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Nuwan H. Attanayake,[a,b] Huta R. Banjade,[b,c] Akila C. Thenuwara,[a,b] Babak Anasori,[d,e] Qimin 
Yan,[b,c] Daniel R. Strongin. *a,b

Mo2C and Ti3C2 MXenes were investigated as earth-abundant 
electrocatalyts for the the CO2 reduction reaction (CO2RR). Mo2C 
and Ti3C2 exhibited Faradaic efficiencies of 90% (250 mV 
overpotential) and 65% (650 mV overpotential), respectively, for 
the reduction of CO2 to CO in acetonitrile using an ionic liquid 
electrolyte. The use of ionic liquid 1-ethyl-2-methylimidazolium 
tetrafluoroborate as an electrolyte in organic solvent suppressed 
the competing hydrogen evolution reaction. Density functional 
theory (DFT) calculations suggested that the catalytic active sites 
are oxygen vacancy sites on both MXene surfaces. Also, a 
spontaneous dissociation of absorbed COOH species to a water 
molecule and absorbed CO on Mo2C promote the CO2RR. 

The development of the electrochemical CO2 reduction 
reaction (CO2RR) would help to create a closed carbon cycle 
around the burning of fossil fuels and potentially mitigate 
environmental problems resulting from the release of CO2 to 
the atmosphere.1, 2 The utility of an efficient CO2RR would not 
only include the suppression of greenhouse gas emission, but it 
could potentially extend to the generation of industrially 
valuable chemicals that are now obtained through the 
petroleum industry.3, 4 Development of earth-abundant and 
relatively inexpensive catalysts, however, that efficiently drive 
the electrochemical CO2RR to produce fuels and commodity 
chemicals still remains a challenge. 

Over the past few decades, the electrochemical CO2RR to 
convert CO2 to CO has been evaluated on many heterogeneous 
catalysts, although only a few materials have shown promise as 

potential catalysts that can be scaled up to be part of an 
efficient industrial process. Precious metals, such as silver and 
gold, have been shown to be able to electrochemically reduce 
CO2 to CO at relatively low overpotential values with high 
faradaic efficiency (FE). These metals, however, are not earth-
abundant and could be prohibitively expensive if used at a 
commercial scale.5-8 

In the current study we investigated the ability of Mo2CTx and 
Ti3C2Tx (MXenes), comprised of earth abundant elements, to catalyze 
the electrochemical CO2RR. MXenes are a class of 2D materials 
comprised of transition metal carbides, nitrides, and carbonitrides 
derived from ternary carbides and nitrides, mostly MAX phases.9-12 
The name MAX is derived from the composition of the material 
where “M” denotes an early transition metal, “A” an A-group metal 
such as aluminium or gallium and “X” denotes carbon and/or 
nitrogen. MXenes have the general formula Mn+1XnTx (n=1-4) where 
Tx represents the surface functional groups, mostly –OH, –F, and 
=O.11, 13, 14 The Tx notation, however, is dropped hereafter from the 
general formula for brevity. Relevant to the current study, a prior 
density functional theory (DFT) computational study suggested that 
M3C2 MXenes are promising materials for the CO2RR.15 The 
experimental studies discussed in this contribution evaluate the 
Mo2C and Ti3C2 MXenes for the CO2RR.

Mo2C and Ti3C2 used in this study were produced from their 
respective ternary carbide precursors using preparation 
methods outlined in prior studies (see SI).9, 13, 16 In brief, Mo2C 
was formed by etching the Ga layers from the layered ternary 
carbide, Mo2Ga2C, in a solution containing LiF/HCl to form a 
colloidal suspension of delaminated Mo2C (denoted as d-Mo2C). 
Ti3C2 was obtained by exfoliating the corresponding Ti3AlC2 MAX 
phase with LiF/HCl to form a delaminated Ti3C2 (denoted as d--
Ti3C2). Microscopy results shown in prior contributions that 
developed these synthetic protocols show the samples to have 
a layered structure.10, 14, 16-18

Experiments were conducted to determine the 
electrocatalytic activity of the MXenes for the CO2RR with a 
standard 3-electrode cell setup using MXene coated glassy 
carbon electrodes (see SI for preparation details). Figure 1 
exhibits a polarization plot obtained by linear sweep 
voltammetry (LSV) for d-Mo2C in CO2 saturated acetonitrile 
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(MeCN) containing the ionic liquid (IL), 1-Ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM]BF4. Also 
included is a polarization curve for a clean glassy carbon 
electrode in the CO2 saturated MeCN/IL solution and data for d-
Mo2C in a CO2-free (nitrogen-sparged) MeCN/IL environment. 
The d-Mo2C coated electrode in a CO2-free (N2 saturated) 
MeCN/IL solution does show an onset potential for current flow 
at about -2.1 V. Analysis of the reaction vessel headspace with 
gas chromatography (GC, see SI for experimental details) shows 

hydrogen product in this non-aqueous reaction environment 
(SI, Figure S1). While the MeCN was dried before use, the 
presence of some residual water cannot be ruled out as the 
proton source. Importantly, however, is that the polarization 
data for d-Mo2C exhibits a lower onset potential (-1.85 V vs SCE) 
and higher cathodic current with increasing potential compared 
to d-Mo2C (-2.2 V onset) in the CO2-free environment. We 
therefore attribute the lower onset potential and higher 
cathodic currents to CO2RR chemistry. Support for this 
contention comes from a GC analysis of the reaction cell 
headspace, which shows primarily CO product (SI, Figure S1) in 
the CO2 saturated environment. 

Data presented in Figure 2 allows a comparison of the 
polarization curve for d-Mo2C to the d-Ti3C2 MXene and nano-
dimensioned silver (<100 nm). While the d-Mo2C electrocatalyst 
exhibits an onset potential as low as –1.85 V vs SCE (0 mV 
overpotential), the onset for the d-Ti3C2 MXene occurs at a 
higher potential of -2.2 V vs SCE. It is noted that d-Ti3C2 MXene 
requires a potential of -2.5 V (overpotential 650 mV) before 
CO product is detected as a reaction product. Based on this 
comparison the d-Mo2C is a better CO2RR electrocatalyst than 
d-Ti3C2.  The electrocatalytic activity of d-Mo2C is similar to that 
of the precious metal silver under our experimental conditions. 
In particular, the polarization data associated with a silver 
nanoparticle electrode exhibits an onset -1.85 V (vs SCE) for 
the CO2RR, similar to d-Mo2C. Furthermore, the similarity of the 
Tafel slope values for d-Mo2C and Ag (SI, Figure S2) suggests that 
the mechanism for the electrochemical reduction of CO2 is 
similar on both surfaces. Chronoamperometric measurements 
(constant voltage) for d-Mo2C, d-Ti3C2, and silver were carried 

out in a two-compartment cell to determine the stability of the 
electrocatalysts and their FE for CO production. The anode and 

the cathode compartments were separated by an anion 
exchange Nafion membrane. This membrane kept any 
reduction products in the cathode side from diffusing to the 
anode compartment. GC analysis of the headspace gas showed 
that CO was the primary gaseous product formed from the CO2-

RR (small amount of H2 was also present). Analysis of the 
headspace during the electrochemistry of d-Mo2C in MeCN/IL 
without CO2 present showed no CO product ruling out the 
possibility of CO resulting from the decomposition of the 
MeCN/IL.  An analysis of the electrolyte with 1H-NMR after the 
CO2RR for the CO2/Mo2C system showed no evidence for 
solution phase reaction products or decomposition of the 
MeCN/IL (SI, Figure S3).  

The stability of the d-Mo2C electrocatalyst for CO2RR was 
investigated by determining the cathodic current as a function 
of potential (voltages used: -2.14, -2.24, -2.34, -2.44, -2.54 and 
-2.64 V vs SCE) for 0.5 h. The stability of the d-Mo2C MXene 
catalyst was excellent at the cathode potentials between -2.0 
and -2.3 V based on the constant cathodic current in this range 
of voltages (Figure 3a). An increase in the current density was 
observed at greater voltages (-2.5 and -2.6 V, Figure 3a), which 
corresponds with the increase in the HER. For the Ti3C2 MXene, 
we observe a reduction in the activity of the catalyst for HER at 
applied potentials higher than -2.6 V. XPS after reaction at this 
relatively high potential shows that there is a reduction of 
surface Ti-O (see XPS results in SI, figure S6 and S7). DFT 
calculations presented below suggest that such an oxygen 
deficient d-Ti3C2 surface (at the higher potential) may over bind 
reaction species decreasing HER activity. Figure 3b exhibits the 
FE of d-Mo2C, d-Ti3C2, and Ag nanoparticles for CO production 
during the CO2RR as a function of cathodic voltage. Up until a 
voltage of -2.24 V d-Mo2C exhibited a FE of ~90% for CO 
production, similar to the Ag nanoparticle catalyst. At higher 
overpotentials the FE associated with d-Mo2C drops (~80% at 
600 mV and 50% at 750 mV), while the Ag catalyst efficiency 
remains at 90%. The decrease in faradaic efficiency for CO 
production is mirrored by a corresponding increase in H2 
product evolution at these higher overpotentials. The 

Figure 2: Polarization plot of the d-Mo2C, d-Ti3C2 MXenes 
and Ag nanoparticles in CO2 saturated MeCN/IL 
electrolyte. 

Figure 1: Comparison of the polarization plots of d-Mo2C in 
MeCN/IL saturated with CO2 or N2. SCE denotes saturated 
calomel electrode and GC denotes glassy carbon.
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overpotential for initial CO production during CO2RR for d-Ti3C2 
was -650 mV, significantly higher than the -200 mV 
overpotential that resulted in CO production on d-Mo2C. The 
activity of the d-Ti3C2 for CO production is maintained at the 
potentials studied for times approaching 0.5 h (SI, Figure S4). 
Prior research has shown that in an acidic aqueous solution the 
hydrogen evolution reaction (HER) occurs with a lower 

overpotential on d-Mo2C than on d-Ti3C2.14 In the present study 
the HER was suppressed by using the aprotic solvent.19-22 
Experiments that investigated the electrocatalytic activity of d-
Mo2C and d-Ti3C2 in CO2 saturated aqueous IL resulted in only 
H2 production (SI, Figure S5) suggesting that the CO2RR is not 
viable in the aqueous environment. These results taken 
together suggest that the active sites on the MXenes that 
catalyze the reduction of CO2 to CO are likely the same sites that 
drive the HER under aqueous conditions.14 ECSA estimations (SI, 
Figure 8) based on the double layer capacitance show that the 
active area for both Mo2C and Ti3C2 are comparable, thus the 
difference in the activity is attributed to the difference in their 
intrinsic activities.  

Density functional theory (DFT) based computations were 
carried out in order to shed light on the mechanism for the 
CO2RR on Mo2C and Ti3C2. We investigated the energetics of 
elementary reaction steps for the CO2RR on model pristine and 
oxygen terminated MXene surfaces. For bare (no surface 
oxygen) Mo2C and Ti3C2 surfaces, binding energy calculations 

show that CO2, CO and other reaction intermediates such as 
*COOH have a very strong chemisorption which is consistent 
with previous studies.15, 23 The reaction free energy diagram for 
the electrochemical reduction of CO2 on these bare surfaces is 
presented in Figure S7 (SI). Inspection of the free energy 
diagram suggests that there is an over-binding of the CO2 
reduction intermediates, CO and COOH, on bare Ti3C2 and 
Mo2C. Therefore, it is not expected that a significant amount of 
CO gas can be generated from the bare surfaces of Ti3C2 and 
Mo2C. X-ray photoelectron spectroscopy (XPS), however, 
suggests that the MXene surfaces used in our study are largely 
oxygen terminated consistent with previous studies of Mo2C 
that suggest that such a termination stabilizes the bare surface 
(SI, Figure S9).14 Furthermore, it is predicted that the oxygen 
functionalized Mo2C is more stable than those terminated by 
other functional groups.24 A similar conclusion has been arrived 
at for oxygenated surfaces of Ti3C2.25 Our results indicate that a 
fully O-terminated surface does not capture CO and CO2 (SI, 
Figure S10), which indicates a too weak binding for the CO2RR. 
Thus, we looked at other plausible sites for the CO2RR on these 
MXenes.

We chose to carry out DFT calculations on the model 
MXene oxygen terminated surface with oxygen vacancies to 
study the mechanism of electrochemical reduction of CO2 to 
CO. Such sites are plausible reaction sites for the CO2RR. They 
can be generated during the exfoliation and delamination of 

Figure 4: (a) CO absorbed at the oxygen vacancy on Mo2C. 
(b) COOH absorbed at the oxygen vacancy on Mo2C (red-
oxygen atoms, brown-carbon atoms, white-hydrogen and 
purple- molybdenum atoms). The distances between 
molecules and surfaces are noted in the plots (in Angstrom). 
(c) The free energy diagram for CO2 reduction reaction at 
the oxygen vacancy on Ti3C2 (in black) and Mo2C (in red) 
calculated using the PBE functional. 

Figure 3: a) Chronoamperometric curves for d-Mo2C MXene 
(potentials cited are vs SCE) and b) FE vs overpotential plots 
for d-Mo2C, d-Ti3C2 MXenes and Ag nano particles (Ag-NP).
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MXenes and under electrochemical reduction conditions.16 
Figure 4a and 4b exhibits the relaxed structural configurations 
used to model the Mo2C surface with an oxygen vacancy and CO 
(Figure 4a) and COOH (Figure 4b) adsorbed at the vacancy site. 
Our study indicates that CO2 reduction can be realized by a 
standard three-step process which includes the activation of 
CO2 to form *COOH (* denotes adsorbed) through the first 
electron/proton transfer and the dissociation of COOH to *CO 
and H2O as products resulting from the second transfer. The 
final step is accompanied by the detachment of CO from the 
surface. The computed free energy diagram for oxygen 
terminated Ti3C2 and Mo2C surfaces with an oxygen vacancy are 
shown in Figure 4c. CO2 exhibits weak binding at the vacancy on 
oxygen terminated Ti3C2, while it is physically adsorbed at the 
oxygen vacancy on the oxygen terminated Mo2C. The activation 
of *CO2 to *COOH in the first hydrogenation step demands a free 
energy input of 1.04 and 0.78 eV for the case of Ti3C2 and Mo2C, 
respectively. The calculated free energy diagram suggests that, 
in the second protonation process, the *COOH intermediate 
absorbed on both surfaces will spontaneously dissociate and 
form H2O and *CO. During the electrochemical reduction of CO2 
to CO, the rate limiting step is the first electron/proton transfer 
step, i.e., the activation of CO2 to form *COOH. The rate limiting 
step demands 0.26 eV less free energy input for Mo2C than in 
Ti3C2. To evaluate the effects of van der Waals interactions on 
the energetics, we applied the dispersion corrections of 
Grimme's DFT-D3 and found that the main conclusion in the 
manuscript still holds true (see the SI for details).26 Therefore, 
we conclude that Mo2C is a more promising catalyst that 
requires a lower overpotential for the electrochemical 
reduction of CO2 to CO, which is in line with our experimental 
observations.
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