Received: 3 May 2022 Revised: 14 July 2022

Accepted: 25 July 2022

DOI: 10.1002/sus2.86

RESEARCH ARTICLE

‘SusMat | -y

Peeling off the surface: Pt-decoration of WSe, nanoflakes
results in exceptional photoelectrochemical HER activity

Péter S. Toth' | Gabor Szabo' | Gabor Bencsik! | Gergely F. Samu' |

Krishnan Rajeshwar’ |

IDepartment of Physical Chemistry and
Materials Science, Interdisciplinary
Excellence Center, University of Szeged,
Szeged, Hungary

2Department of Chemistry and
Biochemistry, The University of Texas at
Arlington, Arlington, Texas, USA

Correspondence

Péter S. To6th and Csaba Jandky,
Department of Physical Chemistry and
Materials Science, Interdisciplinary
Excellence Center, University of Szeged,
Rerrich Sq. 1, Szeged, H6720, Hungary.
Email:
toth.peter.sandor@chem.u-szeged.hu;
janaky@chem.u-szeged.hu

Funding information

European Research Council (ERC),
Grant/Award Number: 716539;
FlowPhotoChem project, Grant/Award
Number: 862453

1 | INTRODUCTION

Csaba Janaky'

Abstract

Photoelectrochemical (PEC) hydrogen evolution reaction (HER) was studied
on exfoliated, pristine and Pt-decorated tungsten diselenide (p-WSe,) nanoflake
samples, using a previously developed microdroplet PEC microscopy approach.
The WSe, nanoflakes had well-defined thicknesses as measured by atomic force
microscopy, and the Pt nanoparticles (NPs) were deposited by a variable num-
ber of atomic layer deposition (ALD) cycles. An exceptionally high photocurrent
density of 49.6 mA cm~? (under 220 mW cm ™2 irradiation) and internal-photon-
to-electron-conversion efficiency (~90% at 550 nm) were demonstrated on these
Pt-decorated WSe, (WSe,-Pt) photocathodes. The Pt NP loading and thickness
of WSe, nanoflakes (in the 24-235 nm range) were used to fine-tune their PEC
activity for HER. We found similar charge transfer and surface recombination
kinetics of pristine and WSe,-Pt specimens (as assessed by intensity-modulated
photocurrent spectroscopy), which indicated significant differences in their bulk
properties. X-ray and ultraviolet photoelectron spectroscopies were performed to
identify defect states and quantify the density of states around the valence band of
WSe,. The elevated temperature of the ALD process and the evolving Pt NP phase
conspired to passivate the sub-surface (i.e., bulk) defects in the WSe, nanoflakes,
resulting in their vastly improved PEC performance.

KEYWORDS
atomic layer deposition, defect migration, density of states, hydrogen evolution, layered
semiconductor, photoelectrochemical kinetics

states (e.g., cracks, terraces, grain boundaries) in layered
TMDCs. Paradoxically, while the electrocatalytic (EC)

Transition metal dichalcogenides (TMDCs) have been
widely featured in photoelectrochemical (PEC) studies
since the 1980s, stemming from their high photocurrent
density (in the range of several mA cm~2) for the hydrogen
evolution reaction (HER).'™ These early studies, based
largely on single crystals, unraveled the role of defect

performance improved for the HER in the presence of
edge sites and defects, the PEC properties of these layered
materials declined with increasing defect concentration.®’

Exfoliation of layered TMDCs to prepare two-
dimensional (2-D) materials has garnered much attention
in recent years since the advent of graphene.® While
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exfoliated nanoflakes allow better utilization of the raw
materials, this synthetic strategy also leads to an increase
in the number of edges and defects, creating surface states
within the bandgap, which in turn act as recombination
centers for the photogenerated charge carriers in the
metal-chalcogenide semiconductor. Thus, increasing the
photoelectrode area from micrometer-range to mm? or
cm? size, which is much-needed for solar energy con-
version applications, unfortunately has the deleterious
consequence of also suppressing the PEC activity to the
uA cm~2 range.” !

Charge carrier recombination via defect states was rec-
ognized early on, in the use of Pt nanoparticles (NPs) on
2-D material surfaces to improve PEC activity for a tar-
geted application (e.g., HER).>'>"> So far, however, the
deposited Pt NPs on tungsten disulfide (WS,) and WSe,
surfaces were mostly considered in a catalytic context for
the PEC HER. Thus, even small amounts of Pt NPs on
WSe, can act as sinks for the photogenerated electrons and
reduce the activation energy for the first HER step, namely
the formation of an adsorbed hydrogen atom (Volmer
reaction).? In this vein, the effect of both Pd and Pt NPs
electrochemically deposited on WS, bulk single crystals
was investigated, ultimately delivering ~5.0 mA cm~2 pho-
tocurrent (at +0.2 V vs. standard calomel electrode (SCE)
under 0.5 sun illumination) and 7% quantum efficiency for
PEC HER."

More recently, in studies of photocathodes consisting of
WSe, nanoplatelets, the use of aluminum oxide (Al,05)
layers grown by atomic layer deposition (ALD)," or elec-
trochemically synthetized Pt NPs, increased the photocur-
rent by two orders of magnitude with a maximum internal
quantum yield of approximately 0.6%.° Additionally, this
research group achieved an HER photocurrent density
of 4.0 mA cm~2 (at 0.0 V vs. reversible hydrogen elec-
trode (RHE) under 1 sun illumination) on photocathodes
comprising approximately 11 nm thick WSe, nanoflakes
with Pt-Cu catalyst.” A champion photoelectrode, con-
sisting of mechanically exfoliated bulk WSe, crystals with
photoelectrochemically deposited Pt-Ru NPs, was reported
by another group with >7% solar-to-hydrogen-conversion
efficiency under 1 sun illumination.'® Prior studies have
used in situ electrochemical or photocatalytic Pt NP depo-
sition, or alternately, immobilization of pre-synthetized
Pt NPs on the metal-chalcogenide surface.'”?° To the
best of our knowledge, there is only one paper reporting
Pt NP deposition using ALD on TMDCs, specifically on
MoS,. The optimized MoS,-Pt with low Pt mass loading
(~2.2 wt%) showed a low onset overpotential (31 mV vs.
RHE), and small Tafel slope (52 mV dec™), in this case, for
EC HER in the dark.”

On the other hand, the role of Pt NPs in ameliorating the
defect solid state chemistry of TMDCs is murkier. There

are aspects of surface-related processes, such as impurities,
atomic vacancies (sulfur, selenium, etc.), that are known
to affect the optoelectronic properties and modulate the
charge transport characteristics of 2-D materials.”>?* The
first paper on inter-layer vacancy migration appeared in
2014 for multilayer graphene.’* In the case of TMDCs,
both theoretical and experimental evidence have been pre-
sented recently to show heat-induced migration of S-,%°
or Se-vacancies”® in the respective metal chalcogenides.
Regarding other semiconductors, a defect migration pro-
cess was reported for TiO,, where the number of sur-
face oxygen vacancies increased on Pt-decorated TiO, by
migration of bulk vacancies to the surface. A vacuum
annealing process was used to drive the migration and
passivate these incipient defects; the net outcome was an
enhancement in the photocatalytic activity.”” Additionally,
in the case of a noble metal-layered material compos-
ite, the Ag NPs enhanced the selectivity of secondary
hydroxyl oxidation in glycerol and further accelerated the
corresponding kinetics.”®

Herein, we demonstrate record high photocurrent and
photon-to-electron conversion efficiency values for Pt-
decorated WSe, (hereafter WSe,-Pt) nanoflake photocath-
odes, where Pt NPs were deposited by ALD. The effect of
WSe, nanosheet thickness as well as Pt surface loading
was carefully quantified, as elaborated below. The rela-
tive enhancement of the PEC HER activity was shown to
be independent of nanosheet thickness, diagnosing that
the Pt NPs acted as both passivating agents and cata-
lyst sites. Band structure and density of states (DOS) data
of heat-treated WSe, and WSe,-Pt samples pointed to
a photoactivity enhancement mechanism involving bulk
defects (vacancies) in WSe, migrating to the surface to be
subsequently passivated by the Pt NPs.

2 | METHODS

2.1 | Preparation of WSe, and WSe,-Pt
nanoflakes

WSe, single crystals (from HQ Graphene) were mechan-
ically exfoliated on insulating oxidized silicon-coated sili-
con (Si0,/Si) wafers (from Graphene Supermarket) using
the mechanical “Scotch-tape” cleavage method as reported
elsewhere.”” The nanoflakes were then electrically con-
tacted using carbon paste (from Electron Microscopy
Sciences) and a copper wire. All PEC and AFM measure-
ments were performed on such mechanically exfoliated
nanoflakes. The dispersions of liquid phase-exfoliated
(LPE) 2-D crystals (for transmission electron microscopy
[TEM] and X-ray/ultraviolet photoelectron spectroscopy
[XPS/UPS] studies) were produced ultrasonically and

858017 SUOWILLOD 8A 118810 B dedldde ay) Aq peusenob a.e s9oile O ‘8sn Jose|n. 10j ARIq1T8UIIUQ A1 UO (SUOTHIPUCD-PUE-SULBIWO A8 | 1M AlRIq U1 |UO//SANL) SUORIPUOD PUe SWIB | 8L 88S *[£202/T0/£0] Lo Ariqiauliuo A8|im ‘pebiezs JO Aisienun Aq 98°2sns/zo0T 0T/I0p/Wo A8 | 1M Aeiq iUl |uo//Sdny woiy papeojumod ‘9 ‘220z ‘26Gr2692



TOTH ET AL.

‘SusMat \y,, vy >

sorted by area and thickness using centrifugation,
to obtain size-selected nanoflakes. Subsequently, the
nanosheet-containing dispersions were chosen to deposit
films on glassy carbon (from Alfa Aesar) electrodes (for
XPS/UPS measurements) using a modified Langmuir-
Blodgett method,?**° and onto lacey carbon Cu-grids (for
TEM characterization; Electron Microscopy Sciences) by
the “fishing out” technique from dispersions (see more
details regarding the exfoliation techniques in the Support-
ing Information). Platinum NPs were synthesized by the
ALD technique using a high aspect ratio chamber of Beneq
TFS200 equipment. Each synthesis was executed with 1
and 1.5 s of Pt and O, precursors pulse time, respectively,
and 8 s of purge with N, gas between the introduction of
the precursors. The deposition temperature was 300°C
with 1 mbar vacuum in the deposition chamber. Therefore,
the WSe,-Pt-1-cycle, WSe,-Pt-3-cycle, and WSe,-Pt-5-cycle
samples were prepared using 1, 3, and 5 cycles of Pt
deposition, respectively. A shorter deposition was made
as well using only 500 ms pulse time of the Pt precursor;
the resulting sample was named: WSe,-Pt-1s-cycle. Addi-
tionally, the WSe, films on glassy carbon electrodes were
heat-treated using the same conditions as for the Pt ALD,
but in this case, in the absence of the precursors; these
samples were treated at 300°C in a vacuum and named
WSe,-HT.

2.2 | Characterization

The selected nanoflakes were identified by optical
microscopy, followed by morphological characterization.
Atomic force microscopy (AFM, NT-MDT Solver AFM
microscope), operated in the tapping mode with a silicon
tip on a silicon nitride lever (Nanosensors, Inc., SSS-
NCH-type 15 -um long silicon needle with 10° half cone
angle and 2-nm radius curvature) was used to analyze the
nanoflake thickness. The morphology of LPE-prepared
WSe, nanoflakes and deposited Pt NPs were characterized
by capturing TEM images (FEI Tecnai G? 20 X-Twin type,
operating at an acceleration voltage of 200 kV). Analysis
of TEM images was performed using Image] software,
with the diameter of Pt NPs and statistics measured on 150
particles (in the case of WSe,-Pt-1s-cycle only 100 particles
were considered). The number of Pt NPs were counted by
TEM images using 100 X 100 nm squares for 1-, 3-, and
5-cycle depositions.

X-ray photoelectron spectroscopy (using Mg Ko) was
carried out on a SPECS instrument equipped with a PHOI-
BOS 150 MCD 9 hemispherical analyzer. The analyzer was
used in fixed analyzer transmission mode with 40 eV pass
energy for the survey scans and 20 eV pass energy for
the high-resolution scans. Charge referencing was done to

adventitious carbon (284.8 €V) on the sample surface as a
reference. For XPS band deconvolution, CasaXPS commer-
cial software package was used. UPS was performed with a
He (I) excitation (21.22 eV) source. An external bias of 10 V
was applied to the samples to accelerate secondary elec-
trons to the analyzer. The work function of the samples (¢)
was determined by ¢ = hv — (E¢y.off — Er), Where hv is the
photon energy of He(I) (21.22 eV), E ot is the secondary
electron cutoff energy, and Ef is the Fermi energy; further
details are given elsewhere.’!

The components and details of our custom-developed
PEC microscopy approach are given elsewhere (more
details can also be found in the Supporting Information).?’
All electrochemical measurements were performed by a
PGSTAT302N potentiostat (Metrohm-Autolab). All poten-
tials were measured against the Ag/AgCl reference elec-
trode in 6 M LiCl, approximately +0.19 V on the standard
hydrogen electrode (SHE) scale. The linear sweep voltam-
metry (LSV) traces were collected at 5 mV s~ potential
scan rate. The WSe, and WSe,-Pt electrodes were held
at —1.5 V constant potential (Ag/AgClg1ic1) during the
incident photon-to-current conversion efficiency (IPCE)
measurements. The irradiance was measured before and
after each PEC measurement, and it was 226 + 10 mW
cm~? in all cases. This unusual light intensity was a
result of our special PEC microscopic setup. Intensity-
modulated photocurrent spectroscopy (IMPS) was carried
out using the same system, but in this case, the potentio-
stat was equipped with a FRA32 module and LED driver
kit (Metrohm-Autolab). The IMPS data were recorded in
the frequency range from 20 kHz to 0.1 Hz, using sinu-
soidal intensity modulation and bias illumination by a
white light LED (irradiance: 35 mW cm™2). The ampli-
tude of the sinusoidal modulation was 10% of the original
intensity. A pool of 25 WSe, nanoflakes was investigated
with different thicknesses, and three individual droplets
were deposited on each nanoflake in three different spots.
For the IMPS measurements, thickness ranges centering
around 50, 150, and 250 nm were used; three replicates
were run. The deposited droplets were stable to 4-150 um
in diameter. All measurements were performed at ambi-
ent temperature (23-24°C). The quoted errors are standard
deviations from replicates.

3 | RESULTS AND DISCUSSION

3.1 | Morphological and structural
attributes of WSe, and WSe,-Pt

Figure 1A illustrates our microdroplet-based PEC
approach, which was applied to explore the PEC per-
formance of WSe, nanosheets.” Briefly, the mechanically
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FIGURE 1

Morphological and structural characterization of WSe, and WSe,-Pt nanoflakes. Scheme of the microdroplet-based

photoelectrochemical (PEC) setup (A) atomic force microscopy image of a selected bulk WSe, nanoflake on oxidized silicon-coated silicon
substrate (B). The inset shows the vertical profile of the WSe, nanoflake from the region highlighted by the dashed white line with a thickness
0f 132 + 3 nm. Transmission electron microscopy (TEM) images of WSe,-Pt-1-cycle (C), and WSe,-Pt-5-cycle specimens (D).

exfoliated WSe, nanoflakes, immobilized on SiO,/Si
wafers (hereafter WSe,), were contacted with carbon paste
and served as the working electrode, while the area of a
microdroplet deposited on the WSe, specimen defined its
active working area. In this three-electrode configuration,
the reference and counter electrodes, together with an
optical fiber used for illumination, were embedded in the
microtip.

The thickness of the exfoliated specimens was deter-
mined by AFM. Figure 1B shows a sample WSe, specimen
from a studied pool of 25 nanoflakes, with an average thick-
ness of 132 + 3 nm. Overall, we studied WSe, nanoflakes
with thicknesses ranging between 24 and 235 nm. ALD
protocols were used to deposit Pt NPs on the WSe,
nanoflakes, applying 1, 3, or 5 cycles (with 1 s of Pt pre-
cursor pulse time) and one with a shorter cycle (500 ms
of Pt precursor pulse time), and these specimens are
named hereafter WSe,-Pt-1-cycle, WSe,-Pt-3-cycle, WSe,-
Pt-5-cycle, and WSe,-Pt-1s-cycle, respectively. Considering
the high catalytic activity of Pt NPs for PEC HER, their
loading was kept at max. 5 cycles to exploit the synergistic
effect between the constituents.*?

The morphology of the deposited Pt NPs on the WSe,
surface was investigated by TEM (Figure 1C,D). Interest-
ingly, we found an increase in the number of Pt NPs,
while their size remained identical (about 6 + 1 nm) inde-
pendently of the number of ALD cycles. The pulse time

of the precursors, the temperature of the chamber, the
number of the cycles, the substrate, reagents, and the
type of ALD method are all very important factors affect-
ing the size of Pt NPs deposited by ALD. As reported by
Wang et al., ALD synthesis using MeCpPt(Me); and oxy-
gen precursors at 300°C results approximately 2 nm Pt NPs
employing only 1 cycle,* while at higher temperatures Pt
atoms form larger clusters.** Additional TEM images and
a histogram of the Pt particle diameters for the WSe,-Pt-
1-cycle sample are given in the Supporting Information
(Figure S1). The increase of the coverage of Pt NPs on the
WSe, nanoflakes with the number of cycles without any
significant change in the particle size can be explained by
the ALD mechanism.

During the first step, the WSe, surface is exposed to
the Pt precursor, trimethyl(methylcyclopentadienyl) plat-
inum(IV) (MeCpPtMe;). The precursor ligands react with
WSe, surface-adsorbed oxygen creating a Pt seed, then
subsequent oxygen exposure forms a new adsorbed oxy-
gen layer on top of the Pt seeds surface.>*’ Additionally,
the TEM images show that the Pt NPs nucleated initially
on the edges and the coverage became subsequently more
uniform due to the higher chemical activity of the edge ver-
sus the basal plane.'**3° Applying additional ALD cycles,
the basal plane of WSe, samples gradually became more
active for binding the Pt precursor as shown later. The sim-
ilar Pt particle size in the case of different samples helps to
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Number of ALD cycles

High-resolution Pt 4f XPS spectra of WSe,-Pt-1-cycle (A), and WSe,-Pt-5-cycle (B) samples, the core levels and oxidation

states are labeled in all cases. Pt content of surface (orange square symbols), and Se/W (blue circle symbols) atomic ratio (C) as a function of

the number of Pt deposition cycles (extracted from XPS data).

compare their inherent activity by deconvoluting possible
size effects.

The surface elemental composition of the WSe,-Pt sam-
ples was investigated by XPS (Figures 2A,B, S2). The survey
spectra (Figure S2A) showed O and C content, beyond W
and Se, related to surface-adsorbed adventitious carbon,
water and oxygen bound to Pt and/or W on the surface.*>*’
The surface Pt content increased with the cycle number,
while the Sepq /W, ratio was ~ 2.1 for all specimens
showing a Se-rich surface (c.f., Figure 2C). High-resolution
Pt 4f XPS spectra were analyzed to probe the oxidation state
of Pt on the WSe, nanoflakes. In the case of WSe,-Pt-1s-
cycle, WSe,-Pt-1-cycle, and WSe,-Pt-3-cycle samples, both
Pt® and Pt?>* signals were observed. The Pt** likely existed
in the form of a surface PtO, species.*’ The Pt® / Pt**
ratio was dependent on the number of Pt deposition cycles
(Table S1). The WSe,-Pt-1s-cycle and WSe,-Pt-1-cycle sam-
ples contained the most Pt>*, while the amount of Pt°
increased with the ALD cycle number. The presence of
Pt>* in the case of lower cycle number WSe,-Pt specimens
can be explained by the oxidative ALD process.’’ At the
end of one deposition cycle, the Pt on the WSe, surface
had an oxygen-rich surface layer, which could then react
with the next Pt precursor in a subsequent ALD cycle to
deposit more “metallic” (Pt°) on the same site. At the end
of this ALD cycle, the O, dose converted more Pt precur-
sor to PtY and also recreated an oxygen-rich surface layer.
However, as more Pt° was deposited, the relative amount
of the metallic Pt° to Pt** also shifted. This behavior, in
which the initial stages of ALD deposition favored the for-
mation of PtO, species, has also been shown for Al,0;
substrates.*’ In the case of WSe,-Pt-5-cycle specimen, the
fitting was performed by considering metallic surface Pt
species only (Figure 2B) as the contribution of oxidized
species was negligible.

3.2 | Effect of Ptloading on the PEC
behavior

Our microdroplet-based approach facilitated the PEC
activity of the specimens to be monitored in the same loca-
tion of the selected WSe, nanoflakes before and after Pt
deposition. Figure 3A depicts a four-fold enhancement in
the photocurrent density upon depositing 1-cycle of Pt on
a WSe, nanoflake with 230 + 4 nm thickness as a demon-
strative example. The irradiance was measured before and
after the PEC measurements, which was 217 mW cm~2 in
this case. To compare the activity of samples with differ-
ent thickness and Pt loadings, the irradiance was carefully
monitored in all the cases (226 + 10 mW cm™2 for all the
measurements presented in this study).

The IPCE values recorded for the WSe, and WSe,-
Pt-cycle-1 specimens peaked in the 500-550 nm range
(Figure 3B). A cutoff value of ~920 nm was determined,
giving a 1.34 eV bandgap value, which agrees with lit-
erature values.*! After Pt deposition, the quantum effi-
ciency increased up to 81%-90 % showing that almost
every absorbed photon generates an electron-hole pair.
More LSV and IPCE curves recorded for WSe,-Pt-cycle-
1 samples with different thicknesses are shown in the
Supporting Information (Figure S3). The steeper slope of
the photocurrent evolution on the LSV traces (Figure 3A:
between 0.0 V and —0.6 V), compared to the pristine
samples, indicates a more efficient charge separation and
a faster charge transfer at the semiconductor/electrolyte
interface.*>*3 As the thickness (and the light absorption)
of the WSe, remained practically unchanged after the
Pt deposition (note the very small loading), the same
number of incident photons should generate the same
number of photoelectrons. The increased IPCE values,
after the deposition of Pt NPs could be the result of either
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voltammetries (LSVs) (A), and incident photon-to-current conversion efficiency (IPCE) curves (B) were recorded for the illuminated droplets
deposited on WSe, and WSe,-Pt-cycle-1 nanoflakes in 1 M HC1/6 M LiCl solution. The potential sweep rate for LSVs was 5 mV s~! and the
chronoamperometric curves were measured at —1.5 V. The thickness of the WSe, nanoflake was 230 + 4 nm. The relative improvement in the

photocurrent (C), and quantum efficiency (D) in the function of Pt deposition cycles are shown by bar charts. The thickness of WSe,

nanoflakes for the different loadings was 211 + 20 nm. The PEC activity of each nanoflake was replicated at three spots. The irradiance was

217 mW cm™2in (A, C).

(catalytic) acceleration of the charge carrier transfer step or
the suppression of charge carrier recombination (or both).

The relative growth of current density (Figure 3C) and
IPCE (Figure 3D) exhibited a maximum for the WSe,-Pt-
1 cycle specimen, indicating the highest PEC activity (in
these comparisons the thickness of WSe, sheets was in the
range: 211 + 20 nm). The decrease in both the photocurrent
density (Figure 3C) and the IPCE values (Figure 3D) in the
case of WSe,-Pt-cycle-3 and WSe,-Pt-cycle-5 samples sug-
gests a light blocking effect from the increasing amount of
Pt NPs (i.e., surface concentration) resulted by the further
deposition cycles (Table S1).*

The WSe,-Pt-cycle-1 sample showed the highest pho-
tocurrent density and IPCE value, simultaneously having
the lowest (16%) Pt°, and highest (84%) Pt>* content on
its surface. This implied a relationship between the out-
standing PEC activity and the oxidation state of Pt NPs. To
monitor the fate of the Pt NPs on the surface of the samples
after the PEC reaction, XPS characterization on the same
sample was performed at different stages: (i) freshly pre-

pared WSe, sample, (ii) after 1-cycle Pt deposition by ALD,
(iii) after the PEC studiesin1 M HCl and 6 M LiCl (LSV and
IPCE traces monitored). The scheme showing these steps
and the XPS results are summarized in Figure S4. These
measurements revealed that after the PEC measurements:
(i) The Se g /W atg, ratio remained unchanged (~2), (ii) the
composition of the surface Pt was also constant, and (iii)
the total Pt content was also similar (i.e., no Pt detachment
occurred during the PEC experiments).

3.3 | WSe, thickness dependence of the
PEC activity

The effect of the nanoflakes thickness on the PEC activ-
ity was investigated using the 1-cycle ALD Pt sample.
Figure 4A shows the absolute photocurrent as the func-
tion of the flake thickness, each bar represents one flake
with the given thickness, while each black bar has a cor-
responding red bar as well, as measurements were carried
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out both before (black bars) and after the Pt deposition (red
bars). Horizontal error bars indicate the standard devia-
tion of the flake thickness (from the AFM measurements),
while the standard deviation of the photocurrent density
comes from 3-3 separate measurements on each flake with
the given thickness. The absolute photocurrent enhance-
ment increased with the increasing thickness of the WSe,
nanoflakes (Figure 4A). This trend could be rationalized
by the higher light absorption and the band structure-
dependent photogeneration of charge carriers for thicker
WSe, nanoflakes in comparison with thinner samples.>*
A similar pattern was seen in the max. IPCE values,
recorded for the photoelectrodes with different thicknesses
(Figure 4B). The trends in Figure 4 underline the impor-
tance of surface versus bulk processes in the photoactivity
of these TMDC samples.

The kinetics of PEC HER on WSe, and WSe,-Pt pho-
tocathodes were examined using IMPS measurements on
the same WSe, nanoflakes before and after Pt deposition
(nanoflake thickness: 50 + 1, 130 + 5, 230 + 4 nm). First,
a photovoltammogram was recorded in the microdroplet
cell (Figures S5A, S6A, and S7A), followed by the IMPS
measurement at different applied potentials resulting in
the Nyquist plots of the complex photocurrent response
(Figures S5b,C, S6B,C, and S7B,C). These plots were used to
calculate the PEC charge transfer (k) and surface recom-
bination (k.)*>*~*% rates (Figures S5D, S6D, and S7D).
After modification with Pt NP deposition on WSe,, a sim-
ilar trend is observed for k. for the three samples, the
value was slightly higher than for pristine WSe,, while the
ky, showed 1-2 orders of magnitude higher values than
k. This shows that the catalytic activity of the defect
states of WSe, and Pt NPs-decorated WSe, nanoflakes is
similar,** the current density is not limited by the charge
transfer through the electrode/electrolyte interface. Over-
all, the IMPS data suggest that surface processes alone

2.

cannot account for the superior PEC performance of the
Pt-decorated samples; instead, the bulk charge carrier
generation and transport have an impact.

3.4 | Surface passivation of vacuum
annealed defects

The fact that only minor differences were seen between
the charge transfer rates for WSe, and WSe,-Pt-cycle-1sug-
gests that the improvement in the PEC behavior must be
related to changes in the WSe, bulk. Such bulk alterations
have precedence for other semiconductors as mentioned
in the introductory paragraph. Thus, vacuum annealing
(at 350°C and 0.06 Pa) resulted in the migration of oxy-
gen vacancies from bulk to the surface of TiO,, increasing
the concentration of these vacancies and the content of
active Pt species on the surface.”’ Considering the pos-
sibility of a similar process in our WSe,-Pt system, the
surface composition of the samples was studied using only
thermal annealing steps (300°C, 100 Pa) in the absence
of the Pt or O, precursors. The duration of these pre-
treatments was identical to the 1-, 3-, 5-cycle Pt deposition
runs; these specimens are named hereafter: WSe,-HT-
1-cycle, WSe,-HT-3-cycle, WSe,-HT-5-cycle, respectively.
XPS measurements were carried out to evaluate the ele-
mental composition of the surface of the pristine and these
HT WSe, samples. In the case of pristine samples, four par-
allel measurements were acquired. The surface-adsorbed
species (adventitious carbon, adsorbed H,0) was omitted
from the quantification of the W, Se, and lattice O val-
ues (Table S3). High-resolution Se 3d and W 4f spectra
(Figure S8) were analyzed to identify the surface defect
states. The formation of W(VI) species was observed whose
amount increased with the number of heat treatment
(HT) cycles (Figure S9A). Its amount was approximately
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25%-30% higher for only heat-treated samples, compared
to the Pt-decorated specimens. The lattice oxygen content
was elevated as well as with the formation of W(VI) in
the case of HT samples (Figure S9B); in contrast, a slight
decrease in surface selenium was found (Table S3).

To gain further insights into the band structure and
DOS of these materials, UPS measurements were carried
out (Supporting Information, Figure S10). Based on the
VB energy values and Fermi levels, band diagrams were
constructed for the WSe,, WSe,-Pt, and WSe,-HT sam-
ples (Figure 5A).44%°9 The DOS plots showed a maximum
peak at —6.5 eV in the VB region (most likely related to
filled trap states); whereas the VB edge consisted of W 3d
and Se p orbitals. Both HT and Pt NP deposition decreased
the population of this energy state. Interestingly, the inten-
sity of the peak at —6.5 eV was lower for the HT samples,
compared to the Pt-decorated ones. This DOS loss was
equal to the decrease of electron density caused by the for-
mation of W(VI). The change of DOS at —6.5 eV was plotted
as a function of the W(VI) amount amplifying the differ-
ence between HT and Pt-decorated samples (Figure 5B).
At larger amounts of W(VI) in the absence of Pt NPs (HT
samples), the electron density and the DOS decreased as
the W(IV) transformed to W(VI) losing 2 electrons to the
neighboring lattice oxygen. Oppositely, in the case of the
Pt-decorated samples, the presence of Pt NPs and their
electron density partially compensated for the loss from
the incipient W(VI) surface states.

The number of Pt NPs as a function of deposition cycles
was extracted from TEM images using 100 X 100 nm
squares (Figure 6A). This number was constant for the
nanoflake edges with the increasing deposition cycles,
directly proving that the first nucleation spots for Pt NPs
were the energetically more favored edge defects. Mean-
while, the number of Pt NPs increased with the cycle

number on the basal planes of nanoflakes because the
defects in the bulk phase of WSe, flakes migrate to the sur-
face (initiated by the vacuum annealing) where they act as
nucleation centers for Pt NP deposition. These additional
Pt NPs from 3 and 5 cycles could passivate the “freshly”
formed W(VI) sites on the surface generated by lattice O
migration from the bulk HT caused a decrease in the DOS
at —6.5 eV (Figure 5A) due to decreased electron density in
the VB. Additionally, we found the lowest DOS and highest
W(VI) amount for the WSe,-HT-cycle-5 sample. Therefore,
a sample was prepared with two consecutive steps of ALD
protocol: first, a 5-cycle HT (WSe,-HT-cycle-5), and sec-
ond, a 1-cycle Pt NPs (Pt-cycle-1) deposition step. Then the
PEC behavior of this sample was compared to the PEC
performance of previously prepared samples (Figure 6B):
(i) only HT (annealing the samples at 300°C, 100 Pa), (ii)
Pt deposition (1-cycle-Pt), and (iii) HT followed by subse-
quent Pt deposition (WSe,-HT-cycle-5 + Pt-cycle-1). Three
different nanoflake thickness regimes were chosen, 53 +
10, 122 + 16, and 213 + 14 nm (Figure 6B).

The PEC activity of the HT samples showed a two-
fold increase of the photocurrent compared to the non-HT
counterpart (pristine WSe,), and a similar improvement
of photocurrent was seen for the WSe,-HT-cycle-5 + Pt-
cycle-1 specimen. The highest improvement was found for
the WSe,-Pt-cycle-1 specimen where the Pt>* amount was
the highest (84%) relative to the 1s-, 3-, and 5-cycle sam-
ples (Table SI). The high temperature (300°C in vacuum)
during the ALD protocol initiates the migration of defects
from the bulk to the surface improving the PEC activity
for the only heat-treated sample (WSe,-HT). The slight
improvement of PEC activity is explained by the compe-
tition of the surface defects suppression and improvement
from the healed bulk phase of WSe,. While platinum NPs
deposition clearly occurred during the high-temperature
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ALD deposition (300°C) because the forming W(VI) sur-
face sites could function as the nucleation centers for the
Pt NPs. After Pt deposition, the electron density of these
NPs compensates for the reduced electron density in the
VB region caused by W(VI) sites.

4 | CONCLUSION

This study focused on an important TMDC, namely, p-
WSe, nanoflakes and ALD deposited Pt NPs for PEC
HER. The best-performing 1-cycle Pt WSe, sample yielded
49.6 mA cm~2 photocurrent density at 220 mW cm~2 irra-
diance and about 90% IPCE value (at 550 nm). Evidence
was presented for the important role played by bulk defects
and their migration to the surface in the overall PEC
HER activity. XPS and UPS proved the formation of W(VI)
reducing the electron density in the VB region at —6.5 eV.
The W(VI) amount increased with the number of HT steps
in the ALD chamber, causing only moderate improvement
in the photocurrent activity. On the other hand, the elec-
tron density from deposited Pt NPs suppressed the DOS
decrease caused by W(VI) paving the way for the best PEC
performance.

Table 1 shows the PEC performance of our Pt-WSe,
photoelectrode, compared to state-of-the-art materials, to
better contextualize the PEC HER activity of the reported
photoelectrode. As mentioned in the Introduction section,
the early studies from the 1980s on TMDCs for PEC HER
were based on large single crystals and reported up to 17 mA
cm~?2 photocurrent."> An important recent work'® on the
PEC HER activity of surface cleaved WSe, single crystal

with Pt/Ru catalyst, resulted in a high photocurrent (27 mA
cm™2, —0.2 Vvs. RHE, 100 mW cm_z). Upon concentrated
irradiation (200 mW cm™2, similar to our study), 30 mA
cm~2 photocurrent density was recorded at —0.52 V ver-
sus RHE in the presence of 50 mM Ru(NH;)¢>*/>*. In the
case of reports on WSe, nanoflakes, however, the PEC HER
performance has been limited to a few mA cm~2 photocur-
rent density.”'"'” On the contrary, our study demonstrates
that proper defect state passivation (both in the bulk and
the surface), together with the ALD-based immobilization
of Pt co-catalyst, the PEC performance of nanostructured
TDMCs can match that of the respective single crystals,
allowing resource-efficient electrode preparation.

In a broader vein, this work highlights (i) The strategies
for securing nanostructured TDMC-based photoelectrodes
with high PEC activity, (ii) the need to control the migra-
tion and passivation of defect states in 2-D materials, and
(iii) the importance of properly selecting the parameters of
an ALD protocol.
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TABLE 1
photoelectrodes.
Material Jphoto, max(MA cm™2) Conditions
WSe, 17 —1.0 versus SCE,
at —0.77 V versus RHE 1M H,SO,
Pt-WSe, 11 0.0 versus RHE,
at 0.0 V versus RHE 1M H,SO,
Pt/Ru-WSe, 27 —0.2 versus
at —0.2 V versus RHE RHE, 0.5M
K,S0,,0.2M
KHP, pH~4.2
30 —0.2 versus
at —0.52 V versus RHE solution (V),
0.5M KHP,
pH~2.25, 50 mM
Ru(NH3 )63+/2+
Pt/Cu-WSe, 4 —0.1 versus
at —0.1 V versus RHE RHE, 1M
H,SO,
Pt-WSe, 0.7 —0.1 versus
at —0.1 V versus RHE RHE, 1M
H,S0,
Al,05-WSe, 2 —0.4 versus
at 0.14 V versus RHE Ag/AgT,
acetonitrile
Pt-WSe, 49.6 —1.4 versus
at —1.2 Vversus RHE Ag/AgClL, 1M
HCl, 6 M LiCl
18 —0.75 versus
at —0.55 V versus RHE Ag/AgCl, 1M
HCIl, 6 M LiCl
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Comparison of the photoelectrochemical (PEC) activity, measurement conditions, and preparation methods of WSe,-based

Irradiance, lamp Electrode
IPCE (%) (mW cm—2) type Refs.
40 100 Single 1
at 600 nm Xenon arc crystal
- 150 Single 2
solar spectrum crystal
60 100 Single 18
at 550 nm tungsten halogen crystal
- 200
tungsten halogen
37 1sun Nanoflakes 17
at 475 nm Xe arc
20 1sun Nanoflakes 9
at 550 nm Xe arc
13 100 Nanoflakes 1
at 550 nm LED array
920 220 Nanoflakes This
at 550 nm halogen work
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