCON(CH3)2, Sigma Aldrich). The mixture then 
was heated to 80 ºC for 9 h to obtain a white solid, the ionomer pre
cursor. Next, the precursor was washed with 15 ml of dichloromethane 
(CH2Cl2, Sigma Aldrich) to remove residual dimethylformamide solvent 
and excess reagents. The synthesized ionomer was dried in a vacuum 
oven at 50 ºC to remove any residual impurities [14,15]. 

To prepare the MoP-Im matrix, 0.1 g of MoP nanoparticles was 
dispersed in 15 ml of isopropyl alcohol (C3H7OH, Sigma Aldrich). Then 
synthesized Im was added to the solution and mixed with MoP nano
particles for 2 h at 50 ºC to obtain MoP-Im ink with 8 wt% of the Im. 

2.2. Electrochemical CO2 reduction reaction setup 

A two-compartment three-electrode flow electrolyzer was used for 
electrochemical experiments. It consists of housings, gaskets, anode and 
cathode flow-field plates, and an anion exchange membrane. The anode 
and cathode housings (10 × 10 × 1 cm) were made from stainless steel 
and serve to deliver liquid and gas feeds to the anode and cathode parts, 
through 0.125” NPT ports with barbed tubing adapters. The cathode and 
anode housings with active surface areas of 5 cm2 sandwich an ionic 
exchange membrane (Sustainion X37–50 Grade RT, Dioxide Materials). 
The membrane was treated in a CO2 saturated 3 M potassium hydroxide 
solution for 12 hr at 50 ◦C prior to use. A peristaltic pump (Masterflex, 
Cole-Parmer) was used to continuously pump a hybrid 3 M potassium 
hydroxide and 3 M potassium chloride electrolyte with flow rate of 30 
ml/min through the cathode and anode sides. A mass flow controller 
(SmartTrak 50, Sierra, calibrated with CO2 gas) connected to the hu
midifier kit, was used to set the flow rate of CO2 at 30 ml/min. Iridium 
oxide (IrO2) powder (Sigma Aldrich) and Ag/AgCl (saturated KCl) were 
employed as anode and reference electrodes, respectively. More details 
about electrochemical setup and experiments can be found in the Sup
plementary Materials section S8. 

2.3. Product characterization and energy conversion efficiency 
measurement 

The products of electrochemical CO2RR were detected and quanti
fied using a gas chromatograph (GC, SRI 8610 C Multiple Gas Analyzer), 
differential electrochemical mass spectroscopy (DEMS, HPR-40, Hiden 
Analytical) and nuclear magnetic resonance spectroscopy (NMR, 500 
MHz Bruker Advance III HD). The GC system comprised a sampling loop 
equipped with a flame ionization detector (FID) and a thermal con
ductivity detector (TCD). Ultra-high purity helium (He) and nitrogen 
(N2) (UHP 99.99%, Airgas) were used as the carrier gases to identify any 
possible type of product. The column oven was maintained at 40 ºC for 2 
min followed by a temperature ramp at 20 ºC/min to 250 ºC which was 
held constant for 1 min for a precise product analysis. Moreover, the in- 
situ DEMS was used to validate the obtained products from the GC sys
tem by continuously detecting all possible products, even at trace 
amounts (partial pressure of 1 ×10-13 Torr), during the experiments, 
resulting in a more precise measurement. The signal responses of the 
DEMS instrument for different products were calibrated by feeding 
standard samples into the mass spectrometer. An electron energy of 70 
eV was used for ionization of all species, with an emission current of 500 
µA. All mass-selected product cations were detected by a secondary 
electron multiplier with a detector voltage of 1200 V for maximizing the 
signal to noise ratio of the products. The NMR spectroscopy was 
employed to characterize the liquid phase products. To do so, 0.5 ml of 
the electrolyte was taken and mixed with 0.2 ml Deutrium oxide (D2O 
99.9% deuterium, Sigma-Aldrich) in 5 mm NMR glass tube (Wilmad®). 
All NMR spectra were collected using a 500 MHz Bruker Advance III HD 
system equipped with a TXO Prodigy probe with Z-gradient for 
enhanced sensitivity at 298 K. More details about the products analyses 
of electrochemical CO2RR can be found in Supplementary Materials 
section S9. 

The C2H5OH energy conversion efficiency is calculated based on 
experimental measurements of the cathodic half-cell reaction. The 
overpotential for the anodic water splitting reaction (O2 +4 H++4e- ↔ 
2 H2O, Eo

water splitting ≅ 1.23 V vs RHE) is assumed to be zero. The C2H5OH 
energy conversion efficiency for MoP-Im catalyst obtained using Eq. (1): 

Cathodic Energy Efficiency(%) =
E0

ethanol × FEethanol

Efull cell
(1) 

Where Efull cell is a summation of the cathodic half-cell potential ob
tained in the experiments with thermodynamic potential of the anodic 
water splitting reaction where no overpotential losses at the anode is 
considered (Efull cell = Ecathode – 1.23). E0

ethanol is thermodynamical potential 
of C2H5OH production that is calculated to be E0

ethanol ≅ − 1.15 V using 
the Gibbs free energy of species by using ΔG = − nFE. 

2.4. Electrochemical impedance spectroscopy (EIS) and CO2 diffusion 
coefficient calculations 

EIS experiments were employed to compare the CO2 diffusion co
efficient for MoP-Im and MoP catalytic systems under an identical 
experimental condition. 

At high overpotentials where both diffusion and kinetic processes are 
involved in the reaction, the overall resistance is a summation of Rct 
charge transfer resistance (kinetic parameter observed at high frequency 
region) and ZR (real component of Zω shown in Fig. S18) that shows 
frequency-dependent resistance in Warburg impedance (diffusion 
parameter observed at low frequency region). The EIS experiments were 
conducted under identical experimental condition at a potential of 
− 0.4 V for both MoP-Im and MoP catalytic systems. At this potential, 
the reaction rate, current density, is overwhelmingly limited by the 
diffusion of CO2 reactants to the surface of catalyst (diffusion-controlled 
region). 

The Nyquist plots for different catalysts were recorded over a fre
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quency range of 1–2 × 105 Hz. The CO2 diffusion coefficient at low 
frequency range (< 10 Hz) for the MoP-Im and MoP catalysts are ob
tained using Eq. (2): 

D =
R2T2

2A2n4F4C2σ2
w

(2)  

Where D is the CO2 diffusion coefficient, R is the universal gas constant, 
T is the temperature, A is the electrode area, n is the number of trans
ferred electrons, F is Faraday’s constant, and C is the concentration of 
the oxidants. More details about EIS experiments and CO2 diffusion 
coefficient calculations can be found in Supplementary Materials section 
S14. 

2.5. In-situ electrochemical Raman spectroscopy 

The in-situ electrochemical Raman spectroscopy was conducted in a 
custom designed electrochemical cell employing Horiba LabRAM HR 
Evo Confocal Raman (Horiba scientific instrument, US). A 532 nm laser 
source, a HORIBA Synapse detector, 600 g/mm grating and a long- 
distance 50x objective was used to probe the samples. The measure
ment parameters such as acquisition time, averaging parameters and 
laser power were all optimized to enhance the signal to noise ratio of the 
spectra. The Raman laser was focused onto the surface of the working 
electrode through a transparent quartz window (1 mm thick) and a thin 
layer of electrolyte with a total optical path of 3.25 mm. More details 
about In-situ Raman spectroscopy can be found in Supplementary Ma
terials section S17. 

2.6. Theoretical study 

The density functional theory (DFT) calculations were conducted 
with the commercial code VASP. The exchange-correlation energies 
were obtained with GGA-PBE functional. The van der Waals corrections 
were obtained with zero damping DFT-D3 method of Grimme. The cut- 
off energies for slab models were set to 400 eV and a k-point mesh of 
3 × 3 × 1 in Monkhorst-pack scheme were used. The self-consistent it
erations were stopped until the force is less than 0.02 eV/Å. All calcu
lations included the dipole corrections. More details of computational 
methods can be found in the Supplementary Materials section S18. 

3. Results and discussion 

3.1. Characterization of structure and morphology 

To gain an understanding of structural, physicochemical, and elec
tronic properties of synthesized catalysts, i.e., MoP-Im and MoP, and 
identify the key factors that affect their electrocatalytic properties, we 
have performed different molecular and atomic scale characterizations, 
such as X-ray diffraction (XRD), scanning electron microscopy (SEM), X- 
ray photoelectron spectroscopy (XPS), X-ray absorption fine structure 
(XAFS), and high-resolution transmission electron microscopy 
(HRTEM), (sections S3-S7, Supplementary Materials). 

The XRD experiment was employed to study the lattice structure of 
the MoP-Im and MoP catalysts (section S3, Supplementary Materials). 
The XRD patterns of both MoP-Im and MoP show a sharp peak at 
2θ= 43.4º along with three pronounced peaks at 2θ= 32.4º, 57.5º, and 
28.3º corresponding to (101), (100), (110) and (001) crystal surfaces of 

Fig. 1. Structural and physicochemical char
acterizations of studied catalysts. (a) Cross- 
sectional scanning electron microscopy (SEM) 
image of MoP-Im electrode. The electrode was 
prepared by coating the MoP-Im catalyst on a 
gas diffusion layer (GDL). (b) High-resolution 
transmission electron microscopy (HRTEM) 
image of MoP-Im catalyst. The inset shows a 
laminar conformal overcoating of the ionomer. 
(c) Mo 3d high-resolution X-ray photoelectron 
spectroscopy (XPS) spectra of MoP-Im and MoP. 
(d) X-ray absorption near edge structure 
(XANES) spectra of MoP-Im compared to MoP.   
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MoP, respectively (Fig. S3, Supplementary Materials) [13]. The XRD 
patterns of MoP-Im and MoP shown in Fig. S3 indicate all Bragg peaks of 
MoP, verifying their homogeneous and pure structures. The XRD results 
also exhibit a hexagonal P6m2 space group for both MoP-Im and MoP 
catalyst, where the length of all Mo-P bonds are 2.46 Å suggesting no 
structural changes due to the ionomer coating.[16]. 

The cross-sectional and surface morphologies of the MoP-Im coated 
on the GDL are shown in Figs. 1a and S4a (section S4, Supplementary 
Materials). The cross-sectional SEM image of the MoP-Im deposited on 
GDL further shows the morphology of the catalyst layer with a thickness 
of 2–3 µm. We also performed energy dispersive X-ray (EDX) spectros
copy analysis shown in Fig. S4a to study the elemental distribution of 
Mo, P, N, and C atoms present in the MoP-Im electrode (section S4, 
Supplementary Materials). Our EDX analysis indicates a homogenous 
distribution of Mo and P atoms from MoP as well as N and C atoms from 
the Im with an approximate thickness of 2–3 µm at the top of the cross- 
sectional SEM image. 

HRTEM experiments were performed to further characterize particle 
shape, size, and thickness of ionomer in the synthesized MoP-Im (section 
S5, Supplementary Materials). Fig. 1b shows the image of the well- 
dispersed MoP-Im, confirming its spherical shape and uniform size dis
tribution. Fig. S5 indicates a high-magnification HRTEM image of a 
single MoP-Im particle confirming the presence of a continuous and 
conformal ionomer layer with a thickness of less than 2 nm, on the 
surface of MoP nanoparticles with an average particle size of 8–10 nm 
(section S5, Supplementary Materials). Our Atomic resolution ABF 
image of the < 001 > zone axis is also shown in Fig. S5c and d with 
corresponding Fast Fourier transform (FFT) image in the inset con
firming a hexagonal structure of MoP crystal in both MoP-Im and MoP 
catalysts. The crystal model in the < 001 > zone axis is overlaid on 
Fig. S5c (section S5, Supplementary Materials). Fig. S5d shows the 
image simulation using the crystal model at the same zone axis. The 
good match among model, experiment, and simulated images confirms 
the hexagonal geometry of MoP crystal with dominant Mo atoms at the 
surface, which are the potential active sites in eCO2RR. 

The XPS experiments were performed to analyze the surface chem
istry of MoP-Im in comparison with MoP nanoparticles (section S6, 
Supplementary Materials). Fig. 1c depicts the Mo 3d XPS spectra of MoP- 
Im, indicating two intense peaks centered at 228.36 and 231.7 eV 
attributed to Mo 3d5/2 and Mo 3d3/2 of Mo+3 atoms in MoP-Im.[17] 
These results show about 0.2 eV shifts in the Mo 3d5/2 and Mo 3d3/2 
peaks of MoP-Im compared to the MoP indicating that the ionomer 
coating layer alters the electronic properties of Mo atoms in MoP. The P 
2p XPS spectra of MoP-Im and MoP are shown in Fig. S6a (section S6, 
Supplementary Materials). The results indicate spin-orbit split 2p peaks 
of 2p3/2 at a binding energy of 130.7 eV and 2p1/2 at a binding energy of 
131.6 eV. The peaks are attributed to the Mo-P bond [17], suggesting an 
oxidation state of − 3 for P atoms for both MoP-Im and MoP catalysts 
(section S6, Supplementary Materials).[13] Furthermore, the N 1 s XPS 
spectra of MoP-Im shown in Fig. S6b indicate two distinct peaks 
centered at binding energies of 397.3 and 400.5 eV corresponding to 
nitrogen atoms (=N- and –N < , respectively) of imidazolium (section 
S6, Supplementary Materials) [18]. In contrast, the XPS spectrum of 
bare MoP does not show any N 1 s peak, confirming the existence of the 
ionomer coating layer for MoP-Im. This is further confirmed by XPS 
depth profiling analysis that suggests the surface of MoP-Im is domi
nated by the ionomer (Fig. S7, Supplementary Materials). 

Next, we carried out ex-situ X-ray absorption spectroscopy (XAS) 
measurements at the Mo K-edge on MoP-Im and MoP catalysts to 
determine the effect of the Im on the electronic structure and local ge
ometry of the MoP-Im (section S7, Supplementary Materials). 
Comparing X-ray absorption near edge structure (XANES) spectra of 
MoP-Im and MoP catalysts shown in Fig. 1d indicate that the white line 
in MoP-Im shifts to lower energy (3.0 eV) compared to that of MoP, 
whereas the peak height remains almost the same [19]. This result 

suggests that the Mo atoms on the surface of MoP-Im catalyst are slightly 
reduced compared to Mo atoms on the surface of MoP catalyst (sections 
S6 and S7, Supplementary Materials).[20] The Fourier transforms of 
extended X-ray absorption fine structure (EXAFS) results also indicate 
that Mo-P bond distances for the studied catalysts are virtually identical, 
confirming no structural changes for MoP-Im compared to MoP nano
particles (see Table S1 and Fig. S8, Supplementary Materials). 

3.2. Electrochemical characterization 

We tested the eCO2RR performances of synthesized MoP-Im and MoP 
catalysts in a custom-designed three-electrode electrochemical cell 
(section S8, Supplementary Materials). All electrochemical tests in this 
study were carefully conducted under identical experimental conditions 
using a hybrid 3 M KOH and 3 M KCl electrolyte. This combination was 
selected because it suppresses hydrogen production and increases hy
drogenation processes in eCO2RR.[21,22] We evaluated the overall ac
tivities of MoP-Im and compared with MoP by performing linear sweep 
voltammetry (LSV) experiments in the potential range of 0 to − 0.5 V 
versus reversible hydrogen electrode (vs. RHE, all potentials are re
ported with respect to RHE in this study) with a scan rate of 20 mV/s 
(Fig. 2a). As shown in Fig. 2a, MoP-Im co-catalyst indicates a current 
density of − 90.8 mA/cm2 at the potential of − 0.5 V that is about 1.4 
times higher than that of MoP nanoparticles (−63.8 mA/cm2 at −0.5 V), 
indicating higher overall activity of the MoP-Im co-catalyst system 
compared to MoP nanoparticles. 

We also measured the selectivity of synthesized MoP-Im and MoP 
catalysts by performing chronoamperometry experiments (CA) at 
different potentials (section S9, Supplementary Materials). The product 
streams were analyzed using gas chromatography (GC), differential 
electrochemical mass spectrometry (DEMS), and nuclear magnetic 
resonance spectroscopy (NMR). Our measurements indicate that the 
MoP-Im starts to produce C2H5OH at a potential of − 0.2 V (that is 
equivalent to 280 mV overpotential considering C2H5OH thermody
namic potential of +0.08 V) with a maximum FE of 77.4% (Table S2, 
Supplementary Materials). On the other hand, MoP is mainly selective 
for methanol (CH3OH) production with a maximum FE of 60.8% and 
C2H5OH formation FE of 21.8%, at the same potential (Table S2, Sup
plementary Materials). Moreover, the product selectivity analyses reveal 
that the MoP-Im and MoP catalysts produce other eCO2RR products, 
such as carbon monoxide (CO), methane (CH4), and ethylene (C2H4) at 
the potential of − 0.2 V (section S9, Supplementary Materials). Isotope 
13C CO2 experiments confirm that the CO2 gas present inside the elec
trolyte is the only source of the formed products for MoP-Im in the 
eCO2RR (section S10, Supplementary Materials). 

We calculated partial current densities of different products consid
ering the total current densities and FEs of MoP-Im and MoP catalysts 
(Fig. 2b, and Fig. S11, Supplementary Materials). Fig. 2b indicates that 
using the MoP-Im catalyst, the C2H5OH formation starts at a potential of 
− 0.2 V with a current density of − 8.6 mA/cm2 and reaches its 
maximum of − 54.9 mA/cm2 at a potential of − 0.5 V. The maximum 
C2H5OH formation current density of MoP-Im co-catalyst (−54.9 mA/ 
cm2 at −0.5 V) is about 5 times higher than that of MoP (−10.7 mA/cm2 

at −0.5 V) indicating higher C2H5OH formation activity of MoP-Im 
compared to MoP. Furthermore, at the potential of − 0.5 V, MoP-Im 
catalyst produces other eCO2RR products such as CH3OH, C2H4, CH4, 
and CO with partial current densities of − 8.3, − 5, − 3.3, and 
− 7.3 mA/cm2, respectively. 

We benchmarked the MoP-Im and MoP catalysts by comparing their 
C2H5OH formation energy efficiencies to state-of-the-art electrocatalysts 
in the literature at their highest C2H5OH formation FE considering no 
anodic overpotential losses (Fig. 2c, and Table S4, Supplementary Ma
terials). Fig. 2c indicates C2H5OH formation cathodic energy efficiency 
(cathodic EEC2H5OH) of 63.3% and 17.9% for MoP-Im and MoP catalysts, 
respectively. As shown in this figure, the cathodic EEC2H5OH of MoP-Im is 
about 1.2 and 2-times higher than that of recently studied Cu/C (55.2%) 
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[24] and N-C/Cu (32.5%)[25] catalytic systems, respectively. 
To understand the actual per atom activity of the MoP-Im co-catalyst, 

we measured C2H5OH formation turnover frequencies (TOFC2H5OH) of 
MoP-Im and MoP catalysts where TOFC2H5OH values were normalized to 
the number of Mo atoms identified as the potential active sites at the 
surface by our characterization analyses (section S11, Supplementary 
Materials) [22]. Fig. 2d shows the calculated TOFC2H5OH of MoP-Im and 
MoP catalysts in the potential range of − 0.2 to − 0.5 V. The results 
indicate a TOFC2H5OH of 0.137 s-1 at a potential of − 0.2 V for the 
MoP-Im, that is about 5.7 times higher than MoP (0.024 s-1 at −0.2 V). 
Fig. 2d exhibits that the TOFC2H5OH values for both MoP-Im and MoP 

catalysts increase gradually with increasing potential. Moreover, 
MoP-Im shows a maximum TOFC2H5OH of 0.875 s-1 at the potential of 
− 0.5 V, whereas the TOFC2H5OH for MoP is 0.185 s-1. Since TOF values 
represent the intrinsic activity of catalytically active sites (i.e., Mo 
atoms), the difference in TOFC2H5OH values at the same applied poten
tials for MoP-Im and MoP catalysts is potentially due to the presence of 
the ionomer in the MoP-Im co-catalyst [24]. 

To realize the C2H5OH formation kinetic parameters of the MoP-Im 
and MoP catalysts, we employed Tafel plot analysis using the poten
tials and partial C2H5OH current densities. Our analysis, shown in 
Fig. S16 (section S12, Supplementary Materials), indicates nearly the 

Fig. 2. Electrocatalytic performance of MoP-Im and MoP for eCO2RR in a two-compartment three-electrode electrochemical cell using a hybrid 3 M KOH and 3 M 
KCl electrolyte. (a) Linear sweep voltammetry (LSV) results of MoP and MoP-Im in a potential range of 0 to − 0.5 V. (b) Partial current densities of different products 
for MoP-Im catalyst as a function of potentials. (c) Cathodic energy efficiency for C2H5OH formation (Cathodic EEC2H5OH) of MoP-Im and MoP compared to state-of- 
the-art catalytic systems.[11,12,23,24–30] The data shown in this figure are obtained at the maximum C2H5OH formation FE of each catalyst in the literature 
considering no overpotential losses at the anode. (d) C2H5OH formation turnover frequency (TOFC2H5OH) calculations for MoP and MoP-Im. (e) Stability analysis of 
MoP-Im in eCO2RR at a potential of − 0.5 V. This figure shows the overall current density of MoP-Im as a function of time. Ethanol and methanol production FEs are 
also represented over time. 
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same C2H5OH Tafel slopes for MoP-Im and MoP catalysts suggesting a 
similar reaction mechanism for both catalytic systems. However, the 
MoP-Im co-catalyst has a C2H5OH exchange current density (io,C2H5OH) of 
325 µA that is 5.6-fold higher than that of MoP (58 µA). This result 
clearly shows a higher intrinsic catalytic activity of Mo atoms in MoP-Im 
compared with MoP for production of C2H5OH [31]. 

The stability of the MoP-Im was studied by performing a long-term 
eCO2RR experiment at a potential of − 0.5 V, where the maximum 
product formation was observed. Fig. 2e shows the overall current 
density and FEs of C2H5OH and CH3OH formation during the long-term 
experiment. As shown in Fig. 2e, the MoP-Im exhibited a stable total 
current density of about − 90 mA/cm2 at the potential of − 0.5 V with 
average FEs of about 60.1% and 9% for C2H5OH and CH3OH during a 
112-hour continuous process. The recorded total current density of the 
MoP-Im indicates less than 8% decay over the entire period. The sta
bility results suggest that the presence of the Im stabilize the MoP-Im 
electrode in long-term eCO2RR and prevent the catalysts leaching, 
which usually occurs in long-term processes (section S13, Supplemen
tary Materials) [32]. 

3.3. Characterization of the catalyst layer 

To gain more insight into the effect of the Im on the CO2 diffusion in 
the catalyst layer and electron transfer properties of MoP-Im, we per
formed electrochemical impendence spectroscopy (EIS) experiments 
(section S14, Supplementary Materials). These experiments were per
formed at a potential of − 0.4 V where the activities of MoP-Im and MoP 
catalysts are limited by both diffusion of CO2 as a reactant from bulk to 
the catalyst surface (linear region at low frequencies of the Nyquist plot) 
and the electron transfer from the surface of the catalyst to the reactant 
(semi-circle region at high frequencies of the Nyquist plot).[33–36]  
Fig. 3a shows the fitted EIS spectra of MoP-Im and MoP catalysts using 
the Randles circuit model. The EIS results from the kinetic-controlled 
region (semi-circle region) indicate a smaller charge transfer resis
tance (Rct) for the MoP-Im (~10 ohms) compared to MoP (~12 ohms) 
suggesting improved electron transfer kinetics of the Mo atoms for the 
MoP-Im co-catalyst. This result is consistent with the XANES and XPS 
analyses, where we observed changes in electronic properties of the 
MoP-Im co-catalyst.[22] Moreover, we extracted the Warburg factors 
(σW) for MoP-Im and MoP catalysts from EIS results by plotting the 
gradient of the linear plot of the real impedance as a function of the 
reciprocal of the square root of the frequency at low-frequency range 

(diffusion-controlled region, section S14, Supplementary Materials). 
[33–36] Our results indicate Warburg factors of 10.35 and 15.85 Ω/s1/2 

for MoP-Im and MoP catalysts, respectively. The CO2 diffusion co
efficients (DCO2) of MoP-Im and MoP catalysts were calculated using 
extracted Warburg factors (section S14, Supplementary Materials). The 
results illustrate about 20% higher DCO2 (5.31 ×10-11 m2/s) of the 
MoP-Im than that of MoP (4.43 × 10-11 m2/s) indicating a higher CO2 
diffusion rate from the bulk to the active sites of MoP-Im compared to 
the MoP (section S14, Supplementary Materials). This results in 1.8 
times higher availability of CO2 on the active sites of MoP-Im for the 
reaction. The EIS analysis confirms that the higher availability of CO2 
near the catalyst surface and the lower charge transfer resistance of Mo 
active sites enhance the activity of the MoP-Im compared to the MoP for 
C2H5OH production (section S9, Supplementary Materials). These re
sults are consistent with our calculations, where about five times higher 
exchange current density and TOFC2H5OH (intrinsic activity normalized 
per Mo active sites) were observed for the MoP-Im. 

To further elucidate the effect of the Im on the catalyst layer, we 
obtained CO2 adsorption isotherms for MoP-Im and MoP (section S15, 
Supplementary Materials). The CO2 adsorption isotherms of the studied 
catalysts at 298 K are depicted in Fig. S20 (section S15, Supplementary 
Materials). These results indicate CO2 adsorption of 228 µmol/g for 
MoP-Im at a relative pressure of 0.01656, which is about 34% higher 
than that of MoP (171 µmol/g), suggesting higher CO2 uptake ability of 
MoP-Im compared with MoP. In addition, we conducted static and 
advancing contact angle measurements to study the wetting properties 
of MoP-Im and MoP catalysts (section S16, Supplementary Materials). 
The results shown in Fig. 3b-e indicate that the Im decreases the surface 
energy (i.e., increases hydrophobicity) of the catalyst layer, which 
controls water content on the surface of MoP nanoparticles and sup
presses the competing hydrogen evolution reaction for the MoP-Im (see 
Fig. S21 and Table S8, Supplementary Materials) [37]. 

3.4. Mechanistic understanding 

We conducted in-situ Raman spectroscopy during eCO2RR to gain an 
insight into the origin of a higher C2+ production activity of the MoP-Im 
(section S17, Supplementary Materials). The constructive Raman 
spectra at open circuit potential (OCP) shown in Fig. 4 confirm the 
stability of the synthesized catalysts under experimental conditions. 
Fig. 4 indicates five distinct Raman peaks of 290, 380, 1063, 1520, and 
2160 cm-1 at the cathodic potential of − 0.5 V where 1063 and 1520 cm- 

Fig. 3. Catalyst layer analyses of MoP-Im and MoP. (a) EIS experiments of MoP-Im and MoP catalysts. The experiments were conducted at a potential of − 0.4 V. The 
results indicate Warburg factors of 10.35 and 15.85 Ω/s1/2 for MoP-Im and MoP, respectively. (b,c) Static and (d,e) Advancing contact angle analysis imageson MoP- 
Im and MoP electrodes with the hybrid electrolytes (3 M KOH, 3 M KCl). The wettability analysis reveals the hydrophobic character of MoP-Im, as compared to the 
hydrophilic property of MoP. The diameter of the capillary tube was 100 microns. 
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1 peaks are attributed to the carbonate (CO3
2-) and adsorbed carboxylate 

(*CO2
- ) species [38,39]. Our peak analysis shows that the concentration 

of CO3
2- representing CO2 molecules in the aqueous electrolytes (Raman 

peak at 1063 cm-1) on the surface of the MoP-Im is about 30% higher at a 
potential of − 0.5 V than on MoP (section S17, Supplementary Mate
rials); this is consistent with our diffusion coefficient calculation and 
CO2 isotherm results (sections S14 and S15, Supplementary Materials). 
This clearly shows that the higher CO2 diffusion affinity of the MoP-Im 
catalyst leads to higher local concentrations of CO3

2-, and thus suggests a 
higher overall activity of the MoP-Im in eCO2RR. Similarly, Fig. 4 shows 
about 50% higher concentration of *CO2

- (Raman peak at 1520 cm-1) at 
the surface of the MoP-Im compared to MoP at a potential of − 0.5 V. 
Comparing these results, we found that the changes in the local con
centration of *CO2

- are much larger than those observed for CO3
2-. These 

results suggest that the Im enhances the diffusion of the reactant toward 
the catalyst surface and, more importantly, increases the number of 
stabilized *CO2

- intermediates on the MoP-Im surface (sections S14 and 
S15, Supplementary Materials). Our DFT calculations also confirm that 
the imidazolium in Im structure can bind on MoP(100) and MoP(001) 
surfaces with N atoms on Mo top sites and facilitate the charge transfer 
to the adsorbed CO2 species. This results in increasing the CO2 binding 
strength on the surface Mo-atoms of MoP-Im (section S18, Supplemen
tary Materials). 

To gain more insight about a higher C-C coupling and ethanol pro
duction rates of MoP-Im, we further investigated the differences be
tween three Raman peaks centered at 290, 380, and 2160 cm-1 which 
are correlated to the restricted rotation of adsorbed *CO (P1), Mo-CO 
stretching (P2), and *C-O stretching (P3), respectively [27,40,41]. It is 
worth noting that as a metal surface adsorbs *CO intermediates, the 
electrons are partially transferred from d-orbitals of the metal atoms on 
to anti-bonding molecular orbitals of *CO intermediates [40,41]. This 
electron-transfer strengthens the Mo-CO bond and increases of the 
vibrational frequencies for the Mo-CO bond [27]. Therefore, higher 

Mo-CO stretching peak (P2) is attributed to the strength of the Mo-CO 
bond. 

Our peak analysis shows that the intensity of the P2 peak for MoP-Im 
is higher than that of MoP catalyst, and P2/P1 ratio for MoP-Im catalyst 
at the potential − 0.5 V (P2/P1 ≅ 1.47) is about 47% higher than that of 
MoP catalyst (P2/P1 ≅ 1). The higher P2/P1 ratio for MoP-Im indicates 
that the *CO intermediates are stabilized on the surface of MoP-Im 
which results in higher C-C coupling [40,41]. This is consistent with 
previous studies where it has been confirmed that the intensity ratio of 
P1 and P2 peaks are potential dependent and higher P2/P1 Raman peak 
ratios are linked to a higher C-C coupling and C2+ products formation 
[40]. Furthermore, our in-situ Raman spectroscopy results show a higher 
intensity P3 (*C-O stretching) peak of MoP-Im compared to MoP catalyst 
at the potential of − 0.5 V indicating a high concentration/coverage of 
adsorbed *CO intermediates on the surface of MoP-Im. These results 
reveal that the high number of adsorbed *CO intermediates on the 
surface and the higher binding strength of *CO intermediates on the Mo 
atoms in presence of the Im are the main reasons for a greater C-C 
coupling and thereby a higher C2H5OH production for MoP-Im 
compared to MoP catalyst [41]. 

4. Conclusions 

In summary, we have synthesized and tested the electrocatalytic 
performance of the MoP-Im co-catalyst for CO2RR in a hybrid electrolyte 
of 3 M KOH and 3 M KCl. Physicochemical characterizations, such as 
XPS, XANES, and TEM experiments and electrochemical analyses, such 
as Tafel plot and EIS studies, suggested that the Im works together with 
MoP nanoparticles to produce C2H5OH by increasing CO2-to-water ratio 
at the catalyst layer due to high CO2 diffusion and hydrophobic prop
erties of the ionomer and alters the electronic properties of the Mo atoms 
at the surface of the catalyst. In-situ Raman spectroscopy confirmed that 
the imidazolium layer not only increases the number of CO2 molecules 

Fig. 4. In-situ electrochemical Raman spectroscopy experiments in eCO2RR at open circuit potential (OCP) and applied cathodic potential of − 0.5 V. (a) In-situ 
Raman spectra of MoP-Im electrode, and (b) pristine MoP electrode under identical experimental conditions. 
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near the catalyst surface but also stabilizes adsorbed *CO2 
– and *CO 

intermediates at the surface of catalyst that promotes C-C coupling and 
C2H5OH formation activity of MoP-Im. Moreover, DFT calculations 
suggest that the Im can increase the CO2 binding strength and charge 
transfer to accelerate the reaction. The demonstrated electrocatalytic 
process using the TMP class of catalysts and imidazolium-based ionomer 
in this study suggests a promising approach for lowering eCO2RR bar
riers toward high rate C2

+ production in a sustainable fashion. 
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