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Abstract: The photoelectrocatalytic (PEC) hydrogen evolution method for hydrogen production. However, finding a suitable catalyst
reaction (HER) holds immense promise as a clean and sustainable which is efficient, stable and scalable still remains an open challenge.
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BiOBr is a 2D layered material studied as photoelectrocatalyst
because of its suitable band gap for light absorption and potential for
up-scalable production. However, its application in HER is not
commonly reported, because of instability in a cathodic PEC
environment, driven by a strong tendency to reduction to metallic
bismuth. To solve this problem, 2D MoS: is used to induce the
formation of a van der Waals (vdW) layered heterojunction (HJ) to
stabilize the lattice of BiOBr during HER. By performing PEC HER
with the HJs containing different ratios of MoSy, it is found that the HJ
with 1% MoS:2 can increase the stability of BiOBr, while the one with
50% MoS: can even accelerate the reduction of BiOBr to metallic
bismuth. DFT calculations reveal that the interface between BiOBr
and MoS: in the HJ with 1% MoS: tends to push active electrons on
the sulfur atoms, thus favoring HER. On the other hand, in the 50%
HJ, active electrons are prone to react with BiOBr to induce reduction.
In situ wide-angle X-ray diffraction (WAXD) on the MoS2/BiOBr HJs
with 1% and 50% of MoS: allows to track the phase change and the
phase transfer speed of BiOBr during PEC HER. Interestingly, when
the HJ is illuminated with UV light, a lower amount of BiOBr is reduced
to Bi under negative potential, due to the presence of photogenerated
holes reacting with the extra electrons derived from the negative bias
and preventing the BiOBr photon absorber to be further reduced.

Introduction

The photoelectrocatalytic hydrogen evolution reaction (PEC HER)
is a fascinating and sustainable process, which harnesses
sunlight and electric power to drive the production of hydrogen
from water. However, several challenges such as efficiency,
stability, cost and scalability still exist for optimizing
photoelectrocatalysts for PEC HER.!-®! BiOBr stands out as a
promising photoelectrocatalyst with unique structural and
electronic characteristics that make it well-suited for solar-driven
applications.*-¢! Possessing a layered crystal structure with Bi,O,
layers separated by Br atoms, BiOBr has a peculiar electronic
structure, which allows for efficient charge separation and
migration, leading to enhanced PEC activity.[") For instance, Ling
et al. fabricated BiOBr nanosheet arrays on indium tin oxide as a
photoanode and a transient current of 70 yA/cm? was detected at
a bias of 0.9 V.BlWang et al. showed photocurrent density of 0.29
mA/cm? at 1.23 V vs. RHE for BiOBr.! Hu et al. used BiOBr
nanosheets for PEC alcohol oxidation with the combination of
Pt.12% A BiOBI/Ti photoanode was used to degrade RhB under
bias voltage of 0.7 V.’ Meanwhile, its cost-effectiveness and
potential for facile scaled-up production make BiOBr worthy to
optimize as a photoelectrocatalyst.*2

In most cases, however, the pure BiOBr is used as a photoanode
suitable for oxidation reactions, due to its band structure.*3-%
Operando chemical stability is a critical factor in the practical
application of BiOBr as a photoelectrocatalyst for HER. Since
BiOBr has demonstrated reasonable stability only under specific
conditions, research efforts are usually directed toward improving
its resistance to photocorrosion, a process where the material
degrades over prolonged exposure to light.*® Meanwhile, the
negative bias can cause the reduction of BiOBr as well, since the
standard potential of Bi®*/Bi® is 46 mV vs. Ag/AgCLE™ In principle,

the Bi- and BiO-terminations found in single-layer BiOBr
demonstrate highly active sites for the HER, whereas the inert
basal planes of monolayer BiOBr can be activated for the HER by
introducing halogen vacancies.*®%  Similarly, other BiOX
compounds like BIOCI and BiOIl may offer similar characteristics,
but BiOBr remains the most extensively studied for the HER due
to its optimal band-gap (2.42 eV).’% Moreover, incorporating
BiOBr with other materials could enhance its structural stability
during PEC analysis. For instance, Shi et al. managed to reduce
Cr(VI) to Cr(lll) with MoS2/BiOBr.?Y Han et al. fabricated core—
shell structured Bi/BiOBr photoelectrode for PEC HER getting a
photocurrent of 6 mA/cm? at -0.5 V vs. RHE.?? A 2D MoS,/BiOBr
heterojunction (HJ) is a successful example to suppress self-
reduction of the oxybromide during the PEC HER. In our previous
work, it was found that within a few- layers MoS,/BiOBr HJ, the
BiOBr structure remains intact during the PEC HER only when the
ratio of MoS; is 1%.12% On the other hand, with 50% of MoS; inside
the HJ, the BiOBr component is reduced to Bi in a short time. !
However, the HJ with 1% of MoS; can only partially hinder the
reduction process instead of completely avoiding it, and still a
portion of BiOBr is reduced to Bi during PEC. Therefore, the
methodology based on the selective modification of layered BiOBr
for realizing HJs with cathodic properties is still at its infant stage
and deeper mechanistic studies are required for its successful
application in HER, at maximized stability.

Based on the above state-of-the-art situation, we present here a
more detailed study on the PEC HER process with 2D
MoS,/BiOBr HJ catalysts. To dig more into the mechanism behind
such system, we performed density functional theory (DFT)
simulations to atomistically describe the HER process on the
MoS,/BiOBr HJ. Our calculations demonstrate that in the HJ with
50% MoS,, active electrons are more likely to interact with BiOBr
instead of reducing absorbed protons on sulfur atoms, leading to
the production of metallic Bi. Conversely, in the 1%-MoS,/BiOBr
configuration, the interface between BiOBr and MoS; tends to
transfer active electrons to the sulfur atoms, thereby promoting
HER. Furthermore, we monitored the reduction process of BiOBr
to metallic Bi in the HJs by synchrotron wide-angle X-ray
diffraction (WAXD) during the PEC reaction. By comparing the
HJs with 1% and 50% of MoS,, the phase transfer in 50%-
MoS,/BIiOBr results faster and more complete than that in 1%-
MoS,/BiOBr. More interestingly, under illumination conditions,
there is less amount of BiOBr reduced compared to the same
situation in dark. This happens most likely because
photogenerated holes can neutralize the extra electrons and
protect BIOBr from reduction to Bi.

Results and Discussion

The HJ samples are synthesized by a combination of microwave
synthesis and liquid phase exfoliation (LPE) methods, as reported
before and described briefly here in the experimental section.?
By tuning the weight ratio of bulk BiOBr and MoS; precursors to
100:1 and 1:1, M0oS,/BiOBr van der Waals (vdW) HJs with few
and large amount of MoS; are prepared. The sample with 1% of
MoS; precursor is labelled as 1%-MoS,/BiOBr, while the sample



with 50% of MoS; is labelled as 50%-MoS,/BiOBr. The powder X-
ray diffraction (P-XRD) patterns of 50%-MoS,/BiOBr are indexed
as the combination of a tetragonal BiOBr phase (ICSD number:
61225) and hexagonal MoS, phase (ICSD number: 95569)
without the presence of any impurities (Figure S1). Only the BiOBr
phase is instead detected in the 1%-Mo0S,/BiOBr, because of the
small content in MoS;. Their morphologies were checked with
transmission electron microscopy (TEM). As shown in Figure S2,
pure exfoliated BiOBr and MoS; both provide nanosheets with
irregular shape. 2D BiOBr shows a rough size range between 50
and 150 nm, while 2D MoS; is more than 300 nm in width. In
Figure la and 1b, both 1%-Mo0S,/BiOBr and 50%-Mo0S,/BiOBr
show the combination of large MoS, and small BiOBr nanosheets.
The high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) and the corresponding STEM-EDX
mapping of 1%-MoS,/BiOBr displayed the existence of Mo and Bi
elements, further confirming the existence of MoS; in 1%-
MoS,/BiOBr. The distribution of these two elements proved an
overlapping of the two structures.

Figure 1. TEM images of (a) 1%-MoS2/BiOBr and (b) 50%-MoS2/BiOBr. (c)
HAADF-STEM image and (d) EDX elemental mapping of 1%-MoS2/BiOBr.
Scale bars are 100 nm in all images.

Raman analysis was further performed to identify vdw
interactions between BiOBr and MoS,. Figure 2a depicts the
Raman spectra for 2D layered BiOBr, 2D layered MoS;, and 1%-
MoS,/BiOBr HJ excited by a 532 nm laser. The Raman spectrum
of BIOBr presents a typical Raman peak of Ajg mode located at
125 cm* and a peak of E;g mode located at 161 cm-1.24 The A4
and Eiq phonon modes come from the internal Bi-Br stretching
vibration. These Raman peaks for pure BiOBr are consistent with
those of the oxyhalide in the 1%-MoS,/BiOBr HJ. On the other
hand, in 50%-MoS,/BiOBr, the characteristic peaks of BiOBr are
weak and this is likely due to the large amount of MoS; covering
the surface of the sample and fading signals from the pnictogen-
containing species. The Aigpeak and Eyq peak of 1%-MoS,/BiOBr
demonstrate obvious red shift from 125 cm-! and 161 cm-1to 111
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Figure 2. (a) Raman spectra of 2D BiOBr, 2D MoS:2 and 2D MoS./BiOBr
HJs. At the selected area (b), Raman mapping of the peaks at (c) 125 cm-,
(d) 409 cm, and (e) 111 cm-.

cm-! and 156 cm-! compared with that of the pure BiOBr. The red
shift reveals that the MoS,/BiOBr vdW HJ is potentially associated
with the interlayer coupling interaction of BiOBr and MoS;
layers.?5-21 This might result from the Bi-S interaction, which has
a lower frequency than Bi-Br.”82% The characteristic Raman
peaks of MoS; are related to an in-plane phonon mode E»q (382
cm-1) of Mo-S and an out-of-plane phonon mode A4 (406 cm-1)
of S-S bonds.% The difference between these two peaks are 24.3
cm?, which means the MoS, is exfoliated to few-layered
materials, in a quasi 2D fashion.BY As to the HJs, the position of
E»g is not changed apparently, while the position of Ay, related to
S-S bond, shows a blue shift to 409 and 408 cm? for 1%-
MoS,/BiOBr and 50%-MoS,/BiOBr, respectively. This finding
represents the initial evidence of surface sulfurs from MoS;
forming an electrostatic van der Waals (vdW) interaction with
BiOBr. Furthermore, the selected area in Figure 2b was analyzed
through Raman mapping on a highly resolved nano-Raman set-



up.B4 It is clear form this further analysis that the BiOBr layered
component is fully dispersed in this area. Figure 2c shows the
integrated peak of BiOBr centered at 125 cm™ with a peak width
of 20 cm?, and Figure 2d displays the integrated peak from MoS;
centered at 409 cm™® with a peak width of 1 cm™, confirming the
existence and distribution of BiOBr and MoS2 inside the area.
Figure 2e shows the integration of the peak at 111 cm™ (peak
width of 5 cm™), which is from the HJ. Compared to Figure 2c, it
is apparent that the peak at 11lcm™ only appears at the
overlapping area of BiOBr and MoS; nanosheets, meaning that
the interaction between the two components is among the whole
overlapping area of BiOBr and MoS, nanosheets. Moreover, the
deconvolution of the Mo 3d peaks in the X-ray photoelectron
spectroscopy (XPS) spectra of the HJs revealed two peaks at
232.2 eV and 229.1 eV, corresponding to Mo** 3dg;, and 3ds, in
the 2H phase (Figure S3).5% This demonstrates that only the 2H
MoS; is present in the HJs and no traces of the metallic 1T-phase
can be detected.

PEC HER has been conducted on photocathodes made of drop-
casted MoS,/BiOBr HJs and pure BIiOBr on transparent

conductive fluorine-doped tin oxide (FTO) substrates. As shown
in Figure 3a and 3b, 50%-MoS,/BiOBr and 1%-MoS,/BiOBr yield
-16.5 mA/cm? and -10 mA/cm? at -0.6 V vs. RHE in the first cycle,
respectively. This significant enhancement in PEC activity,
compared to pristine BiOBr (-3 mA/cm?) in Figure 3c, suggests
that the HJs exhibit more effective catalytic activity than pure
BiOBr. However, the HER performance of 50%-MoS,/BiOBr
dropped dramatically from the second cycle, likely due to the
reduction of BiOBr since the broad irreversible redox peak of
Bi**—Bi° appears before HER. Meanwhile, BiOBr has shown the
redox peak of Bi**—Bi® as well starting from the 2™ cycle, which
is displayed in Figure 3c. Regarding 1%-MoS,/BiOBr in Figure 3b,
the redox peak appears from the 3™ cycle, and the current density
for HER remains higher than -7 mA/cm? at -0.6 V vs. RHE after 5
cycles. In contrast, 50%-MoS,/BiOBr shows almost no current
after 3 cycles and BiOBr has sustain the low current density of ~-
3 mA/cm? These results reveal that the HER activity and
durability are highly related to the composition inside the HJ,
which will be discussed in detail later.
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Figure 3. Cyclic voltammetries (CVs) of (a) 50%-MoS2/BiOBr, (b) 1%-MoS2/BiOBr and (c) pristine BiOBr.

DFT simulations were performed on the 50%-MoS,/BiOBr to
elucidate the HER mechanism, assuming the Mo-edge of MoS;
as the reaction center. Since it has been reported in literature that
the activity for HER linearly corelates with the amount of exposed
edges in crystalline MoS;, we consider here the same edges as
active catalytic sites also at the interface.®¥ As first step of the
reaction, we consider the reduction of the interface while adding
an electron ([MoS;]), to mimic the experimental setup with
applied potential at -0.5 V. The first hydrogen prefers to bind at
the edge sulfur atom, rather than the molybdenum atom, resulting
in strongly bonding interaction, with a calculated adsorption
energy of -0.89 eV. Interestingly, no stable structures have been
found for the Mo-H interaction. However, after considering solvent
effects, entropy and vibrational corrections, the free energy for
adding a hydrogen atom to the S edge is more stabilized, with
value of -1.47 eV ([M0S;]Hs). The first protonation occurs with the
Volmer step, which is the potential-dependent step (PDS) of the
reaction, with a maximum reaction free energy of 1.48 eV at -0.5
V vs standard hydrogen electrode (SHE). The PDS is the step
leading to an intermediate which requires the highest energy to
be obtained, being the limiting step of the whole reaction and

possibly being the cause for a reaction pathway to be unfavorable;
in the present case, this is correlated to a limiting potential U = -
1.48 eV (U .=AGpps/€), meaning that to fully overcome this barrier,
a potential of -1.5 V should be applied. The activation energy
required to obtain the Volmer step is 1.73 eV at -0.5 V, making
this first protonation also the rate determining step of the HER
reaction. Adding a second proton to the Mo atom did not result in
a stable structure, suggesting that the second H prefers to interact
with a second S atom close to the first one. This second proton
addition can occur either via Tafel or Heyrovsky mechanism. In
the Tafel mechanism, a second proton is added to a S atom which
neighbors the first one; in the Heyrovsky mechanism the second
proton is added directly on top of the first proton (Figure 4a).[5-3
While both pathways are thermodynamically favorable, the Tafel
one is the most active one, with a strong energy stabilization at -
1.91 eV ([MoS;]HsHs), while the Heyrovsky pathway only slightly
stabilizes the system up to 1.24 eV ([M0S;]Hs2). Interestingly, the
Tafel step is virtually barrierless, while to obtain the Heyrovsky
step a small activation barrier of 0.02 eV has to be overcome.
Eventually, the hydrogen molecule is formed, with a Gibbs free
energy stabilization of -2.14 eV ([M0S;]2Hs, Figure 4a). As a



result, the [MoS;] — [Mo0S; — [MoS;]Hs —[MoS;]HsHs
—[Mo0S;]2Hs pathway can proceed with the first endergonic
Volmer step, followed by a strongly exergonic Tafel step.

To assess the nature of the reduction pathways for the second
proton transfer, we resort here to the analysis of the density of
states and d-band center (Figure 4b and 4c). The strong
thermodynamic stabilization of the Tafel intermediate is a result of
upshift in the d-band center for the pristine surface compared to
the Heyrovsky step. In fact, the d-band energy center has been
found at -0.79 eV for the Heyrovsky step and is shifted up to -0.63
eV for the Tafel one. The main idea of this analysis is that the
closer to the Fermi energy the metal d-band center is, the stronger
the adsorbate-metal interaction is, due to a lower occupation of
antibonding states. This is also confirmed by the density of states
analysis, in which we observe that the antibonding states for the
hydrogen atoms involved in the reaction are shifted up in energy,
from 0.32 to 0.42 eV for the Heyrovsky and Tafel step,
respectively. We believe that the high activation energy barrier
observed from the 50%-Mo0S,/BiOBr explains the observed

experimental behavior; at such elevated concentration of BiOBr,
it might be easier for the Bi to become metallic than for the
reaction to proceed, in all the potential range observed. Hence,
after a few cycles the HER production comes to a stop. On the
other hand, when the percentage of MoS; is decreased to 1% at
the interface, the smaller presence of Bi allows for the HER to
continue for more cycles. Changing the potential to more negative
values lead to overall stabilization of the Volmer intermediate and
the related transition state. However, while the energy of the
[MoS;]Hs intermediate strongly decreases, going from 1.73 eV at
U=-0.25 V to 0.48 eV at U= -1.5 V, the decrease in the energy
barrier for this step is rather small, from 1.86 at U=-0.25 V to 1.23
eV at U=-1.5 V (Figure 4d). The lower energy predicted at -1.6 V
confirms that this key intermediate can be strongly stabilized,
ensuring the PEC of the interface even for the 50%-MoS,/BiOBr
for more cycles. Now, it becomes crucial to consider the stability
of the entire interface. As the applied potential becomes more
negative, the interface may become more susceptible to
deterioration, possibly resulting in additional reduction of Bi to its
metallic form.
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Figure 4. (a) Gibbs free energy reaction pathway for the HER formation at the MoS2/BiOBr interface, at an applied potential of -0.5 V. Transition states are also

reported, as well as the activation energy. Density of states (DOS) on the 3d orbitals for Mo and Bi metal centres, 2p orbitals of S and s orbitals for H for (b)

Heyrovsky and (c) Tafel step. (d) Relative Gibbs free energy of the Volmer step and the associated transition state at various applied potentials.

To comprehensively understand the impact of the composition of
the HJs on the PEC HER activity, in-situ WAXD was conducted
during the PEC HER. Figure 5a-c record a clear phase change of
BiOBr from in-situ XRD diffractograms of 1%-MoS,/BiOBr, 50%-
MoS,/BiOBr and pristine BiOBr after each cycle of HER and the
patterns with selected ranges of 18.5-25 nm™ of q vectors. Before
the catalytic reaction, all the samples display two broad diffraction
peaks centered at 22.9 and 23.3 nm™*, which are attributed to the
BiOBr phase. Further performing the CVs under PEC
environment made gradual formation of Bi from BiOBr, as the
intensity of the characteristic peak of metallic Bi at 19.7 nm*
increased continuously, while the intensity of the peaks belonging
to BIOBr decreased. When comparing these three samples, it is
evident that the phase change inside 50%-MoS,/BiOBr is much

faster than that in 1%-MoS,/BiOBr and BiOBr. The reduction of
BiOBr in 50%-Mo0S,/BiOBr and pristine BiOBr is complete after 1
cycle and 3 cycles of PEC reaction, respectively, while 1%-
MoS,/BiOBr can reserve the original BiOBr phase after 5 cycles
of reactions. Moreover, the peak intensity ratio of the peaks at
22.9 and 19.7 nm is calculated in Figure 6 to compare the phase
change of the samples. For 50%-Mo0S,/BiOBr, the peak ratio is
close to 0 after the first cycle, while the value of 1%-MoS,/BiOBr
remains more than 0.5 after 5 cycles. Given that the peak ratio of
pristine BiOBr diminishes to O after 3 cycles, it becomes evident
that the HJ with just 1% of MoS; plays a crucial role in mitigating
the reduction of the BiOBr component.
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Figure 5. In situ WAXD of (a) 50%-MoS2/BiOBr, (b) 1%-MoS2/BiOBr and (c) pristine BiOBr during PEC HER, and (d) 50%-MoS./BiOBr, (e) 1%-MoS,/BiOBr and (f)

pristine BiOBr during EC HER.

To correlate these findings with the CVs presented in Figure 3, it
can be inferred that MoS./BiOBr serves as an efficient
photoelectrocatalyst, whereas MoS,/Bi exhibits minimal activity in
PEC HER. Therefore, it is important to maintain BiOBr from
reducing to Bi. According to the previous DFT calculations, in
such a type-I HJ, the small amount of MoS; (in 1%-MoS,/BiOBr)

not only attracts photogenerated electrons and provides active
sites for HER, but also contains a suitable valence band position
which can prevent the transfer of photogenerated holes from
BiOBr.? In this case, the remaining photogenerated holes on
BiOBr can neutralize part of the electrons from UV light or
negative bias and protect BiOBr from being reduced. However,



these photogenerated holes are not enough to neutralize all the
extra electrons inside BiOBr, thus there is a part of BiOBr reduced
to Bi after each CV. Conversely, an increasing ratio of MoS; inside
the HJ changes the band structure and photogenerated holes
start to migrate to MoS,. Without the photogenerated holes
staying on BiOBr, BiOBr is rapidly reduced to Bi by electrons from
electric field or photo energy.?¥ When considering influence of the
outside electric field, the DFT calculations demonstrate that
before the HER happens, the negative potential can destroy the
stability of the interface inside the 50%-MoS,/BiOBr and form a
large amount of Bi on the interface firstly (Figure 4). This
combination of MoS, and Bi is not favorable for HER,
unfortunately.

In order to prove the function of the photogenerated holes in
stabilizing the structure of BiOBr, we measured the phase change
of the samples under purely electrocatalytic (EC) conditions (in
dark). As compared in Figure 5b and 5e, within the 1%-
MoS,/BIiOBr HJ, it is surprising to observe that the formation of Bi
is always less under PEC condition than under EC condition, as
the BiOBr/Bi peak ratio under illumination is much higher than in
dark after each cycle (Figure 6). A similar trend is found for
pristine BiOBr as well (Figure 5c, 5f and 6). On the other side, for
50%-MoS,/BiOBtr, there is no apparent difference since BiOBr is
reduced rapidly both under PEC and EC conditions (Figure 5a
and 5d), and the peak intensity ratio of BiOBr/Bi is below 1 after
the 1% cycle (Figure 6). The phase change of 1%-MoS,/BiOBr and
BiOBr reveals that the UV light does not accelerate the reduction
of BiOBr under PEC condition, because the photogenerated holes
protect BiOBr from reduction in the PEC environment, while the
photogenerated electrons are transferred on the surface of MoS;
for HER or charge recombination.
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Figure 6. Peak intensity ratios of the peaks at 22.9 (belonging to BiOBr) and
19.7 nm- (belong to Bi).

Conclusion

In this work, we show the PEC HER performance of layered
MoS,/BiOBr vdW HJs containing different ratios of the two

components and analyze their catalytic mechanism, through a
joint experimental-theoretical approach. From the measurement
of PEC HER activity, emerges a counterintuitive better durability
behaviour of the 1%-MoS,/BiOBr HJ with respect to the 50%-
MoS,/BiOBr. DFT calculations point out, in fact, that the vdw
interface in 50%-MoS,/BiOBr is easier to collapse, and electrons
prefer to react with BiOBr instead of the absorbed protons on the
edged S sites. In addition, in situ WAXD shows a phase change
of BiOBr to Bi during the HER. By comparing phase change
between 1%-Mo0S,/BiOBr and 50%-MoS,/BiOBr, it is clear that
BiOBr is reduced to Bi more rapidly in 50%-MoS,/BiOBr than in
1%-Mo0S,/BiOBr. On one side, in 1%-MoS,/BiOBr the band
structure is more suitable for distributing active electrons for HER,;
on the other side, under bias, BiOBr in the 50%-MoS,/BiOBr
reduces fastly to Bi and hinders the HER. More importantly, by
comparing the phase change under EC and PEC conditions, it is
proved that under UV light, the reduction of BiOBr slows down
because the photogenerated holes can partially protect the BiOBr
phase. The insights here presented on the PEC HER mechanism
in this specific layered HJs may be applicable to other analogous
systems and thereby enable the future design and development
of novel nano-sized heterogeneous catalysts with high efficiency
and stability.

Experimental details

Materials

Bismuth(lll) nitrate pentahydrate (Bi(NO3)s-5H,0), potassium
bromide (KBr), ethylene glycol (EG), molybdenum(lV) sulfide
(M0S;), N-methyl-2-pyrrolidone (NMP), ethanol and FTO glass
substrates were purchased from Sigma-Aldrich. Milli-Q water was
sourced using the Milli-Q ultrapure system for all experiments.

Preparation of photoelectrocatalysts

To synthesize BiOBr microspheres, a solvothermal method,
adapted from Shi et al. was employed using Bi(NO3)3-5H.O and
KBr as precursors.?? Initially, 83.3 mg of KBr were dissolved in
10 mL of EG, followed by the addition of 339.5 mg of
Bi(NO3)3-5H,0 to the solution. The mixture was stirred for 30
minutes at room temperature, then transferred to a 40 mL Teflon
autoclave for solvothermal treatment at 120 °C for 12 hours. After
cooling naturally, the white sample was collected, washed with
ethanol and H,O to remove any unreacted chemicals and
impurities.

To create HJs, multilayer MoS, was first obtained through liquid
phase exfoliation (LPE) using a tip-sonicator for 9 hours with 500
mL of H,O and 5 g of MoS, powder. The resulting mixture was
centrifuged at 2000 rpm for 20 minutes, and the suspension was
collected. Afterward, the suspension was centrifuged at 8000 rpm
for 5 minutes to precipitate the multilayer MoS,, which served as
a precursor for the subsequent steps. Next, the BIOBr
microspheres and multilayer MoS; were added to 50 mL of NMP
for further LPE, with 9 hours of tip-sonication to achieve
heterojunction formation. For the 1%-MoS,/BiOBr configuration, 2



mg of MoS; and 200 mg of BiOBr were added, while for the 50%-
MoS,/BiOBr setup, 100 mg of MoS; and 100 mg of BiOBr were
added. After centrifuging the mixture at 2000 rpm for 20 minutes,
stable colloidal suspensions were obtained. Finally, ethanol and
water were added to precipitate the products.

Characterization

Brightfield TEM (BF-TEM) imaging was conducted using a JEOL
JEM-1011 instrument with an acceleration voltage of 100 kV. To
prepare the samples, dilute suspensions of the nanomaterials in
ethanol were dropped onto carbon film-coated 200 mesh copper
grids. For HRTEM HAADF-STEM imaging and STEM-EDX
analyses, an image-Cs-corrected JEOL JEM-2200FS TEM
equipped with a Bruker X-Flash 5060 SDD was operated at 200
kV. Holey-amorphous carbon films on Cu grids served as support
for these analyses. We characterized samples using a WITec
confocal Raman system (a300-Raman WITec GmbH, Ulm,
Germany), equipped with a 100X Zeiss objective, NA=0.9 and a
dispersive grating of 600 gr/mm that images a 100 ym core fiber,
used to couple microscope to the f = 320 mm spectrometer, as the
input slit aperture on a 1x2048 pixels CCD (Newtown CCD,
Andor, —-80°C thermoelectric cooled). A solid-state laser, 532 nm,
power of 14 mW, was used as the excitation line. The samples
were dropped on n-type Si wafer. For the Raman spectra, each
measure was obtained accumulating 80 spectra, each with an
integration time of 25 s. Raman spectroscopy maps of 4 x 4 pm
and 48 x 48 points were acquired at 2 seconds integration time
per point. XPS spectra were acquired using a spectrometer
manufactured by Physical Electronics GmbH (PHI 5000
VersaProbe ).

(Photo)electrochemical measurements

EC and PEC HER tests were conducted using a three-electrode
photoelectrochemical reaction cell immersed in a 0.5 M Na;SO4
electrolyte solution. The reference electrode utilized was Ag/AgCI
(saturated KCI electrolyte), while the counter electrode consisted
of a platinum wire. For the PEC HER experiments, the samples
were air-dried and subsequently dispersed in ethanol at a
concentration of 5 mg mL™. Ink solutions of 0.12 mL were drop-
cast onto conductive FTO glass substrates. A mercury lamp with
a light intensity of 16 mW cm™ served as the light source.
Potentiostatic tests were carried out using an Autolab instrument,
while CVs were performed at a scan rate of 50 mV s™* within the
range of 0.2 to -0.6 V vs. RHE.

In situ WAXD characterizations

In situ wide WAXD measurements were performed at the Austrian
SAXS beamline of the Elettra Sincrotrone in Trieste.*¥ The
beamline has been adjusted to a g-resolution (q = 41/A*sin(26/2))
between 18 and 47 nm™ using an X-ray energy of 8 keV. For each
sample, the WAXD data was collected after each CV.

Computational details

Details on the construction of the interface have been reported in
our previous study. Briefly, all calculations were performed using
spin-polarized density functional theory (DFT) as implemented in
the Vienna ab initio simulation package (VASP).42-41 The
Perdew-Burke-Emzerhof (PBE) functional with a plane-wave
cutoff energy of 500 eV was used. The structural optimizations
were centered at Gamma. A vacuum space of 3 nm in the y
direction (along interface edges) and of 1.5 nm along the z
direction (perpendicular to the basal plane) were used to avoid
interactions between periodic images. The convergence criteria
for the force on each atom was set to 0.02 eV/A, while the
electronic structure energy convergence criteria was 10° eV. The
Grimme D3 method with Becke-Johnson parameters*®l were
employed to account for Van der Waals interactions.“®! The
vibrational modes were calculated at 298.15 K to obtain the zero-
point energy, entropy, and temperature corrections to enthalpy.

To accurately describe proton transfer from water solvent to the
reactant, we considered the solvent as follows: a four-water
molecule cage was added to the system close to the reaction
center, to enable the proton transfer process. Moreover, the whole
system was also surrounded by implicit water solvent, giving an
additional layer of solvation which can affect the catalysis. The
implicit solvent was considered within the VASPsol method.

The coupled proton-electron transfer (CPET) reactions were
modelled using the computational hydrogen electrode (CHE) of
Norskov.“”l In this approach, the voltage of reference (zero) is
defined as for the reversible hydrogen electrode (RHE), where
gas-phase hydrogen is converted into protons and electrons
(reversibly) at zero volts (H* + e — % H,). Because this reaction
is in equilibrium, one can make the approximation that the
chemical potential of the proton-electron pair, u(H*) + u(e’), equals
half of the chemical potential of gas-phase H,, 1/2u(H.). As a
result, the chemical potential of the proton-electron pair can be
adjusted based on the applied potential (U) with the equation (1):

H(H") + u(e) — 1/2u(H;) —eU @

where e is the elementary positive charge. It is assumed that both
proton and electron transfer occur in concert during an
electrochemical step. For all of the electrochemical steps along
the reaction path, the free energy change between intermediates
was computed to indicate the feasibility of the electrochemical
process, i.e., no energy barriers were calculated. Based on the
computational hydrogen electrode (CHE) model, the Gibbs free
energy change (AG) was calculated using Equation (2):

AG = AEDFT + AEZPE —TAS + kTin10 po —elU (2)



where AEppr is the total energy from DFT simulations, AEzpg is
the zero-point energy calculated from vibrational frequencies, T is
the temperature (298.15 K), S is the entropy obtained from
vibrational frequencies, k is the Boltzmann constant, pH = 7 and
U is the electrode potential (-0.5 V). Zero point energy and
entropic contribution were directly obtained from frequency
calculations using VASPKIT.“8l Activation energies were
computed using the Brgnsted—Evans—Polanyi (BEP)
relationship,B%3Y  which relates the kinetic barrier to the
corresponding reaction energy for a class of materials.

The d band center (€y) for the metal atom involved in the catalysis
around the adsorption sites is given by

X p(E)(E—EF) dE
I S(E-Ep) dE

(©)

&q =

where p(E) is the density of state (DOS) projected on the d-states
of the metal atoms and Er is the Fermi energy of the system.
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In MoS,/BiOBr photocathode, the active electrons from both UV light and electric field can either reduce the adsorbed H* on the edge
of MoS; to H; or reduce BiOBr to Bi. Varying the MoS; content in the HJ impacts the stability of BiOBr in PEC HER. HJs with 1%
MoS; enhance BIiOBr stability, while those with 50% accelerate BiOBr reduction.



