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ARTICLE INFO ABSTRACT

Keywords: Transition metal dichalcogenide (TMD) heterostructures have been discovered to have improved catalytic ac-
Transition metal dichalcogenides tivity towards the hydrogen evolution reaction (HER). This study explores the stability and HER catalytic activity
Heterostructures

including reaction kinetics of heterolayers of different TMDs (MoSy, MoSe; and WS5). The stability of the het-
erolayers varied with those having an overlayer of electrodeposited MoS; being more stable as compared to those
with MoSe; overlayer which degraded with each scan in acidic media. Investigation into the HER kinetics of the
heterolayers involved Tafel analysis and electrochemical rate constant calculation. There was an improvement in
Tafel values calculated in comparison to reported values for these heterolayers. WSy/MoS; and MoSez/MoS,
heterolayers registered rate constants of (3.20 + 0.10) x 10™* ecm s™! and (1.73 + 0.03) x 10~ cm 57!
respectively, which was an improvement of up to an order of magnitude compared to the reported rate constant
of electrodeposited MoSs of (3.17 + 0.30) x 107> cm s~ 1. All this highlights the improved HER catalytic activity

Hydrogen evolution
Reaction kinetics
Tafel analysis

of the heterolayers.

1. Introduction

Transition metal dichalcogenides (TMDs) play a major role in
chemical sensing, energy storage, semiconductors and capacitors and
have lately gained attention in both electro and photocatalysis [1-3],
due to their effective catalysis of the hydrogen evolution reaction (HER)
as well as their low cost in comparison to platinum group electro-
catalysts [4-7]. Their two-dimensional (2D) structure makes it possible
to alter their physical and chemical properties through means such as
doping, nanostructuring and exfoliation which [7-9], in terms of elec-
trocatalysis, results in increased active edge sites that improve the cat-
alytic activity for the hydrogen evolution reaction.

Various TMDs have been investigated as possible HER electro-
catalysts: molybdenum disulfide (MoS;) has been shown to be promising
due to its stability and high catalytic activity for HER [10-14], as well as
molybdenum diselenide (MoSey), a narrow bandgap, semiconductor
with low Gibbs energy that makes it suitable for HER [15-18]. Like most
2D TMDs, these materials have an inactive basal plane which limits their
catalytic activity hence the need to alter and modify their structures to
increase the active (edge) sites for HER catalysis [19-21]. As an
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alternative to increasing edge sites, engineering a phase transition from
the 2H — 1 T metallic phase has found some success in improving the
HER performance [22-26].

Recently, studies investigated TMD heterolayered structures: that is,
having two layers of stacked TMDs to modify the bandgap of the
resulting heterolayer to improve photoelectrocatalysis towards HER
[27-30]. Computational methods were used to investigate and predict
how stacking one TMD on top of the other could influence the bandgap
both positively and negatively depending on whether the valence band
maximum and conduction band minimum were located in the different
layers [29,30]. Hydrothermal and chemical vapor deposition methods
have been used in constructing heterostructures and these have been
shown to display improved electrocatalytic hydrogen evolution behav-
iour [31,32]. Some TMD heterolayers can also be fabricated from elec-
trodeposited TMD films, for example the heterolayers resulting from
electrodeposited films of MoS; and MoSe; have displayed an enhanced
proton reduction activity [33]. Another benefit is the cost-effective
deposition process compared to energy intensive methods such as
chemical vapor deposition for creating the TMD films/layers [19,33,34].
Electrochemical deposition makes use of affordable and readily
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obtainable precursors along with standard electrochemical techniques
to efficiently make the TMD layers on a substrate support such as glassy
carbon, indium tin oxide (ITO) or fluorine doped tin oxide (FTO) [35].

In this study, we investigate the HER performance of different TMD
heterolayers resulting from both nanoparticulate and electrodeposited
forms. A base particle layer of one type of TMD was dropcast onto an
ITO/glassy carbon substrate and the second TMD layer was then elec-
trochemically deposited on top to create the heterolayer. For the elec-
trodeposited form, a base layer of one type of TMD is electrodeposited
onto glassy carbon substrate, after which an overlayer of a different
TMD is electrodeposited on top of it. The catalytic effect of the resulting
TMD heterolayer on the HER was tested through linear sweep voltam-
metry along with their stability in acidic media. From the voltammo-
grams, Tafel and reaction kinetics analysis was conducted to gain insight
into the HER kinetics as well as to compare the catalytic activity of the
different heterolayers. SEM-EDS and XPS were used to characterise the
heterostructures and to confirm the chemical composition of the TMDs
used.

2. Experimental

The following chemicals were purchased commercially and used
without further purification: ammonium tetrathiomolybdate (>99 %),
molybdenum (IV) sulfide nanoparticles (90 nm, 99 % trace metal basis),
ammonium tetrathiotungstate (>99 % trace metal basis), tungsten (IV)
sulfide nanoparticles (90 nm, 99 % trace metal basis), potassium sulfate
(99.0 %), sodium perchlorate (>98 %, all from Sigma Aldrich), potas-
sium chloride (99.0-100 %, Alfa Aesar), sodium hydroxide (97 %, Alfa
Aesar), sodium selenite (>99 %, Fisher Chemical), molybdic acid (>85
%, Honeywell), sulfuric acid (95-98 %, Acros Organics) and molybde-
num (IV) selenide (powder form, Ossila Ltd). All solutions were made
using ultrapure water with a resistivity of not less than 18.2 MQ cm
(MilliQ, Millipore), and were thoroughly degassed with nitrogen (oxy-
gen-free, BOC Gases plc) before each experiment and a nitrogen atmo-
sphere maintained throughout the experiments.

All voltammetric experiments were carried out using a standard
three-electrode cell comprising of a saturated Ag/AgCl reference (IJ
Cambria Ltd), a graphite rod (Goodfellow Cambridge Ltd) counter, and
glassy carbon (3 mm and 5 mm diameters, BASi Inc) working electrode.
The working electrode was thoroughly polished sequentially with
alumina slurries of decreasing size from 3 pym to 0.5 pm on microcloth
lapping pads (Buehler Inc, USA). Cyclic voltammetry was performed
using an Autolab PGSTAT302N potentiostat running Nova 2.1 software
and analysis conducted through Excel and OriginPro 2022.

Electrochemical deposition of the molybdenum disulfide (MoSy),
molybdenum diselenide (MoSey) and tungsten disulfide (WS,) films was
performed in an oxygen free electrochemical cell via cyclic voltamme-
try. For the electrodeposition of MoSs, the cell consisted of a saturated
Ag/AgCl reference, graphite rod counter electrode and a glassy carbon
working electrode and the solution contained 2 mM (NH4);MoS4 and
0.1 M NaClO4 [10,11,36]. The same cell set-up was used for the elec-
trodeposition of WS, but with a 10 mM (NH4)2WS,4 and 0.1 M KClI so-
lution [19]. For MoSe; electrodeposition, a saturated calomel (SCE)
reference was used and indium tin oxide (ITO) glass as the working
electrode in a solution containing 0.05 M H;Mo0Oy4, 0.01 M NaySeOs, 0.1
M NaClO4 and adjusted to pH 6.5 with NaOH [33]. The nanoparticle
layers were formed through dropcasting a 5 pL aliquot of the nano-
particle suspension on the electrode surface and leaving it to dry under a
light source. MoSe; was purchased in powder form (<3mm particles)
and then crushed to submicron sizes before being made into a suspen-
sion for dropcasting. The powder (150 mg) was reduced in size by
grinding it in a 15 mL stainless steel jar from Form-Tech Scientific with
two 7 mm stainless steel balls at 2500 rpm for 5 min using a FlackTek
SpeedMixer™ (model DAC 330-100 Pro) and a custom-made jar holder.
Analysis of each sample powder through XPS confirmed that no
contamination due to the steel was detectable. Dynamic light scattering
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(DLS) was conducted using a Zetasizer Advanced Series-Ultra (Malvern
Panalytical) to get the particle size distribution of the MoSe, powder.

Characterization of the heterolayer materials was conducted by a
scanning electron microscope with energy dispersive spectroscopy
(SEM-EDS) using a Hitachi TM3030 tabletop electron microscope. X-Ray
photoelectron spectroscopy was performed using a Kratos Liquid Phase
Photoelectron Spectroscopy (LiPPS) with a mono-chromated AI Ko X-ray
source (1486.6 eV) operated at 10 mA emission current and 12 kV anode
potential (120 W). Wide resolution scans were run with a step size of 0.5
eV and pass energy of 160 eV and high-resolution scans were run with a
step size of 0.1 eV and a pass energy of 20 eV. High resolution scans were
carried out for the photoelectron peaks from the detected elements in
the wide spectra, and the data was analysed using CASA XPS software
(version 2.3.23). Spectroscopic ellipsometry was used to determine the
heterolayer thickness, conducted at three different angles (65°, 70° and
75°) using an alpha-SE (J.A Woollam Co. Inc) ellipsometer and the
resulting data analysed and modelled using CompleteEASE software (J.
A Woollam Co. Inc).

3. Results and discussion
3.1. Heterolayer formation and stability

Heterolayer samples were fabricated from combinations of two
different transition metal dichalcogenides (TMDs) to explore their HER
catalytic activities compared to the individual layers of the starting
TMDs. Two methods of forming the heterolayers were used: first, where
the heterolayer consisted of a dropcast nanoparticle layer with an
electrodeposited layer of a different TMD on top (‘NP/L’), and second
where the heterolayer was formed was by sequential electrodeposition
of layers of the two different TMDs (‘L/L’). Since the particulate and
electrodeposited forms of the TMDs have different morphologies (crys-
talline vs amorphous), these two methods produced samples with
potentially different interactions at the NP-L or L-L interface.

The first heterolayer fabricated was the MoSey/MoS, (NP/L) con-
sisting of MoS; film electrodeposited on top of a layer of MoSe; particles
on a glassy carbon (GC) electrode surface. An aliquot of 5 L of a sus-
pension of molybdenum diselenide powder in deionised water (con-
centration of 3.9 mM) was drop cast onto a 3 mm GC electrode and left to
dry under light source. The mechanochemically milled MoSe; particles
had an average size of 240 nm with the size distribution ranging from 68
nm to 330 nm. The dropcast MoSe, particles had approximately 76 %
area coverage of the GC surface, calculated from the suspension con-
centration and volume dropcast. The modified electrode was then
placed in a solution of 2 mM (NH4)2MoS4 and 0.1 M NaClO4 and cycled
at a voltage scan rate of 50 mV s~! for 50 cycles between 0.4 V and —1.1
V (vs Ag/AgCl) to electrodeposit a film of MoS, onto the MoSe, NP layer.
Fig. 1 shows the resulting voltammogram with the expected oxidative
and reductive peaks at —0.3 V and —0.8 V (vs Ag/AgCl) respectively as a
result of the redox processes below [10,11,34]:

[MoS,)*”—>MoSs +1/8Ss +2¢~ @)
[MoSs]*™ +2H,0 +2¢” —MoS, +2HS™ +20H" @)

The MoS; deposition voltammogram on MoSe; layer was identical to the
voltammogram of MoS, deposition on bare GC (Figure S3). A further
study onto the MoS, deposition cycles was conducted (in supporting
information) to investigate the effects of deposition cycles/ film thick-
ness on HER scans as well as determining the optimum number of cycles
for full coverage of the electrode surface. It was found that 50 CV cycles
for the electrochemical deposition were sufficient for full coverage and
forming a stable heterolayer.

The MoSe;/MoS, (NP/L) modified electrode was then tested for
hydrogen evolution reaction (HER) catalytic activity and stability in
acid solution through a series of cyclic voltammograms (CV). To
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Fig. 1. Cyclic voltammogram of the electrodeposition of MoS, onto MoSe,
modified glassy carbon electrode in a solution of 2 mM (NH,4)>,MoS4 and 0.1 M

NaClO, at a scan rate of 50 mV s~ 1.

determine the stability of the heterolayer, 10 successive CV scans were
conducted in a solution of 10 mM H3SO4 and 0.1 M K2SO4 to observe any
changes in the scan and onset potential for HER. Fig. 2(A) shows that the
onset potential remained approximately constant for the 10 scans and no
obvious degradation of the heterolayer was observed thus confirming
that the previously reported high stability of electrodeposited MoS; in
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acidic conditions is not affected by the presence of the underlying
dropcast MoSey NPs [11,37,38]. These studies highlighted how stable an
electrodeposited layer of MoS; is through repeated cycling in various
conditions without observing any noticeable changes in overpotential
during the scans. The electrochemical deposition of MoS; in this study
was conducted in a similar manner to these studies [11,37], hence the
similar high stability observed in sulfuric acid solution during HER
scans. Another study was carried out to determine the stability of
dropcast MoSey particles during the hydrogen evolution reaction. The
dropcast MoSe; particles were observed to be unstable in the acid so-
lution when conducting HER voltammetry (details given in the Sup-
porting Information), where degradation of the layer was noticed as
early as the second CV scan. The MoSe; layer dissolved into the solution
with each scan until only the bare glassy carbon surface remained. This
is not the case for the MoSes/MoS, (NP/L) heterolayer thanks to the
stable overlayer of MoS; film which insulates the MoSe;, layer thereby
ensuring that the heterolayer remains intact during HER scans.

The other TMD heterolayers investigated were MoSy/MoSey (NP/L),
WS,/MoS, (NP/L), WS,/MoSe, (NP/L) and MoS;/MoSe, (L/L). The
stability of these heterolayers were also investigated in pH 2 solution for
HER and the results are shown on Fig. 2 (WS2/MoSe; is given in sup-
porting information). Those with an overlayer of MoSe, (B & D) have
low stability compared to those with MoS; overlayers. The degradation
of the heterolayer from the glassy carbon surface for both MoS,/MoSe;
and WS,/MoSe, occurred after the first scan and continued with each
run/scan. This degradation can be seen in Fig. 2 as the onset potential
progressively moves to higher overpotentials with each cycle, tending
towards the response for a bare GC surface. Electrodeposited MoSey
films have been observed to be less stable in acidic media for HER
(Fig. S2) and adding that to a dropcasted layer of WS, and MoS; had no

0.0 4 P 0.0 4
A ) B
1.0 S 1.0
J Run 1
o . o Run 2
g K g Run 3
< 2.0 ) < -2.04 ——Run 4
E ' Run 1 E —Run3
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-3.0 1 . Run 9 -3.0 1 Run 8
. Run 10 Run 9
. ---GC Run 10
N ---GC
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Fig. 2. Stability of the different heterolayers in 10 mM H,SO4 and 0.1 M K»SO4 (A) MoSe;/MoS,(NP/L), (B) MoS,/MoSex(NP/L), (C) WS2/MoS,(NP/L), (D) MoS,/

MoSe,(L/L). Each heterolayer was subjected to 10 successive scans at a voltage scan rate of 20 mV s

—1
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positive effect on the stability of the resulting heterolayer.

3.2. HER activity

After determining the stability of the different heterolayers, their
catalytic effects towards the HER were evaluated. The heterolayers were
created with the aim of increasing active sites for adsorption of
hydrogen as well improving charge transportation due to the hetero-
structure [32,38,39]. Heterostructure formation has been reported to
result in increased active edge sites and channels for charge trans-
portation thus enhancing the electrical conductivity of the heterolayer,
which all positively affects electrocatalytic activity [31,40,41]. The
additional active edge sites are due to the increased surface area of the
heterolayer as well as formation of defects at the heterointerfaces [42].
Catalytic activities of the two forms (particle-dropcast and electro-
deposited forms) of TMDs making up the heterolayer were compared
with that of the heterolayer, using linear sweep voltammetry (LSV) at a
voltage scan rate of 20 mV s~ ! in a solution of 10 mM H,SO4 and 0.1 M
K2SO4 (see Fig. 3). Of the four combinations studied, MoSe;/MoS; (NP/
L) and WSy/MoS, (NP/L) displayed a response indicative of improved
kinetics over the electrodeposited layer (MoS,) alone. MoS; has been the
TMD of choice for most HER studies with its excellent catalytic activity
and the ability to be modified to improve catalytic activity [6,9]. Of the
many different structural forms of MoSy, the electrodeposited form can
be easily modified to change the number of trilayers formed by adjusting
the cyclic voltammetry conditions. This combined with the formation of
MoS; heterolayers results in improved HER activity thus showing the
benefits of forming heterolayers.

A
0.0 4

-

-0.54

j/mAcm?
5

MoSe, (NP)
MoS, (L)
MoSe,/MoS,
—GC

-1.54

-2.0 T T T

42 10 -08 06 -04 02 00 02
E/V (vs Ag/AgCl)

-2.0 T ¥ T T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E/V (vs Ag/AgCl)
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A similar heterolayer response was reported in previous studies
looking into TMD heterostructures which revealed increased electro-
catalytic ability for HER [31,32,38]. One study investigated MoSey/
MoS;, heterostructure fabricated from thin sheets of the TMDs and this
heterostructure showed a lowered overpotential needed to generate 10
mA cm 2 as compared to the component layers as well as improved
electrocatalytic activity [38]. For MoSy/MoSe; (NP/L), WS2/MoSe;
(NP/L) and MoS,/MoSes (L/L) (Supporting Information, Fig. S6), the
current response was shifted to higher overpotentials (i.e., slower ki-
netics) compared to the electrodeposited layer (MoSes) alone. Electro-
deposited MoSe; displays an earlier onset for HER than electrodeposited
MoS, but is less stable in acid solutions (see above).

It was observed that the dropcast layers did not influence the sta-
bility of the electrodeposited overlayer, as degradation of the MoSy/
MoSe; and WS,/MoSe, samples followed that of MoSe,, with rapid in-
crease of overpotential on consecutive CVs and reverting to a response
akin to bare GC after less than 10 scans. Similarly, the samples with
MoS; overlayers had similar stability to MoSs itself, albeit less catalytic
than MoSe;. A visual comparison of the heterolayers is shown on Fig. 4,
having an overlay of the HER scans using the different heterolayers.

Tafel analysis was conducted for the heterolayers used and the
resulting Tafel slopes along with onset potentials were determined. The
reaction mechanism for HER is assumed to involve a series of steps
which may be restricted by either the Volmer, Heyrovsky or Tafel steps
as the rate determining steps and their associated Tafel slope values are
as follows (Table 1) [19,43-45]:

Table 2 highlights the calculated Tafel slope values for HER due to
the heterolayers. These provide an indication of the rate determining

B
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Fig. 3. Linear sweep voltammograms of (A) MoSe,/MoS,, (B) MoS,;/MoSe,, (C) WS2/MoS, and (D) WS,/MoSe, heterolayers as electrocatalysts for the hydrogen
evolution reaction in comparison to the TMDs that make them up. This was done in a solution of 10 mM H,SO4 and 0.1 M of K5SO4 at voltage scan rate of 20 mV st

for all the scans.
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other. All conditions were kept the same and the voltammetry was carried out
in a 10 mM H,SO4 and 0.1 M K,SO,4 solution and with a Ag/AgCl reference

electrode and a graphite rod counter at a scan rate of 20 mV s~ .

Table 1
HER mechanism steps.

1

Step Equation Tafel slope, mV dec™
Volmer H30" + e”—>Hgy + H20 120
Heyrovsky Hygs + H3O" + e"—Hy + Hy0 40
Tafel Hggs + Hggs—H> 30
Table 2

Onset potential and Tafel slope values for the various TMDs and their
heterolayers.

Heterolayer Onset Tafel Reported Synthesis method for
Potential at slope Tafel reported Tafel slopes
0.5mAcm 2 (+0.5)/  slopes/mV
(£0.01)/V mV dec” dec?

1
MoSe,/ —-0.50 57 289 Electrodeposition [33]
MoS, 71 Hydrothermal and
(NP/L) microwave-assisted
method [38]
MoSy/ —0.39 94 315 Electrodeposition [33]
MoSe,
(NP/L)
MoSy/ —0.34 89 315 Electrodeposition [33]
MoSe; (L/
L)
WS3/MoS; —0.49 46 72 Chemical bath
(NP/L) deposition and RF
magnetron sputtering
system [46]
WS,/MoSe, —0.39 98 60 Chemical bath and
(NP/L) chemical vapor

deposition sputtering
[31]

step in the HER reaction mechanism as a result of catalysis from the
heterolayers. WS,/MoS; and MoSes/MoS; (NP/L) Tafel slope values are
closer to the Heyrovsky step value thus indicating that the Heyrovsky is
the rate determining step in the HER mechanism. The other hetero-
layers, that is MoSz/MoSe; (L/L), MoSz/MoSe; (NP/L) and WS,/MoSes
(NP/L) have Tafel slope values which fall between the reported Tafel
values for the Volmer and Heyrovsky steps. This suggests a mixture of
the Volmer and Heyrovsky steps as rate determining steps in HER re-
action mechanism involving these electrocatalysts. All the heterolayers
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yielded Tafel slopes values less than the previously reported values
except for WSy/MoSe;, heterolayer. Throughout this work, onset po-
tential is defined as the potential (vs Ag/AgCl) at which current density
is 0.5 mA cm™2. For most heterolayers, the HER onset value falls be-
tween the individual particle dropcast and electrodeposited form apart
from the WSy/MoS; (NP/L) heterolayer.

Next, the HER performance of the heterolayered electrodes were
investigated via rotating disk voltammetry to determine kinetic perfor-
mance. A surface modified glassy carbon rotating disk electrode was
used to run LSV measurements from 0 to —1.6 V (vs Ag/AgCl) in an acid
solution of 10 mM H3SO4 and 0.1 M KySO4. Given the nature of the
rotating disk electrode, only stable heterolayers such as MoSez/MoS;
and WS5/MoS, which could withstand the rotation were used in the
study. The rotational speed was varied between 400 and 2000 rpm from
0to —1.6 V (vs Ag/AgCl) at 20 mV s~ * and the resulting voltammograms
used for the Koutecky-Levich analysis. Fig. 5 displays the voltammo-
gram resulting from WSy/MoS, heterolayer along with the Koutecky-
Levich plot (B) and Tafel graphs (C) used in calculating the rate con-
stant. The standard electrochemical rate constant was calculated to be
ko = (3.20 + 0.10) x 10~* ¢m s~ ! and a transfer coefficient of a = 0.62
+ 0.02. The same was done for MoSe;/MoS; heterolayer (Supporting
Information, Fig. S9) and a rate constant of kg = (1.73 £ 0.03) x 1074
cm s ! and a transfer coefficient of a = 0.85 + 0.02 were calculated.
Both WSy/MoS; and MoSey/MoS; heterolayers have resulted in an
improved rate constant by an order of magnitude compared to the re-
ported MoS; rate constant of kg = (3.17 + 0.30) x 107> em s~ ! which
had the same preparative method via electrochemical deposition [37].
This highlights the improved catalytic activity of the two heterolayers
for the hydrogen evolution reaction.

3.3. SEM and EDS characterization

SEM and EDS characterization were used to gain insight into the
atomic components and surface morphology of the heterolayers via
imaging and spectrum analysis. SEM images and EDS spectra of the
heterolayers are shown on the supporting information (Figs. S14-18).
These show the top-view of the heterolayer surfaces: rough surfaces can
be observed, and further magnification reveals particles of different sizes
thus supporting the non-homogeneity of the heterolayer surfaces. The
EDS spectral results confirmed the presence of the different elements
arising from the various TMDs used in making the heterolayers. For the
MoSez/MoS; heterolayer, molybdenum, sulfur and selenium elements
were detected during EDS. Detection of Se in the EDS spectra indicates
that there might be dissolution and redeposition of the MoSey layer
during the electrochemical deposition of the MoS; layer. Direct imaging
of the WSy/MoS; heterolayer cross-section by FIB-SEM (focused ion
beam scanning electron microscope) (Fig. S19) showed a single layer of
material instead of two distinct layers. This may be due to the
dissolution-deposition of the underlayer during the deposition of the
overlayer forming a single “alloy-type” layer as reported by Strange
[33].

Further characterization was conducted through XPS to determine
the elemental compositions of the heterolayers. For the MoSes/MoS;
sample, XPS confirmed the presence of Mo, S and Se in the sample as
shown in the wide spectra on Fig. 6(A). High resolution spectra of these
peaks revealed the Mo 3d, S 2s, S2p, Se 3s and Se 3d peaks. The Mo 3d
peak area consisted of the Mo*! at peaks 229 eV and 232 eV along with
the Mo®" at 236 eV [11,36,47,48]. The Mo®" is attributed to the pres-
ence of MoOs in the sample and this is supported by the detection of
significant amounts of oxygen in the sample. MoOgs results from the
partial oxidation of the layers when in contact with oxygen. S 2s and Se
3s were also detected in this spectrum at 228 eV and 232 respectively
[47,49]. Two other chemical states of Se were detected, i.e., the Se 3d
and Se 3p. For Se 3d, the peak of the spin-orbit doublet of Se 3d3,5 and
Se 3ds,, was detected with their peaks at 55.3 and 54.1 eV respectively
[38,50]. To derive the elemental composition of the sample, accurate
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Fig. 5. (A). HER voltammograms at various rotation rates using the WS,/MoS, heterolayer electrocatalyst in a solution of 10 mM H,SO4 and 0.1 M K5SO4. (B).
Koutecky-Levich plot resulting from the voltammograms in (A). (C). Tafel plot from using the intercepts and potentials data in (B). A best fit line was drawn with the
resulting equation Log(Ix) = —2.32E —4.36, from which the electrochemical rate constant was calculated.

quantification would normally involve the analysis of the S 2p and Se 3p
peaks. However, here these peaks overlap which makes peak deconvo-
lution difficult: hence the S 2s and Se 3d peaks have been used for
quantification [33]. This is also the case for the MoSe;/MoS, sample.
The S 2s: Se 3p peak area ratio for the MoS,/MoSe; was calculated to be
1.0:1.9, while for the MoSes/MoSs it was 7.9:1.0. The difference is due
to the amount of TMD film electrodeposited which is significantly more
in comparison to the dropcast nanoparticles.

alysis of the wide survey spectrum of the WSy/MoS, heterolayer
sample confirmed the presence of Mo, W and S elements which were
detected via SEM-EDS. High resolution spectra of the Mo peak area also
showed both Mo*" and Mo®* species along with the S 2s peak as dis-
played on Fig. S12. For this sample, partial oxidation also occurred
hence the Mo®" peaks observed. The chemical composition could not be
determined since the $> was a common anion to both layers but the
relative amounts of W*" and Mo*" could be used to determine the ratio
of WS, to MoS; in the heterolayer sample. The ratio of W* to Mo** was
calculated to be 1:2.7 thereby showing there is approximately 3 times
more MoS; in the WS,/MoS; heterolayer sample.

Spectroscopic ellipsometry was used to determine the thickness of
the electrodeposited films (see Fig. 7). For the MoS;/MoSey (L/L) het-
erolayer, a total layer thickness of (43.3 + 4.4) nm with the MoS; film
having a thickness of (25.5 +5.4) nm and (17.8 & 3.4) nm for MoSe,.
The root mean squared error (MSE) value of 2.38 indicates a good fit of
the model to the experimental data.

4. Conclusion

Transition metal dichalcogenide heterostructures were investigated
for their HER catalytic activity as well as determining the reaction ki-
netics resulting from them. Two methods of forming the heterolayers
were used: one consisting of a dropcast nanoparticle layer with an
electrodeposited layer of a different TMD on top (‘NP/L’), and the sec-
ond was obtained by sequential electrodeposition of layers of the two
different TMDs (‘L/L’). The stability of the resulting heterolayers was
tested in an acidic solution and it was observed that those with a film of
MoSe; had low stability while those with a film of MoS; were very stable
even after 10 consecutive CV scans. Heterolayers with a film of MoS,
displayed an improved HER ability when compared to the starting TMD
materials. An earlier onset potential for HER was also observed for them.
The resulting reaction kinetics due to the heterolayers was investigated
and these included Tafel analysis and electrochemical rate constant
calculation. WS3/MoS; and MoSea/MoS; heterolayers registered rate
constants of (3.20 + 0.10) x 10 *em s ! and (1.73 + 0.03) x 10 % cm
s~ ! respectively, which was an improvement of an order of magnitude
compared to the reported rate constant of electrodeposited MoS,. This
further showed the improved HER catalytic activity of the heterolayers
and how there is still room for improvement when it comes to TMDs.
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