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1. Introduction

The increasing need for global energy is driven by the rapid expansion of the global population
and modern industry. The energy sources we rely on in current society are mainly from
conventional fossil fuels, which bring the issues of environmental pollution and energy crisis
because of the pollutant emissions and the limited reserves. This motivates the development of
sustainable energy to generate fuels/feedstocks from earth-abundant resources such as water
(H20), carbon dioxide (CO.), and nitrogen (N) using renewable energy. Solar energy is a clean
and cheap energy source, and it is by far the most abundant renewable energy, which comprises
more than 99% of the total amount of all renewable energies available on earth [1-3]. While its
intermittent nature and unbalanced availability demand the storage of captured solar energy.
There are several ways to use this plentiful energy. The photovoltaic (PV)-electrolysis system
can directly convert solar energy into electricity which must be consumed immediately or stored

in batteries/capacitors with limited storage capacity [3,4].

Solar energy can also be directly converted into chemical energy through photosynthesis,
which is the oldest method and has been developed by nature over the past billion years. Inspired
by nature, researchers developed this method, named artificial photosynthesis, which aims to
utilize sunlight to produce renewable energy, typically in the form of electricity, but using totally
different approaches and materials. Artificial photosynthesis consists of two major methods

including photoelectrochemistry and photocatalysis.

Compared with photocatalysis, the photoelectrochemical (PEC) system integrates the
photocatalysis and electrocatalysis systems, which makes full use of external bias and solar
energy in a unified reaction system. There are several reasons why this method is appealing.
One of the biggest advantages is that hydrogen (Hz) and oxygen (O2) are generated from separate
electrodes, which allows the easy separation of these gas products without postseparation
process, avoiding the safety issue due to the inflammability of H2. Another advantage is that this
process can be performed at room temperature, which is energy saving. The third advantage is
that the PEC water splitting devices can be totally fabricated from inorganic materials [9,10].
Moreover, the PEC technique has two potential advantages compared to PV-electrolysis. The
first advantage is since the fact that the commercial electrocatalysts require cell voltages of

around 1.9 V to achieve their optimal operating current density of around 1 A cm=2. As the
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thermodynamically needed potential for water splitting is 1.23 V, this results in an upper limit
of 65% (1.23/1.9) for overall energy conversion efficiency [5]. While the current density at a
photoelectrode immersed in water is much smaller (maximum 10-20 mA cm™) and the
necessary overpotential is significantly lower. The second one is that a PEC system can be
constructed as a single device, which demands fewer packaging components (like glass, quartz,
and frame) and may lead to lower costs. Therefore, photoelectrochemistry constitutes the topic

of this dissertation.

The photoelectrode material, namely semiconductor (SC), plays a critical role in the PEC
system [6]. When the illumination power is equal to or higher than the bandgap of SCs, the
electrons can be excited from the valence band (VB) position to the conduction band (CB),
leaving the holes in the VB. As the photocathode (p-type SC) shown in Fig. 1, under applied
external bias, the electrons are driven to the working electrode surface, to drive the reduction
process (for example, water reduction reaction). The holes migrate to the counter electrode
(anode) to participate in the oxidation reaction. For the photoanode (n-type SC), the
photogenerated charge carriers transfer occurs in the opposite direction: the holes go to the
working electrode surface to drive the water oxidation reaction while the electrons transfer to
the counter electrode to forward the reduction process [7]. Thus, the energy from the incoming

light can be stored in the products in the form of chemical bonds.

- e-
Bias —=
H,, [c8
H,0 Qj .
g H+ hv
02 +H-I- VB
Anode Photocathode

Fig. 1. The scheme of p-type SC applied for photoelectrochemical hydrogen evolution reaction. CB and VB present
the conduction band and valence band, respectively.
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PEC hydrogen evolution and CO- reduction reactions (HER and CO2RR) are the most
widely investigated processes to generate valuable fuels, such as Hz, carbon monoxide, methane,
and methanol, to replace the traditional fossil fuels [8]. PEC HER has been studied for decades
since it was first reported by Fujishima and Honda in 1972 [9]. It is a promising technique which
can efficiently utilize 120,000 terawatts of solar radiation striking to the earth’s surface. Efforts
in this field are directed to develop new materials which can efficiently facilitate H* reduction
reaction, ultimately paving the way for industrial applications. Our study focuses on the
synthesis of such materials, and the investigation of their PEC HER behavior along with

exploring their applicability as photoelectrodes for solar fuel and chemical generation processes.
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2. Literature Background
2.1. Challenges of photoelectrochemical hydrogen evolution reaction

The water splitting reaction to produce Hz (or Oz, Equation 1) is a thermodynamically uphill
reaction, and the free energy change under standard-state conditions of this process is AG® =
237 kI mol *or AE°=—-1.23 V.

2H,0 - 0, + 2H, 1)

The energy needed to drive PEC water splitting is supplied by solar simulator or ideally
sunlight [10]. Therefore, the SCs possessing a narrow bandgap (~1.5 eV) with a high absorption
coefficient (10°-10° cm™?) over a wide wavelength range to harvest most of the solar irradiation
are desired in this PEC system. Many SCs have been studied as photocathode materials in this
field over the past decades, for example, Si [11] and copper oxides [12], which achieved decent
PEC performance. Despite significant advancements in PEC HER, the efficiency and long-term
stability of photoelectrodes remain critical limitations that hinder its large-scale
commercialization. These challenges arise from issues such as insufficient light absorption, fast
recombination of charge carriers, and degradation of materials under operating conditions. In
this regard, the employed photoelectrode materials must fulfill several key criteria
simultaneously to achieve efficient and sustainable hydrogen production [13]:

1). The bandgap must be small enough to harvest a large portion of the solar spectrum, but
big enough to suppress the rapid recombination of photogenerated charge carriers.

ii). The band edge positions at the electrode surface should straddle the H> and O redox
potentials, which means that the CB and VB positions should be more negative and
positive than the water reduction and oxidation potential, respectively.

iii). The photoelectrode materials must exhibit good long-term stability over the desired pH
and potential window.

iv). Efficient charge transport, which is necessary to facilitate the extraction of the
photogenerated charge carriers towards the electrode/electrolyte junction and back

contact, minimizing the significant recombination. This means, for a p-type SC, that the
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higher the mobility of the photogenerated electrons and holes within the material, the
higher the produced photocurrent.
V). Fast charge transfer from the electrode surface to the electrolyte, which can minimize
the energy losses due to the kinetic overpotential.
vi). Low toxicity.
vii). Low cost and facile preparation methods.
The ongoing research and development aim to discover new materials possessing the
desired bulk and interfacial characteristics which can meet these criteria. Therefore, there is a

clear need to develop highly efficient and stable SC-based photoelectrodes to reach this goal.

2.2. Photoelectrode materials - metal chalcogenides

So far, a variety of SCs have been employed as photoelectrode materials in the past decades,
such as metal oxides [12,14], metal chalcogenides [15-17], group I11-V and group 1V materials
[18,19]. Among those SCs, metal chalcogenides, for example, MoSz, WSe,, and CuS;, have
gained considerable attention due to their excellent optical and electrical properties [16,17,20—
23]. Studies on water splitting using metal chalcogenides bulk crystals date back to the early
1980s, which have achieved high photocurrent (around 10 mA cm2) [24-27]. Fig. 2 shows the
histogram of the maximum photocurrent density values (recorded under 1 sun illumination)
collected from the literature for PEC HER application of metal chalcogenides [17,28-39], which
was adapted from our review paper [40]. Only studies reporting photocurrent densities over 1
mA cm 2 were included in the detailed analysis here. The highest photocurrent density of around
60 mA cm 2 was achieved on MoS; under ca. 6 sun illumination [41]. Fig. 2 indicated that over
50% of photocurrent density values is below 10 mA cm™2, thus it is desirable to investigate the

factors that limit such materials for achieving high PEC HER activity (over 10 mA cm™).
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Fig. 2. Statistical analysis of maximum photocurrent density distribution for PEC HER (under 1 sun illumination)
with metal chalcogenide electrodes. Adapted from ref.[40].

Microelectrodes-based PEC studies

Studies on the two-dimensional (2D) materials have gained intensive interest since the
successful isolation of graphene [42]. When using 2D materials for (photo)electrocatalysis, it is
crucial to consider the impact of defects like steps, edges, and atomic vacancies in their crystal
structure. These defects, particularly at the edges, significantly affect their electrochemical (EC)
behavior. It is widely accepted that the EC activity is higher at the defective edges compared to
the basal plane of 2D flakes, while the exact reasons for these variations are still under
investigation [23,43-45]. For bulk transition metal dichalcogenides (TMDCs), the activities of
basal plane and edge were extensively investigated a few decades ago [24-27,46]. Tungsten
diselenides (WSe>) for example, higher EC and lower PEC activity were observed for edge
planes, compared to its basal plane. This phenomenon is attributed to the defects and edges
creating surface states within the bandgap, acting as the recombination centers for
photogenerated charge carriers.

The influence of structural domains (e.g., in plane defects, edges, and thickness of sheets)
on PEC activity of 2D and layered materials has been investigated by using microscale EC/PEC
techniques, such as scanning electrochemical cell microscopy, scanning electrochemical
microscopy, and microdroplet-based methods [47-55]. Fig. 3a shows the schematic illustration
of a microdroplet-based PEC setup. A single-nanoflake scanning photocurrent microscopy

approach has been employed on WSe, nanoflakes for example, revealing that charge carrier
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recombination occurs more near perimeter edges than basal planes [23]. Lewis and co-workers
employed a scanning photocurrent microscopy to investigate the PEC behavior of bare and Pt-
deposited WSe, photoelectrodes, and the results presented significant variation in the
photoconversion efficiency of terraces of the layered structures. The observed variation is
ascribed to the uneven distribution of surface and bulk defect states among terraces, particularly

chalcogenide vacancies [49].

Recently in our group, we have observed the spatial variation of the PEC activities of
MoSe> and WSe, photoanodes in the oxidation reaction of a model redox couple (Fig. 3c—d)
[23]. We have also found that Pt nanoparticles deposited on p-type WSe> flakes by atomic layer
deposition (ALD) cause significant improvement in the PEC HER activity (Fig. 3b). This
enhancement was affected by the bulk defects and their migration to the surface. The heat-
induced W(V1) defects during ALD process result in a reduction in the density of states (DOS)
near the valence band of WSe». The Pt nanoparticles produced by ALD suppressed the DOS
decrease caused by W(VI), leading to a better PEC performance [56].
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Fig. 3. (a) Schematic illustration of a microdroplet-based PEC setup [49]. (b) Bar chart of the photocurrent values,
recorded with illuminated 1 M HCI/6 M LiCl droplets deposited on various WSe,-Pt-cycle-1 nanoflake samples
with different thickness. The power was 217 mW cm™2[56]. (c) Optical micrograph of a few-layer MoSe; nanoflake,
the edges are marked with white dashed lines [23]. (d) PEC behavior of layered MoSe, specimens (basal planes),
linear sweep photovoltammograms recorded for the illuminated droplets deposited on monolayer, few-layer, and
bulk flakes in 6 M LiCl solution; the sweep rate was 5 mV s [23].

Macroelectrode-based photoelectrochemical studies

Typically, enlarging the photoelectrode area from the micrometer scale to mm=sr cm=esults in
a significant reduction in photocurrent (to the pA cm2 range) due to the presence of numerous
defects [22,29,57]. Meanwhile, given the ultimate application of solar energy conversion
devices, it is essential to prepare microelectrodes. In this regard, many works have been reported
to fabricate microelectrodes [29,37,58,59]. For example, Yu and co-workers prepared WSe;
nanoflakes with liquid phase exfoliation (LPE) method, then they fabricated the WSe: film using
space-confined self-assembled (SCSA) and aggregated—compacted (ADCD) film formation
approaches, respectively [29]. The morphology of SCSA film is characterized by TEM, as
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shown in Fig. 4a, and no significant aggregation or restacking of the nanoflakes is observed.
Fig. 4b and c displayed the cross-section images of these films, confirming that for the SCSA
film, the film consists of a single sheet with the sheet orientation parallel to the substrate,
whereas in the ADCD film, the film is thicker and the sheet orientation is more random. The
PEC performance of electrodes after Pt co-catalyst decoration is presented in Fig. 4d. SCSA
film shows much higher PEC HER activity than that of ADCD film. Furthermore, Table 1
shows the PEC HER performance of reported macroelectrodes composed of flakes, including

the results of my doctoral work.

After Pt deposition
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Fig. 4. (a) Representative TEM image of a single-flake-layer WSe, layer SCSA thin film deposited on a carbon-
coated TEM grid. (b) and (c) show the cross-sectional SEM images of the SCSA and the ADCD films, respectively.
The scale bars are 400 nm. (d) Liner sweep photovoltammograms of Pt decorated WSe, films prepared by the
SCSA and ADCD techniques under chopped illumination (1 sun, 100 mW cm™). Figures were adapted from
ref.[29].
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Table 1. Summary of the photoelectrochemical activity, measurement conditions, and the preparation methods of
transition metal chalcogenides macroelectrodes. This table was adapted from ref [60].

. Potential Flake Film
Jmax
Material _ V vs. Conditions reparation reparation | Ref.
(mA cm?) prep prep
RHE) method method
1 M H,SO4; 100 mW cm™>
WSe2 0.03 0 LPE SCSA [22]
(Cree MCE4 LED)
1 M H,SO4; 100 mW cm™>
WSe2 0.04 0 LPE SCSA [29]
(Xenon lamp)
0.5 M H,SOq4; 100 mW cm™
WSe2 ~0.01 0.05 aSLcS aSLcS [57]
(Xenon lamp)
MoS 05 05 0.5 M H2SO4; 150 mW ¢cm™ | hydrothermal | hydrothermal [61]
0S: ~ 0. —0.
(Xenon lamp) method method
WS . 05 0.5 M H2SO4; 150 mW ¢cm™ | hydrothermal | hydrothermal [61]
2 ~ —VU.
(Xenon lamp) method method
thermal thermal
0.05 M H,SO4; 100 mW cm™2
SnSe 1.4 -0.2 ) vacuum vacuum [62]
(Optical fiber source, FX300) ) )
evaporation | evaporation
SnS 0.06 Lo 1.5 M NaxS03; 90 mW cm™ electro- electro- [63]
nSe . —1.
(polychromatic lamp) deposition deposition
poly! p P
S 0.02 0 0.2 M Eu(NO3)3; 100 mWem 2 electro- electro- (64]
nSe . —0.
(Xenon lamp) deposition deposition
0.5 M H2SO4; 100 mW cm ™ . Our
SnSe 2.44 —0.74 LPE spray coating
(Xenon lamp) work
0.5 M H2S04; 1000 mW cm™ . Our
GaTe 4 -0.74 LPE spray coating
(Xenon lamp) work

2.3. Synthesis methods of metal chalcogenides

Various approaches have been employed to synthesize transition metal chalcogenides (TMCs)
with controlled size and crystallinity, which can be classified as either bottom-up or top-down
methods [65]. Table 2 summarizes the mostly used synthesis techniques of 2D/layered materials
and its characteristics (yield, cost, and aimed materials), and the application of the as-prepared

materials with some representative references [66—69].

10
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Table 2. The preparation methods of 2D/layered materials [40].

Strategy | Methods Flakes Yield | Cost Resulted Materials Application | References
. 3 Research/
L'?CU'IQ Phase High Il:{lorc]jerate TMCs/Oxides [70,71]
Exfoliation 19 commercial
Top-— ; } Research/
down Ehgnl]'lct%l High r':/l 0: ®rate- | Oxides/TMCs/MXenes [66,72]
xfoliation 19 commercial
Mechanical ) ., Low TMCs Research | [23,47]
Exfoliation
Chemical Research/
Vapor High High TMCs/Oxides [73,74]
Deposition commercial
Research/
ipra{ . High High MXenes/Oxides [69,75]
Bottom_ | PYrolysis commercial
up
. Research/
Hydrhoth_ermal High rl:/_lo:erate TMCs/Oxides [76,77]
Synthesis 19 commercial
. Research/
Atomic Layer High High TMCs [78,79]
Deposition commercial

2.3.1. Top-down method

In the top-down method, the 2D/layered materials are prepared from their parent bulk
counterparts. The mostly used top-down method includes mechanical, liquid-phase, and

chemical exfoliation processes [80], and these approaches are discussed below:

Liquid phase exfoliation (LPE)

LPE is a method in which the layered crystals are dispersed in a solvent and exfoliated to
nanoflakes with external forces, like controlled ball milling, solvothermal, or ultrasonication
processes. It was first reported in 1989 for the production of MoS; and WSe> nanosheets [81],
and was later adapted for graphene in 2008 [82], demonstrating a cost-effective and scalable
approach for the mass production of 2D materials. Furthermore, Coleman et al. applied this
method on other layered compounds, such as MoTe2, TaSez, and BN, to obtain their flakes

efficiently [83]. The size and yield of resultant flakes can be affected by several factors:

11
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i). The solvents. According to the reported studies, the layered materials are most
effectively dispersed in solvents with matching surface energy [84], namely the surface
tensions of the solvent and the material are close. Layered crystals may have different
exfoliation efficiency in different solvents because of different interactions between
solvents and crystals. Fig. 5a shows the plot of concentration of GeS flakes as a function
of LPE solvent surface tension [85]. Toxic solvents with high boiling points, such as N-
Methyl-2-pyrrolidone (NMP) and 1,4-dichlorobenzene (DCB), have been commonly used
to prepare flakes, while such solvents are not easy to remove from the surface, leading to a
big loss of the material and the generation of toxic waste. Recently, more green solvents
with low boiling points and toxicity, for example, ethanol, isopropanol (IPA), and the
mixture of water/alcohol, have been used in the LPE process [60,85,86].

if). Higher initial concentration of crystals in a certain degree leads to higher concentration
of as-resultant flakes. Coleman and co-workers studied the effect of it on the concentration
of MoS; nanoflakes, which were exfoliated from NMP, and a positive linear relation was
observed when the initial concentration of MoS; crystals was below 100 mg cm2 (Fig. 5b)
[87].

iii). Different sonication times can result in as-resultant flakes with different sizes (length,
width, and thickness). One example is shown in Fig. 5c, the flake size of MoS; increases
with shorter sonication time, while it decreases at longer sonication time because of the
sonication-induced scission [87].

iv). The flakes based on different flake size parameters (e.g., length, thickness) can be
separated by using centrifugation with different speeds/relative centrifugal forces (g-force).
One of the well-known methods is the cascade centrifugation approach, and its scheme is
shown in Fig. 6a [88]. The flakes with larger length and thicker thickness are screened out
first. Moreover, a negative linear correlation between the mean flake length/thickness of

WS, and g-force was found (Fig. 6b-c).

12
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Fig. 5. (a) The concentration of exfoliated GeS powder as a function of solvent surface tension. The concentration
of NMP-exfoliated crystal GeS is plotted as a reference [85]. (b) Dispersed concentration as a function of initial
MoS; crystal concentration. The dashed line shows the initial linear increase. (c) Mean flake length and width of
MoS; flake as a function of sonication time. The MoS; crystals were exfoliated in NMP solvent in panels (b) and

(c) [87].
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Fig. 6. (a) The scheme of the cascade centrifugation method. Mean values of (b) nanoflake length, (L), and (c)
nanoflake thickness of WS, (N), as a function of the relative centrifugal forces, presented as central g-force. The
WS; crystals were exfoliated in NMP. Figures were adapted from ref.[88].
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Mechanical exfoliation (ME)

ME is one of the most widely used methods to prepare high-quality nanoflakes from their bulk
crystals [23,42,47]. In general, layered materials can be cleaved because of the weak van der
Waals force within intralayer. This method requires very simple setups (normally an adhesive
tape is needed), and can be employed to prepare thin layers and 2D materials by using repeated
cleavage process [58]. Since the first isolation of graphene in 2004 [42], many other inorganic
layered materials have been exfoliated by ME method to give thin nanoflakes with some
interesting properties. For example, a thickness-dependent optical property of GaTe was
observed by using ME-prepared GaTe flakes [89]. Therefore, this approach is important in the
exploration of the undiscovered physical phenomena of layered materials. While the low yield
and relatively small size of the flakes obtained with this method limit its practical applicability

for some device applications.

Chemical exfoliation (CE)
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osmotic swelling nanosheets
(critical bridge)

Fig. 7. Schematic illustration of the swelling and exfoliation process of the chemical exfoliation process [90].

The chemical exfoliation of layered materials has been widely investigated over the past few
decades. Fig. 7 shows the schematic illustration of this method. It demonstrates that
ions/molecules play dual roles. Firstly, the insertions of ions/molecules expand the host
interlayer spacing, which weakens the van der Waals interactions of the interlayers. Secondly,
under the applied external force, for example, ultrasonication, the layers can be separated into
multi- and mono-layer [90]. Various ions have been applied in the CE process, such as Li",
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which is commonly employed to prepare thin-layer of TMDCs [91]. While several drawbacks
of this CE process should be mentioned here, such as i) the long processing time, and sometimes
the high reaction temperature. ii) the relatively small size of resultant nanoflakes. iii) more

defects might be produced [68].

2.3.2. Bottom-up method

In the bottom-up method, the nanomaterials are constructed by assembling either atoms or
clusters into nanoscale structures. It includes, for example, chemical vapor deposition (CVD)
[74,92], hydrothermal [77], and atomic layer deposition [78,93]. Among these approaches, the
hydrothermal method is the one that generally requires lower temperature and vacuum, which
can be used to synthesize nanomaterials at a low cost. It utilizes an aqueous solution as a reaction
system in a special closed reaction vessel, heating such reaction system to create a high-
temperature and high-pressure reaction environment [94]. Many metal chalcogenides with
nanoplate/nanosheet morphology have been successfully prepared by this method. Moreover,
the materials can be either directly grown on the substrates by inserting the clean substrates into
the reaction solvents before the reaction, or first synthesized and then processed to film on the
substrates [35,77,95].

2.4. Preparation methods of macroelectrodes

From a practical standpoint, it’s highly desirable to prepare macroelectrodes with large-area and
continuous film to further develop solar energy conversion devices. In this regard, a variety of
preparation methods have been established and developed, such as the most traditionally used

approaches: Langmuir-Blodgett and spray coating methods.

Langmuir-Blodgett (LB) method

LB technique provides a flexible way to prepare layers/films on solid substrates. Its scheme was
shown in Fig. 8a, which consists of two main steps: i) dropping the material suspension into the
water, and the materials self-assemble to thin film (Langmuir-film) at air-water interface. ii)
inserting solid substrate into the water, then the film is transferred onto it (LB film formed) [96].
Many films of layered SCs, such as MoSe, and WSe, have been fabricated by this method

[23,60,97]. Moreover, this approach has been developed, for example, adding a stirring
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procedure throughout the film forming [96], or preparing the film without using the LB trough

and omitting the film compression process [60,97], which can further expand its application.

Space-confined self-assembled (SCSA) method

Langmuir
monolayer Langmuir-Blodgett films
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Fig. 8. (a) The scheme of Langmuir-Blodgett method with a typical Langmuir trough [96]. (b-d) The space-confined
self-assembly approach for WSe; thin-film deposition [29]. (b) The schematic diagram of the film deposition
method. (c) The photograph of a single-flake-layer WSe; thin film deposited on flexible ITO-coated PET plastic,
and (d) A representative TEM image of a single-flake-layer WSe, film. The scale bar is 2 mm. (e) GeSe film
produced by spray-coating the GeSe nanoflakes onto a graphite paper substrate, photograph of a GeSe
photoelectrode, which was manually bent to its mechanical flexibility, and its corresponding top-view SEM image.
Figures were adapted from: b-d [29], e [98], respectively.

Self-assembling nanoparticles at liquid-liquid interface is also a useful technique suitable
for film preparation. In a typical process, the nanoparticles, dispersed into a hydrophilic medium,
are driven towards a hydrophilic/hydrophobic interface through stirring or with an inducing
agent [99,100]. However, the solvent-exfoliated TMDCs nanoflake suspensions have poor

stability in most solvents. Sivula’s group for example, applied this technique for film preparation
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of TMDCs, but formed inhomogeneous films. Later, they developed this method by confining
the TMDCs nanoflakes at the interface of two immiscible non-solvents, achieving uniform and
continuous films [22,29,58,101]. The scheme of the developed method is shown in Fig. 8b,
employing WSe, as an example here [29], which includes 5 steps: i): injection of WSe>
nanoflakes dispersion; ii) nanoflake confinement and self-assembly; iii) hexane removal; iv)
ethylene glycol removal and film deposition; v) drying at 150 <C. A photograph of SCSA film
of WSe; flakes on flexible ITO-coated PET substrate is shown in Fig. 8c, and a homogeneous
film over a large area (7.5 cm?) is presented. Moreover, they scaled up the area to 22.5 cm? using
this method. Fig.8d is a representative TEM image of SCSA-WSe; film, and no significant

aggregation or restacking of the flakes is observed.

Spray coating method

Spray coating is a deposition technique where the coating materials are typically dispersed in a
solvent medium and deposited on rigid or flexible substrates by using a spray gun to fabricate
layers/films structures [98,102]. One representative example is shown in Fig. 8e, where the
GeSe nanoflakes were spray-coated on a graphite paper substrate, and its corresponding top-
view SEM image was also presented in the top-right figure [98]. A heating step is commonly
used during the spray coating process to evaporate the solvents and eliminate the interlayer strain
[71]. The film quality, such as the thickness and loading, can be tuned by changing the number
of spray-coating cycles [103].

2.5. SnSe as a promising photocathode material

SnSe is a binary group 1VV-VI monochalcogenide with an orthorhombic phase structure [91,104].
It has been considerably studied in the thermoelectric community because of its ultralow lattice
thermal conductivity [105,106]. As a layered SC, due to the weak van der Waals force within
its interlayers, the bulk SnSe crystals can be cleaved to nanoflakes with different thicknesses,
resulting in a tunable bandgap (0.9-1.8 eV, corresponding to the thickness from bulk to
monolayer). Furthermore, it has a p-type semiconducting nature with high absorption coefficient
of 10° cm ™1 [107]. All these properties enable SnSe an appropriate material for photovoltaic and
optoelectronic devices [108,109]. In addition, the other merits, such as the earth-abundance of
both Se and Sn elements, and the comparatively low toxicity of SnSe, make this material even

more attractive. After reviewing the reports, we have found that SnSe-based materials have been
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used for solar cell [110], photocatalysis [111], and PEC OER applications [112-116], while only
limited number of papers investigated the PEC HER performance of SnSe [62], there is a strong

need to further study this application of SnSe.

So far, SnSe has been synthesized by using different methods, such as CVD [117],
electrodeposition [64,118], hydrothermal method [119], chemical (Li-intercalation) exfoliation
[120,121], and LPE [70]. As discussed in the 2.3 section, some synthesis methods have their
own drawbacks, which can affect the yield and crystallinity of the obtained materials. Therefore,
from the view of cost and product yield, among these approaches, LPE is considered as the
suitable method to prepare SnSe nanoflakes. Hence, this method was employed in our study.
The LPE method has been used to prepare the high-quality crystalline SnSe nanoflakes in pure
IPA, showing tunable bandgap and optical absorption performance by adjusting the nanoflake
thickness [107]. Besides, another work reported that they prepared few-layer SnSe nanoflakes
from different solvents (e.g., NMP, ethanol, and IPA), and a thickness-dependent bandgap was
proved [70].

Compared to CVD, the hydrothermal method is also suitable for synthesizing SnSe
flakes because of the lower energy cost. The nanomaterials synthesized by different approaches
have different morphologies, surface conditions, and crystallinities, which might result in
different PEC performance [13,122]. Therefore, we aimed to study the PEC HER activity of
SnSe flakes prepared by different methods, namely LPE and hydrothermal methods. These
results will highlight the potential of SnSe electrodes in the PEC HER application, offering new
avenues for exploring PEC processes on such metal chalcogenide electrodes.

2.6. GaTe as a promising photocathode material

Lately, I11-VVI group monochalcogenides, such as indium selenide (InSe) and gallium telluride
(GaTe), have attracted extensive attention because of their excellent optical and electronic
properties [123-125].

GaTe is avan der Waals SC, and possesses a direct bandgap which can be tuned between
1.7 to 2.1 eV by adjusting the flake thickness [89,126-128]. Also, it has a high absorption
coefficient (10* cm™) [129]. All these merits make GaTe a good material for photovoltaic and

optoelectronic devices. So far, numerous devices based on GaTe nanoflakes, nanowires, and
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multilayers have been fabricated and applied for various applications, e.g., photodetector [130—
132], transistor [133], supercapacitor [134], and solar cell [125,135]. Additionally, GaTe
utilized as a catalyst in photocatalysis has also been investigated [136-139]. For example, Tien
et al studied the photocatalytic dye degradation activity of bulk GaTe nanosheets and nanowires
[136]. Moreover, the band diagram of GaTe was fabricated by theoretical calculation, revealing
a more negative CB than H*/H. (1.1 eV vs. 0 eV) [137,138]. Later, the photocatalytic HER
performance of GaTe was tested experimentally [138]. The heterostructure of GaTe/ZnO was
fabricated and used for PEC HER application, achieving seven times higher photocurrent than
bare ZnO [140]. These results demonstrate that GaTe is a promising material in the field of HER.
While we notice that all published reports about GaTe are based on either bare or the
heterostructure of the bulk GaTe, the PEC applications of exfoliated bulk GaTe have not been
reported, it’s highly recommended to study the PEC HER behavior of GaTe nanoflakes.

GaTe has been synthesized by different approaches, such as bottom-up methods (e.g.,
CVD and self-flux (using Ga and Te powder) [141,142]), and top-down methods generally
referred to as exfoliation [89,127,133,143,144]. The latter method includes ME [89,133,143]
and LPE [127,134,144], which require more simple setups and less energy consumption
compared to bottom-up methods. Therefore, the exfoliation was employed to prepare GaTe
flakes in my PhD studies.

As discussed in the section of Microelectrodes-based PEC studies, the flake-based
microelectrodes were fabricated to reveal the fundamental questions about layered materials, for
example the thickness-dependent EC/PEC properties [23,56]. Reviewing the reports, the PEC
performance of GaTe microelectrode has not been studied yet, therefore, the ME-prepared GaTe
flakes were constructed as microelectrodes, meanwhile its thickness-dependent PEC HER
performance was explored in our study. To scale up the electrode size, the GaTe
macroelectrodes were assembled by using LPE prepared GaTe flakes. Several “green” solvents,
such as ethanol [145], IPA [134,144], and water/ethanol mixtures [127], were employed for the
exfoliation of GaTe. In our study, IPA was used as the solvent for the LPE process of GaTe

crystals.
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2.7. Other promising metal chalcogenides as photoelectrode materials

Except SnSe and GaTe materials, we have studied other layered SCs such as GeS, As2Sz, and
Cu»S for PEC HER application in my doctoral projects as well, as their CB positions are more

negative than H* reduction potential [95,137,146-164], indicating they are thermodynamically

suitable for HER. Their band positions are shown in Fig. 9.
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Fig. 9. The energy band diagrams related to the NHE at pH=0 of SCs we used. The red and black lines represent
the CB and VB positions of SCs, respectively. The values shown in the figure were averaged from several data
points from the literature for each SC.

Germanium sulfide (GeS)

Recently, GeS, as a p-type layered SC with an orthorhombic structure, has attracted great
attention due to its direct bandgap of 1.65 eV in bulk, and a high electron mobility (10° cm? V1
s 1) and tunable electronic/optical properties [165]. These properties enable GeS used for
various applications, such as photodetectors [162,166], photocatalytic/electrochemical HER
[163,167,168], and transistors [164]. Additionally, the earth-abundant and environmentally
friendly nature of GeS makes it suitable for practical use [169]. The PEC HER performance of
GeS is rarely reported, therefore, it is critical to study its PEC HER activity, which can help to
broaden the family of layered SC for solar energy conversion techniques.

GeS layers are bonded by weak van der Waals force, which can be peeled by exfoliation
[85,164,170]. For example, Matsuda et al. prepared GeS flakes by using ME method, and
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reported its anisotropic and thickness-dependent optical properties [170]. Besides, GeS crystals
can be exfoliated in solvents with different surface tensions, such as ethanol (22.1 mN m™),
acetone (25.2 mN m™1), and IPA (23 mN m™?Y) [85,162], providing a pathway for scalable
production of GeS flakes.

Arsenic(l11) sulphide (As,S3)

AsS3 is a p-type layered material with a monoclinic structure, and has an optical indirect band
gap of 2.6 eV. It has low interlayer binding energy (van der Waals force), which can be peeled
into thin flakes by exfoliation. As»Sz as a catalyst for photocatalytic HER has been expected
[146,171]. Also, it shows photoconductivity [172,173], making it a candidate for PEC
applications. While its PEC HER application is rarely studied, in this regard, it is desired to
study the PEC activity of As,Ss. It is worth mentioning that additional safety precautions are
required when using As,Ss3 because of its toxicity [174].

Zinc telluride/Zinc selenide (ZnTe/ZnSe)

Among the zinc chalcogenide-based catalysts, ZnX is an n-type SC when X is O, S, and Se,
while ZnTe is a p-type SC [175].

ZnSe is a n-type layered SC with a bandgap of 2.6 eV, and its CB and VB positions
straddle the reduction and oxidation potentials of water, enabling ZnSe suitable for the water
splitting process [149]. So far, there have been a lot of reports about the
photocatalytical/photoelectrochemical applications of ZnSe-based materials [147,149,176-178].
For example, Reisner’s group synthesized ZnSe nanorods and applied them for photocatalytical
HER, showing an activity approaching that of Cd-based materials, even without a co-catalyst.
Rosei and co-workers fabricated InP/ZnSe heterostructure for PEC HER, achieving higher
activity than that of bare InP [176]. Other heterostructure, like NiogsSe/ZnSe [147] and
ZnlnyS4/ZnSe [179], were also constructed. Besides, ZnSe is a stable and inexpensive SC,
making this material more attractive to form heterostructures with other materials. We found the
relative band edge potentials between SnSe and ZnSe (Fig. 9) are suitable for HER, hence, the
heterostructure of ZnSe/SnSe was fabricated, and its PEC HER activity was investigated during

my doctoral studies.
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The p-type ZnTe material has a bandgap of 2.26 eV, which is a suitable candidate for
photoelectric devices. Due to its relatively negative CB energy potential (—1.63 V vs. RHE)
among many known p-type SCs so far [151], ZnTe has been widely used for PEC CO2RR and
HER [180,181]. However, there are still some shortcomings, such as the poor selectivity, low
stability, and fast recombination of charge carriers, which need to be overcome. The strategies
developed to solve these issues mainly include constructing heterostructures with other SCs,
metal, or conductive polymers [181-186]. For example, the heterostructure of polypyrrole-
coated p-ZnTe was fabricated and applied for PEC CO2RR, showing the improvement in the
catalytic activity in terms of the Faradaic efficiency, reaction selectivity, and production rate
[183].

So far, ZnTe has been synthesized by a variety of approaches, for example, the
hydrothermal method [184,187], hot injection [188], thermal evaporation method [150], and
close spaced sublimation [186]. Reviewing the literature, we found that ZnTe prepared by the
exfoliation method requires low energy cost, meanwhile, the PEC HER application of exfoliated
ZnTe has not been reported yet. It is desired to study the PEC performance of exfoliated bulk
ZnTe to broaden the opportunities of ZnTe material in the field of energy conversion

applications.

Copper sulfide (Copper telluride, Copper selenide) (Cu,S (Cu,Se, Cu,Te))

Cu.S is a narrow bandgap SC (1.2 eV for bulk), which can absorb the sunlight in a wide
wavelength range. It has a high absorption coefficient over 10* cm™ and a high conductivity,
allowing for efficient photogenerated charge transfer. Moreover, the Cu and S elements are
earth-abundant and non-toxic. All these attributes favor Cu,S to be a promising material for
solar energy conversion. So far, Cu.S has been employed for solar cells, photocatalysis
[189,190], and counter electrode in quantum dot solar cells [191], while only a few studies
reported its PEC applications. The heterostructure of Cu>S/Cu.O for example, was constructed
by coating Cu.S onto the Cu.O photocathodes and used for PEC HER [192], showing better
performance than bare Cu20. These results indicate the potential of CuS as a promising material

for PEC HER, thus, there is a strong need to further explore its PEC HER performance.

Cu,Se and CuzTe have an indirect bandgap of 1.1-1.5 eV, and it has been widely used

as a good absorber in photovoltaic devices [193,194]. Meanwhile, their CB positions are more
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negative than H*/H2, making them great candidates for HER. While their practical application
in PEC HER has rarely been reported [157,195], and in these reports, only the heterostructure
of it was studied, the bare and exfoliated Cu.Se and Cu.Te have not been investigated.
Regarding this, it is interesting to study the PEC HER performance of bare and exfoliated Cu,Se
and CuaTe.
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3. Motivation and Aims

When | started my PhD studies in 2019, our initial goal was to improve the performance of

2D semiconductor materials in PEC reaction. To do this, we wanted to 1) activate the inactive

parts (e.g., basal plane) by depositing co-catalysts; ii) passivate the defects (like the edges) by

decorating them with surfactants or other materials (e.g., Al2Oz). While as the research

progressed and new issues occurred, my doctoral goals became clearer. These aims can be

summarized as follows:

i),

if).

To find a suitable solvent for the LPE process of SnSe. As far as we know, different
solvents have different surface tensions, which can result in different interactions
between crystals and solvents, consequently leading to nanoflakes with different sizes
after LPE process. Therefore, we used different solvents in the LPE process, aiming to
find out a suitable solvent for the LPE process of SnSe, and for achieving improved PEC
HER activity.

ii). Another goal was to study the effect of edge density on PEC activity of SnSe. From

the literature review, we found that the flake size (edge density) can affect its PEC
performance. Therefore, a sieving process was used to separate the as-received
commercial SnSe crystals into three size fractions before LPE, and the obtained flakes
edge density can be tuned. The photocathodes made from them by spray coating method
were tested for PEC HER application. The influence of flake edge density on the PEC
HER performance of SnSe was investigated.

To study the effect of Pt co-catalyst on SnSe PEC HER performance. Pt
nanoparticles were deposited on SnSe photoelectrodes by photodeposition method, and
the effect of different deposition factors, such as illumination time, the concentration of
Pt precursor, and illumination intensity, on the PEC activity was investigated. Under
optimal recipe, the role of Pt co-catalyst on the charge carriers transfer and

recombination of SnSe photocathode was studied.

. To investigate the PEC HER performance of micro- and macro-GaTe

photoelectrodes. To our best knowledge, exfoliated GaTe has not been studied in the
PEC HER, therefore, it is desired to prepare GaTe nanoflakes and study its PEC

performance in HER.
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V). To explore other new layered materials for PEC HER application. There are many
layered metal chalcogenides that have not been studied in the field of PEC HER. We
aimed to process such materials into films and investigate their PEC HER behavior to
expand the SC family for solar energy conversion applications.
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4. Experimental

4.1. Materials

Commercial semiconductors
e Tin(II) selenide (SnSe, 99.999%, diameter < 12 mm, Alfa Aesar)
e  Gallium telluride (GaTe, >99.999%, Thermo Scientific)
Zinc telluride (ZnTe, >99.99%, Thermo Scientific)
Zinc selenide (ZnSe, >99.999%, Thermo Scientific)
Germanium(II) sulfide (GeS, 99.99%, Sigma-Aldrich)
Copper(]) sulfide (CuzS, >99.5%, Thermo Scientific)
e  Arsenic(IIl) sulfide ( As2S3, >99.999%, Thermo Scientific)

Synthesis of SnSe

e Tin(Il) chloride dihydrate (SnClz-2H>0, 99.99%, Sigma-Aldrich)
e Selenium (Se, 99.5%, Sigma-Aldrich)
e  Sodium borohydride (NaBH4, 99%, Sigma-Aldrich)

Synthesis of CusS, CusSe and CusTe

e Copper(Il) chloride (CuClz, 99%, Sigma-Aldrich)

e Thiourea (CH4N2S, >99%, Sigma-Aldrich)

e FEthylenediamine (C2HsgN»2, EDA, >99%, Sigma-Aldrich)

e  Copper powder (Cu, Analytical, Reanal)

e  Copper foil (Cu, thickness=0.25 mm, 99.98%, Sigma-Aldrich)

e  Copper(Il) sulfate pentahydrate (CuSO4-5H20, >98.0%, Sigma-Aldrich)

e Selenium dioxide (SeOz, >99.9%, Sigma-Aldrich)

e Hydrazine monohydrate (N2Hs-H20, NoHy4 64-65%, reagent grade, 98%, Sigma-
Aldrich)

e  Tellurium powder (Te, powder, =200 mesh, 99.8%, Sigma-Aldrich)

Liquid solvents for liqguid phase exfoliation

e I[sopropanol (C3HsgO, IPA, 99.5%, Sigma-Aldrich)
e Ethanol (C:HeO, EtOH, 96%, VWR)
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N-Methyl-2-pyrrolidone (CsHoNO, NMP, 95%, Sigma-Aldrich)
1,4-Dichlorobenzene (CsH4Cl2, DCB, 99%, Merck)
Dimethylformamide (C3H7NO, DMF, 99.9% VWR)

Photoelectrochemical characterization

Lithium chloride (LiCl, 99.99%, Acros Organics)

Hydrochloric acid (HCI, 37%, Szkarabeusz)

Sulphuric acid (H2SO4, 95%, VWR)

Methanol (CH40, >99.8%, VWR)

Chloroplatinic acid hydrate (H2PtCls-xH20, >99.9%, Sigma-Aldrich)
Argon (Ar, 99.999%, Messer)

Substrates and its cleaning

Glassy carbon (GC; 2 mm thick; Alfa Aesar)

Indium tin oxide coated glass (ITO; 20 €/sq.; Prézisions Glas & Optik GmbH)
Fluorine doped tin oxide coated glass (FTO; TECI15; 7 ©/sq.; Sigma-Aldrich)
Si02/Si wafer (Graphene Supermarket)

Acetone (C3HgO, 99.5%, VWR)

Alumina powder (Al203, 0.05 um, Buehler)

All the chemicals were utilized without further purification, and all solutions were prepared

using ultrapure deionized water (Millipore Direct Q3-UV, 18.2 MQ cm).

4.2. Flake preparation

The preparation methods of SC materials in the form of bulk and/or nanoflakes used in my

doctoral research were listed in Table 3, and the conductivity type of each SC, and the substrates

used in the photoelectrode fabrication process were included here as well. Followingly, SnSe

and GaTe were used as representative examples to explain how their bulk, nanoflakes, and

photoelectrodes were prepared/fabricated.
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Table 3. The preparation methods of SC materials (bulk and nanoflakes) that we used for PEC HER application.

Electrode
) Conductivity Nanoflakes )
Specimen . preparation Solvent for LPE preparation Substrate
e
7P method method
LPE,
SnSe p IPA/H,0, IPA m-LB, SP GC
hydrothermal
GaTe p ME, LPE IPA ME, SP Si0./Si, GC
ZnSe (ZnTe) ) IPA, E1OR, LB GC
nSe (ZnTe n m-
P LPE EtOH/H;0, NMP
Cu,S (CuZSe, LPE
p IPA, EtOH m-LB, SP GC
CuTe) hydrothermal
EtOH, EtOH/H-0,
GeS p LPE IPA, IPA/H;0, DCB, m-LB GC
NMP, DMF
FTO, ITO,

Liquid phase exfoliation (LPE)

The as-received SnSe (AR-SnSe) crystals were dispersed into IPA/H,O mixture solvent with
different IPA contents with an initial concentration of 5 mg mL™, using a 250 mL of round-
bottom flask. Then the dispersion was purged with Argon for 10 minutes to remove the dissolved
oxygen and sealed with parafilm, subsequently performed sonication for 12 h with a bath
sonicator (Elmasonic P70H) operating at 37 kHz and 100% power, while keeping the bath
temperature below 30 °C with a recirculating cooler system (J. P. Selecta, Dig-tterm TFT). Then
the suspension was centrifuged at 100 g (Z366K, Hermle centrifuge) for 15 min at 15 °C. 90%
of the supernatant was gently taken out with a pipette, leaving the sediment as obtained
nanoflakes. The concentration of the obtained sediment from centrifuge was measured via the

gravimetric analysis method [60]. The process scheme was shown in Fig. 10.
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Fig. 10. Schematic illustration of liquid phase exfoliation of SnSe layered material, size selection of nanoflakes
using centrifugation, and preparation of SnSe nanoflakes-based electrodes with modified Langmuir-Blodgett
method [60].

A crystal size selection process was only performed on SnSe crystals with a sieving system
(Blau-Metall, Inc., with 200 mm in diameter sieves of woven wire mesh) to separate the AR-
SnSe crystals into different sized crystals before LPE process (shown in Fig. 11.). This step led
to 3 different fractions of SnSe crystals with 0.16-0.4 mm, 0.69-1.6 mm and 1.6-12 mm, named
as S-, M- and L-SnSe, respectively. SnSe nanoflakes were obtained by exfoliating above
different sized crystals in pure IPA solvent, and the resulting fractions were denoted as S-, M-,

and L-SnSe-IPA, respectively.
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Fig. 11. Schematic illustration of size selection of SnSe crystals, liquid phase exfoliation of SnSe crystals, size
selection of nanoflakes using centrifugation, and preparation of SnSe nanoflakes-based electrodes with spray
coating method [60].

Mechanical exfoliation (ME)

SiO»/Si wafer (Graphene Supermarket) was used as substrate for GaTe microelectrode. Prior to
use, the substrate was ultrasonically cleaned in acetone and IPA for 5-5 min, respectively.
Layered GaTe crystals were mechanically exfoliated into thinner nanoflakes using scotch tape.
Then these nanoflakes were transferred onto SiO2/Si substrate using a thermal release tape
(Graphene Supermarket) at 105 °C on a hotplate (MCS78, CAT Scientific).
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Hydrothermal method

SnSe nanosheets were synthesized via a hydrothermal method [95]. In brief, 451 mg
SnCl2-2H,0 was dispersed in 30 mL deionized water and was marked as solution A. Then, 250
mg NaBH34 and 138 mg Se powder were dispersed into 30 mL deionized water and was heated
to 80 °C until all powder was dissolved, marked as solution B. Then solution A and B were
mixed and transferred into a Teflon-lined autoclave, kept at 200 °C for 16 h, followed by cooling
down to room temperature. The as-obtained product was separated from the suspension by
centrifugation, subsequently washed with deionized water and ethanol successively for three
times, dried by Ar flow, and stored in a glass vial. The synthesis methods of Cu,S (Cu.Se, CuzTe)
can be found in the literature [189,196-199].

4.3. Electrode preparation

Microelectrode preparation

The GaTe nanoflakes prepared by ME method were electrically contacted with carbon paste
(Electron Microscopy Sciences) and copper wire (Cu, 99.99%, 0.15 mm diameter, Advent
Research Materials Ltd), and were used as GaTe microelectrodes. Fig. 12 shows the optical
image collected by an optical microscopy (Nikon Eclipse LV100ND) of GaTe nanoflakes. The
nanoflakes immobilized on the SiO/Si substrate were distinguishable due to the contrast in
refractive indexes between GaTe and the substrate [131]. Moreover, the variations in color in

the optical image indicate different thicknesses of GaTe nanoflakes.

Fig. 12. The optical image of GaTe nanoflakes prepared by the ME method. Adapted from ref.[200].
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Macroelectrode preparation

GC plate, ITO, and ITO were used as substrates for macroelectrode preparation. The substrates
were sequentially ultrasonic cleaned in H2O, IPA, and acetone for 5 minutes, respectively. GC
plates need to be polished on alumina powder for 10 min before cleaning in the above solvents.

1) Modified Langmuir-Blodgett method (m-LB)

As shown in Fig. 10, a beaker filled with ultrapure deionized water was used as a trough, and
the obtained SnSe suspension after centrifuge process was slowly dropped onto the surface of
the water until a continuous film formed. Then, the GC substrate was inserted into the water and
slowly fished up by a tweezer. Subsequently, the electrodes were dried on a pre-heated hotplate
for a few minutes to remove the solvent traces and to enhance the adhesion between deposited
nanoflakes and substrates.

2) Spray coating method (SP)

To better control the loading of SC on the substrates, SP method was employed to prepare
macroelectrodes in some cases (Table. 3). The concentrations of specimen suspensions
(obtained from the centrifugation) were adjusted to 2 mg mL* using the same solvents as LPE
process in all cases. Then the SnSe suspensions were spray-coated on a pre-heated substrate
using an Alder AD320 type airbrush. The precise loading of the SnSe nanoflake was monitored
using an analytical microbalance (Mettler Toledo XPE-26 type). Before the spray coating
process, the electrodes were masked with PTFE sealing tape (Thickness: 0,1 mm, Temperature

resistant from —200 to +250 °C, VWR) to have an exposed surface area of 1 cm?,
4.4. Co-catalyst deposition

Pt co-catalyst was photodeposited on the surface of SnSe from an aqueous solution containing
5 mM HzPtClg, 5 vol% methanol, and 0.25 mM H2SOa. The solution was purged with Ar for 1
h to remove the dissolved O before deposition. The Pt deposition recipe was optimized by using
different HoPtCls concentrations (1, 5, 10 mM), illumination times (30, 60, 90 s), and
illumination intensities (30, 44, 100 mW cm2). After Pt deposition, the SnSe electrodes were

washed three times using ultrapure deionized water and then dried by Ar gas flow.
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4.5. Physical characterization

Scanning electron microscopy (SEM)

The morphology and size of obtained nanoflakes were analyzed by SEM (Hitachi S-4700 Type
I1) equipped with energy dispersive X-ray spectroscopy (EDS) probe, and another SEM
(Thermo Fisher Scientific Apreo C) equipped with Everhart-Thornley detector and a Bruker
EDS probe. SEM images coupled with ImageJ software were used to estimate the average size
of nanoflakes. The histogram distributions of nanoflake area and perimeter were conducted from

over 100 nanoflakes in all cases.

Transmission electron microscopy (TEM)

TEM images were recorded by using a FEI Tecnai G2 X-Twin type instrument, operating at 200
kV. TEM images coupled with ImageJ software were used to determine the average size of
nanoflakes. The histogram distributions of nanoflake area and perimeter were conducted from
over 100 nanoflakes in all cases.

Atomic force microscopy (AFM)

The thickness of the nanoflakes was measured by using AFM (NT-MDT Solver), operating in
the “tapping” mode with a silicon tip on a silicon nitride. The histogram distribution of nanoflake

thickness was obtained from the analysis of over 100 nanoflakes.

X-ray powder diffraction (XRD)

XRD was employed to analyze the crystal structure and phase composition of the samples. XRD
measurements were performed on a Rigaku Miniflex II instrument, operating with a Cu Ka,
radiation source (A = 1.5406 A).

Raman spectroscopy

Raman spectroscopy was conducted to analyze the vibrational modes of samples on a Senterra

IT Compact Raman microscope (Bruker) with a A = 532 nm green laser, operating at a power of

2.5 mw.

X-ray photoelectron spectroscopy (XPS)

The chemical state of elements of sample surface was analyzed by a SPECS XPS instrument
equipped with a PHOIBOS 150 MCD 9 hemispherical analyzer. The analyzer was employed in
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the 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 (peaked at 284.8
eV) on the sample surface as the reference in all cases. For spectrum evaluation, CasaXPS

commercial software package was utilized.

Kelvin Probe measurement (KP)

Measurements were performed on a KP Technology APS04 instrument, coupled with a glove
box (Mbraun, Labmaster Pro) in Ar atmosphere to construct the band diagram of bulk GaTe.
The KP is placed in a Faraday cage where the illumination can be controlled. The sample was
immobilized on a motorized (X, y, z) sample stage with transitional position control <300 nm.
The contact potential difference (CPD) measurements were conducted to calculate the Fermi
level (Ef), and the surface photovoltage spectroscopy (SPS), the ambient pressure
photoemission spectroscopy (APS) were measured to determine the bandgap and conduction
band (CB), respectively [201].

4.6. Photoelectrochemical measurements

Linear sweep photovoltammetry

Linear sweep photovoltammetry is a method that applies bias potential to the working electrode
with a constant scan rate to one direction in a certain potential window, meanwhile irradiating
the working electrode surface periodically. It is one of the key PEC characterization techniques
to evaluate the PEC properties of a photoelectrode. The examples are shown in Fig. 13, the (a)
p-type SC and (b) n-type SC are our prepared SnSe and ZnSe materials, respectively. From this
technique, the following important information can be gained:
1) The conductivity type (p or n) of the SC can be indicated from the plot. p-type and n-
type SCs give cathodic and anodic photocurrents, respectively.
2) The dark current, and photocurrent (which is the difference between dark current and
total current) of the photoelectrode can be seen from one plot.
3) The flatband potential (which is the potential that needs to be applied to the SC to reduce
the band bending to zero) of a SC can be estimated from photocurrent onset, which

correlates to Evg for a p-type SC and to Ecg for an n-type SC.
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4) A maximum theoretical photocurrent can be possibly extracted from three-electrode
measurements.

5) The shape of transient on the photovoltammogram profile can indicate if significant
recombination happens at the SC/electrolyte interface, evident through spikes.

(a) 0.04 — (b) 0.03
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Fig. 13. The examples of linear sweep photovoltammograms, recorded for a (a) p-type SC and (b) n-type SC.

All the PEC measurements of microelectrodes were recorded by a PGSTAT302N
potentiostat (Metrohm-Autolab) in a three-electrode configuration. GaTe nanoflake contacted
with carbon paste on SiO2/Si substrate was the working electrode, while Pt wire and Ag/AgCl
as counter and reference electrodes, respectively. The electrolytes were injected into the
micropipette via syringe, followed by the insertion of the counter and reference electrodes, and
the optical fiber, the schematic illustration was shown in Fig. 14. Using a microinjector (PV820
Pneumatic PicoPump, WPI) with Ar gas, the electrolyte droplets were deposited onto the GaTe
nanoflake surface. All potentials were measured against the Ag/AgCl reference electrode in 6
M LiCl. The PEC performance of GaTe microelectrodes was tested with 6 M LiCl/1 M HCl and
6 M LiCl droplets, respectively. All solutions were purged with Ar for 30 min to remove the
dissolved O. from the solution before the PEC measurements. The linear sweep
photovoltammograms were collected at 2.5 mV s™! potential scan rate under chopped white
illumination (Fiber-Lite DC950 Illuminator, 200 mW cm™2, 10 s on/off).
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Fig. 14. Scheme of our photoelectrochemical-microscopy setup. Adapted from ref.[200].

All the PEC measurements of macroelectrodes were performed on a Bio-logic SAS
VMP-300 type electrochemical station. A custom-designed, three-electrode one-compartment
glass cell was used to measure the PEC performance. SC-coated GC was the working electrode,
while GC plate, and Ag/AgCl were counter and reference electrodes, respectively. Ar-saturated
0.5 M H2SOs4 solution was employed as electrolyte. Linear sweep photovoltammograms were
recorded with a scan rate of 2.5 mV s with chopped illumination (Newport LCS-100 solar
simulator, 100 mW cm~2, 10 s on/off). Long term chronoamperometry was performed for 1 h in
Ar-saturated 0.5 M H2SO4, under chopped illumination (30 s on/off) at —0.54 V vs. RHE.

To determine the Faradaic efficiency (FE), another chronoamperometry (1 h duration)
was conducted on GaTe macroelectrodes at —0.79 V vs. RHE under chopped 10 sun illumination
(on/off at every 30 s), during which the evolved gas products were collected for analysis. The
hydrogen generated during the PEC reaction was quantified using gas chromatography
(Shimadzu GC-2010 Plus) equipped with a barrier discharge ionization detector. Gas separation
was achieved using a Restek ShinCarbon ST column with ultra-high-purity helium (6.0 grade)
as the carrier gas. Samples were taken at regular intervals using an automated 6-port valve. The
sealed cathode compartment of the H-cell was directly connected to the gas chromatography
injection unit, enabling on-line hydrogen detection. To prevent products mixing, a Nafion
membrane was used to separate the anode and cathode compartments. This sealed cathode
compartment allowed the accumulation of hydrogen in the 50 mL gas-phase volume. Prior to
each injection, a peristaltic pump (Ismatec, ISM831C) was employed to ensure homogeneous
mixing of hydrogen in the gas phase. The FE values of the product were calculated as the ratio

of charge consumed for the product formation to the total charge passed.
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All measured potentials were adjusted to the RHE reference scale by applying the
equation of Erne = Eagiager + 0.210 V + 0.059 x pH. All currents were normalized to the

geometric electrode area.

Incident photon-to-current efficiency (IPCE)/External guantum efficiency (EQE)

IPCE/EQE is one of the most significant diagnostic figures of merit for PEC devices. It is a
measurement of the ratio of the photocurrent to the rate of incident photons as a function of

wavelength.

In a PEC system, IPCE data are generally derived from chronoamperometry
measurements. A constant potential is applied on the working electrode while measuring the
currents that arise by illuminating the electrode surface with a monochromatic light at various
wavelengths. The photocurrent is the difference between the steady state current under
monochromatic illumination and the steady state background current. All photocurrents were
normalized to the geometric surface area of the electrodes. The illumination density is measured
before and after the chronoamperometry test using Si detector. Then IPCE value can be

calculated via the following equation:

number of electrons j*1239.8
IPCE = EQE = =

(2)

number of photons =~ P A

where j, P, and 1 represent the measured photocurrent density (mA cm2), monochromated

illumination power intensity (mW cm~2), and wavelength (nm), respectively.

Several useful parameters can be derived from IPCE measurement:

1) The wavelength-range, in which the sample is photoactive — ideal if this wavelength
window and the peaked value of the curve overlap with the absorption spectrum of
sample.

2) The bandgap of SC of interest can be estimated by fitting a linear to the cutoff-region of
the IPCE curve.

3) The photocurrent under actual solar irradiation can be predicted by integrating the IPCE

data over the solar spectrum.

IPCE measurement was carried out on a Newport Quantum Efficiency Measurement

System (QEPVSI-B) in the same cell configurations as in the case of linear sweep
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photovoltammetry. The resolution was kept at AL = 20 nm for macroelectrodes and AL =50 nm
for microelectrodes. Measurements were carried out in 0.5 M H2SOs solution for
macroelectrodes, using 6 M LiCl/1 M HCI droplets for microelectrodes. All IPCE data were

recorded after Ar-purging the electrolyte solution for 1 h to remove O2 from the solution.

Intensity modulated photocurrent spectroscopy (IMPS)

IMPS is a useful technique to study the charge carrier dynamics of photoactive materials under
irradiation. A base light intensity is used to create a steady-state situation, and a small,
sinusoidally modulated intensity is superimposed and the corresponding modulated
photocurrent is recorded. The results are typically illustrated by a plot of the imaginary versus
the real part of the complex transfer function, dividing the resulting modulated photocurrent by
the modulated light intensity [202,203]. A representative IMPS plot of n-SC is shown in Fig.
15, o, ki, and ks represent frequency, rate constant for charge transfer, and surface
recombination, respectively, which can be derived from IMPS profiles. The relative transfer
efficiency can be calculated by the equation:

Ker

=— 3
ktr+ksr ( )

Ner

IMPS was conducted on the SnSe-based macroelectrodes with the same configuration as
in the case of linear sweep photovoltammetry, employing an AUTOLAB PGSTAT302N
potentiostat equipped with a FRA32 module and a light-emitting diode (LED) driver kit
(Metrohm-Autolab). A 10% light modulation of the original intensity was used for all
experiments, and the frequency of the modulation was swept from 20 kHz down to 0.1 Hz, in
Ar-saturated 0.5 M H2SOg solution. The resolution was kept at AV = 50 mV under the potential
window between —0.24 V and —0.67 V vs. RHE.
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Fig. 15. IMPS result of a n-SC [203].
The Cole—Cole plot is the plot of the imaginary part of impedance against the frequencies,
which can be derived from IMPS results, and a representative plot of SnSe is shown in Fig. 16.

The peak at high frequencies between 10° and 10* Hz can be explained by the charge transport
in the semiconductor layer [204].
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Fig. 16. Cole—Cole plots of bare SnSe electrode as the function of the applied potential derived from our measured
IMPS results [60].
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5. Results and Discussion

This chapter describes the characterizations of our prepared SCs and the investigation of their
PEC activity in HER. The influence of several factors, such as the solvents used for LPE process
and co-catalyst on SnSe catalytic performance, was studied and discussed. The effect of
preparation methods (ME and LPE) of GaTe nanoflakes on PEC HER activity was investigated.

Some other promising SCs were also tested for PEC HER application.
5.1. SnSe flakes activity for photoelectrochemical hydrogen evolution

5.1.1. The effect of LPE solvents on PEC HER performance of exfoliated SnSe
SnSe nanoflakes were prepared by the LPE of AR-SnSe crystals in IPA/H20 mixtures with

different IPA contents. The schematic illustration in Fig. 10 (in the Experimental part)
demonstrated how the photoelectrocatalysts, e.g., flakes and electrodes, were prepared and

fabricated.

SEM and AFM were employed to characterize the morphology of the SnSe flakes
produced by exfoliation. Fig. 17a and b present the SEM and AFM images of IPA-SnSe sample,
showing angular shape. To quantify the as-resultant SnSe flake size (i.e., perimeter, area, and
thickness), the area and perimeter were obtained from SEM images, and the thickness was
determined from AFM. More than 100 flakes were evaluated here. The average area and
thickness of IPA-SnSe and IPA/H20-SnSe were 4.0 +1.3 pm?, 2.8 +0.9 pm?, and 297 +189
nm, 266 =+ 119 nm, respectively. Fig. 18 shows the statistical analysis of the flake size
characteristics. The log-normal distributions were found for these flake parameters, as the
exfoliation follows a linear fragmentation model (i.e., a process which is driven by an external
force, like ultrasonication) [205,206]. Table 4 lists the mode values for the morphology features.
The flakes exfoliated from IPA/H2O have a larger average perimeter, area, and thickness than
those prepared from pure IPA. Furthermore, the edge density of SnSe flakes was determined by
dividing the perimeter by the area, and the IPA-SnSe specimen showed a higher edge density
than that of IPA/H>O-SnSe, which was consistent with reported studies that smaller-sized flakes
generally have higher edge density. The flake edge density can significantly affect the PEC
activity [22,48].
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Fig. 17. Morphological and structural characterizations of the IPA-SnSe samples. (a) SEM and (b) AFM images of
selected nanoflakes exfoliated from pure IPA. (c) Raman spectra of SnSe samples exfoliated in different solvents.
The dashed, and solid lines denoted the SnSe, and SnSe; vibration bands, respectively [60].

Raman spectra were recorded to analyze the atomic vibrational modes in the SnSe flakes
exfoliated in different solvents (Fig. 17c). The bands at 72.0, 99.1, 124.5, and 152 cm™* were
found in both of the specimens, which corresponded to Aly, B3, A%, and A3y vibrational modes
of SnSe, respectively [207]. The peak at ~182.5 cm™* was ascribed to the Raman active Al
mode of SnSe, representing the in-plane vibrations [208]. The Ay mode is more significant for
IPA/H20-SnSe sample compared to IPA-SnSe. The presence of SnSe» phase in SnSe
nanostructure has been found earlier [104,209]. SnSe; is reported as an n-type SC with a
bandgap of 1.5-2.2 eV (depending on the thickness) [210-212], which can be formed through
the nonstoichiometric combination of Se and Sn, or the localized phase segregation during the

formation process of SnSe [213,214].
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Fig. 18. Statistical analysis on (a, d) area, (b, €) perimeter, and (c, f) thickness of different SnSe dispersions,

exfoliated using IPA/H20 (1:3 ratio) (a-c) and IPA/H20 (1:0 ratio) (d-f). The number insert is the peaked value of
the distributions [60].

Table 4. The peaked area, perimeter, thickness, and edge density (perimeter/area) morphological properties for
IPA/H,0 and IPA solvents produced SnSe nanoflakes [60].

Fractions Area (Lm?) Perimeter (um) Thickness (nm) Edge density
IPA/H20-SnSe | 1.9 7.3 140 3.8
IPA-SnSe 1.1 5.8 204 5.3

Linear sweep photovoltammetric curves were recorded to evaluate the PEC performance
of SnSe film (prepared by m-LB method) in HER. Fig. 19a presents the linear sweep
photovoltammogram of IPA-SnSe electrodes (SnSe loading: 0.28 + 0.06 mg cm™2) and
IPA/H,0-SnSe (SnSe loading: 0.29 +0.03 mg cm~2). Both showed p-type photoactivity with
increased currents at more negative potentials. The photocurrent was obtained by subtracting
the dark current from the total current on the photovoltammograms. It is clear to see that the
IPA-SnSe electrode gave higher photocurrent density compared to the IPA/H20-SnSe one, but
with a higher dark current which probably resulted from the higher edge density of IPA-SnSe
flakes [215]. As reported in studies, the presence of SnSe> in the SnSe flakes might contribute
to the enhanced PEC performance [213,216]. While the SnSe; as the secondary phase breaks
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the uniform nanostructure of SnSe, creating more defects inside of SnSe and acting as the
recombination centers for the photogenerated charge carriers [217]. As the Raman spectra (Fig.

17c) show, more SnSe; was observed in the IPA/H,0-SnSe sample.

To investigate the effect of the LPE solvent on the PEC performance of resultant SnSe
nanoflakes, four IPA/H20 mixtures with different IPA contents were utilized as LPE solvents.
The photocurrent density values were decreasing as lowering the IPA content in the IPA/H20
mixtures (Fig. 19b). The IPA/H20 (1:0) electrodes presented ten times higher photocurrent
density (1.18 vs. 0.11 mA cm™) at —0.69 V vs. RHE, compared to IPA/H20 (1:3) case. The
average values and error bars shown in Fig. 19b at four different potentials were calculated from
three replicate electrodes for each case. The difference in PEC activity can be explained by the
different surface tensions of the liquid mixture of IPA/H20 with different mixing ratios, which
in turn leads to different interactions between the SnSe crystals and the solvents during the
exfoliation. This can lead to different flake morphologies and product yields [218]. The overall
yield, determined by using the equation: overall yield = mass of flakes/starting crystal mass [82],
was higher for IPA-exfoliated SnSe (63%) compared to IPA/H20-exfoliated SnSe (25%).
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Fig. 19. (a) Linear sweep photovoltammograms of SnSe electrodes fabricated from SnSe flakes [the flakes were
obtained by exfoliating commercial SnSe crystals in different IPA/H,O mixtures (IPA: HO = 1:0 and 1:3)] at 2.5
mV s~ sweep rate, in Ar saturated 0.5 M H,SOy4 solution under chopped 1 sun illumination. (b) The bar diagrams
of photocurrent density of SnSe electrodes plotted at four potentials. SnSe electrodes were fabricated from SnSe
flakes exfoliated in different IPA/H,0 mixtures (IPA: H,O =1:0, 3:1, 1:1, 1:3). The averaged values and error bars
were obtained from three replicate electrodes for each case [60].
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5.1.2. The effect of flake edge density on PEC HER performance of SnSe

Regarding the reports, applying a sieving technique to the flake selection process can result in
flakes with tunable edge density [22]. Therefore, to prepare SnSe flakes with different edge
densities, a sieving-based method was applied to prepare SnSe crystals with controllable crystal
size before liquid phase exfoliation. These SnSe crystals after size-selection (noted as L-, M-,
S-SnSe) were exfoliated in IPA, as demonstrated in Fig. 11 (in the Experimental section). The
obtained electrodes made from these crystals were named as L-IPA-, M-IPA-, S-IPA-SnSe. As
shown in Table 5, the overall yield values of L-, M-, S-IPA-SnSe increase with decreasing the
initial SnSe crystal size. TEM and AFM images indicated that all flake specimens had angular
shape (Fig. 20) and smaller size (Fig. 21, Table 6) compared with those produced by exfoliating
the AR-SnSe crystals. In addition, the S-IPA-SnSe specimen had a more monodispersed
distribution than the other two specimens, which may trace back to the original narrower crystal
size distribution of S-SnSe. All SnSe flakes had similar morphological characteristics, and only

the edge density increased as the initial SnSe crystal size decreased.

Table 5. The overall yield of SnSe fractions exfoliated in IPA [60].

Fractions Overall yield (%)
L-IPA-SnSe 5.6 0.2
M-IPA-SnSe 17.1 +0.8
S-IPA-SnSe 85.3 £8.5
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450 nm

Fig. 20. Morphological characterization of the L-, M-, S-SnSe flakes exfoliated in IPA. (a, b, ¢) TEM, and (d, ¢, f)
AFM images of selected flakes. (L-IPA-SnSe: a, d), (M-IPA-SnSe: b, e), and (S-IPA-SnSe: ¢, f) [60].

Table 6. The peaked area, perimeter, thickness, and edge density (perimeter/area) morphological properties of SnSe
flakes obtained by exfoliating size separated L-, M-, S-SnSe [60].

Fractions Area (pm?) Perimeter (um) Thickness (nm) Edge density
L-IPA-SnSe 0.7 2.9 357 4.4
M-IPA-SnSe 0.6 2.8 286 4.7
S-IPA-SnSe 0.1 1.7 272 14.2
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Fig. 21. Statistical analysis on (a, b, c) area, (d, e, f) perimeter, and (g, h, i) thickness of different IPA-SnSe
dispersions, exfoliated using L-SnSe crystals (L-IPA-SnSe: a, d, g), M-SnSe crystals (M-IPA-SnSe: b, e, h), and

S-SnSe crystals (S-IPA-SnSe: ¢, f, i) [60].

XRD was performed to determine the structural properties of the SnSe crystals and

nanoflakes. As shown in Fig. 22a, the XRD pattern of L-SnSe crystals contains SnSe and SnSe>

phases, indicating SnSe; as the second phase in the initial SnSe crystals. Besides, Fig. 22b shows

the SnSe nanoflakes prepared from different sized crystals have SnSe, phase in the structure,

which are in good agreement with Raman spectra results (Fig. 17¢). These results demonstrated

that SnSe» phase is from the initial crystals (SnSe. can be formed by the nonstoichiometric

combination of Se and Sn, or the localized phase segregation during the formation process of

SnSe) [213,214].
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Fig. 22. (a) XRD pattern of large-size selected SnSe (L-SnSe) crystals, with SnSe and SnSe, formulations. (b) XRD
patterns of the L-, M-, and S-IPA-SnSe flakes at around 26 = 15° are displayed for clarity.

To optimize the SnSe nanoflakes loading on the GC substrate for achieving the highest
PEC activity, spray coating was used instead of m-LB method as the former method is much
more convenient to tune the catalyst loading. Fig. 23 shows the mass loading-dependent PEC
HER performance of L-IPA-SnSe. 0.3 mg cm~?was identified as the optimal loading of the SnSe

flakes on GC. This loading was used for the preparation of other sized SnSe catalysts as well.
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Fig. 23. (a) Linear sweep photovoltammograms for L-IPA-SnSe electrodes as the function of loading. Sweep rate
was 2.5 mV s, the photovoltammograms were measured in Ar saturated 0.5 M H2SO4 solution. (b) Bar diagram
of photocurrent density plotted at 5 different potentials for three different loadings. The average values and error
bars were obtained from parallel measurements on three different electrodes [60].
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The effect of flake edge density on the PEC HER performance of SnSe was studied and
the results were shown in Fig. 24a. No significant difference in photocurrent was found among
samples with different edge densities (Fig. 24b). L-, M- and S-IPA-SnSe achieved the maximum
photocurrent densities of ca. 2.3 mA cm2 at —0.74 V vs. RHE, indicating that the flake edge
density has no significant effect on PEC HER activity of SnSe flakes, which might be explained
by that all the SnSe flakes are bulk materials, and they have identical properties. Besides, they
showed higher photocurrent than that of IPA-SnSe (2.3 mA cm2vs. 1.18 mA cm). These
findings illustrate that the spray-coating and sieving-based methods collaborate to achieve
higher PEC HER performance of SnSe nanoflakes.

IPCE spectra were conducted to measure the power conversion efficiency of SnSe
samples (Fig. 24c). The electrodes showed the maximum IPCE value at 900 nm because of the
narrow bandgap of SnSe (1.1 eV) [219]. In addition, two peaked values were found at 900 nm
and 500 nm, indicating the compositions of SnSe and SnSe; in flakes, respectively. The IPCE
spectra of L-, M- and S-IPA-SnSe electrodes showed same absorption edge and similar
absorption region, implying analogous compositions. The presence of SnSe> phase (observed
by Raman spectroscopy (Fig. 17c), XRD (Fig. 22b), and IPCE) in the flakes can form
heterostructure with SnSe, and thus leads to more efficient charge carrier separation and

interfacial charge transfer compared to pure SnSe, as reported [213].
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Fig. 24. (a) Linear sweep photovoltammograms of SnSe electrodes made from SnSe flakes (obtained by exfoliating
(L, M, S)-SnSe crystals in IPA) with 2.5 mV s™* sweep rate, in Ar saturated 0.5 M H,SO4 solution. (b) Bar diagrams
of photocurrent extracted from linear sweep photovoltammetry curves of the electrodes shown in () at five different
potentials. The averaged value and error bars were obtained from three replicate electrodes in each case. (c) IPCE
of L-, M-, S-IPA-SnSe electrodes. The data were acquired at a fixed potential of —0.54 V vs. RHE [60].

Photostability is one of the most important criteria for an electrode to achieve good PEC

performance. Thus, chronoamperometry curve (Fig. 25a) was recorded for L-IPA-SnSe
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electrode at —0.54 V vs. RHE, under chopped 1 sun illumination (on/off, every 30 s). The
electrode retained 52% of its initial activity after 60 min of reaction, demonstrating relatively
good photostability. Moreover, to determine the stability of SnSe flakes in pure IPA solvent,
their PEC HER activity was investigated as a function of the ageing time of their dispersions.
To achieve this goal, the freshly prepared L-IPA-SnSe suspension was split into 5 portions.
These suspensions were purged with Ar, sealed into the vial, and then kept under dark, room
temperature conditions. Weekly, one of these portions was spray-coated on GC substrates with
amass loading of 0.3 mg cm2, and their PEC HER activity was tested (Fig. 25b). The electrodes
prepared from fresh portions were used as a reference. The photocurrent density gradually
decreased as the ageing time (Fig. 25c), denoting that SnSe flake was not stable in the IPA
solvent under the employed condition, which might be caused by the restacking of flakes [62].
This possibility needs further study. Therefore, the results presented in SnSe work were

conducted on freshly prepared SnSe flakes suspensions.
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Fig. 25. (a) Transient photocurrent density profile of L-IPA-SnSe electrode. The data were collected at a potential
of —0.54 V vs. RHE. (b) Linear sweep photovoltammograms of L-IPA-SnSe electrodes as the function of time (in
weeks). The photovoltammetry curves with a sweep rate of 2.5 mV s, were measured in Ar saturated 0.5 M H,SO4
solution under chopped 1 sun illumination. (c) Bar diagram of photocurrent density plotted versus the potential for
five different aged samples. The average values and error bars were obtained from parallel measurements on three
different electrodes [60].

5.1.3. The effect of Pt co-catalyst on the PEC HER performance of exfoliated SnSe

To improve the PEC HER activity of SnSe, Pt co-catalyst was decorated on the SnSe electrode
by using the photodeposition method. Here, the S-IPA-SnSe specimen was used as bare SnSe
reference because of its highest overall yield (Table 3). Fig. 26a-c exhibited the photocurrents
of Pt/SnSe electrodes prepared with different Pt photodeposition recipe parameters (illumination

time, illumination intensity, H2PtCle concentration), recorded at five potentials. The optimal
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recipe parameters were 60 s illumination time, 44 mW cm~ illumination intensity, and 5 mM

H.PtCle.
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Fig. 26. (a-c) Bar diagrams of photocurrents plotted versus potential for bare and Pt deposited SnSe electrodes.
Recipes were applied by using (a) different illumination time, (b) different illumination intensity, and (c) different
concentration of H,PtClg. (d) High-resolution Pt 4f XPS data of bare and Pt deposited SnSe electrodes [60].

XPS was used to examine the surface compositions of bare and Pt deposited SnSe
electrodes. The results were shown in Fig. 26d, two peaks observed at binding energies of 76.1
eV and 72.6 eV were assigned to Pt 4fs;; and 4f72, respectively. These results indicated the
successful decoration of Pt on the surface of SnSe electrode.

Linear sweep photovoltammetry curves were recorded to compare the PEC HER activity
of bare and Pt decorated SnSe electrodes (Fig. 27a). After Pt decoration, the electrodes showed

several characteristics: i) significant higher photocurrents were obtained; ii) the dark currents
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were higher and developed earlier; iii) the onset potential shifted to a less negative direction.
The photocurrent of Pt/SnSe electrode at 0 V vs. RHE is lower compared to other catalysts
[29,220]. This problem might be caused by the flakes structural domains (i.e., in plane defects,
edges, and thickness of flakes) produced by the exfoliation process, which can strongly affect
the PEC performance of TMDCs [53]. Recently, the PEC HER activity of SnSe thin films,
prepared by thermal vacuum method, has been studied with varying selenization time, aiming
to repair defects and to enhance its PEC activity. Such defects passivation treatment improved
the photocurrent, and shifted the onset potential to a more positive value [62]. Fig. 27b presented
that SnSe photoelectrodes decorated with Pt co-catalyst could achieve twice higher photocurrent
than bare SnSe (i.e., 4.39 mA cm).
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Fig. 27. (a) Linear sweep photovoltammograms of bare and Pt decorated SnSe electrodes. The
photovoltammograms with a sweep rate was 2.5 mV s, were measured in Ar saturated 0.5 M H,SO, solution
under chopped 1 sun illumination. (b) Bar diagram of photocurrent density plotted versus potential, and (c) The
determined charge transfer efficiency as a function of applied potential for bare and Pt decorated SnSe
photoelectrodes [60].

To study the effect of Pt co-catalyst on charge carrier dynamics in the prepared SnSe
photocathodes, IMPS measurements were carried out at different potentials [221,222]. Fig. 28a
and b exhibited the IMPS spectra of bare and Pt decorated SnSe electrodes, respectively,
measured in the potential window of —0.24 V to —0.67 V vs. RHE. Two semicircles were
observed in the 2" and 3" quadrant, which are the characteristic of p-type semiconductor
behavior [223]. The almost perfect circles presented at less negative potentials, indicating that
the recorded steady-state photocurrent approached zero. Hence, the surface recombination
dominated the PEC behavior of the system. No upper semicircles were found below —0.67 V vs.
RHE and —0.57 V vs. RHE for bare SnSe and Pt decorated SnSe electrodes, respectively. Kinetic
parameters, charge carrier transfer (ki) and surface recombination (ksr) could be derived from
the IMPS spectra, and were plotted as a function of applied potential (Fig. 28c and d). Compared
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to bare SnSe, Pt decorated SnSe presented higher ki at same potential until —0.5 V vs. RHE, and
smaller ksr below —0.3 V vs. RHE, as expected that co-catalyst enhances the charge transfer and
suppresses the charge carrier recombination [224,225]. The relative transfer efficiency could be
determined from the equation: 5t = ku/(ke+ ksr) [203]. Significant improvement in #¢ values was

observed for Pt decorated SnSe (Fig. 27c), while the bare SnSe electrode could also achieve a

similar 7t (~90%) at more negative potentials.
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Fig. 28. IMPS data for (a) bare and (b) Pt decorated SnSe electrodes. Measured 25 mV potential step (only some
potential is shown here). (c) Charge transfer and (d) recombination rate constants as the function of the applied
potential determined from the IMPS data [60].

The Cole—Cole plots of bare and Pt-decorated SnSe electrodes were derived from IMPS
data, as shown in Fig. 29. The peaks presented at around 2.5 kHz and 2.2 kHz for bare SnSe,
and Pt decorated SnSe electrodes, respectively, which can be explained by the charge transport
in the semiconductor layer [204]. The Cole—Cole plots showed higher imaginary frequency
dependent EQE for Pt decorated SnSe.
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Fig. 29. Cole—Cole plots for (a) bare and (b) Pt decorated SnSe electrodes as the function of the applied potential

determined from the IMPS data [60].

The processes occurring at the co-catalyst decorated and bare SnSe were summarized in

Fig. 30. For bare SnSe (Fig. 30a), the CB electrons could (1) migrate to the surface states and

recombine with the VB holes, or (2) directly reduce water. The former means that they do not

participate in the water reduction process. By functionalizing the SnSe electrode with Pt co-

catalyst (Fig. 30b), the surface states are passivated, thereby hindering charge carrier

recombination (1). Meanwhile, the electrons could also transfer to Pt, then directly reduce water
via Pt (3) [224]. This dual role of Pt led to the enhancement of the PEC activity of SnSe in HER

application.

(a)

\

B

Bare SnSe

B

Pt decorated SnSe

Fig. 30. Simplified models of the elementary processes in (a) bare SnSe, and (b) Pt decorated SnSe electrodes.
Upon illumination, photogenerated carriers move towards the semiconductor-electrolyte interface, (1) surface state-
mediated recombination of electron-hole pairs, (2) electron transfer directly from the conduction band to the
electrolyte, (3) electron transfer to the electrolyte via Pt [60].
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5.1.4. The PEC HER performance of SnSe synthesized by hydrothermal method
SnSe was also synthesized via the hydrothermal method [95], and spray-coated on GC substrate,
and ultimately used as photocathode for HER. Fig. 31a and b presented the SEM images of

SnSe film, showing the nanosheet morphology of SnSe, and the film was uniform on the GC.
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Fig. 31. (a) and (b) SEM images with different resolutions of SnSe film on GC substrate. (c) Linear sweep
photovoltammograms of SnSe photocathodes with different loadings, measured in Ar saturated 0.5 M H,SO4
solution. Sweep rate is 2.5 mV s™%. (d) Bars of photocurrents as a function of potentials at four different loadings.

To study the loading-dependent PEC activity, SnSe/GC electrodes with different
loadings were prepared and tested in Ar saturated 0.5 M H>SOs solution (Fig. 31c). All
electrodes showed higher dark current than GC substrate. Compared to the higher loadings, 0.1
mg cm 2 loaded electrode exhibited lower dark current, which might be explained by the lower
edge density. Furthermore, the photocurrents at five different potentials were calculated from
Fig. 31c, and the results were shown in Fig. 31d. 0.2 mg cm™2is identified as the optimal loading,

achieving a maximum photocurrent of 3 mA cm2at —0.69 V vs. RHE, which is in the same
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order of magnitude as liquid phase exfoliated SnSe flakes (2.3 mA cm™), suggesting no
significant improvement in HER activity was achieved by the hydrothermal method under the

employed condition.

5.1.5. The PEC HER behavior of ZnSe/SnSe heterostructure

The fabrication of heterostructure is one of the most used techniques to improve the PEC
performance of SCs, owing to the efficient charge transfer [31,77]. To enhance the PEC HER
activity of SnSe flakes, and given the suitable CB alignment of ZnSe and SnSe for HER (Fig.
9), ZnSe/SnSe heterostructure was constructed by depositing ZnSe flakes on SnSe surface. To
prepare ZnSe flakes, ZnSe crystals were exfoliated in EtOH and IPA solvents, respectively.
Centrifugation was then employed for flake-size selection, and the obtained flakes were
deposited on a GC substrate via the m-LB method and ultimately used as photoelectrodes. Their
PEC activity was tested in Ar saturated 0.1 M NaxSOs solution (Fig. 32), and the flakes
exfoliated from EtOH showed higher photocurrent than the IPA case.
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Fig. 32. Linear sweep photovoltammograms of ZnSe electrodes made from ZnSe flakes (exfoliated from EtOH and
IPA solvents, respectively). The photovoltammograms with a sweep rate of 2.5 mV s, were measured in Ar
saturated 0.1 M NaySO. solution under chopped 1 sun illumination.

The heterostructure of ZnSe/SnSe was fabricated by depositing n-type ZnSe flakes
exfoliated from EtOH on p-type SnSe by using m-LB method, and their PEC HER performance
was evaluated using linear sweep photovoltammetry profiles measured in Ar saturated 0.5 M
H>SO4 solution (Fig. 33a). It showed lower dark current compared to bare SnSe, which might

result from the higher separation efficiency of charge carriers and/or the defect passivation effect

54



Qiangian Ba Ph. D. Dissertation Results and Discussion

of ZnSe on SnSe flakes. No significant difference in photocurrent was observed, which was
probably because the ZnSe film detached from the electrode during the measurement. To
improve the adhesion of ZnSe film, the heterostructure electrodes were annealed at 120 <C in
vacuum for 30 min, while there was still no significant improvement in PEC activity compared

to the sample without annealing (Fig. 33b).
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Fig. 33. The PEC HER performance of ZnSe/SnSe electrodes. Linear sweep photovoltammograms of (a) bare and
ZnSe decorated SnSe electrodes, and (b) ZnSe/SnSe electrodes with and without annealing. The
photovoltammograms with a scan rate of 2.5 mV s™* were measured in Ar saturated 0.5 M H,SO, solution.
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5.2. GaTe flakes activity for photoelectrochemical hydrogen evolution

5.2.1. The PEC HER activity of GaTe microelectrodes

The PEC activity of the GaTe nanoflakes was examined by our designed PEC microscopy setup
[23,56,200], as illustrated in Fig. 14 (in the Experimental part). To study their thickness effect
on PEC performance, twelve GaTe samples with thicknesses varying from 108 &7 nm to 885 =+
44 nm were fabricated. Given that the thickness of GaTe monolayer is ~0.75 nm [226], thus all
these flakes are regarded as bulk. Fig. 34a showed a representative example of GaTe nanoflakes.
Due to the different refractive indexes of GaTe and SiO»/Si substrate [131], the area deposited
by GaTe nanoflakes can be differentiated optically (Fig. 34a). Additionally, the different colors
of GaTe nanoflakes on the optical image indicated the different flake thicknesses. Fig. 34b
displayed the AFM image corresponding to the region outlined by the dashed red rectangle in
Fig. 34a. The height profile, highlighted by the dashed blue line in Fig. 34D, is presented in Fig.
34c, revealing a flake thickness of 140 £9 nm.

140%9 nm

0 10 20 30 40 50
Position (um)

Fig. 34. Morphological and structural characterization of GaTe nanoflakes. (a) Optical image of GaTe nanoflakes
on SiO,/Si substrate. (b) AFM image of GaTe nanoflake indicated by red rectangle in (a), and (c) The height profile
from the region highlighted by the dashed blue line in (b). Adapted from ref.[200].

A KP instrument was used to measure the band structure of mechanically exfoliated
GaTe sample (Fig. 35). The bandgap (1.7 V), the Fermi level (—4.31 eV), and VB (—4.97 eV)
were determined by surface photovoltage spectroscopy (SPS), contact potential difference
(CPD), and ambient pressure photoemission spectroscopy (APS), respectively, the details were
shown in Table 7. Then the CB was obtained (—3.27 e¢V) from the measured VB position and
bandgap. The Fermi level is much closer to VB than CB, demonstrating the p-type nature of
GaTe. Furthermore, the CB of GaTe is higher than the standard potential of the H"/H, (—3.27
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eV vs. —4.44 eV), suggesting that GaTe is thermodynamically suitable to carry out H reduction

process, which is consistent with previous studies [24,137-139].
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Fig. 35. (a) SPS, (b) APS, and (c) band diagram of mechanically exfoliated GaTe sample [200].

Table 7. The summary of band edge positions, Fermi level, and bandgap values for GaTe sample from the Kelvin
probe measurements [200].

Specimen Evs (eV) Er (eV) Ecs (eV) Eg (eV)

GaTe —4.97 +0.06 —4.31 +0.05 —3.27%0.03 1.7%+0.02
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Fig. 36. The PEC activity, thickness-dependent PEC activity, and IPCE data of GaTe microelectrodes. (a) Linear
sweep photovoltammograms of GaTe nanoflakes using 6 M LiCl and 1 M HCI/6 M LiCl droplets (sweep rate was
2.5 mV s™), under chopped illumination. The thickness of GaTe nanoflake herein was 808 =50 nm. (b) The
photocurrent of GaTe nanoflakes with different thicknesses (100-900 nm) at —1.2 V vs. RHE. (¢) IPCE of GaTe
nanoflakes with 318 £ 6 nm thickness at —0.59 V vs. RHE. The average values and error bars were obtained from
three individual droplets deposited on each nanoflake in three different spots. The electrolyte was 1 M HCI/6 M
LiCl in (b-c) [200].
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Linear sweep photovoltammetry curves of GaTe were recorded to evaluate its PEC
activity (Fig. 36a), and it exhibited p-type photoactivity, in agreement with KP results (Fig. 35).
GaTe nanoflakes showed higher PEC activity in 1 M HCI/6 M LiCl compared to 6 M LiCl
droplets. To study the PEC activity as a function of flake thickness, twelve GaTe flakes with
different thicknesses (within 100-900 nm) were selected and tested. The prepared flakes and
their main properties are summarized in Table 8. Their photocurrent at —1.2 V vs. RHE was
presented in Fig. 36b, achieving the highest photocurrent around 6 mA cm2 with 808450 nm
flake thickness. Also, the photocurrent was enhanced with thicker flakes. The same phenomenon
was reported for bulk p-type WSe> (20-120 nm thickness) [53,56]. The adsorbed water on the
flake and the defects caused by mechanical exfoliation could affect the PEC activity, which can
lead to the variation in photoelectrochemical properties between sample to sample [47]. In
addition, the large variation in kinetics was found on the same flake surface [45]. Therefore,

flakes with similar thickness may achieve quite different photocurrent.

Table 8. Summary of the properties of the mechanically exfoliated GaTe flakes used in PEC tests [200].

GaTe Thickness Lateral size Area Photocurrent density at
flakes (nm) (um) (um?) —1.2 V vs. RHE (mA cm?)

1 108 157.6 9430 1.0940.18

2 125 129.1 6789 2.3140.30

3 140 123.3 6256 0.7530.06

4 191 101.2 4075 1.3240.09

5 282 224.4 14231 1.4640.19

6 444 107.3 2073.5 2.6840.11

7 468 691.8 204476 3.5640.34

8 490 122.8 5023 1.7840.72

9 739 322.6 20701.4 2.9340.47

10 808 691.8 2045 5.840.41

11 826 371.4 62648 3.4040.37

12 885 253.7 26481 4.1430.23
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IPCE was carried out to determine the wavelength-dependent power conversion
efficiency of the GaTe microelectrodes. A representative example of IPCE spectra was shown
in Fig. 36¢. This flake with a thickness of 318 6 nm, presented an absorption edge of 750 nm,
corresponding to a 1.65 eV bandgap, which agrees with KP result and reported studies [136,227].
All these results illustrate that, the GaTe microelectrode can be applied for PEC HER application.

5.2.2. The PEC HER activity of GaTe macroelectrodes
The GaTe crystals were exfoliated in pure IPA, and the obtained flake suspension was separated
by centrifugation. Subsequently, the desired flakes suspension was spray-coated on the GC

substrate, and ultimately used as photocathodes for PEC HER application, the details can be

found in the Experimental.

(a)

Fig. 37. (a) TEM and (b) AFM images of GaTe nanoflakes exfoliated in pure IPA by the LPE method. Adapted
from ref.[200].

TEM and AFM were used to characterize the morphology of LPE prepared GaTe flakes,
and all nanoflakes presented angular shape (Fig. 37). The size distributions of over 120 GaTe
nanoflakes were analyzed, by using TEM images to determine the flake area and perimeter, and
using AFM to measure the thickness. The histograms of flake size in Fig. 38 showed a log-
normal distribution, agreeing with prior findings. This distribution suggests a random
multiplicative process, such as ball milling and cavitation, illustrating that the exfoliation
follows a linear fragmentation model [60,205,206]. The most probability of the flake perimeter,
area, and thickness were listed in Table 9, which were 1.37 pm, 0.02 pm?, and 129 nm,
respectively. Furthermore, the edge density was calculated by dividing the perimeter by the area
[22,60], and GaTe nanoflakes had an edge density of 69 pum . Studies have shown that the edge
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density can affect the PEC activity of solution-processed MoS; flakes, and the higher edge
density generally results in lower PEC activity [22], as the flake edges are considered as the

recombination centers for photogenerated charge carriers [25].
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Fig. 38. Statistical analysis on (a) perimeter, (b) area, and (c) thickness of the LPE prepared GaTe nanoflakes [200].

Table 9. The most probability of perimeter, area, thickness, and the calculated edge density values (perimeter/area)
of GaTe nanoflakes collected from dispersions [200].

Specimen  Perimeter (um)  Area (um?)  Thickness (nm) Edge density (um?)

GaTe 1.37 0.02 129 69

Raman spectrum was measured to detect the vibrational modes of the GaTe flakes. Fig.
39a presents the Raman spectrum of GaTe macroelectrode, obtained using a 532 nm laser
excitation. The bands observed at 67, 114, 207 and 269 cm™ are assigned to the Ag vibration
mode, and 162 cm corresponds to the By vibration mode. These results agree with reported
Raman spectra of monoclinic phase of GaTe [143,228,229]. In addition, the band at 128 cm™ is
might be caused by the oxidation or degradation of GaTe upon exposure to an ambient air
environment, as suggested by other reports [132]. XRD was used to characterize the crystallinity
of the nanostructured GaTe film (Fig. 39b). The diffraction peaks at 20 of 12 and 24 degree are

corresponding to the (-210) and (-420) faces of monoclinic phase of GaTe, respectively, which
are in agreement with Raman spectrum results.
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Fig. 39. (a) Raman spectrum and (b) XRD pattern of GaTe macroelectrode. Adapted from ref.[200].

The spray coating method is a versatile technique for depositing thin films with tunable
loading on various substrates [230,231]. Hence, it was used to prepare GaTe macroelectrodes
by spray-coating GaTe nanoflakes on GC substrate. To study the loading effect on PEC activity,
GaTe/GC macroelectrodes with different mass loadings (0.1, 0.3, and 0.5 mg cm™2) were
fabricated, and tested in Ar saturated 0.5 M H2SOg electrolyte. Fig. 40 showed the SEM images
of GaTe/GC photoelectrodes: 0.1 mg cm™2 is insufficient for complete coverage of the GC
substrate, while loadings of 0.3 mg cm™2 and 0.5 mg cm ™2 suffice, indicating that higher loading
enhances electrode coverage.

Fig. 40. Coverage of GaTe nanoflakes deposited by spray coating on GC substrates. SEM images of (a) 0.1 mg
cm™, (b) 0.3 mg cm™2, and (c) 0.5 mg cm~2 loading of GaTe nanoflakes [200].

Fig. 41a showed the PEC activity of the macroelectrodes with different loadings. The
electrodes loaded with 0.1 mg cm= and 0.3 mg cm~2 display similar dark current with GC
substrate, possibly attributed to the partial exposure of the conductive substrate to the electrolyte.
In contrast, the 0.5 mg cm~2 loading showed the highest dark current due to the most edge defects
compared to the lower mass loadings (0.1 and 0.3 mg cm™). Fig. 41b presented the

photocurrents at several different potentials as the function of mass loading, indicating that 0.3
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mg cm~2 is the optimal loading, achieving a maximum photocurrent of 0.57 +0.01 mA cm2 at
—0.74 V vs. RHE.

IPCE was measured to investigate the power conversion efficiency of the GaTe
macroelectrodes at different wavelengths (Fig. 41c). The electrodes with 0.3 mg cm= were
utilized for IPCE measurement. It showed a maximum IPCE value of ~8% at 400 nm, and an
absorption edge of 795 nm, corresponding to a bandgap of 1.56 eV.
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Fig. 41. (a) Linear sweep photovoltammograms of GaTe/GC electrodes as the function of loading.
Photovoltammograms were measured in Ar saturated 0.5 M H,SO; solution, scan rate was 2.5 mV s, (b) Bar
diagram of photocurrents plotted versus the potentials at three different loadings. (c) IPCE of GaTe/GC electrode
at —0.59 V vs. RHE in 0.5 M H,SO4 solution. Adapted from ref.[200].

To investigate the illumination intensity dependency of PEC HER activity, five
GaTe/GC photocathodes (prepared from the same batch) were tested under different
illumination intensities (Fig. 42a). The PEC activity was enhanced as illumination power
increased because more charge carriers were generated. Furthermore, the photocurrents at —0.79
V vs. RHE were derived from linear sweep photovoltammetry curves (Fig. 42a), and presented
in Fig. 42b. A linear relation between photocurrent density and illumination intensity was
observed, and the GaTe electrode showed the highest photocurrent of 4 mA cm2 at —0.79 V vs.

RHE under 10 sun illumination.

To study the photostability of the GaTe/GC electrodes, the long-term (60 min)
chronoamperometry profile was recorded under chopped illumination (on/off every 30 s) at
—0.54 V vs. RHE (Fig. 42c). Continuous magnetic stirring was used in the cell through the whole
measurement to remove the H, bubbles from the GaTe electrode surface. After 60 min reaction,
the electrodes under 1 and 10 sun illumination remained 92% and 80% of their initial activity,
respectively. The main product for GaTe photoelectrode in PEC HER test is Hz. A
photoelectrolysis experiment (60 min) at —0.79 V vs. RHE using two GaTe photoelectrodes was
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performed to collect the gas product. We found that the FE% is 93.2 =7 % for three different
data points. SEM characterization showed that some GaTe flakes detached from the GC
substrate after the 60 min photoelectrolysis (Fig. 43) measurement, which might be caused by
the bubble formation during the HER process.
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Fig. 42. (a) Linear sweep photovoltammograms of GaTe/GC macroelectrodes as the function of illumination
intensity. Photovoltammograms were measured in Ar saturated 0.5 M H,SO4 solution, the scan rate was 2.5 mV
s, Five photocathodes from the same batch were studied here. (b) The photocurrent densities of GaTe/GC
electrode at —0.79 V vs. RHE under different illumination intensities. (¢) The long-term stability of GaTe/GC
electrode at —0.54 V vs. RHE under 1 and 10 sun illumination. The mass loading was 0.3 mg cm~2in (a-c) [200].

Fig. 43. SEM images of (a) before and (b) after the long-term chronoamperometry experiments of GaTe nanoflakes
[200].
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5.2.3. The comparison of PEC activity of GaTe micro- and macro-electrodes
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Fig. 44. Linear sweep photovoltammograms of GaTe (a) microelectrodes and (b) macroelectrodes under 200 mwW
cm2 illumination intensity. The scan rate was 2.5 mV s7*in (a) and (b).

The PEC HER performance of GaTe micro- and macro-electrodes under 200 mW cm2
illumination intensity were shown in Fig. 44. The thickness of GaTe flake in Fig. 44a is 125 nm,
and the one in Fig. 44b is 129 nm. The microelectrode achieved higher photocurrent and lower
dark current than the macroelectrode, which can be explained by that, in the case of
macroelectrode, more defects are produced after liquid phased exfoliation process. In contrast,
in the case of microelectrode, we can measure the PEC activity at less defective positions (basal
plane) [22,29,57]. As reported, the defects can be the recombination centers for photogenerated
charge carriers, resulting in high dark current and low PEC activity. Besides, several studies
illustrated that, the MoS. networks processed from solution (using LPE method) show relatively
low carrier mobility (ca. 10 cm? V1 s71), which is one order of magnitude lower than MoS;
nanoflakes (over 100 cm? V! s1) prepared by the mechanical exfoliation method [232-234].
Similarly, the GaTe networks fabricated with solution-processed GaTe nanoflakes might have
lower conductivity or carrier mobility compared to mechanically exfoliated GaTe

microelectrodes in our case, which needs further investigation.
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5.3. The PEC HER behavior of other semiconductors

Except SnSe and GaTe materials, many other layered SCs including GeS, ZnTe, As,Sz and CuzS
(CuzSe, CuzTe), used for PEC HER application have been investigated in our study. In this
section, different solvents for the LPE process, different substrates, and different flake synthesis
methods have been explored, aiming to achieve good PEC performance. While all the
photocathodes prepared from these materials showed negligible photocurrent (in the range of

MA), and GeS was given as a representative example here.

The AR-GeS crystals were exfoliated in “green solvents”, such as EtOH, IPA, and
EtOH/H20. After the flake size-selection process with centrifugation, the obtained nanoflakes
were deposited on GC substrates via m-LB method, and used as photocathodes in PEC HER
application. Fig. 45a presented their PEC activity in 0.5 M H2SOs solution. All electrodes
showed negligible photocurrent (a few |#A). This might be caused by the improper LPE solvents
for exfoliation, therefore, the organic solvents such as DCB and DMF, were used instead of
green solvents in LPE process [86,235]. After the exfoliation, the organic solvents were replaced
with EtOH, to remove the solvent from the GeS film easily during the film preparation process.
Fig. 45b showed the PEC performance of the electrodes made from nanoflakes exfoliated in

organic solvents, while negligible photocurrent was still observed.
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Fig. 45. Linear sweep photovoltammograms of GeS nanoflakes exfoliated in various solvents. (a) In EtOH, IPA,
EtOH/H,0 and IPA/H;0. (b) In DCB, NMP, and DMF, here, before the spray coating process, these organic
solvents were replaced by EtOH. Linear sweep photovoltammograms were measured in Ar saturated 0.5 M H,SO4
solution, the scan rate was 2.5 mV stin (a) and (b).
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The fabricated macroelectrodes showed relatively low activity in PEC HER reaction,
which can be possibly explained by several reasons: i) the exfoliation process destroys the
structure of crystals, leading the resultant nanoflakes are not stable in the electrolyte media [236].
i) abundant defects are produced after the liquid phase exfoliation process, acting as
recombination centers for photogenerated charge carriers [22,29,57]. iii) the fabricated
nanoflakes network possesses low conductivity [232-234]. Some common strategies, such as
heterojunctions, tunnelling, and co-catalysts, used to enhance PEC performance were
highlighted and discussed in our review paper [40].
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6. Summary

Reviewing the literature, we found that some layered SCs have not been widely investigated in
the field of PEC HER application yet. Therefore, exploring new layered metal chalcogenide SCs
and studying their PEC performance in HER is the objective of my doctoral work. The first part
of my doctoral work was to study the factors, including different solvents for LPE, the flakes
edge density, Pt co-catalyst, and different synthesis methods, which can affect the PEC HER
activity of SnSe flakes, aiming to achieve good PEC performance. The second part was to
prepare GaTe nanoflakes using different exfoliation approaches (i.e., ME and LPE), and the
PEC HER activity of GaTe micro- and macro-electrodes fabricated from such flakes was tested
and compared, and the possible reasons for the limited photocurrent of macroelectrodes were
discussed. The last part was to explore the PEC HER activity of macroelectrodes fabricated
using other layered SCs. This work adds several candidates to the pool of photoelectrodes

applicable in different PEC processes.

The most important results of my doctoral work can be summarized in the following points:

1. The solvents used in the liquid phase exfoliation affect the PEC HER performance of
the obtained SnSe flakes. SnSe flakes were produced by exfoliating commercial SnSe
crystals in different solvents, i.e., pure IPA and IPA/H>O mixture with different IPA
contents, using LPE method. The SnSe macroelectrodes were fabricated by depositing
SnSe flakes on glassy carbon electrodes via m-LB method. The PEC HER performance
was enhanced as the IPA content in the LPE solvents increased, and the pure IPA was
found as the suitable solvent for SnSe, achieving the highest HER activity of 1.18 mA
cm~2 photocurrent density at —0.69 V vs. RHE which was 10 times higher compared
with IPA/H,0 case (1:3) (0.11 mA cm?).

2. Varying the particle size of SnSe crystals before liquid phase exfoliation, the edge
density of the obtained SnSe flakes can be tuned. A sieving process was used to
separate the as-received commercial SnSe crystals (diameter < 12 mm) to three size
fractions which were 12-1.6 mm, 1.6-0.69 mm and 0.4-0.16 mm size ranges named
as L-, M- and S-SnSe, respectively, and then were exfoliated in pure IPA. The crystals
after exfoliation are named as L-IPA-, M-IPA- and S-IPA-SnSe, respectively. These

flakes had similar morphology characteristics, only the edge density values increased
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with the decreasing initial crystal size. The photocathodes made from them by spray
coating method showed the maximum photocurrent of ca. 2.3 mA cm2, which was
higher than IPA-SnSe (1.18 mA cm2). These results demonstrate that edge density has
no significant effect on the PEC HER activity of SnSe flakes.

3. Pt co-catalyst depositing on the SnSe surface can improve the PEC HER activity of
SnSe flakes. Pt nanoparticles were anchored on the surface of SnSe by the
photodeposition method, and the effect of different deposition factors, such as
illumination time, the concentration of Pt precursor, and illumination intensity, on the
PEC activity was investigated. Under optimal conditions, Pt decorated SnSe
photocathode gave higher PEC HER activity than bare SnSe (4.39 vs. 2.14 mA cm™2).
IMPS results demonstrated that the Pt co-catalyst improved charge transfer kinetics and
suppressed charge carrier recombination at the electrode/electrolyte interface.

4. The synthesis method of SnSe flakes has no significant effect on the PEC HER
performance of SnSe. SnSe flakes were synthesized via the hydrothermal method, and
spray-coated on GC substrate. The loading-dependent PEC HER activity indicated that
0.2 mg cm~2 was the optimal loading, achieving a maximum photocurrent of 3 mA
cm2, which is in the same order of magnitude as LPE prepared SnSe flakes (2.3 mA

cm).

5. The mechanically exfoliated GaTe flakes can be applied for the PEC HER application.
GaTe flakes were obtained by mechanically exfoliating as-received GaTe crystals, and
immobilized on the SiO»/Si substrate, and used as working electrode for PEC HER
application. The PEC performance of GaTe microelectrode was conducted using our
custom-developed PEC microscopy technique. It exhibited higher PEC activity with 6
M LiCl/1 M HCI than that of 6 M LiCl droplets. Meanwhile, GaTe has a thickness-
dependent PEC HER performance, i.e., thicker flakes generally show higher PEC
activity, achieving a maximum photocurrent of 6 mA cm™2 at —1.2 V vs. RHE with a
thickness of 808450 nm.

6. GaTe macroelectrode composed of liquid phase exfoliated flakes can be used for PEC
HER application under concentrated illumination intensity. The loading dependent
PEC activity indicated that the best performance was achieved with the mass loading
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of 0.3 mg cm2, showing 0.57 #0.01 mA cm photocurrent at —0.74 V vs. RHE.
Besides, an illumination intensity dependent PEC HER performance was found under
optimal loading, achieving a maximum photocurrent of 4 mA cm=2 at —0.74 V vs. RHE
under 10 sun illumination. Stability tests were performed by 60 min long
chronoamperometry, and 92% and 80% of initial activity remained under 1 and 10 sun

illumination, respectively.

7. GaTe microelectrode fabricated by mechanical exfoliation showed higher photocurrent,
compared to the GaTe macroelectrode composed of LPE-prepared GaTe flakes. This
might be caused by that, the macroelectrode made from the LPE-prepared GaTe flakes
has abundant edge defects, which can be avoided in the mechanically exfoliated flakes.
Besides, the networks fabricated with solution-processed GaTe nanoflakes might have
lower conductivity or carrier mobility compared to mechanically exfoliated GaTe

microelectrodes, which can also result in lower PEC activity for GaTe macroelectrode.

8. The PEC HER performance of various layered and 2D materials was reviewed and
summarized by a statistical analysis, revealing that most of such materials showed
limited PEC HER activity (below 10 mA cm™2). The possible reasons for limited PEC
performance were analyzed and summarized from the reports, which are i) abundant
defects are produced after exfoliation process, acting as recombination centers for
photogenerated charge carriers. ii) the exfoliation process destroys the structure of
crystals, leading to the resultant nanoflakes are not stable in the electrolyte media. iii)
the fabricated nanoflakes network possesses low conductivity. The possible strategies
to enhance PEC activity can be forming heterojunctions, tunnelling, and depositing co-

catalysts.
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