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ABSTRACT: Transition metal dichalcogenides, particularly the
metallic phase of molybdenum disulfide (1T’-MoS2), have attracted
significant attention as promising nonprecious metal electro-
catalysts for the hydrogen evolution reaction (HER) due to their
appealing electrochemical properties and optimal hydrogen
adsorption free energy (ΔGH). In this study, we used a combined
theoretical and experimental approach to investigate the covalent
functionalization of MoS2 with −CH2COOH groups. Notably, the
presence of Mo oxidized species(MoOx) was significantly
diminished in the functionalized material, suggesting a potential
protective role of the functional groups against MoS2 oxidation.
Additionally, our findings show a decrease in the proportion of the
metallic 1T’ phase upon functionalization (58% for MoS2/
CH2COOH compared to 74% for Exf-MoS2). However, electrochemical measurements unveil a remarkable enhancement in
electrocatalytic activity upon the integration of −CH2COOH groups, as evidenced by observations from Linear Sweep Voltammetry
(LSV) and Electrochemical Impedance Spectroscopy (EIS). In LSV analysis, a substantial 53% reduction in the Tafel slope is
observed, declining from −145 mV dec−1 (for Exf-MoS2) to −77 mV dec−1 (for MoS2/CH2COOH). Additionally, EIS
measurements indicate a significant decrease in charge transfer resistance, dropping from 82.03 ± 0.11 kΩ/cm2 (for Exf-MoS2) to
12.41 ± 0.01 kΩ/cm2 (for MoS2/CH2COOH). The integration of these functional groups onto the MoS2 surface demonstrates
remarkable effectiveness in inhibiting oxidation while concurrently leading to a noteworthy enhancement of catalytic activity for the
HER.

1. INTRODUCTION
The dynamic field of research concerning ultrathin two-
dimensional (2D) layered materials consistently reveals that
the unique and exceptional properties first observed in
graphene are comparably present in other 2D materials,1

such as transition metal dichalcogenides,2,3 black phospho-
rus,4−6 MXenes,7 among others. Among these, MoS2 stands
out as an important example, prompting extensive inves-
tigations owing to its diverse properties.8−10 Structural
polymorphism in MoS2 monolayers, resulting from different
coordination environments of S atoms around Mo, leads to
abrupt changes in electronic properties.11,12 The 2H-to-1T
phase conversion (trigonal prismatic to octahedral structure) is
a semiconductor-to-(semi)metal transition that profoundly
impacts its applications, particularly in electrochemical
technologies.13,14

For energy storage and conversion devices, the electrical
conductivity of the metallic phases and efficient ion
intercalation in layered structures enable the use of MoS2 as
anodes in batteries15,16 and electrode materials in capacitor
devices,13,17 playing a vital role on the performance. Addition-

ally, electrochemical actuators18 based on thin films of
restacked monolayers of 1T’-MoS2 (distorted octahedral
structure), exhibit the ability to convert electrical energy into
mechanical energy. The metallic phase of MoS2 also exhibits
high catalytic activity toward the H2 evolution reaction (HER)
for both edge and basal plane sites,19−22 making it a promising
alternative for clean energy technologies based on hydrogen,
which are currently hindered by the high costs of the
benchmark Pt-based catalysts. However, the instability of the
metastable metallic phases of MoS2 poses a significant
challenge, limiting practical applications and urging the field
to address this obstacle.

Surface functionalization of MoS2 with various species,
including metal atoms,23−25 organic molecules,26,27 metallic
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nanoparticles,28−30 and polymers,31,32 has been explored as an
efficient strategy to modify its intrinsic properties, for multiple
purposes and applications, including phase engineering.33

These functionalized materials have demonstrated improved
performance across various fields, from optoelectronic
devices23,34 to catalysis,26 energy storage/conversion,35 sen-
sors,36,37 water purification membranes,38 and biomedical
applications.39

In the field of electrocatalysis for H2 generation, researchers
have studied different strategies to functionalize MoS2
nanosheets to address both phase engineering and catalytic
issues. Metal-atom doping of MoS2 has been extensively
studied to tune the electronic states and the adsorption
behavior of H atoms on the active sites for the HER, resulting
in significant enhancement of the catalytic activity.25,40−45

Covalent chemical modification using organic phenyl rings,
including electron-donating or withdrawing groups, has
exhibited enhanced phase stability in the modified samples.
Experimental and theoretical findings, derived from density
functional theory (DFT) studies of 1T’-MoS2 functionalized
with various molecules (−H, −CH3, −NO2Ph, −NH2Ph,
−CH2CONH2, −CH2CH2OH), have demonstrated significant
improvements in structural stability. However, it was observed
that for most functional groups, while structural stability was
enhanced, there was a trade-off with compromised electro-
catalytic activity. Interestingly, among these groups, those
containing electron-donating substituents yielded the most
favorable catalytic outcomes.27 Additionally, there are other
factors at play, such as intermolecular forces between the
functionalized group and the adsorbed hydrogen, which could
modulate the catalytic activity of specific sites, resulting in
optimized Gibbs free energy for hydrogen adsorption on the

modified surface. This dynamic interaction process may help
achieve a good balance between catalytic activity and phase
stability.46,47

In this study, employing a theoretical-experimental ap-
proach, we show how the chemical functionalization of 1T’-
MoS2 with iodoacetic acid molecules improves both the
structural stability (phase transition and oxidation) and
electrocatalytic properties (surface energetics) of the metallic
nanosheets for the HER. The presence of −CH2COOH
groups on the MoS2 surface enhances the electrocatalytic
effects for the HER, reducing the charge transfer resistance at
the interface and preventing the oxidation and deactivation of
the active sites. We investigate the possible mechanisms
involved in stabilization and electrocatalytic effects through
first-principles calculations based on DFT, establishing a strong
correlation between computational results and experimental
findings.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Materials. MoS2 bulk powder was purchased from

Graphene Supermarket and subjected to vacuum drying before
utilization. Furthermore, n-butyllithium (2.5 M in hexane),
hexane (anhydrous, 95%), iodoacetic acid (98%), sulfuric acid
(ACS reagent 95−98%), and ITO (indium−tin oxide coated
glass slide) were purchased from Sigma-Aldrich. All materials
were used as received, except for hexane, which underwent
distillation before use.
2.2. Exfoliation of MoS2. Caution: n-butyllithium is highly

pyrophoric. MoS2 nanosheets were exfoliated via the lithium
intercalation method,20 as schematically shown in Figure 1a.
Initially, 0.3 g of bulk MoS2 powder was dispersed and stirred
in 4 mL of n-butyllithium (2.5 M in hexane) for 1 h under a

Figure 1. (a) Schematic illustration of the liquid exfoliation of MoS2 by nBuLi intercalation; (b) scanning transmission electron microscopy
(STEM) image of the obtained nanosheets; (c) Raman and (d) Fourier transform infrared (FTIR) spectra for MoS2 (bulk), Exf-MoS2, and MoS2/
CH2COOH samples.
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nitrogen atmosphere. Subsequently, 10 mL of anhydrous
hexane was added to the system and refluxed for 48 h at 70 °C.
The MoS2 suspension was then subjected to centrifugation
(2000 rpm for 5 min) and washed twice with hexane. The
lithium-intercalated MoS2 was then dispersed in deionized
water at 1.5 mg mL−1, sonicated for 1 h, and centrifuged at
4000 rpm for 30 min to remove the nonexfoliated MoS2.
Finally, the supernatant was recovered and purified using a
dialysis membrane (porosity of 12 kDa) in deionized water.
2.3. Functionalization of the MoS2 Nanosheets.

Exfoliated MoS2 nanosheets were functionalized using iodo-
acetic acid molecules.48 50 mL of the aqueous dispersion of
exfoliated MoS2 was diluted to 100 mL with deionized water,
and 2.0 × 10−4 mol of the functionalizing agent (iodoacetic
acid) was added. After 5 days of reaction at room temperature,
the material was washed with deionized water (2 × 50 mL) via
centrifugation.
2.4. Characterization. The concentrations of the purified

MoS2 and MoS2/CH2COOH suspensions were determined by
Atomic Absorption Spectrometry (contrAA 800 D Atomic
Absorption Spectrometry System from Analytik Jena). Raman
spectroscopy analysis was conducted using the Witec confocal
spectrometer model UHTS 300 (532 nm, 0.3 mW) with a 50×
magnification objective lens for all measurements. Samples
were drop cast on Si/SiO2 substrates. FT-IR spectra were
obtained on an IRAffinity-1 SHIMADZU, equipped with ATR
(PIKE Technologies) accessory. The spectra were collected by
pressing the sample onto a diamond crystal. Each spectrum
consisted of 16 spectra coadded and accumulated between
4000 and 600 cm−1. Zeta potential measurements were
conducted using a Particle Analyzer Model Litesizer 500
Anton Paar. The morphology of the resulting exfoliated MoS2
was investigated via Scanning Transmission Electron Micros-
copy (STEM) using a FEI Inspect F50 microscope operating
at 30 kV. The sample was deposited on Lacey Carbon TEM
grids (TedPella). X-ray Photoelectron Spectroscopy (XPS)
analysis was performed using a commercial UNI-SPECS UHV
spectrometer with base pressure below 5 × 10−7 Pa. The Mg
Kα line was used (hν = 1253.6 eV) as the ionization source
and the pass energy of the analyzer was adjusted to 10 eV. The
high-resolution Mo 3d spectra underwent inelastic noise
subtraction using Shirley’s method. The binding energy of
the spectra was corrected using the hydrocarbon component
fixed at 284.9 eV. The spectra were deconvolved using a
Pseudo-Voigt function, with Gaussian (70%) and Lorentzian
(30%) combinations. The width at half height varied between
1.2 and 2.1 eV, and the position of the peaks was determined
with an accuracy of ±0.1 eV.
2.5. Electrochemical Measurements. Electrochemical

measurements were conducted using a three-electrode cell,
employing a Metrohm Autolab Potentiostat (PGSTAT204).
Graphite rods and Ag/AgCl (3 M KCl) were used as counter
and reference electrodes, respectively. Working electrodes were
prepared by drop casting 3 μL of the Exf-MoS2 or MoS2/
CH2COOH suspension (0.1 mg/mL) on indium-doped tin
oxide (ITO) coated glass slides within a limited area of 0.080
cm−2. All the measurements were performed in an aqueous
H2SO4 (0.5 M) electrolyte deaerated with nitrogen gas. Linear
sweep voltammetry was conducted at a 10 mV s−1 scan rate in
the interval between −0.1 and −0.5 V vs RHE. Electrochemical
impedance spectroscopy (EIS) studies were carried out across
a frequency range spanning from 1 MHz down to 0.1 Hz.
These measurements were performed with a root-mean-square

amplitude of 10 mV, maintaining a fixed bias potential at
−0.30 V vs RHE. The electrochemical active surface area
(ESCA) was determined by the capacitive current method49 in
KCl 0.1 M at scan rates varying from 5 to 100 mV s−1. The
ESCA values were 0.10 and 0.09 cm2 for the Exf-MoS2 and
MoS2/CH2COOH electrodes, respectively. These values were
used for the normalized cathodic polarization curves (LSV)
plots.
2.6. Ab Initio Simulations. Simulations were conducted

utilizing density functional theory (DFT).50,51 The GPAW
code52 was applied, utilizing a plane wave basis53 and setting
the cutoff energy at 500 eV for all studies. The projector
augmented wave method (PAW)54 was used to determine the
external potential, while the exchange-correlation effects were
addressed using the generalized gradient approximation as
defined by Perdew−Burke−Ernzerhof (PBE).55 Additionally,
van der Waals (vdW) interactions were accounted for using the
DFTD4 method,56,57 aiding in total energy calculations and
geometry optimizations. The k-point sampling was executed
via the Monkhorst−Pack scheme,58 selecting grids of 5 × 5 × 1
for 2H-MoS2 and 9 × 5 × 1 for 1T’-MoS2. To eliminate
unwanted interactions, a vacuum spacing of 10 Å was
maintained. Geometry optimization was conducted until the
force fell below 0.01 eV Å−1. For processes like covalent
functionalization, oxidation, and hydrogen adsorption, 3 × 2
orthorhombic supercells were employed with a k-point grid of
3 × 3 × 1.

The formation energy of covalent functionalizations is given
by

E E E

E

(MoS X) (MoS X) (MoS )

(XI)

f
2 tot 2 tot 2

tot I

+ = +

+ (1)

where X = CH2COOH, Etot is the total energy and
E E(HI) (H )I tot

1
2 tot 2= is the chemical potential of iodine.

For the study of oxidation processes, the formation energy is
calculated by

E

E E

(MoS 2O )

(MoS 2O ) (MoS O )

f
2

tot 2 tot 2 2

+ *

= + * + (2)

Here, Etot(MoS2 + 2O*) is the total energy of MoS2 with two
oxygen atoms chemically adsorbed and Etot(MoS2 + O2) is the
total energy of MoS2 with the O2 molecule physically
adsorbed.

The Gibbs free energy for hydrogen adsorption, a key
theoretical descriptor for evaluating the catalysis of the
hydrogen evolution reaction, is determined by

G E E T SH H ZPE H= + (3)

Here,

E E E E(MoS H ) (MoS )
1
2

(H )H tot 2 tot 2 tot 2= + *

(4)

represents the hydrogen adsorption energy on MoS2 (a
semiclassical approximation), ΔEZPE is the variation of zero-
point energy (first-order quantum correction) and ΔSH
denotes the entropy change between adsorbed hydrogen
(H*) and H2 gas. We employ the Nørskov approximation in
this study,59 which simplifies the Gibbs free energy calculation
to

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c05965
J. Phys. Chem. C 2024, 128, 20856−20865

20858

pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


G E 0.24 eVH H= + (5)

3. RESULTS AND DISCUSSION
The covalent modification of the MoS2 surface was performed
on the MoS2 nanosheets previously exfoliated using the Li
intercalation method (Figure 1a). This process primarily yields
dispersed monolayers and/or ultrafine MoS2, as illustrated in
the STEM image (Figure 1b). The nanosheets exhibit lateral
dimensions in the range of 500−1000 nm and the typical
morphology of chemically exfoliated MoS2.

60 The chemical
exfoliation via Li intercalation is known to induce the phase
transition from the semiconducting 2H to the metallic 1T’
phase,8,61 as observed in the Raman spectra (Figure 1c). The
bulk 2H-MoS2 is identifiable by the E2g and A1g modes at 383
and 409 cm−1, respectively. In contrast, the exfoliated material
(Exf-MoS2) shows a significant decrease in the E2g signal and
the emergence of the J1 (157 cm−1), J2 (223 cm−1), and J3 (330
cm−1) modes, associated with the 1T’-MoS2 metallic phase.62

The 2H-to-1T’ phase transition is attributed to the electron
transfer from Li during the intercalation process, destabilizing
the trigonal prismatic structure (2H) and favoring the distorted
octahedral structure (1T’).8,63

The covalent functionalization of the metallic nanosheets
(Exf-MoS2) was confirmed via attenuated total reflectance
Fourier-transformed infrared spectroscopy (ATR-FTIR)-
(Figure 1d). Bands at ≈3400 cm−1 (νOH), 2974 and 2905
cm−1 (νCH2), 1700 cm−1 (νCOOH), and ≈1420 cm−1 (νC�
O) indicate the presence of the organic molecules in the
functionalized MoS2/CH2COOH material.64 Notably, the zeta
potential of the MoS2/CH2COOH aqueous suspension (−32.3
mV) became less negative after the functionalization reaction
compared to the Exf-MoS2 (−41.5 mV), suggesting the
suppression of negative charges on the MoS2 nanosheets and
the attachment of functional groups.65 The pH values of the
Exf-MoS2 and MoS2/CH2COOH aqueous suspensions, 7.8
and 4.4 respectively, also corroborate with the presence of acid
groups on the surface of the functionalized material.
Importantly, the 1T’ phase is well preserved in the function-
alized material (MoS2/CH2COOH), as observed by the
presence of the J modes in the Raman spectrum (Figure 1c).
The X-ray diffraction patterns of the MoS2 (bulk), the
exfoliated (Exf-MoS2) nanosheets and the functionalized
material (MoS2/CH2COOH) show the expected shift of the
(002) peak to lower angles the exfoliation and functionaliza-
tion (Figure S1). These shifts are associated with an increased
interlayer spacing, resulting from the random restacking of the
exfoliated MoS2 nanosheets and the presence of grafted
functional groups.

To elucidate the position of the functional groups on the
MoS2 nanosheets, DFT calculations were performed. The
formation energies for the functionalization reaction on
distinct sites of the metallic 1T’-MoS2 (Figure 2a) are
schematically shown in the energy diagram, presented in
Figure 2b. The calculated values indicate that the organic
groups must be preferentially bond to the S atoms in the SL
position (Figure 2a), with the formation energy ΔEL

f = −0.33
eV. This site is favored over the SH position that shows ΔEH

f =
0.05 eV. The formation energy for the functionalization of the
S sites on the 2H phase was also calculated (Figure 2c), with
ΔE2H

f = 1.37 eV. The positive value substantiates the
experimentally observed nonspontaneous nature of the
reaction between 2H-MoS2 and organohalides.48

To understand how functional groups affect the structural
integrity and oxidation resistance of 1T’-MoS2, DFT
calculations were conducted. As can be observed in Figure
3a,b, the presence of the functional groups (−CH2COOH) on
the MoS2 surface decreases its susceptibility to oxidation. The
formation energy for the oxidation of the functionalized 1T’-
MoS2/CH2COOH (ΔEf = −1.46 eV) is less negative than the
pristine 1T’-MoS2 (ΔEf = −1.59 eV). The long-term stability
of the samples was monitored by Raman spectroscopy (Figure
S2) and corroborates with the DFT calculations concerning
the susceptibility to oxidation and the 1T’-to-2H phase
conversion, with higher stability for the functionalized MoS2.
This is crucial as oxidation can significantly deteriorate the
electrocatalytic performance of metallic MoS2 for the HER by
altering the active sites and the optimal hydrogen adsorption
energies (ΔGH). Such deterioration can occur by the
formation of less conductive or even insulating layers on the
surface and also by promoting the 1T’-to-2H phase trans-
formation, diminishing the material’s overall catalytic activity.

XPS spectra (Mo 3d) for Exf-MoS2 and MoS2/CH2COOH
samples (Figure 3c,d) provide important additional informa-
tion concerning the structural properties. The samples exhibit a
mixed-phase character (1T’/2H), with the 1T’ metallic phase
(Mo 3d5/2 ≈ 228.4 eV and Mo 3d3/2 ≈ 231.5 eV)
predominantly present both in the pristine and the function-
alized material. The 1T’ phase proportions were found to be 74
and 58% for Exf-MoS2 and MoS2/CH2COOH, respectively.

Figure 2. (a) Schematic reaction for the covalent functionalization of
1T’-MoS2 with iodoacetic acid. Energy diagram with the functional-
ization formation energies (ΔEf) for distinct S sites of (b) 1T’-MoS2
and (c) 2H-MoS2.
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After the functionalization reaction, the 1T’-phase concen-
tration is partially reduced, likely due to the suppression of
excess charge caused by the attachment of functional groups,
which can induce 1T’-to-2H phase conversion. Thermogravi-
metric analysis (TGA) was carried out to evaluate the surface
modification with the functional groups and is shown in the
Figure S3. The reduction of negative charges on the
nanosheets after the functionalization reaction was confirmed
by the zeta potential values discussed before. The S 2p XPS
spectra for the Exf-MoS2 and MoS2/CH2COOH (Figure S4)

show a small shift after the functionalization, also indicating
the covalent surface modification.

Additionally, the oxidation process was investigated through
XPS measurements (Figure 3c,d) by the Mo peaks at binding
energies of ≈235.7 and ≈233.5 eV, attributed to MoVI and
MoV species (MoOx). Notably, the samples (aqueous
suspensions) were stored under consistent conditions (30
days in the refrigerator at +5 °C followed by 15 days on the Si/
SiO2 substrate as a thin film at ambient conditions) before the
measurements. The spectra indicate a significantly lower

Figure 3. Schematic illustrations of the oxidation sites and their respective formation energies on the surface of the (a) pristine 1T’-MoS2 and (b)
functionalized 1T’-MoS2/CH2COOH materials. High-resolution XPS spectra (Mo 3d) of the (c) Exf-MoS2 and (d) MoS2/CH2COOH samples.

Figure 4. (a) Cathodic polarization curves obtained at scan rate of 10 mV s−1 in 0.5 M H2SO4 and the corresponding (b) Tafel plots for the Exf-
MoS2 and MoS2/CH2COOH samples. (c) Electrochemical impedance spectroscopy (Nyquist plots) for the Exf-MoS2 and MoS2/CH2COOH
samples and the respective fitted curves (dashed lines). All the spectra were collected by scanning from 0.1 to 10 MHz in a fixed bias of −0.3 V vs
RHE.
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formation of Mo oxidized species (MoOx) in the function-
alized material, suggesting that the functional groups may play
a protective role in preventing the oxidation of the MoS2
structure. These experimental observations show a strong
correlation with the DFT simulations presented earlier.

It is worth mentioning that while the functional groups on
the surface of MoS2 prevent oxidation, they could potentially
hinder the reactivity of sulfur sites for the hydrogen evolution
reaction. However, the surface S atoms remain partially
passivated, with unmodified sites available for hydrogen
adsorption. To comprehend how functional groups impact
surface catalysis, electrocatalytic HER performance was
evaluated for both pristine and modified MoS2 samples using
a three-electrode cell in 0.5 M H2SO4 electrolyte solution.
Figure 4 shows representative linear sweep voltammograms
(LSV) for the ITO substrate, Exf-MoS2, and MoS2/
CH2COOH. Initially, the ITO exhibits minimal activity for
the HER and is expected to have a negligible effect on the
overall reduction process. Comparative analysis between the
pristine Exf-MoS2 and the functionalized MoS2/CH2COOH
clearly shows an increase in the electrocatalytic activity for the
functionalized material (MoS2/CH2COOH), evidenced by the
current density curve profiles and the decrease of the
overpotential at 5 mA cm−2 for the MoS2/CH2COOH
compared to the pristine Exf-MoS2, respectively −0.41 and
−0.51 V vs RHE. Corresponding Tafel plots (Figure 4b)
illustrate a significant decrease in the Tafel slope from −145 to
−77 mV dec−1, affirming the beneficial role of the functional
groups in improving the electrocatalytic activity of the MoS2
material. The decrease in the Tafel slope suggests that the
probable reaction mechanism (Volmer−Heyrovsky) might be
transitioning from a rate-determining step (RSD) where the
availability and adsorption of hydrogen species is critical
(Volmer for the pristine Exf-MoS2) to an RSD where the
primary challenge shifts to the desorption of H2 (Heyrovsky
for the MoS2/CH2COOH).66 These results highlight the role
played by the −CH2COOH groups on the energetics of
hydrogen adsorption but also indicate the possibility of other
additional effects inside the electrochemical double layer
(EDL), like the hydrogen-bond networks, further discussed.
This observation is surprising considering that the surface S
atoms are not completely passivated, although the functional
groups present on the MoS2 surface could impede the activity
of certain sulfur sites in the HER. Further evaluation of the
superior performance of functionalized MoS2/CH2COOH was
conducted through EIS to assess the electrode kinetics under
HER operating conditions. Nyquist plots for the Exf-MoS2 and
the MoS2/CH2COOH samples (at −0.30 V vs RHE) are
shown in (Figure 4c). The equivalent circuit used to fit the EIS
data and the values of the parameters are shown in the (Figure
S5 and Table S1). The charge transfer resistance (RCT) values
determined for the pristine Exf-MoS2 and functionalized
MoS2/CH2COOH are ≈82.03 ± 0.11 and ≈12.41 ± 0.01
kΩ/cm2, respectively. The substantial decrease in charge
transfer resistance for the modified material corroborates with
the improved electrocatalytic performance observed previously
through linear sweep voltammetry.

Analyzing the 1T’/2H ratio in both materials reveals a lower
proportion of the 1T’ phase in the functionalized material (58
vs 74% for the Exf-MoS2), suggesting it may not exhibit
superior catalytic performance, considering electronic transport
and the conductivity of MoS2 nanosheets. Furthermore,
catalysis might be adversely affected by functional groups

partially occupying some active sites on the surface. Never-
theless, it becomes evident that the influence of functional
groups overcomes these limitations, potentially improving the
HER.

To enhance our understanding of the significant impact that
functional groups have on catalytic behavior, we also evaluated
the hydrogen adsorption process using DFT calculations. The
Gibbs free energy for hydrogen adsorption at the main sulfur
sites in both pristine and functionalized materials is depicted in
Figure 5a,b. The protonated form of the functional groups was
used in the DFT calculations considering the experimental
conditions carried out for HER (Table S2).

For the pristine material, positions S1 and S2 (Figure 5a),
equivalent to previously discussed SL and SH sites, exhibit ΔGH
values of 0.14 and 0.77 eV, respectively (Figure 5c). Similar to
the functionalization process, the S1 (SL) site proves to be
more active for the HER, with its ΔGH value closer to zero. In
the case of the functionalized material, we assessed three
different sites associated with the sulfur atom in the more
reactive SL position, surrounding the functional group (Figure
5b). The calculated ΔGH for the S1, S2, and S3 sites are 0.06,
0.33, and 0.12 eV respectively. These values show a notable
increase in catalytic activity for the functionalized MoS2 at the
S1 position compared to the sites of the unmodified material,

Figure 5. Schematic illustrations of the S catalytic sites for H
adsorption (lateral and top views) on the surface of the (a) pristine
1T’-MoS2 and (b) functionalized 1T’-MoS2/CH2COOH materials;
(c) The Gibbs free energy for hydrogen adsorption on different S sites
of the pristine 1T’-MoS2 and 1T’-MoS2/CH2COOH materials; (d)
Geometry of H adsorption with the H···O distances on the
functionalized 1T’-MoS2.
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and a slight improvement for the S3 site. The S2 site is the least
active (ΔGH = 0.33 eV) among them, suggesting a possible
effect of the distance between the catalytic site and the
functional group. To comprehend the observed variation, we
examined the bonding structures related to hydrogen
adsorption (Figure 5d). Specifically, at site S1, a distinctive
hydrogen bond interaction is noted between the adsorbed
hydrogen and the carbonyl oxygen in the −CH2COOH group,
characterized by an H···O distance of 2.00 Å. For the sites S2
and S3, the hydrogen bonding formation may not be present
due to the longer H···O distances (4.46 and 4.22 Å
respectively). In addition to the effects related to the ΔGH,
which clearly indicated that the functional groups promoted an
optimization on the binding energies of the reactive
intermediates, with significant changes in Tafel slopes, the
possibility of hydrogen-bond (HB) networks within the
electric double layer (EDL) may cause additional kinetic
effects. The −CH2COOH groups attached to the surface could
strengthen the HB networks by acting as additional HB donors
within the EDL, potentially stabilizing intermediates and
reducing the kinetic barrier of the HER. This could facilitate
proton transfer in the Volmer step, promoting faster reaction
rates through an effectively ”structured” water environment.
This phenomenon has been observed and reported for Pt
catalyst and attributed to an increased connectivity of
hydrogen-bond networks in the EDL.67 The hydrogen bond
formation seems to play a significant role in optimizing the
energetics for hydrogen adsorption and boosting the HER
activity, offering valuable insights for the practical design of
effective MoS2-based electrocatalysts for hydrogen production.

4. CONCLUSIONS
In summary, our theoretical-experimental approach has
highlighted the beneficial role of covalent functionalization of
metallic 1T’-MoS2 nanosheets with −CH2COOH groups for
the HER. We have observed that these functional groups on
the surface can protect the metastable 1T’-MoS2 from
oxidation, thus preventing passivation and/or deactivation of
the catalytic sites on the surface. Although the functionalized
sample shows a decreased proportion of the metallic 1T’ phase
(58% for MoS2/CH2COOH compared to 74% for Exf-MoS2),
which would typically suggest reduced HER activity, our
results demonstrate enhanced catalytic performance due to the
presence of the functional groups. Specifically, the
−CH2COOH groups modify the active sites and surface
chemistry of MoS2, effectively compensating for the lower
metallic 1T’ phase proportion and leading to improved overall
catalytic activity. This enhancement is evident through two key
measurements: LSV and EIS. In LSV analysis, there is a
notable 53% reduction in the Tafel slope, decreasing from
−145 mV dec−1 (for Exf-MoS2) to −77 mV dec−1 (for MoS2/
CH2COOH). Additionally, EIS measurements indicate a
substantial decrease in charge transfer resistance (RCT),
dropping from 82.03 ± 0.11 kΩ/cm2 (for Exf-MoS2) to
12.41 ± 0.01 kΩ/cm2 (for MoS2/CH2COOH). DFT
calculations have been conducted to understand these
unexpected experimental observations, and the ΔGH values
for different S sites surrounding the functional group clarify the
substantial enhancement achieved, despite possible disadvan-
tages regarding the blocking of active sites and the 1T’-to-2H
phase conversion during functionalization. Consequently,
despite the lower proportion of the metallic phase, the
inclusion of −CH2COOH groups in 1T’-MoS2 substantially

enhances its electrocatalytic activity, positioning this material
as a promising catalyst with enhanced stability for the HER.
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Electrochemistry of transition metal dichalcogenides: Strong depend-
ence on the metal-to-chalcogen composition and exfoliation method.
ACS Nano 2014, 8, 12185−12198.
(61) Ambrosi, A.; Sofer, Z.; Pumera, M. Lithium Intercalation

Compound Dramatically Infl uences the Electrochemical Properties
of Exfoliated MoS 2. Small 2015, 11, 605−612.
(62) Yu, Y.; Nam, G.-H.; He, Q.; Wu, X.-J.; Zhang, K.; Yang, Z.;

Chen, J.; Ma, Q.; Zhao, M.; Liu, Z.; et al. High phase-purity 1T’-
MoS2-and 1T’-MoSe2-layered crystals. Nat. Chem. 2018, 10, 638−
643.
(63) Duerloo, K.-A. N.; Li, Y.; Reed, E. J. Structural phase transitions

in two-dimensional Mo-and W-dichalcogenide monolayers. Nat.
Commun. 2014, 5, No. 4214.
(64) Sim, D. M.; Han, H. J.; Yim, S.; Choi, M.-J.; Jeon, J.; Jung, Y. S.

Long-Term Stable 2H-MoS2 Dispersion: Critical Role of Solvent for
Simultaneous Phase Restoration and Surface Functionalization of
Liquid-Exfoliated MoS2. ACS Omega 2017, 2, 4678−4687.
(65) Voiry, D.; Goswami, A.; Kappera, R.; Silva, C. D. C. C. E.;

Kaplan, D.; Fujita, T.; Chen, M.; Asefa, T.; Chhowalla, M. Covalent
functionalization of monolayered transition metal dichalcogenides by
phase engineering. Nat. Chem. 2015, 7, 45−49.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c05965
J. Phys. Chem. C 2024, 128, 20856−20865

20864

https://doi.org/10.1002/adma.201401802
https://doi.org/10.1002/adma.201401802
https://doi.org/10.1021/acs.nanolett.5b00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201403422
https://doi.org/10.1002/smll.201403422
https://doi.org/10.1002/smll.201403422
https://doi.org/10.1002/aenm.201802430
https://doi.org/10.1002/aenm.201802430
https://doi.org/10.1002/aenm.201802430
https://doi.org/10.1021/nn5014098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5014098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1583/ac3f44
https://doi.org/10.1088/2053-1583/ac3f44
https://doi.org/10.1088/2053-1583/ac3f44
https://doi.org/10.1002/adma.202109445
https://doi.org/10.1002/adma.202109445
https://doi.org/10.1002/adma.202109445
https://doi.org/10.1002/admi.202101838
https://doi.org/10.1002/admi.202101838
https://doi.org/10.1002/admi.202101838
https://doi.org/10.1021/acsami.9b13827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b13827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b13827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2021.151256
https://doi.org/10.1016/j.apsusc.2021.151256
https://doi.org/10.1038/s41563-019-0464-7
https://doi.org/10.1038/s41563-019-0464-7
https://doi.org/10.1021/acsmaterialslett.1c00073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.1c00073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5EE00751H
https://doi.org/10.1039/C5EE00751H
https://doi.org/10.1039/C5EE00751H
https://doi.org/10.1016/j.apsusc.2022.152842
https://doi.org/10.1016/j.apsusc.2022.152842
https://doi.org/10.1016/j.apsusc.2022.152842
https://doi.org/10.1021/jacs.7b08881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-04501-4
https://doi.org/10.1038/s41467-018-04501-4
https://doi.org/10.1038/s41467-018-04501-4
https://doi.org/10.1002/adma.201801450
https://doi.org/10.1002/adma.201801450
https://doi.org/10.1002/adfm.201807086
https://doi.org/10.1002/adfm.201807086
https://doi.org/10.1002/adfm.201807086
https://doi.org/10.1039/D0TC03943H
https://doi.org/10.1039/D0TC03943H
https://doi.org/10.1039/D0TC03943H
https://doi.org/10.1039/D4TA05277C
https://doi.org/10.1039/D4TA05277C
https://doi.org/10.1038/nchem.2108
https://doi.org/10.1038/nchem.2108
https://doi.org/10.1038/nchem.2108
https://doi.org/10.1021/acsnano.8b07700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b07700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1088/0953-8984/22/25/253202
https://doi.org/10.1088/0953-8984/22/25/253202
https://doi.org/10.1088/0022-3719/12/21/009
https://doi.org/10.1088/0022-3719/12/21/009
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.5090222
https://doi.org/10.1063/1.5090222
https://doi.org/10.1039/D0CP00502A
https://doi.org/10.1039/D0CP00502A
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1149/1.1856988
https://doi.org/10.1149/1.1856988
https://doi.org/10.1021/nn503832j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn503832j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201400401
https://doi.org/10.1002/smll.201400401
https://doi.org/10.1002/smll.201400401
https://doi.org/10.1038/s41557-018-0035-6
https://doi.org/10.1038/s41557-018-0035-6
https://doi.org/10.1038/ncomms5214
https://doi.org/10.1038/ncomms5214
https://doi.org/10.1021/acsomega.7b00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2108
https://doi.org/10.1038/nchem.2108
https://doi.org/10.1038/nchem.2108
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(66) Benck, J. D.; Hellstern, T. R.; Kibsgaard, J.; Chakthranont, P.;
Jaramillo, T. F. Catalyzing the hydrogen evolution reaction (HER)
with molybdenum sulfide nanomaterials. ACS Catal. 2014, 4, 3957−
3971.
(67) Li, P.; Jiang, Y.; Hu, Y.; Men, Y.; Liu, Y.; Cai, W.; Chen, S.

Hydrogen bond network connectivity in the electric double layer
dominates the kinetic pH effect in hydrogen electrocatalysis on Pt.
Nat. Catal. 2022, 5, 900−911.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c05965
J. Phys. Chem. C 2024, 128, 20856−20865

20865

https://doi.org/10.1021/cs500923c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500923c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-022-00846-8
https://doi.org/10.1038/s41929-022-00846-8
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

