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Molybdenum disulfide (MoS,) has emerged as a promising electrocatalyst for the electrochemical reduction
of CO,, primarily yielding carbon monoxide. However, product selectivity is known to be highly sensitive to
structural features such as edge termination and defect density. In this work, we report the formation of higher
hydrocarbons (C,+ products) enabled by the presence of inherent sulfur vacancies in MoS, when combined
with various ionic liquids as co-catalysts. While MoS, has traditionally shown limited hydrocarbon output, our

findings demonstrate for the first time that native defect sites, interacting synergistically with the electrolyte
environment, can facilitate the production of significant amounts of C,+ species. These results provide new
insights into defect-mediated catalytic pathways and highlight the importance of electrolyte design in tuning
product distribution during CO, electroreduction.

1. Introduction & background

The Paris agreement, signed by 196 parties in 2016, targets carbon-
neutrality by 2050 [1]. Hence, establishing a carbon-neutral or carbon-
negative cycle is one of the primary targets in research and policy.
This goal demands the development of viable technologies for carbon
capture and utilization to value-added compounds [2]. Consequently,
the electrochemical conversion of carbon dioxide (CO,) to multi-carbon
(C,) species has attracted attention as it presents a viable path to
carbon-neutrality [3-5].

Recently, 2D materials emerged as future electrocatalysts for CO,
reduction reaction (CO,RR) due to their high surface-to-bulk ratio [6].
Among them, transition metal dichalcogenides (TMDCs) showed great
potential [7]. Their layered structure allows the surface-to-bulk ratio
to be maximized with exfoliation and their earth-abundance makes
them favorable and more cost-effective than precious metals. MoS,, a
prominent member of TMDCs, has garnered significant attention for its
remarkable affordability, high tunability and efficiency in electrolysis.
Currently, researchers are exploring its potential in the CO,RR.

MoS, shows a great affinity towards the hydrogen evolution reac-
tion (HER) [8,9] which, as a competitive reaction, reduces the CO,RR
efficiency. However, when molybdenum disulfide is aided by 1-ethyl-
3-methylimidazolium tetrafluoroborate ([EMIM][BF,]) as a co-catalyst,

it offers a superior selectivity of the CO,RR to carbon monoxide (CO),
reported by Asadi et al. [10,11]. It has been suggested that incorporat-
ing a co-catalyst can effectively lower the overpotential and suppress
the HER by the ionic liquid (IL) adsorbing onto the catalyst surface,
thereby blocking water molecules from accessing it [12]. The catalytic
activity towards CO,RR is attributed to the Mo-terminated edges of
MoS,, where Mo atoms facilitate a continuous electron supply to the
attached intermediates, enhancing the reaction efficiency.

Building further on these results, it was shown that doping vertically
aligned (VA) MoS, with Nb-doping further increases the FE of the
CO,RR towards CO up to 90%, while Ta-doping decreases it due to a
suboptimal electronic structure resulting from the binding between the
Ta atoms and the host structure [13]. Another study on CO,RR using
single-crystal-terrace MoS, electrodes (mechanically exfoliated MoS,)
in 0.1 M Na,CO; aqueous solution established a correlation between
edge density and product selectivity [14]. It revealed that increasing
the edge density reduces the Faradaic efficiency (FE) for CO,RR to 1-
propanol, the primary product in this case. This suggests that in an
aqueous environment, Mo-terminated edges favor HER over CO,RR,
while the activation of basal planes is necessary for producing higher
hydrocarbons. Although the HER significantly suppressed the CO,RR,
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the authors also identified formate, ethylene glycol, methanol, and
t-butanol in trace concentrations alongside 1-propanol.

Based on the available experimental information, density functional
theory (DFT) calculations showed the possible pathways of the CO,RR
to CO or C, products on MoS, [15]. As the reaction takes place on the
exposed Mo edges, they showed that the d-band center of the Mo atom
is much closer to the Fermi level of MoS, than for metallic catalysts,
such as copper or titanium. Thus, the adsorbed species interact stronger
with the Mo atoms. Furthermore, assuming that the intermediates are
COOH* and CO*, their formation energies are smaller than those of CO,
and CO (one of the possible primary products), thus the Mo atoms at the
edges also exhibit a strong binding of the intermediates. The reaction
pathway towards CO is energetically favorable to the pathway towards
C, products, consistent with findings in prior work [10].

However, while CO serves as a valuable feedstock for various chem-
ical reactions, developing catalysts capable of directly producing a
range of higher-carbon products offers significant advantages in terms
of market value and energy density [16]. Many catalysts are only
able to produce C,-C, products and suffer from stability issues at high
potentials [17,18]. Hence, finding a way to achieve higher hydrocarbon
products with a stable and active electrocatalyst like MoS, is of high
interest.

A potential pathway for hydrocarbon production is linked to sulfur
vacancies (Vgs) in the MoS, structure. Building on the findings of
Francis et al. [14], Kang et al. [19] proposed that the active sites are
more likely to reside on the basal plane, based on the observation that
an increased edge density correlates with a decrease in the FE towards
1-propanol [14]. The clean basal plane of the MoS, is known to be
inert; hence, the authors investigated the effect of sulfur vacancies as
potential active sites in the basal plane. It is already proved that during
the synthesis of MoS, films, Vgs in the basal plane can occur up to
10% as their formation energy is relatively low (1-3 eV dependent
on growth conditions) [20] and it has been shown that these Vgs
can act as active sites for the HER [21]. The authors demonstrated
through DFT calculations that three sub-gap states, associated with Vs,
are inherently localized. As a result, these states enable the indepen-
dent occurrence of electron and proton transfer during the reduction
reaction, which otherwise would proceed concurrently. Furthermore,
the authors demonstrated that, contrary to previous studies, *OCHO
is formed in the initial protonation step instead of *COOH due to
the bowl-shape of the Vgs as it sterically hinders the incorporation
of more than one molecule into the vacancy site. Moreover, this new
intermediate facilitates the formation pathway of formaldehyde as a C,
product, a highly reactive chemical. As this new intermediate makes
its binding to the active sites (sulfur vacancies) viable, in turn, it also
enables subsequent C-C coupling reactions, fostering the formation of
higher C, products.

Despite the theoretical studies on sulfur-vacant MoS, (Vg-MoS,)
as a catalyst for the electrochemical CO2 reduction reaction, the ex-
perimental influence of sulfur vacancies on product distribution re-
mains unaddressed. Additionally, while the role of [EMIM][BF,] as
co-catalysts has been investigated, comparative studies involving differ-
ent anions, beyond the commonly used [EMIM][BF4], are lacking. As
Asadi et al. emphasized the importance of the [EMIM]* cation of the
ionic liquids [10], because of the complex formation and the potential
physisorption on the surface of the MoS, catalyst. Furthermore, results
from the literature have suggested that along [EMIM][BF,], 1-ethyl-3-
methilimidazolium trifluoromethanesulfonate ([EMIM][Otf]) could be
a possible co-catalyst to promote the CO,RR over the HER [21]. Hence,
in this work, we experimentally study Vg-MoS2 nanoflakes in the
CO2RR using two ionic liquids, [EMIM][BF,] and [EMIM][Otf], which
share the [EMIM]™ cation but differ in their anions. By comparing the
performance of [EMIM][BF,] and [EMIM][Otf], we aim to establish
criteria for the key physicochemical properties an optimal co-catalyst
should possess.
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Fig. 1. (a) Raman spectrum of the Vi-MoS, catalyst showing the two
characteristic peaks, E';, and A,, of the material, (b) Fitted Mo 3d5 XPS
spectrum of the V¢-MoS, catalyst showing the different valence states of the
Mo atoms in the structure.

2. Results & discussion

For the working electrodes MoS, nanopowder (Sigma-Aldrich, 90 nm
average particle size) was mixed with carbon black (Fischer Scientific)
and polyvinyl alcohol and then dropcasted on glassy carbon substrates.
The MoS,-based electrode was prepared following the same procedure
described in our previous work [22]. The commercial MoS, nanopow-
der inherently contains a baseline concentration of sulfur vacancies, as
commonly observed for this material due to its synthesis and storage
history [20]. Mild sonication during dispersion can additionally create
single-sulfur defects, while subsequent electrochemical activation un-
der reductive potentials further stabilizes these sites. Comprehensive
surface and elemental analyses of the same material, including SEM,
XRD, EDS, and XPS, are reported in our earlier publication, confirming
the structural integrity and the presence of intrinsic sulfur vacancies.
Fig. 1(a) presents the Raman spectrum of the MoS, nanoflakes, where
the separation between the two main characteristic peaks (E]Zg and
A;,) is 24 cm™!, compared to 21 em™! for the pristine MoS, [23].

This larger separation shows the formation of monosulfur vacancies
in the MoS, structure [24,25]. X-ray photoelectron spectroscopy (XPS)
further confirmed the presence of these monosulfur vacancies. Fig. 1(b)
shows the fitted Mo 3d5 spectrum of the V4-MoS, catalyst, where the
two main peaks were identified as the Mo 3d%/2 and 3d%/? peaks at
229.1 eV and 232.4 eV, respectively. Furthermore, Mo®" was identified
due to possible oxidation during the sonication process; and undercoor-
dinated Mo sites (MoYC) were also found, which confirms the presence
of the monosulfur vacancies [25-27]. It is well established that sulfur
vacancies modify the electronic structure of MoS, by introducing defect
states near the Fermi level, which enhance electron density and facil-
itate charge transport across the basal planes. As demonstrated in our
previous work [22], a higher sulfur-vacancy concentration correlates
with improved electronic conductivity, thereby enabling more efficient
electron transfer to adsorbed CO, intermediates during the reduction
process. The SEM image in Figure S2 shows the differently oriented
Vg-MoS, nanoflakes at the surface of the catalyst. The image shows
that mainly the basal planes of the Vg-MoS, nanoflakes were exposed
on the surface, giving the opportunity for the activation of these planes.

To see the effect of monosulfur vacancies in the Vg-MoS, structure
on the product distribution of the electrochemical CO, reduction, two
different ionic liquids were used as co-catalysts to promote the CO,RR.
They were each used as 30 vol% IL mixed with 70 vol% deionized water
and purged with CO, gas.

Fig. 2 shows the linear sweep voltammetry curves obtained with
the two different co-catalysts. For [EMIM][BF,], a small reduction
well was seen at 0.9 V vs RHE, while no reduction well was de-
tected with [EMIM][Otf]. The voltammetric response of the MoS,
electrode in CO,-saturated 30 vol% [EMIM][BF,] and 70 vol% H,O
(Fig. 2) exhibits a broad reduction feature centered near —0.9V vs. RHE.
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Fig. 2. Linear sweep voltammetry curves of the MoS, catalyst in
[EMIM][BF,]-water mixture (green) and [EMIM][Otf]-water (red) mixture.

Although the current density is modest (= 2 mA cm~2), chronoampero-
metric electrolysis performed at this potential produces C2+ products
with a high combined Faradaic efficiency, confirming the Faradaic
nature of the process. The weak appearance of the feature is therefore
attributed to the relatively low conductivity and high viscosity of
the ionic-liquid—-containing electrolyte, rather than to capacitive ef-
fects. Chronoamperometry data for both ionic-liquid systems have been
added to the Supplementary Materials (Figure S5), showing that the
MoS, electrodes remain stable during 60 min of continuous electrolysis.

The CO, reduction efficiency was measured with gas chromatog-
raphy and then the FE was calculated for both ionic liquids, which
is shown in Fig. 3. When [EMIM][BF,] was used as a co-catalyst,
a wide range of hydrocarbons (CH,, C,Hg, i-HsC;, and C¢H,,) was
produced with some hydrogen as a side-product. Out of this range
of hydrocarbons, isopentane emerged as the main product with 44%
FE. On the other hand, when [EMIM][Otf] is used as a co-catalyst,
hydrogen is the only product that is detected.

A crucial feature of MoS, is the deviation from the linear scaling
relations, where the adsorption energy scales with the concentration of
the intermediate [28]. It has been shown that for different transition-
metal catalysts, the adsorption energies of the COOH* and the CHO*
intermediates are strongly correlated with the adsorption energy of
CO* [29]. In the case of Vg-MoS,, the exposed transition metal Mo
atoms are the active sites for the CO,RR. Hence, these linear scaling
relations between the reaction intermediates of the CO,RR also strongly
affect the reduction activity of the transition-metal catalysts [30]. These
relations also suggest that the stability of COOH* and CHO* is strongly
dependent on CO*, whereas a criterion for the catalyst would be to
stabilize COOH* and CHO* better than CO*. In this regard, it was
also shown that MoS, and MoSe, (both pristine and doped) break the
scaling relations by binding the COOH*and CHO* more strongly than
the CO*/CO, leading to a higher selectivity [31]. This phenomenon
is attributed to the presence of S and Se atoms on the edges of
the catalysts, which have a higher binding affinity towards the other
intermediates than towards CO. On the other hand, this higher affinity
towards the binding of these intermediates also implies the affinity
towards C, (n> 1) products, as to produce longer chain hydrocarbons
in addition to the expected selectivity, as it was also shown by Francis
et al. [14] and our experiments. Hence, the synergy of using Vs-MoS,
as a catalyst originates from two factors: (1) that it inherently breaks
the linear scaling relations between the reaction intermediates [28] and
(2) it exposes transition metal centers as active sites for the CO,RR due
to the sulfur vacancies [25,32]. Furthermore, as the SEM images show
thin, overlapping MoS, nanoflakes that form compact films, resulting
in limited edge exposure relative to the total surface area. Thus, the
high selectivity towards CJ products observed here differs from the C;-
dominated pathways typically associated with MoS, edge sites [10,13],
suggesting that basal-plane defects govern the observed activity.
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Fig. 3. Faradaic efficiencies and product distribution of the CO,RR on MoS,
with the two different 30 vol% ILs and 70 vol% water mixtures as co-catalysts
at —0.9 V vs RHE.

To assess the origin of the difference between the product distribu-
tions when the different ionic liquids were used as co-catalysts, XPS
measurements were done on the exposed Vg-MoS, catalysts. Fig. 4(a)
shows the fitted C 1s spectrum of the Vg-MoS, catalyst exposed prior
to [EMIM][BF,]. Two subpeaks were identified, one peak at 283.5 eV,
which comprises the adventitious carbon peak (284.4 eV, possibly due
to device contamination) and the C=C bonding from the IL [33], and
a C-N bonding peak at 285.5 eV [34]. The latter peak could originate
from the physisorbed [EMIM]* cation, as the ab-initio molecular dy-
namics simulations of Asadi et al. indicated [10]. Fig. 4(b) presents
the deconvoluted C 1s spectrum of the V¢-MoS, catalyst exposed to
[EMIM][Otf]. During the deconvolution, 6 peaks were identified: at
282.5 a small peak which shows the presence of metal carbides on the
surface, the adventitious carbon and the C=C bond from the IL at 283.5
eV, the C-N bonding at 285.5 eV showing the presence of the [EMIM]*
cation on the surface, a small C-OH peak at 286.5 eV and CF, and CF,
peaks at 291 eV and 293 eV, respectively [33].

The presence of the metal carbide, CF, and CF; peaks leads to the
assumption that the [Otf]- anion of the ionic liquid is chemically bound
to the undercoordinated Mo sites of the Vg-MoS, catalyst. As the [Otf]*
anion possesses a CF; group, the small peak of the CF; group and the
larger peak of the CF, group and the presence of the metal-carbide peak
suggests that the anion of the ionic liquid is chemically bound to the
Mo atom. This binding process is likely to occur on the Mo atoms that
are exposed on the surface due to the presence of the sulfur vacancies.
Therefore, as the active sites of the electrochemical CO,RR are blocked,
H, was the only product measured.

The high-resolution F 1s and B 1s spectra (Supplementary Materials,
Figure S7 a and b) show distinct spectral features depending on the
ionic-liquid anion. For [EMIM][BF,], the F 1s signal appears at 684
eV, consistent with B-F bonding and the B 1s peak characteristic of
BF,, confirming the presence of this anion near the catalyst surface.
In contrast, for [EMIM][Otf], the F 1s signal is shifted to 688 eV,
indicative of organic-fluoride species, which corresponds to the C-F
component observed in the C 1s region. These findings support the
proposed surface passivation effect of the [Otf]~ anion.

Fig. 5 compares the Faradaic efficiencies of CO,RR and HER when
[EMIM][BF,] is used as co-catalyst between this work (Vs-MoS,), and
other data that can be found in the literature, namely the Mo-edge
terminated bulk MoS, (Asadi et al.) and VA-Nbj,sMosS, (Abbasi
et al.) catalysts. For the Vg-MoS, catalyst, the different hydrocarbon
products of the CO,RR are added up, reaching 70% overall FE for the
CO,RR, which is lower than the bulk MoS, and the VA-Nb ysMo, 955,
catalysts, with 98% and 82% FEs, respectively. Improving the FE of
the Vg-MoS, can potentially originate from two sources: (1) improving
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Fig. 4. Normalized C 1s XPS spectra of VS-MoS2 catalyst exposed to
[EMIM][BF4] (a) and to [EMIM][Otf] (b).

the electronic properties of the Vg-MoS, catalyst and/or (2) finding a
more suitable co-catalyst in the form of different ionic liquids.

Abbasi et al. showed that doping MoS, with different metals is a
potential way to change its material properties and through that, influ-
ence the FE of CO,RR. However, the dopant must be carefully selected,
as it can also negatively impact the efficiency of the CO,RR [13]. To
avoid this potentially negative influence on the efficiency, another path
to change the electronic properties is through utilizing the layered 2-
dimensional structure of MoS, by intercalating ions into the interlayer
space. The conductivity of MoS, can be increased through electron
donation from the intercalants [35,36], which can potentially influence
the product distribution and the FE of the CO,RR. Regarding the effect
of the co-catalyst, we experimentally proved that the [EMIM]* cation
is indeed important for creating an environment that favors the CO,RR
over the HER at the catalyst surface. However, using [EMIM][BF,]
as a co-catalyst also has the hazardous aspect that the [BF,]- anion
can hydrolyze to HF [10]. This aspect compromises the potential for
scaling up the process. Furthermore, the capacity of [EMIM][BF,] to
absorb CO, is much lower than that of other imidazolium-based ionic
liquids [37]. We also showed that not only does the cation of the
ionic liquid matter, but also the anion, as it can potentially poison
the catalyst. Taking all these criteria into account, imidazolium-based
acetates seem to be an ideal choice as a next step for co-catalyst
selection, due to their high affinity towards CO, absorption, stable
structure and lack of potential side-reactions [38].

3. Conclusions

We experimentally demonstrated that introducing sulfur vacancies
into the basal plane of MoS, enhances its catalytic activity for the
electrochemical CO, reduction reaction, enabling the formation of
multi-carbon (C,) products. However, the presence of Vg alone results
in a broad product distribution with limited selectivity. To further
understand the catalytic environment, we investigated the role of the
ionic liquid co-catalyst by comparing [EMIM][BF,] and [EMIM][Otf],
which share the [EMIM]* cation but differ in their anions. Our results
reveal that, in addition to the crucial contribution of the [EMIM]*
cation, the choice of anion significantly affects catalytic performance
by influencing surface interactions. Specifically, chemically aggressive
anions may bind to the catalyst surface and deactivate it. Hence, the
criteria for an efficient co-catalyst are the use of imidazolium-based
ionic liquids with anions that are less reactive and possess a structure
enabling high CO, uptake (such as acetates), thereby enhancing CO,
availability. Moreover, safety considerations are critical, as certain
anions, such as BF,, may lead to hazardous by-products, including HF.
These findings address key experimental gaps in the understanding of
sulfur-vacant MoS, catalysts and ionic liquid composition in CO,RR,
and they provide a foundation for the rational design of more effective
and selective catalyst—co-catalyst systems.
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Fig. 5. Comparison of CO,RR FE of Vs-MoS, nanoflakes with Mo-edge termi-
nated bulk MoS, and VA-Nb,sMo,sS, with [EMIM][BF,] as co-catalyst. For
comparison data was extracted from Abbasi et al. [13] and Asadi et al. [10].
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