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Tuning Surface Chemistry in 2D Layered BiOl by Facile
Liquid-Phase Exfoliation for Enhanced Photoelectrocatalytic

Oxygen Evolution

Mengjiao Wang,* Jaime Gallego, Micaela Pozzati, and Teresa Gatti*

BiOl is a promising photoelectrocatalyst for oxidation reactions. However, the
limited photoelectrocatalytic (PEC) activity necessitates the development of new
strategies to modify its surface chemistry and thus enhance functional properties.
Herein, we present a simple method to increase photocurrent in a BiOl-based
photoanode by exfoliating microspheres of the oxyhalide produced through

hydrothermal synthesis. Following exfoliation in isopropanol, the resulting lay-
ered BiOl-based colloid contains a greater variety of species, including Bi,0,COs,
I,7,10;7, Bi**, and hydroxides, compared to the original BiOl. These additional
species do not directly enhance the PEC oxygen evolution reaction (OER) per-
formance. Instead, they are consumed or converted during PEC OER, resulting in
more active sites on the photoelectrode and reduced resistance, which ultimately
improves the water oxidation performance of the exfoliated BiOl. Over long-term
chronoamperometry, the exfoliated BiOl demonstrates a photocurrent twice as
high as that of the BiOl microspheres. Analysis of the species after PEC OER

application in various fields including
water splitting, pollutant degradation, and
CO, reduction!! As a semiconductor
material, BiOI exhibits a suitable band
gap and effective exciton dissociation into
free charges under light irradiation.*?
Specifically, through the absorption of
photons, BiOI generates electron-hole
pairs, which can participate in redox
reactions at the surface (or interface, if
in heterojunctions) of the catalyst.
However, in bulk BiOlI, the rapid recombi-
nation of photogenerated electron-hole
pairs and lack of surface active sites can
limit the efficiency of photoelectrocatalytic
(PEC) reactions.*>! Bulk form also hinders
the accessibility of reactant molecules to

reveals that the combination of 1057, Bi*", and I;~ species on the BiOl is

beneficial for charge transfer, thus enhancing the intrinsic PEC properties of the
BiOl. This study offers new insights into the role of surface chemistry in in the
determining PEC performance, aiding the optimization of 2D materials-based

photoelectrocatalysts.

1. Introduction

BiOI has garnered significant interest as a promising
photoelectrocatalyst and attracted increasing attention in recent
years due to its unique properties, low toxicity, and potential
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the active sites and can thus reduce the
overall rate of PEC reactions.

Surface chemistry plays a pivotal role
performance of BiOI as a
photoelectrocatalyst.*® To improve the
PEC properties, various designs of novel
BiOI catalysts focusing on modifying the
surface chemistry have been performed
to separate the photogenerated charges
and delay the charge recombination.”'! In general, the facet,
surface defects, and surface species can be tuned by various
methods and have been reported to modify PEC properties.['
For instance, BiOI crystals offer abundant active sites on their
{110} facets for generating more «0*" and +OH than {001}
facets, thus enhancing the Hg® oxidation.['’! Besides, plenty of
heterojunctions with BiOI were designed to separate the charge
efficiently, thus increasing the amount of <0~ and «OH for PEC
reactions.'"* ! Moreover, the increasing oxygen vacancies are
reported useful to improve the PEC activity of the BiOI photo-
cathode, as these vacancies serve as the active sites for trapping
photogenerated electrons for PEC reduction reactions.!"”) Wang
et al. produced oxygen vacancies on BiOI with catechol and
proved these oxygen vacancies are crucial for the cathodic photo-
electrochemistry of BiOL!*® Shi et al. reported an electrodeposi-
tion method to fabricate intrinsic BiOI photocathode with oxygen
vacancies, which significantly increases the ability of N, adsorp-
tion and activation in the PEC N, reduction.'®) Furthermore,
while BiOI synthesized using the traditional hydrothermal
method exhibits few surface species,”>**! BiOI subjected to
additional treatment steps demonstrates cooperative effects
among various surface species, including 105 /17,** Bi®*/

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH
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Bi® " /oxygen vacancy,” and Bi,0,CO;3/1 .*° However,

among these reports, it is difficult to find BiOI as a photoanode
for oxygen evolution reaction (OER), and this is because pure
BiOI is not very active for PEC OER.””?*® The photocurrent
of pure BiOI typically ranges from 0.1 to 10 pA, depending on
the synthesis conditions used.””*% While many studies focus
on enhancing the PEC OER activity of BiOI electrodes by com-
bining BiOI with other materials, there is less research that
explores the reasons behind pure BiOI's performance.[?®3!32
Specifically, the surface chemistry of BiOI during PEC OER is
barely studied, and methods to improve PEC OER activity of
BiOI by modifying the surface environment are not fully
developed.

BiOI possesses a layered crystal structure with one layer of
[Bi,O,] covalently bonded between two I layers, and these
I-Bi,0,-1 sandwich layers are connected with each other by weak
van der Waals (vdW) interaction (see Figure 1a).**! Noticing the
structure of BiOI, bulk BiOI can be easily exfoliated to 2D mate-
rials along [001] direction with one or more I-Bi,O,-1 sandwich
layers by mechanical force theoretically, which is supposed to
expose more active sites for catalytic reactions and change the
surface chemistry of the oxyhalide. Liquid-phase exfoliation
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(LPE) is a frequently used and straightforward method to break
bulk 2D materials and produce corresponding 2D nanolayers by
ultrasonication or shearing force. LPE of BiOBr was reported pre-
viously by us, using 1-methyl-2-pyrrolidone as a liquid medium,
and the exfoliated BiOBr shows thin layer morphology with a
width around 50 nm.**! However, very few reports on LPE of
BiOI have been reported yet. Based on this background, we
designed an LPE method to produce 2D layered BiOI, finding
that the surface species on exfoliated BiOI differ significantly
from those on bulk BiOI. The exfoliated BiOI shows an increase
in species with higher oxidation states, particularly CO5*~, 137,
1057, Bi’", and various hydroxide surface species. We then
applied this exfoliated BiOI for PEC OER. Surprisingly, the exfo-
liated BiOI exhibited higher photocurrent compared to bulk BiOI
after surface activation in the PEC environment. Analysis of the
surface species suggests that most of the ones generated by LPE
are eliminated or converted into other species during the catalytic
process. This effect increases active sites and reduces resistance,
leading to improved PEC OER performance compared to bulk
BiOI. However, a small amount of I0;~ on bulk BiOI remains
during chronoamperometric prolonged tests. Along with Bi*"
and I3, which maintain higher binding energy and better

A(ex) § ——Bol
i i\ —— BOlexf

Raman intensity (a.u.)

50 100 150 200 250
Raman shift (cm™)

Figure 1. a) Crystal structure of layered BiOl; b) XRD patterns of BOI and BOlexf; SEM image of c) BOI and d) BOlexf; e) a representative TEM image of
BOlexf; f) HRTEM image of the top view of the exfoliated BiOl nanosheets; g) image of the marked area in image (f); h) FFT pattern transferred
from image (g); i) HRTEM image of the side view of the exfoliated BiOl nanosheets; j) image of the marked area in image (i); k) FFT pattern transferred
from image (j); and l) Raman spectra of BOI and BOlexf.
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interface quality, this results in an improved intrinsic capability
toward OER in bulk BiOI compared to the exfoliated BiOI nano-
sheets in the long run.

2. Results and Discussion

To circumvent the time and energy demands of the hydrother-
mal method, bulk BiOI (BOI) samples were synthesized via a
microwave reaction, as detailed in the experimental section, with
ethylene glycol (EG) added to produce a variety of surface spe-
cies.® The exfoliated BiOI sample (BOlIexf) from BOI was
obtained by a facile LPE method. The crystalline structure of
as-prepared samples was determined by X-ray diffraction
(XRD) technique. As shown in Figure 1Db, all the diffraction peaks
of BOI and BOlexf can be ascribed to tetragonal BiOI (ICSD no.
391354), and no other impurities are found in the patterns. The
morphology of BOI and BOlexf was characterized by scanning
electron microscopy (SEM), as shown in Figure 1c,d. BOI from
the solvothermal method presents microspheres shape of 1 pm
diameter, with each microsphere composed of thin nanosheets.
BOlexf displays instead irregularly dispersed nanosheets with an
average size of less than 100 nm. Transmission electron micros-
copy (TEM) imaging confirms a nanosheet morphology of
BOlexf in Figure le. A typical high-resolution TEM (HRTEM)
image, as presented in Figure 1f,g, indicates that the lattice fringe
of 0.282 nm corresponds to the (110) plane of BiOI. Meanwhile,
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the fast Fourier transformation (FFT) pattern corresponding to
the region in Figure 1f further illustrates that the exfoliated layers
can be indexed to BiOI crystal structure with [001] axis
(Figure 1g). HRTEM images in Figure 1i,j indicate that the exfo-
liated BiOI are mostly a few layers. Interestingly, by calculating
the layer distance of BOIexf, it is clear that the (001) layer distance
(0.947 nm) is enlarged in BOlexf compared to the bulk BiOI
(0.915 nm, Figure 1jk). This suggests that the interlayer vdW
forces have been reduced due to the LPE process. Since the bulk
BiOlI is synthesized under high pressure and temperature con-
ditions and exfoliated to nanoscale thickness, the surface tension
of (001) layers can increase, thus enlarging the distance between
the layers.[*® Besides, amorphous layers covered the whole nano-
sheets of BOlexf, as shown in Figure 1fi. These amorphous
layers include various species during the synthesis process,
which will be discussed later through X-ray photoelectron spec-
troscopy (XPS) analysis (Figure 2). Moreover, Raman spectra of
BOI and BOIexf are shown in Figure 11. Both samples have main
peaks at around 84.9 (Alg internal Bi-I stretching mode), 109.4
(external A4 Bi-l stretching mode), and 152.7 cm ™" (E, internal
Bi-I stretching mode) corresponding to the Raman active vibra-
tional modes of tetragonal BiOI.*”! In the spectrum from BOIexf,
we observe decreased intensity of the peaks of A, internal Bi-I
stretching mode and E, internal Bi-I stretching mode, indicating
that less internal Bi-I stretching modes are detected in the exfoli-
ated sample (see a clear comparison in Figure S1, Supporting
Information). This is because the exfoliation of BiOI decreases

(b) Bi 4f 164.0Bi,0, 1595 »\ 158.7

Intensity (a.u)

294 292 290 288 286 284 282 280
Binding energy (eV)

172 170 168 166 164 162 160 158 156
Binding energy (eV)

=
=

—~
)
~

| 3d 630.3 618.8

Intensity (a.u.)

640 635 630 625 620
Binding energy (eV)

615 540 538 536 534 532 530 528 526

Intensity (a.u.)

Binding energy (eV)

Figure 2. High-resolution XPS spectra of a) C 1s, b) Bi 4f, ¢) | 3d, and d) O 1s of as-prepared samples BOI and BOlexf.
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the effective forces acting on the atoms caused by interlayer vdW
interactions.”! Moreover, a slight shift to a higher frequency of
all the three characteristic peaks assigned to BiOI is contradictory
to the previous literature, which might result from the
influence of the surface species induced during the exfoliation.
Furthermore, the emergence of the peak at 117.7 cm™ !, attrib-
uted to Bi,O;, provides additional evidence for the generation
of bismuth oxide species during the exfoliation process.**!

To further ascertain the surface chemical environment and
surface species of the samples before and after exfoliation,
XPS measurements were performed on BOI and BOlexf sam-
ples, and their results are shown in Figure 2. With regard to
C1s spectra, the XPS peaks at 284.8 and 287.8 eV corresponded
to C—C bonds from carbon species in the XPS measurement and
CO;>™ species from the samples.*” The increase in the inte-
grated area of the peak at 287.8 eV in BOIexf demonstrates an
increase of CO;*~ species on the exfoliated BiOI sample.
Figure 2b shows the Bi 4f spectra of BOI and BOIexf. The peaks
for BOI and BOlexf are well divided with six peaks at their respec-
tive binding energies. The peaks of BOI at 158.7, 159.5, and
162.2 eV can be attributed to the Bi 4f;/, in Bi,O3, [Bi,0,] layer
and Bi*" species, while the peaks at 164.0, 164.9, and 167.5 eV
are the corresponding Bi 4f5,, peaks of Bi,Oj3, [Bi,0,] layer, and
Bi®" species.l**™*3) Considering that the [Bi,O,] layer can exist in
BiOl, Bi,0,CO3, and BiOIO;3, the peak of the [Bi,0,] layer prob-
ably stands for both chemical surroundings of Bi in BiOI nano-
sheets and Bi inside Bi,0,CO3/BiOIO; species. However, all
these peaks for BOIexf exhibit higher binding energies compared
to BOI, indicating that extra interactions in the interface among
the BiOI nanosheets and surficial species exist, creating different
kinds of bonds.** This also shows that the surface species
become more oxidized during the exfoliation process.
Specifically, the Bi,O; species are consumed or converted to
other Bi species during the exfoliation, as the integrated area
of Bi,O; in BOlexf is decreased dramatically compared to
BOL The I 3ds;, peak of BOI is fitted at 618.8, 620.0, and
622.0 eV, which are attributed to the I in BiOI, I5~, and 105,
respectively (Figure 2¢).[**%! The peaks at 630.3, 631.5, and
633.5eV are the corresponding I 3d;,, peaks. Compared to
BOI, the peaks of I 3d in BOIexf have shifts toward positive devi-
ation. The shifts again revealed a strong interaction among the
BiOI nanosheets and the species, which is in accordance with the
phenomenon in Figure 2b.*1 Meanwhile, the integrated area of
BiOl is decreased after LPE, indicating that the BiOI nanosheets
are more covered by I3~ and 105 after the exfoliation (Table 1
and S1, Supporting Information). For the O1s spectrum of BOI,
the fitted peaks located at 529.2, 530.4, and 531.3 eV correspond
to the O in Bi-O (including [Bi,0,] layers and Bi,03), I05~, and
CO;*~, while the other two peaks at 532.5 and 533.8 eV are chem-
ically adsorbed hydroxide species and H,0.”~*% Differently
from BOI, a large amount of chemically and physically adsorbed
H,0 was found on BOIexf.*” This might be because the added
105~ and CO5>~ can promote the adsorption of H,0 chemically,
and multilayers of H,O adsorb further through hydrogen bonds
on the chemically adsorbed H,0.%

To summarize the results from XPS spectra and quantify the
amount of surface species in Table 1, it is clear that the surface
environment is dramatically changed during the exfoliation step:
keeping most kinds of species reserved on BiOI nanosheets, the
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Table 1. Ratio changes of surface species on BOI and BOlexf before and
after anodic PEC CA.

Species BOI BOlexf

Before [%] After Before [%] After
Cco;%7? 43.8 63.0% 93.2 60.5%
Bi* ) 30.3 23.1% 29.4 30.3%
Bi,0;° 33.4 0 19.3 0
10,7 23.8 6.7% 18.8 0
157 26.5 321% 64.0 32.9%
Hydroxide species” 17.5 56.2% 45.0 60.0%

ICalculated based on C 1s spectra, atomic ratio of C in CO5* /all the surface C
element. P Calculated based on Bi 4f spectra, atomic ratio of Bi as Bi**/all the
surface Bi element. 9Calculated based on Bi 4f spectra, atomic ratio of Bi in
Bi,Os/all the surface Bi element. “Calculated based on | 3d spectra, atomic ratio
of I in 1057 /all the surface | element. ©Calculated based on | 3d spectra, atomic
ratio of | in I;7/all the surface I element. PCalculated based on O 1s spectra,
atomic ratio of O in all the hydroxide species/all the surface O element.

amount of CO;*7, 1057, Bi**, I3~ and hydroxide species is
increased, while Bi,Os is decreased. These Bi,O; components
are either oxidized into Bi species with higher binding energy
or simply decomposed during exfoliation. Besides, an additional
amount of H,O is absorbed physically on the BOIexf.

The PEC performance of the two BiOI samples was evaluated,
revealing that the exfoliation process has a significant influence
on the photoelectrode performance. Before detailing the impact
of exfoliation on the PEC performance of the BiOI samples,
ultraviolet—visible (UV-vis) absorption spectra were collected
to assess the optical properties of the photoelectrodes
(Figure 3a). BOlIexf exhibited a smaller absorption edge at around
520 nm than the original BOI (610 nm). The Tauc plots, which
depict the computation of the optical band gap for photoanodes,
are presented in Figure 3b. BOI and BOlexf feature band gaps of
2.03 and 2.39 eV, respectively. These results demonstrate that the
exfoliation process leads to a quantum confinement effect in BOI
by reducing the size and thickness of BOILFY The PEC perfor-
mance of the BiOI samples was subsequently conducted using
a three-electrode system in 0.5 M Na,SO,. The powder samples
were drop-casted on the fluorine-doped tin oxide (FTO) sub-
strates for further PEC measurements. The linear sweep voltam-
metry (LSV) curves of BOI and BOlexf under chopped
illumination are represented in Figure 3c. In general, both the
samples display similar onset potential for OER. The photocur-
rent density is 29 and 35 pAcm ™2 at 2.2V versus RHE for BOI
and BOlexf, respectively. However, during the subsequent chro-
noamperometry (CA) test at 2.2 V versus RHE, the photocurrent
density of BOI and BOlexf significantly increases along the
5500 s irradiation time (Figure 3d). Specifically, the photocurrent
of BOI increases slowly from ~13 uA cm™2, and the change in
photocurrent ends at around 2000s with a value of
~34 pA cm~2, while the current measured in the dark first
decreases and then increases gradually to 60 pAcm™ after
5500 s. BOlIexf shows a similar trend: the photocurrent increases
dramatically from ~30 to ~85 pA cm™2, which is more than twice
larger than the bulk BiOI. Meanwhile, the current in the dark
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Figure 3. a) UV-vis spectra; b) Tauc plots; ¢) LSV curves; d) long-term CA recorded at 2.2V versus RHE of BOI and BOlexf; ) is the magnification of
image (d); f) estimated ECSA; g) EIS plots and h) OCP decay profiles of BOI and BOlexf after the long-term CA test.

decreases in the first 100 s and then increases and stabilizes at ~ enhancement both in photocurrent and dark current for the exfo-
around 4000s with a value of 85pAcm™2 These changes in  liated BiOI compared to the bulk BiOI. More importantly, a rear-
the current density along the irradiation time reveal a clear = rangement of the sample structure probably happens either in
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the crystal lattice or in the surface chemistry, as analyzed later
in the text. The stabilized region in the 5000-5500 s time range
of the CA in Figure 3d is shown in Figure 3e more in detail to
better analyze the charge transfer during the PEC process. For
BOlexf, the transient photocurrent response clearly indicates
the effects of surface recombination. The instantaneous current
observed when the light is switched on reflects the photogener-
ated holes reaching the surface.” The immediate decline toward
the average photocurrent value is caused by the capture of accu-
mulated holes in surface states, and these holes recombine then
with free electrons. The current overshoot observed when the
light is switched off is due to the accumulation and releasing
of holes from the surface to the electrolyte, as a positive voltage
is still applied on BOlIexf and the trapped holes are released to the
electrolyte under a dark environment. It should be noted that the
photocurrent decays are very different between BOlexf and BOI,
on which the current decay is not apparently observed when the
light is on, while the current gradually drops down when the light
is off. This suggests the different separation and recombination
of photogenerated electron-hole pairs between BOI and BOlexf.
For BOI, when the UV light is switched on, a small number of
holes are likely trapped and recombined. The decline in photo-
current due to this recombination can offset the increased cur-
rent from the charging of the double-layer capacitance, resulting
in the current displaying a straight line. The current drop in the
dark is primarily due to the discharge of the double-layer capaci-
tance, which becomes the dominant charge behavior.

The electrochemical surface area (ECSA) of the samples was
analyzed using cyclic voltammetry plots to further characterize
the PEC properties of the samples. The estimated active area
is 35.62 and 0.54 pF cm ™2 for BOIexf and BOI photoelectrodes,
respectively (Figure 3g). Compared to the original ECSA (0.91
and 0.55 uF cm ™2 for BOIexf and BOI, respectively, see Figure
S2, Supporting Information), the active sites of BOlexf were
increased by ~40 times after a long-term CA stabilization, while
the ECSA of BOI shows no apparent modification. Therefore, we
can safely state that during this stabilization, the active sites on
BOlexf are increased, and thus the current density of BOIexf
increases gradually. Electrochemical impedance spectroscopy
(EIS) Nyquist plots were further performed to investigate the
charge transfer process. As shown in Figure 3g, a smaller radius
of the arc is observed on BOIexf compared to BOI, indicating the
smallest charge transfer resistance of BOlexf. Besides, to com-
pare the resistance of the samples before OER, it is apparent that
the resistance of BOlIexf is dramatically reduced during the OER
measurement, which can be considered as one of the reasons
why PEC OER of BOlexf is enhanced (Figure S3, Supporting
Information).

To further discuss the discrepancy in PEC performance
between the two samples, the transient open circuit potential
(OCP) characterization was carried out, and the results are
shown in Figure 3h, from which the photovoltage could be
obtained from the difference in the steady-state voltage in the
dark and under illumination. Both the as-prepared electrodes
show a negative increase in voltage under light irradiation, indi-
cating that the photogenerated electrons are injected from the
BiOl into the FTO substrate and the photoanode acts as an n-type
semiconductor material.>*! It is clear that the photovoltage
for BOlexf (64mV) is significantly lower than that of BOI
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(37 mV), indicating the higher photogenerated electron density
in BOIexf under illumination and better free charge production
ability of BOIexf. When comparing the photovoltage of the sam-
ples before OER in Figure S4, Supporting Information, it is evi-
dent that the photovoltage of both BOI and BOIexf increases.
This indicates that the CA process also enhances their ability
to separate photogenerated charges.”*

To understand further what brings the modification of the
PEC performance after a long-term CA test for the two samples,
these were collected and analyzed after the PEC test. As shown in
Figure S5, Supporting Information, both BOI and BOIexf photo-
electrodes on FTO exhibit clear diffraction peaks, which can be
assigned to tetragonal BiOI (ICSD no. 391354). Further morphol-
ogy and structural analysis by TEM and HRTEM were performed
on BOlexf collected after PEC OER measurement. As shown in
Figure 4a,b, the layered morphology is sustained during the
OER. The FFT (Figure 4d) converted from Figure 4c verifies that
these layers belong to tetragonal BiOI (ICSD no. 391354), which
is in accordance with the XRD patterns. The fringe lattice analy-
sis of the side view of the layers shows that these layers are (001)
nanosheets, and the layer distance shrinks to the standard (003)
layer distance of 0.305 nm. This is clear evidence that the surface
tension is decreased to the natural level and BOIexf layers are
stabilized during the long-term CA. Compared to the HRTEM
images in Figure leh, the amorphous layer covered on
BOlexf is not displayed in Figure 4b, meaning that the amor-
phous surface species are probably consumed during the PEC
OER. Following the PEC test, we analyzed the UV-vis absorption
spectra and calculated the band gap of the two samples using
Tauc plots, as shown in Figure S6, Supporting Information.
The band gap values for BOI and BOlexf were determined to
be 2.00 and 2.29 eV, respectively. These values are lower than
the band gaps measured before the PEC reactions, suggesting
that the PEC process may cause sintering of the nanomaterials,
making their properties more similar to bulk BiOI. Additionally,
the absorption spectrum exhibited noticeable fringes, which are
attributed to the FTO film located between the glass substrate
and the BiOI thin films."*

XPS measurement of BOI and BOIexf after PEC OER further
illustrates that the species on both samples have changed during
the CA stabilization process. C 1s spectra in Figure S7a,
Supporting Information, can be fitted into two peaks, which
are assigned to environmental C—C (284.8 eV) and CO5”~ spe-
cies (286.8 V). This decrease of binding energy of CO;>~ species
compared to the samples before OER indicates that the oxidation
state of C decreases during the reaction. The ratios of CO3*~
before and after OER are roughly compared in Table 1.
Surprisingly, the ratio of CO;*~ is adjusted to around 61% in
both samples, though they have very different CO3%~ ratios
before OER (see Figure 2a and Table 1). This consequent unity
of the CO5*™ ratio might be related to the pH, dissolved CO, in
the electrolyte, and anodic potential. The binding energy
(Figure 4f) at about 164.4 and 159.1 eV can be attributed to Bi
4f5 ), and 4f;, in [Bi,0,] layers, respectively. Similarly, the bind-
ing energy at about 161.1 and 166.3 eV are ascribed to Bi 4f5,
and 4f;, of Bi’", respectively. It should be noticed that the bind-
ing energy of Bi>™ is less in BOIexf than in BOI, which indicates
that the oxidation state is slightly reduced in BOlIexf. However,
compared to the Bi 4f spectra of the samples before PEC OER, it
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is apparent that Bi,O; species, which have a lower binding
energy compared to other Bi species, are largely consumed dur-
ing the OER since no apparent peaks related to Bi,O; are
detected in Figure 4f. Additionally, all the characteristic peaks
in Figure 4e are shifted to the low binding energy direction com-
pared to the corresponding peaks in Figure 2a. This suggests that
the initial extra species that caused additional interactions are
eliminated, and the surface of BiOI samples is stabilized in
an intermediate oxidized state. The resulting Bi 4f spectra appear
cleaner than the spectra before PEC OER, indicating a possible
stabilization to a stable surface state during the reaction as well.

In BOI, the binding energies of I 3ds,, and I 3ds; are 619.0
and 630.4 eV for the chemical environment around I inside BiOI,
621.0 and 632.2 eV for I3~ species, and 624.0 and 635.6 eV for
105~ species, respectively (Figure 4g). The fitted peaks of I3~
from BOlexf also shift to lower binding energy, which agrees
with the spectra of Bi 4f in Figure 4f. However, there is no signal
of 105~ detected inside BOlexf, meaning that IO;~ species are
consumed during CA. Additionally, the fitting of spectra of O 1s
has shown the existence of H—O, C—O, I-0, and Bi—O in BOI
and H—O, C—O0, and Bi—O for BOlexf (Figure S7b, Supporting
Information). Table 1 summarizes the changes in the amounts of
surface species. Notably, I3~ reaches an equilibrium ratio of
~32% after CA. This equilibrium indicates that I3~ can be revers-
ibly converted from I”, with the ~32% value representing the
balance among all surface I elements. Additionally, the increase
in hydroxide species suggests improved adsorption ability of
intermediates for the OER, indicating that the samples exhibit
enhanced potential for OER after CA.

Based on the aforementioned measurements and analysis, we
can hypothesize a mechanism explaining how species present on
the surface of BiOI and the PEC OER performance of the
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material influence each other. According to the analysis of
XPS spectra before and after CA, it straightforwardly emerges
that the type and ratios of surface species on the oxyhalide sam-
ples change during prolonged photoelectrode operation.
Figure 5a displays the chemical reactions that happened on
the surface of the BOI photoanodes. Behaving as the photoanode,
the holes from both light and positive bias will diffuse into the
electrolyte and create an acidic microenvironment in the neutral
electrolyte. This richness of protons near the surface of BOI pro-
motes the dissolution of Bi,O; and the combination of [Bi,0,]
layers and H,COj3 to form Bi,0,CO; (Table 1). Also, some I~
can absorb the holes and form I3~. On the other side, most of
the photogenerated electrons will migrate to the FTO substrate
and then to the cathode. However, there will be still some elec-
trons flowing to Bi*" and 105~ to reduce them into Bi** and I".
The chemical reactions of the surface species on BOlexf differ
from those on BOI during the initial period of CA, primarily
in terms of I3~ and Bi,0,COs5 distribution. Due to the initial high
levels of I~ (64% of all I elements) and Bi,0,CO; (93.2% of all
carbon elements) on BOIexf, which exceed their equilibrium
ratios (26.5% for I3~ and =~61% for Bi,0,COs), the I3~ on
BOlexf'is reduced to I, while the excess Bi,0,CO; dissolves into
the electrolyte (Table 1 and S1, S2, Supporting Information for
calculation details). These adjustments in surface species likely
occur during the initial period, coinciding with the decrease in
current observed in Figure 5b,d for BOI and BOlexf, respectively,
as these reactions irreversibly consume charges. By comparing
the photocurrent response in Figure 5b,d, it is evident that
BOlexf reaches equilibrium at around 150s, indicated by the
increase in current after this period. In contrast, BOI completes
the tuning of its species in ~#600s. Given that exfoliation does
not increase the ECSA of the samples (Figure S2, Supporting
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Figure 5. a) Chemical reactions happening at the surface and b) photocurrent responses of BOI during the initial period of PEC OER CA. c¢) Chemical
reactions happening on the surface and d) photocurrent responses of BOlexf during the initial period of PEC OER CA. e) Balanced chemical reactions
happening on BOI and BOlexf after the samples are stabilized during prolonged PEC OER CA.

Information) but does increase the number of surface species,
we speculate that these thicker layers may more readily be con-
sumed or converted to active sites for absorbing charges, subse-
quently increasing the ECSA and improving the resistance of the
system (Figure 3f,g).

After the samples reach the balance of different surface spe-
cies, the current is stabilized (Figure 3e). The surface species are
in a dynamic state, as shown in Figure 5e. Specifically, the pairs
Bi,0,COs/[Bi,0,)*", 1057 /I, I3 /1", and Bi**/Bi®" can inter-
convert reversibly. Interestingly, the ECSA of BOlIexf is increased
by 40 times after CA, while the photocurrent obtains a modifica-
tion of 2.5 times, meaning that the intrinsic OER activity of
BOlexf is not modified, which is further proved by the ECSA-
normalized photocurrent density of BOI and BOlexf (Figure
S8, Supporting Information).*® This might be because surface
Bi®" and I;~ species on BOI have higher binding energy than
those on BOlexf, which means that a better quality interface
forms between these species and the BiOl, with consequent
improved charge separation and transfer on each active site.!**>”!
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Moreover, the residual 105" is helpful to increase the efficiency
of charge separation and transfer in BOI as well.l*®

Based on the aforementioned analysis, it is clear that the exfo-
liation process reduces the size of the BOI nanosheets and gen-
erally increases the number of surface species. However, this
step does not directly enhance the active sites for PEC OER.
Under high positive voltage and light, the numerous surface spe-
cies on the exfoliated BiOI are consumed or converted in a short
time, creating more active sites and decreasing the resistance,
thereby improving the OER performance. Nonetheless, the
intrinsic PEC activity is higher in BiOI before exfoliation due
to the presence of 103~ groups and a stronger connection
between Bi’* and ;7.1

3. Conclusion

In summary, two types of BiOI photoelectrocatalysts were pre-
pared by microwave method and further LPE. It is found that
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by using EG as the solvent during the synthesis, surface active
species including Bi,0;, 1057, I3, CO;%~, Bi°", and various
hydroxides are existing on BiOI in both cases. After an additional
exfoliation step, the quantity of these species increases overall,
and their mutual interactions with the BiOI matrix become
tighter. These enhanced surface species, with improved connec-
tions on BiOl, are crucial for increasing the ECSA and reducing
resistance, thereby enhancing the PEC OER performance.
However, the intrinsic PEC activity remains superior in BiOI
before exfoliation, likely due to the presence of 10;~ groups
and a stronger connection between Bi*" and I3".

This study introduces straightforward, energy-efficient, and
potentially scalable methods to enhance the PEC properties of
BiOI layered materials by using a combination of microwave
treatment and LPE. Additionally, it provides new valuable
insights into the surface chemistry of these materials and its
impact on PEC performance, offering a foundation for fine-
tuning other 2D layered photoelectrocatalysts.

4. Experimental Section

Chemicals: Bismuth(Ill) nitrate pentahydrate (Bi(NO;);-5H20), potas-
sium iodide (KI), EG, isopropanol, ethanol, and FTO-coated glass sub-
strates were purchased from Sigma-Aldrich. Milli-Q water used in all
the experiments was obtained using the Milli-Q ultrapure system.

Preparation of Photoelectrocatalysts: Bi(NOs)3-5H,0 and KI were used as
precursors to successfully synthesize BiOl microspheres by a microwave
reaction, which is modified from the previous work of Reyna-Cavazos
et al.®® Briefly, 0.1 M Kl and 0.1 m Bi(NO3)3-5H,0 solutions in EG were
prepared separately. Then 10 mL of each solution was added to a micro-
wave vial of 30 mL with a stirring bar. The microwave reaction is operated
in a Monowave 200 microwave reactor, and 5 min is set to raise the tem-
perature from room temperature to 135 °C. The reaction time continued
for 35 min at 135 °C. After cooling to 50 °C, the orange sample was col-
lected and washed with ethanol and H,O to remove unreacted chemicals
and impurities.

To synthesize exfoliated BiOl (BOlexf), the as-prepared BiOl micro-
sphere was first dried under vacuum, and then 0.5g of BiOl powder
was dispersed in 50 mL of isopropanol for further LPE. After 9 h of tip-
sonication, the mixture was centrifuged at 2000 rpm for 5 min to get
rid of the unexfoliated particles, and a stable colloidal suspension was
obtained. Then, the suspension was centrifuged at a higher speed of
8000 rpm for 10 min to obtain BOlexf.

Characterization: XRD was performed using a Panalytical X'Pert PRO
diffractometer with a Cu Ko source (40 kV, 40 mA). SEM was conducted
with a Carl Zeiss electron microscope at an acceleration voltage of 3 kV
and a current of 100 pA. TEM and HRTEM imaging was performed on
a TALOS F200X (Thermo Fisher Scientific, Eindhoven, Netherlands)
instrument without aberration correction, operating at an acceleration
voltage of 200 kV. Images were captured using a 16-megapixel CMOS cam-
era, and the FFT pattern was processed with Velox software (Thermo
Scientific Velox Software, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Samples were prepared by dropping dilute suspensions of nanoma-
terials in ethanol onto carbon film-coated 200 mesh copper grids. Raman
spectra were recorded using a Senterra spectrometer from Bruker Optics
with OPUS 7.5 software, employing a 532nm excitation laser.
Concentrated samples were drop-casted onto glass and measured with
80 co-additions and 25 s of integration time. XPS spectra were recorded
on a PHI 5000 VersaProbe Il spectrometer from Physical Electronics
GmbH. UV-vis absorption spectra of BiOl suspensions were obtained
using a Goebel Uvikon spectrophotometer with a quartz cuvette having
an optical path length of 1cm. The spectra were recorded from 300 to
800 nm with a scan interval of 0.25 nm. Optical absorption properties
of BiOl films on FTO electrodes were characterized using a UV-vis-NIR
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spectrometer (Jasco V-770) with a scan resolution of 1 nm. One halogen
lamp, one deuterium lamp, and the Peltier-cooled PbS detector were
equipped on the spectrometer. Thin film absorption and transmission
spectra were acquired using an integrating sphere attached to the spec-
trophotometer. Baseline acquisition was conducted with the integrating
sphere with FTO.

Photoelectrochemical Measurements: PEC OER tests were performed
using a photoelectrochemical reaction cell with three electrodes in a
0.5 M Na,SO, electrolyte medium. The reference electrode is Ag/AgCl (sat-
urated KCl electrolyte), and the counter electrode is a platinum wire. For
the PEC OER experiments, all the samples were dried in air and dispersed
again in ethanol at a concentration of 5 mg mL™", and the inks were drop-
casted on conductive FTO glass. A mercury lamp with a light intensity of
16 mW cm 2 was used as a light source. The potentiostatic test was con-
ducted on an Autolab instrument, and LSV was performed at a scan rate of
10mV s~ in the range of 1.1-2.2V versus RHE. The transient photocur-
rent measurements were examined at 2.2 V versus RHE during four on/off
light cycles. EIS measurements were performed under light irradiation at
1.23V (vs. RHE) with the frequency range being adjusted between 100 kHz
and 0.1 Hz. ECSA was calculated by recording cyclic voltammograms for
10 cycles between 0.8 and 1.0V versus RHE at different scan rates of 0.1,
0.2,03, 0.4, and 0.5Vs ™.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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