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Improved electrochemical reduction of CO2 to
syngas with a highly exfoliated Ti3C2Tx

MXene–gold composite†

Murugan Krishnan,a Aathilingam Vijayaprabhakarana,b and Murugavel Kathiresan *a

Transforming carbon dioxide (CO2) into valuable chemicals via electroreduction presents a sustainable

and viable approach to mitigating excess CO2 in the atmosphere. This report provides fresh insights into

the design of a new titanium-based MXene composite as a catalyst for the efficient conversion of CO2 in

a safe aqueous medium. Despite its excellent electrocatalytic activity towards CO2 reduction and high

selectivity for CO production, the high cost of Au and the decline in catalytic activity on a larger scale

hinder its large-scale CO2 conversion applications. In this research, we have successfully prepared an Au/

Ti3C2Tx composite and tested its catalytic activity in the electrochemical CO2 reduction reaction (ECRR).

The as-prepared composite features strong interactions between gold atoms and the MXene support,

achieved through the formation of metal–oxygen/carbon bonds. The Au/Ti3C2Tx electrode demonstrated

a significant current density of 17.3 mA cm−2 at a potential of −0.42 V vs. RHE, in a CO2 saturated atmo-

sphere (faradaic efficiency: CO = 48.3% and H2 = 25.6%). Nyquist plots further indicated a reduction in

the charge-transfer resistance of the Au/Ti3C2Tx layer, signifying rapid charge transfer between the Au

and Ti3C2Tx. Furthermore, it is known that liquid crossover through the Gas Diffusion Electrode (GDE) sig-

nificantly improves CO2 diffusion to catalyst active sites, thereby enhancing CO2 conversion efficiency.

The goal of this work is to design an interface between metal and MXene so that CO2 can be electrore-

duced to fuels and other useful chemical compounds with great selectivity.

Introduction

The amount of carbon dioxide (CO2) in the Earth’s atmosphere
has been rising over the past few decades; in 2016, it surpassed
and remained above 400 parts per million (ppm) for the first
time in human history.1,2 There is a correlation between the
rise in global mean temperature anomalies, the consequent
impacts of climate change and the increase in atmospheric
CO2 levels.

3 It is therefore still a major task for the twenty-first
century to develop cost-effective technologies that can reduce,
trap, or use excessive anthropogenic CO2 emissions.4–6 One of
the carbon capture and utilization technologies that has
attracted interest recently is the electrochemical CO2 reduction
reaction (ECRR), which uses both water and electricity to
convert CO2 into useful compounds.7,8 CO2 may be reduced in
the cathodic compartment to a number of products, including

syngas, formate (HCOO−), methane (CH4), and other hydro-
carbons, depending on the type of modified catalyst.9,10

However, the electrochemical CO2 transformation system has a
relatively low energy efficiency for conversion resulting from its
high overpotential to form transition states and poor selectivity
among multiple competing processes. Therefore, it is crucial
to develop catalytic electrodes11 that can facilitate the transfer
of electrons to the thermodynamically inert CO2 molecule in
order to create reduced products selectively. Research indicates
that gold (Au) is a particularly efficient electrocatalyst12 that
has a high Faraday efficiency (FE) and can convert CO2 to
carbon monoxide (CO) at low overpotentials.13–15 Nevertheless,
the high cost and enormous potential for poisoning of Au
restrict its widespread use.16,17 Research using novel
nanostructures18,19 has shown that even small changes in the
size, shape, or surface characteristics of metal nanoparticles
(NPs)20–22 have a significant impact on the ECRR activity. Size
dependence on selectivity has been particularly proposed to be
caused by the simultaneous competition of active centres for
the ECRR. The intrinsic characteristics and the interaction
that exists between the loaded catalyst and the support can
have a major impact on the binary system’s final catalytic
activity. Porous or nanostructured architectures23 provide a
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large surface area for the ECRR and improve support/substrate
conductivity, which prevents resistance losses. These are
examples of well-known strategies for improving electro-
catalytic performances.24,25 In contrast to other supports,
Ti3C2Tx-MXene can improve ECRR performance because of its
active and abundant adsorption sites, high electron density,
high carrier mobility, tunable Fermi level, and 2D multi-
layered structure.26–29 Moreover, Ti3C2Tx can speed up the
kinetics of the process and electron transfer by acting as a pro-
moter.30 Because Ti3C2Tx can be easily synthesized in large
quantities from a variety of inexpensive, readily available pre-
cursors, and its degradation produces simply TiO2 and CO2, it
is more viable for use in large-scale applications.31–33 Ti3C2Tx
enhanced with terminal functionalities (Tx = O2, OH, and F)
can provide readily available catalytic sites for reactant adsorp-
tion and reduce the binding energies of ECRR intermediates
and products. Despite the fact that Ti3C2Tx has been used for
ECRR applications for a long time, we anticipate that coupling
Au NPs with it can dramatically enhance the ECRR perform-
ance. In order to overcome the main challenges of liquid
reduction processes and enable upscaling, researchers have
turned to gas-diffusion electrode34 (when a porous, conductive
support exists to hold the catalyst) based systems. A higher
CO2 concentration and a shorter diffusion path can result in
commercially-relevant current densities. Unexpectedly, the Au/
Ti3C2Tx catalyst functions as a gas-diffusion electrode (GDE)
and presents a promising avenue for enhancing the overall per-
formance of the ECRR under mild operating conditions.35,36

However, the doping of Au NPs into Ti3C2Tx for the ECRR has
not been investigated yet.

In this study, we report the selective and stable electrore-
duction of CO2 to syngas using Au decorated MXene. To
achieve high conversion efficiency, a gas-diffusion layer was
prepared with Au/Ti3C2Tx and used as a cathode. The Ti3C2Tx
catalyst was prepared by a simple etching method using HF/
HCl and the etched MXene was composited with Au (Fig. 1).
We report a binary system that uses Ti3C2Tx as the substrate
and a secondary catalyst, with well-dispersed Au NPs acting as
an ECRR catalyst. This thin-layered, exfoliated Ti3C2Tx is

perfect for adding well-dispersed Au NPs since Au/Au NPs
exhibit remarkable efficacy in a variety of catalytic processes.
The binary catalytic system, i.e., Au NPs incorporated into
Ti3C2Tx, was demonstrated to be an excellent catalyst for the
co-conversion of CO2 and H2O to CO and H2 with varying
ratios over a wide potential range.

Results and discussion

Powder X-ray diffraction (PXRD) was conducted to analyse the
crystal structure of the Ti3AlC2, Ti3C2Tx and Au/Ti3C2Tx nano-
composites, as illustrated in Fig. 2. It depicts the PXRD pat-
terns of Ti3AlC2 and Ti3C2Tx (before and after HF etching),
respectively. It is evident that the Al present in the Ti3AlC2 max
phase was successfully etched to yield Ti3C2Tx MXene (JCPDS
no: 04-8738), as apparent from the disappearance of the Al
peak at 2θ ∼39°. Furthermore, it is evident from Fig. 2 that the
diffraction peak, which corresponds to the (002) plane at
∼9.5°, shifted slightly towards lower angles, suggestive of the
fading of Al intercalation.37 The XRD spectrum of Ti3C2Tx

obtained after the HF-etching of the Ti3AlC2 sample correlated
well with the literature.38,39 PXRD reveals the crystalline nature
of Au/Ti3C2Tx nanocomposites, composed primarily of Au and
functional Ti3C2Tx phases. The (111), (002), (022), and (113)
crystal planes are linked to the broad and highly intense diffr-
action peaks at 38.3°, 44.5°, 64.7° and 77.8° that Au displays in
the diffraction pattern. Ti3C2Tx showed a shift in the positions
of the peaks as a result of functionalization and composite
effects. Previous studies have shown that Ti3C2Tx possesses a
substantial surface energy and very rich surface functional
groups, such as –O, –OH and –F, which are advantageous to
some substances to be adsorbed on its surface.40,41 Finding all
the key peaks of both Au and Ti3C2Tx in the composite
materials confirms the successful formation of the catalytically
functionalised material.

To understand the valence bond states of Au/Ti3C2Tx and
Ti3C2Tx, XPS analysis was performed (Fig. 3 and Fig. S3†). The
peaks between 454 and 457 eV indicate the potential presence

Fig. 1 Schematic illustration of the preparation of Au/Ti3C2Tx.
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of Ti low valence state species, including Ti(III) (∼456.2 eV)
(Fig. S3†).42 Fig. 3a shows a complete survey spectrum of Au/
Ti3C2Tx and illustrates the simultaneous existence of Au, C, Ti,
O, and F elements. The high-resolution XPS spectra of Ti 2p, C
1s, Au 4f, O 1s, and F 1s are given in Fig. 3a–f respectively.43

The two typical peaks of Ti 2p were observed at 459.4 eV and
465.1 eV, which are ascribed to Ti(IV) 2p3/2 and Ti(IV) 2p1/2,
respectively (Fig. 3b).44 This suggests that during the synthesis
of Au/Ti3C2Tx, a transition from low valence levels of Ti(II and
III) to the high valence level of Ti occurs, i.e., Ti(II and III) were
converted to Ti(IV) (TiO2) (Fig. S3†). Fig. 3c displays the decon-
voluted C 1s spectrum of Au/Ti3C2Tx. The peaks at 289.4 eV,
286.5 eV, 285.4 eV, and 281.8 eV are attributed to O–CvO, C–
O, C–C, and C–Ti.45 The deconvoluted Au 4f spectrum displays
peaks at 83.9 and 87.6 eV, which are indicative of the reduced
form of Au(0) with a distinct spin–orbit component (Δ = 3.7
eV), Fig. 3d.46,47 The result therefore suggests further that the
Au NPs were successfully synthesized on the surfaces of
Ti3C2Tx. As seen in Fig. 3e, the deconvoluted O 1s spectrum
shows peaks at 530.6 eV and 532.1 eV, which can be matched
with metal oxygen bonds (Ti–O and Ti–OH).48 Moreover, oxyge-
nated functional groups play a role in enhancing surface func-
tionality and improving wettability and they provide a nega-
tively charged surface. Similarly, Fig. 3f shows the deconvo-
luted F 1s spectrum, in which the peak at 685.0 eV was
assigned to Ti–F. These results further indicate that AuNPs
exist on the Ti3C2Tx substrate, which has oxide, hydroxide and
fluoride functionalities on the surface.

Fig. 2 The PXRD of Ti3AlC2, Ti3C2Tx and Au/Ti3C2Tx composites.

Fig. 3 (a) The full survey XPS spectrum, and (b) Ti 2p, (c) C 1s, (d) Au 4f, (e) O 1s and (f ) F 1s spectra of Au/Ti3C2Tx.
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The morphological features of Ti3C2Tx MXene nanosheets
are shown in Fig. 4. The SEM image of etched Ti3C2Tx-MXene
(Fig. 4a) indicated that Ti3C2Tx was well delaminated and
exhibited an “accordion-like” morphology. Furthermore, the
SEM image showed that the as-prepared Ti3C2Tx was stacked
with a few layers of nanosheets (Fig. 4b). The AuNPs were suc-
cessfully integrated into the exfoliated MXene nanosheets, as
shown by the SEM image in Fig. 4c. Furthermore, efficient

etching and integration are clearly seen in the EDX spectrum
(Fig. S1†). Fig. 4d shows the remarkable transparency contrast
of the 2D Ti3C2Tx thin sheets with the super carbon mem-
brane, demonstrating their ultrathin nature. Fig. 4e shows the
HR-TEM picture, which shows a lattice fringe spacing of
0.41 nm with the corresponding SAED pattern in the inset.
The surface of 2D MXene thin sheets has uniformly dispersed
AuNPs, as seen from the TEM image in Fig. 4f and the lattice

Fig. 4 (a) SEM image of pristine Ti3C2Tx, (b) FESEM image of exfoliated Ti3C2Tx, (c) the typical FESEM image of Au/Ti3C2Tx, (d) HRTEM image of exfo-
liated Ti3C2Tx, (e) TEM image of Ti3C2Tx, with the inset showing the SAED pattern, (f ) HRTEM image of the Ti3C2Tx/AuNPs composite, (g) TEM image
of the Ti3C2Tx/AuNP composite, with the inset showing the SAED pattern, (h) HAADF-TEM image of Au/Ti3C2Tx and the corresponding EDS
mapping, and (i) particle size distribution.
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fringe spacing is 0.61 nm, as seen from the HR-TEM picture in
Fig. 4g. Additionally, the SAED pattern in the inset and the
TEM image show that AuNPs were adhered to the MXene
surface. EDS mapping analysis was performed to further vali-
date the formation of the AuNPs and MXene assemblies
(Fig. S2†). Fig. 4h shows the uniform distribution of AuNPs on
the Ti3C2Tx thin sheets and the existence of Au, Ti, and
C. According to the statistical TEM analysis of the Au/Ti3C2Tx
composite (Fig. 4i), the average particle size was found to be
70 nm.

To assess the electrochemical performance of the MXene
based catalysts in the co-conversion of CO2 and H2O to CO and
H2, electrochemical experiments such as cyclic and linear
sweep voltammetry were conducted in 0.1 M KHCO3 at
ambient temperature and pressure. As shown in Fig. 5, an
electrochemical cell was homemade and designed to collect
the evolved gases from the working electrode compartment
and inject them directly into the short-path of the gas chrom-
atography valve for quantification. The catalyst’s electro-
chemical behavior in the working solution was studied using
Cyclic Voltammetry (CV) at 50 mV s−1 with N2. These voltam-
mograms can be considered as blanks (Fig. S4a and S4b†). The
corresponding electrocatalysts were tested over a range of
potentials (0.6 to −1.4 VRHE). Electrocatalytic activity under a
N2 flow can be attributed to either the hydrogen evolution reac-
tion (HER) or catalyst reduction. Based on the voltammograms
obtained with CO2 saturation and under a positive pressure of
CO2, a reduction peak appeared at about −0.42 V vs. RHE
(Fig. S4c†). This may be explained by the electron transfer
mechanism caused by the adsorption intermediates formed
during the CO2 reduction. In terms of current densities
measured at the same potentials, for the same catalyst, slightly
higher activity is noted in the presence of CO2 than in N2. This
enhanced outcome could be attributed to the electrochemical
CO2 reduction (Fig. 6a). The catalysts’ electrocatalytic activity
was greatly influenced by their composition in the following
order: Ti3AlC2 < Ti3C2Tx < Au/Ti3C2Tx. In this regard, the
Ti3AlC2 and Ti3C2Tx electrocatalysts exhibited cathodic current
densities of 17.0 mA cm−2 and 26.8 mA cm−2, respectively, at
−1.2 V vs. RHE, whereas the Au/Ti3C2Tx composite displayed a
current density of 43.9 mA cm−2 under identical conditions.
When compared to the MAX phase Ti3AlC2 and pristine

MXene Ti3C2Tx electrocatalysts, the Au/Ti3C2Tx composite
showed significantly greater electrochemical activity.

Chronoamperometry (CA) was used to further investigate
the electrochemical activity of these catalysts under ECRR con-
ditions. The current–time transients are differentiated in
Fig. 6b, where the CA was recorded for 60 minutes at E = −0.62
V vs. RHE. The CA curves followed the same trend as the LSV
curves, which confirms that the formed Au/Ti3C2Tx composite
displays the highest activity among the prepared catalysts.
Ensuring the durability of the electrocatalyst over extended
periods is a crucial aspect and a primary requirement for com-
mercialization. In this aspect, a thorough examination was
conducted to assess the long-term stability of the Au/Ti3C2Tx
composite over a span of 36 hours, at a constant potential of
−0.62 V vs. RHE (Fig. S4d†). Following the 36 hours electrore-
duction period, no noticeable alteration in the current density
was detected, indicating the exceptional stability of the Au/
Ti3C2Tx composite. The minor fluctuations observed in the
chronoamperometry curve can be attributed to the formation
and bursting of bubbles during continuous electrolysis, a
phenomenon previously documented in similar investigations.

Furthermore, the ECSA of the Au/Ti3C2Tx composite was
determined by measuring its double layer capacitance (Cdl)
using cyclic voltammetry at various scan rates (10 to 50 mV
s−1). The ECSA plot of the Au/Ti3C2Tx composite shows a
maximum Cdl value of 153 μF cm−2, as shown in Fig. S5,†
suggesting that there are more electrocatalytically active sites
than usual. This further supports the ECRR’s exceptional per-
formance. To further understand the improved electro-
chemical behaviors, electrochemical impedance spectroscopy
(EIS) was carried out in a CO2-saturated 0.1 M KHCO3 solution
on Au/Ti3C2Tx, Ti3C2Tx, and Ti3AlC2 over a frequency spectrum
ranging from 100 mHz to 1 MHz, using an AC voltage ampli-
tude of 10 mV at the open circuit potential as shown in Fig. 6c.
Au/Ti3C2Tx clearly exhibits a lower charge transfer resistance
than Ti3AlC2 and Ti3C2Tx which is advantageous. This implies
that Au/Ti3C2Tx has rapid charge transfer kinetics and the pro-
posed electrical equivalent circuit could effectively fit all the
EIS data (inset of Fig. 6c).

The performance and long-term stability of GDEs are also
controlled by their wetting behaviour, which determines the
presence and durability of gas–liquid–solid triple-phase

Fig. 5 Electrochemical cell used in the ECRR experiment.
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barriers, in addition to their catalytic activity and accessible
surface area. Two possible configurations for Au/Ti3C2Tx com-
posite-coated GDEs in a zero-gap gas diffusion electrolyzer
seem feasible: because the surface of the Au/Ti3C2Tx compo-
sites and their interior nanopores are fully wetted, there is a
possibility that the electrolyte will enter the GDE; alternatively,
the Au/Ti3C2Tx composites will preferentially become wet due
to their higher capillary forces. The composited Au/Ti3C2Tx

surface may also exhibit hydrophobic properties when the
surface structures of Au are at the micrometer scale. The
hydrophobicity of Au/Ti3C2Tx composite-coated GDEs with
nanoscale porosity achieved through compositing is signifi-
cantly increased, as measured using contact angle measure-
ments. Consequently, the hydrophobicity increased from
∼32.6° for the Ti3AlC2 coating to ∼110.7° for the Au/Ti3C2Tx

composite coatings (Fig. 6d). Overall, the contact angle
measurements exhibited high reproducibility across various
regions of the Au/Ti3C2Tx composite-coated GDEs, indicating a
high level of sample uniformity. It is noteworthy that the
hydrophobic properties of Au/Ti3C2Tx composite coatings
align with the finding that free-standing Au/Ti3C2Tx layers
float on water. The hydrophobic GDE substrate may have a

bigger influence on the Au/Ti3C2Tx composite coating due to
its higher contact angle than Ti3C2Tx.

The catalytic performance of Au/Ti3C2Tx composites and
that of the resulting products were analyzed in detail during
the ECRR on the Au/Ti3C2Tx electrode. The catalytic efficiency
of the Au/Ti3C2Tx catalyst in the ECRR was assessed by con-
trasting the current densities obtained from LSVs in a 0.1 M
KHCO3 electrolyte under N2-saturated and CO2-saturated con-
ditions. The cathodic current observed in the N2-saturated
solution was assigned to the Hydrogen Evolution Reaction
(HER), whereas the cathodic current recorded in the CO2-satu-
rated solution encompassed contributions from both the HER
and the ECRR (Fig. 7a). Consequently, the electrocatalytic
activity for the ECRR decreased as the cathodic potential
shifted from −0.22 V to −0.82 V vs. RHE.

The influence of the applied electrode potential on the
electrochemical performance of the Au/Ti3C2Tx catalyst was
further explored using chronoamperometry. Fig. 7b displays
the CA curves recorded at −0.22, −0.32, −0.42, −0.52, −0.62,
−0.72, and −0.82 V vs. RHE for 60 min. The disturbance
observed in the recorded CA curve was due to the gas for-
mation on the catalyst surface and the subsequent detachment

Fig. 6 Assessment of the electrocatalytic efficiency of catalysts composed of Ti3AlC2, Ti3C2Tx and Au/Ti3C2Tx in the ECRR: (a) LSV plots; (b) chron-
oamperometric responses at −0.62 V vs. RHE; (c) EIS conducted on Au/Ti3C2Tx, Ti3C2Tx, and Ti3AlC2. Inset: equivalent electrical circuit; and (d)
contact angle.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 16218–16226 | 16223

Pu
bl

is
he

d 
on

 3
1 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

3/
20

26
 1

1:
23

:0
7 

PM
. 

View Article Online

https://doi.org/10.1039/d4nr01122h


of the formed gas bubbles from the electrode surface. Once
the gas bubbles reach a sufficient size, they separate from the
catalyst surface, resulting in a subsequent increase in current
density. The applied cathodic potential increased from −0.22
to −0.82 V vs. RHE, increasing the steady-state current density,
which was consistent with the LSV curves shown in Fig. 7a.
Furthermore, the CA tests demonstrated that the Au/Ti3C2Tx

composite exhibited great stability during the electrochemical
reduction of CO2.

Gaseous products generated in the course of the ECRR at
the Au/Ti3C2Tx composites were analyzed using gas chromato-
graphy (GC), as shown in Fig. S6.† It was observed that CO and
H2 were the major products, and that only <1% of CH4 was
detected, as shown in Fig. S7.† Fig. 8 shows that the faradaic
efficiency of the production of H2 and CO is strongly depen-
dent on the applied electrode potential. It varied from −0.22 V

to −0.82 V vs. RHE. At a cathodic potential of −0.42 V vs. RHE,
analysis revealed that syngas was the predominant product
obtained with a higher faradaic efficiency of 48.3% for CO and
25.6% for H2. Different ratios of syngas were generated and
this variation in the ratio might be useful for the production of
numerous industrial compounds. NMR was utilized for the
analysis of the aqueous products, uncovering that formate was
obtained as a major product in the aqueous phase, as shown
in Fig. S8.† The findings from both GC and NMR analyses
support the conclusion that the ECRR using the Au/Ti3C2Tx

electrode primarily promotes the formation of syngas, a
mixture of CO and H2, with a small amount of liquid products.
The results further indicate that the ratio of syngas/liquid pro-
ducts may be adjusted by altering the applied cathodic
potential.

Conclusions

A new Au/Ti3C2Tx electrocatalyst was prepared for application
in the ECRR through an etching/fabrication process. The
elemental compositions revealed by XRD and EDS analyses of
the Au/Ti3C2Tx composites closely matched their surface com-
positions as determined by XPS, indicating uniformity of com-
position across the catalyst materials. The morphologies
demonstrate that Au/Ti3C2Tx composites were significantly
formed. The Au/Ti3C2Tx composite exhibited the highest
electrocatalytic activity for the ECRR compared to Ti3AlC2 and
Ti3C2Tx examined in this study. Also, an Au/Ti3C2Tx based gas-
diffusion electrode was prepared and used as a cathode for the
conversion of CO2 to CO owing to its improved electrocatalytic
activity. GC analysis revealed that syngas was the predominant
product obtained with a higher faradaic efficiency of 48.3% for
CO and 25.6% for H2 at a cathodic potential of −0.42 V vs.
RHE. NMR analysis also revealed that formate was generated
with a significant faradaic efficiency. Moreover, the EIS investi-
gation demonstrated that Au/Ti3C2Tx composites exhibited sig-
nificantly lower charge transfer resistance compared to the

Fig. 7 Electrocatalytic activity of the Au/Ti3C2Tx composites for the ECRR. (a) LSVs under CO2 saturated and N2 saturated conditions and (b) chron-
oamperometric curves at a potential of −0.22 V (brown) and −0.82 V (green) vs. RHE (colour on line).

Fig. 8 Faradaic efficiency of ECRR products.
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other materials. In summary, the Au/Ti3C2Tx composite pre-
sents itself as a compelling material with promising potential
for applications in the production of synthesis gas from CO2.
Further studies using this Au/Ti3C2Tx catalyst towards the
large-scale production of syngas and further optimization are
underway.
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