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CIS QDs nucleated on oxygen vacancy rich BOI
microplates: a hybrid photocatalyst with
enhanced green energy production via mediator
free Z-scheme dynamicst

Deeptimayee Prusty, Sriram Mansingh® and K. M. Parida ‘©*

Designing a promising and environmentally benign semiconductor photocatalyst for photocatalytic H,
and O, production with a benchmark solar to chemical energy conversion efficiency is a challenging
task. In this regard, CulnS; (CIS) quantum dots (QDs) coupled with oxygen vacancy rich BiOl (BOI)
microplates (MPs) were fabricated via an in situ reflux technique, resulting in the formation of a CIS-BOI
heterostructure. Additionally, the oxygen vacancies (Ov) in the binary hybrid, as evidenced from Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) analyses, play a vital role in enhancing the
water splitting reaction via a lower activation energy barrier. Further, the nucleation of OD CIS QDs on
the 2D BOI MPs resulted in strong interfacial contact, encouraging effective exciton separation that
resulted in improved water-splitting activity. The 15% CIS-BOI composite shows tremendous improve-
ment in H, and O, production activity, ie, 6155 pmol h™* (ACE = 9.84%) and 570.8 pmol h!
(ACE = 9.16%) with 9.44 x 10'® and 8.76 x 10'® number of H, and O, molecules per s, respectively.
This increment can be attributed to mediator-free Z-scheme charge transfer dynamics, where highly
reducing electrons reside on the CIS QDs and powerful oxidizing holes are present on the BOI surface.
This investigation gives a new perspective on designing cocatalyst free, direct Z-scheme oriented

rsc.li/energy-advances

Introduction

Zero-dimensional (0D) quantum dots (QDs) have drawn
research attention due to their ultra-small size (>10 nm),
extensive absorption in the visible as well as near-infrared
(IR) region, high intrinsic dipole moment, high surface to
volume ratio, bulky surface binding ability and their foremost
property, the quantum confinement effect."> From this stand-
point, QDs have vast applications over a wide range of areas.
Of these, photocatalytic water-splitting involving renewable
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oxygen vacancy rich hybrid systems for photocatalytic water redox reactions.

feedstocks such as water and solar light has become one of
the most promising, cost-effective, carbon-free energy sources
and environmentally-friendly technologies that may provide a
solution to the comprehensive issues of the current energy
crisis and environmental onslaught.® In this regard, ternary
CulnS, (CIS) QD catalysts belonging to the I-III-VI family have
attracted considerable attention as more environmentally-
friendly alternatives to many traditional binary QDs based on
heavy and toxic metals, such as Cd, Pb, Hg, etc.* Also, among
metals, indium and copper are considered to be good candi-
dates in the design of robust photocatalysts due to their vacant
d-orbitals, which play a critical role in reducing exciton
recombination.”® In addition, ternary QDs exhibit superior
optical properties upon not only changing their size but also
the molar ratio of their constitutional elements, particularly for
the photocatalytic water-splitting reaction.” Furthermore, CIS
QDs are eye-catching semiconductor photocatalysts for H,
evolution owing to their narrow bandgap energy (£, = 1.5-1.7 eV),
meaning that they effectively absorb the majority of solar light.
Nevertheless, CulnS, alone has poor photocatalytic efficiency
because of fast charge-carrier recombination and poor charge-
carrier separation ability.® Hence, an improved photocatalyst
that can conquer these drawbacks and exhibit boosted
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photocatalytic performance to achieve benchmark efficiency is
still required for coupling with CIS QDs. In this context, Zou
and coworkers reported a H, evolution rate of 141 pmol h™* for
a CIS QD/TiO,/MoS, photocatalyst under the illumination of
light with a wavelength of >500 nm and Yuan et al. observed a
H, evolution rate of 316 umol h™" for a MoS,/CulnS, photo-
catalytic system under visible-light irradiation.”*’
Furthermore, BiOI (BOI), which belongs to group V-VI-VII
with tetragonal geometry, is considered to be a good coupling
material, and has garnered a huge amount of attention as a
semiconductor photocatalyst owing to its easy fabrication,
admirable conductivity, favorable economy, rich oxygen vacan-
cies (Ov), and broad visible-light absorption efficiency, leading to
a semiconductor photocatalyst that exhibits good performance.**
Additionally, the layered I-O-Bi-O-I framework in BOI smooths
the progress of efficient electron-hole separation, which endows
the material with good photocatalytic activity. Moreover, BOI
possesses anisotropic electrical, mechanical and optical proper-
ties as a consequence of its weak van der Waals inter-layer
linkages and strong intralayer forces present, which make it a
suitable candidate for use in various photocatalytic applications.'?
Aside from this, BOI is a p-type semiconductor with a Eg value of
1.8-1.9 eV, which favours complete absorption of solar light, and a
suitable valence band (VB) potential, making it an appropriate
material for use in the photocatalytic oxygen evolution reaction.
Additionally, the surface Ov in BOI provide more surface
active sites, thereby decreasing the rate of electron-hole (e -h")
recombination, which makes it an excellent photocatalyst.™*"*
Nevertheless, to the best of our knowledge, very few studies on O,
and H, production using BOI have been conducted to date.
However, in 2008 Zhang et al. reported BOI with negligible
photocatalytic O, production ability, while Wu et al. observed a
H, evolution rate of 1316.9 pmol h™' g~ " at pH = 7.">"® Hence, the
photocatalytic efficiency of BOI is still in below the benchmark
due to its photocorrosion, narrow bandgap and highly reducing
nature. These shortcomings have been resolved to some extent
via the incorporation of facets and vacancies by fabricating
heterostructures featuring BOI and other materials (TiO,, BiOBr,
SiO,, BiOCl, CdS QDs, CIS NCs, ZnTiO3, etc.), but more research is
still needed to develop a material with a type-II heterostructural
band alignment that exhibits superior activity.'” > Nonetheless,
the typical double-charge transfer pathway is not reasonably
worthwhile for several photocatalytic systems as the photoexcited
charge carriers present at low oxidation and reduction potential
sites. However, a material with a direct Z-scheme pathway was
reported by Yu and group in 2013 that achieves enhanced photo-
activity with superior charge-carrier separation in the absence of
any mediator.>* Furthermore, the band alignment in a Z-scheme
heterostructure is quite similar to that of a type-II system in a
distinct charge-transfer pathway. In a Z-scheme mechanism, the
band structure alignment of the acceptor and donor bands are
nearer to one another and the photo-induced e~ migrates from
the e -rich conduction band (CB) in a one system to the h'-rich
VB of another system by forming an electrostatic interface
between the two units.”® In addition, the Z-scheme system shows
vigorous photo-redox ability due to the presence of separated
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oxidation-reduction centers, an enriched light-absorption range
and no e~ mediator is used in between the two systems. In this
regard, our group and other research teams have made concerted
efforts on Z-scheme and heterojunction-based systems, such as
CIS/BOI, TiO,/Ni,P/Ti;AlC,, Ni-MMT/TiO,, Ag-pCN/TiO,, MoS,/
NiFe-LDH, BiOI-CeO,, TiO,/BCN and HPW@UiO-66, towards
energy generation and pollutant detoxification.>>**>?

In the present work, we successfully fabricated pristine BOI
microplates (MPs) via a simple precipitation method, pristine
CIS QDs via a reflux synthetic strategy, and the in situ prepara-
tion of binary CIS-BOI hybrids with various weight percentages.
Here, TGA (Thioglycolic Acid) was used as a capping ligand in
the synthesis of ternary QDs, which controls the size of the QDs
and prevents the agglomeration of the formed binary QDs.*?
Additionally, the photocatalytic hydrogen and oxygen evolution
performances of the materials were measured under visible-
light irradiation under ambient conditions. The 2D micro-plate
structure of BOI is of huge research interest as it exhibits a high
surface area, thereby featuring a high number of surface active
sites, which enhance the overall photocatalytic efficiency of the
material. The designed CIS-BOI binary hybrid photocatalyst
shows effective charge separation-migration efficiency with
enriched surface active sites and outstanding stability, result-
ing in excellent photocatalytic H, and O, production through a
Z-scheme type charge migration dynamic.

Result and discussion
Microstructure and optical properties

The crystal structure and phase purity of BiOI, CulnS, and the
CulnS,-BiOI composites were analyzed by powder X-ray dif-
fractometry (PXRD), with Fig. 1(a) showing the obtained XRD
patterns of the pristine CIS QDs and BOI MPs. The PXRD
patterns of BOI show signature peaks with 260 values at 9.7°,
19.3°, 29.2°, 31.6°, 37.0°, 39.3°, 45.3°, 51.6°, and 55.1°, which
can be assigned to the (001), (101), (102), (110), (103), (004),
(200), (114), and (212) hkl planes, respectively (ICDD card no.
00-010-0445), with no additional impurity peaks observed, con-
firming the tetragonal phase purity of the material. Additionally,
the sharp and intense peaks of BOI indicate the good crystallinity
of the material, which promotes faster diffusion of charge carriers.
Further, the pristine CIS QDs show characteristic chalcopyrite
phase peaks with 20 values at 28.7°, 46.95° and 54.9° corres-
ponding to the (112), (204) and (312) hkl planes, respectively
(ICDD card no. 85-1575). Furthermore, Fig. 1(b) shows the PXRD
patterns of CIS-BOI composites with different CIS content. It was
noticed that the peak in the PXRD pattern corresponding to the
(102) plane of BOI gradually intensifies with an increase in CIS
content, which may be due to (i) the nucleation of CIS with better
crystallinity over the BOI support and (ii) both peaks of the
materials ((102) of BOI and (112) of CIS) being present at almost
the same 20 value. However, the (312) plane of CIS in the
composite gradually indexed with an increase in wt% of CIS, as
shown in the dotted frame in Fig. 1(b). Additionally, the presence
of both the combined peaks along with a shift in peak positions,
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Fig. 1 PXRD patterns of (a) pristine CIS and BOI and (b) the CIS-BOI composites with varying CIS content.

as observed in the PXRD pattern of the binary composite,
confirmed the formation of a hetero-structure. Moreover, the
deposition of the CIS QDs on the BOI MPs was further ascer-
tained by high-resolution transmission electron microscopy
(HRTEM), Raman spectroscopy and XPS analysis, as detailed in
the following.

Surface morphology analysis of pristine CIS, BOI and the
15% CIS-BOI composite material was carried out by field
emission scanning electron microscopy (FESEM). It is obvious
from Fig. 2(a) and (b) that pure BOI exhibits a plate-like
morphology, whereas the pure CIS QDs have a particle-like

f

appearance. Furthermore, Fig. 2(c) shows the arrangement of
CIS and BOI units in an arbitrary fashion in the 15% CIS-BOI
binary composite. The plate-like morphology of the BOI material
supports more reaction active sites, which boosts its photocataly-
tic activity. Additionally, the energy dispersive X-ray (EDX) spec-
trum of the 15% CIS-BOI composite is shown in Fig. 2(d) and the
spectra of the pristine materials (CIS and BOI) are shown in
Fig. S1(a) and (b) (ESIt), which confirm the existence of elements
such Bi, O, I, Cu, In, S in 15% CIS-BOI, and Bi, O, I in BOI, and
Cu, In, S in CIS, showing good correlation with the XPS data.
Furthermore, the elemental allocation was also confirmed from
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Fig. 2 FESEM images of (a) pristine BOI, (b) pristine CIS, and (c) the 15% CIS-BOI composite, and (d) the EDX spectrum of 15% CIS-BOI.
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the elemental color-mapping of the 15% CIS-BOI composite, as
depicted in Fig. S1(c)-(i) (ESIt).

Furthermore, the morphological individuality, particle size
of the ultra-small CIS QDs, the plate-like morphology of BOI
and their homogeneous distribution in the 15% CIS-BOI
composite were revealed by HRTEM analysis. Moreover, Fig. 3(a)
presents the fringe pattern of the CIS QDs, which indicates that a
single (112) chalcopyrite crystal plane with a d-spacing value of
0.32 nm shows good correlation with the PXRD analysis. Further,
Fig. 3(b) shows the ultra-small dot-like structure of the CIS QDs
with an average diameter of 3.89 nm, as shown in the particle-size
distribution curve (inset in Fig. 3(b)), which exhibits a quantum

10 nm

>CIS QD

3:10) 0% 1

.5 1/nm
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confinement effect. In addition, Fig. 3(c) and (d) show the
uniform distribution of the CIS QDs on the surface of the BOI
MPs in the 15% CIS-BOI heterostructure. The selected area
electron diffraction (SAED) image of the 15% CIS-BOI composite,
as shown in Fig. 3(e), implies the attachment of CIS QDs (dark
spots) on the surface of the BOI MPs (bright spots) in different
crystalline phases, with the concentric circular pattern indicating
the polycrystalline nature of the binary hybrid. Hence, the BOI
MPs might be helpful in preventing aggregation and facilitating
the homogeneous distribution of the CIS QDs. The fringe pattern
visualized in the HRTEM image of CIS and BOI in the 15%
CIS-BOI composite is shown in Fig. 3(f), where the dypacing value

20 nm-

Fig. 3 HRTEM of the (a) fringe pattern of the CIS QDs, (b) image and size-distribution curve of the CIS QDs (inset), (c and d) deposition of the CIS QDs on
the BOI MPs in the 15% CIS-BOI composite, (e) the SAED image of the 15% CIS-BOI composite, and (f) the fringe pattern of the 15% CIS-BOI composite.
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of 0.30 nm corresponds to the (102) crystal plane of the BOI MPs,
whereas the lattice spacing of 0.32 nm represents the (112) plane
of the CIS QDs, respectively. The minute particle size and crystal-
linity of the CIS QDs promotes fast charge-carrier diffusion from
the bulk to the surface, which boosts photocatalytic activity. As a
whole, it can be concluded that the CIS QDs were uniformly
attached to the BOI surface, performing like clapboards in the
separation of the CIS QDs and better supporting the material
in the diffusion of the QDs.>" Additionally, they enhanced the
surface to volume ratio, which increased the number of surface
active sites, leading to better photocatalytic activity.

The CIS-BOI heterostructure was measured by X-ray photo-
electron spectroscopy (XPS) analysis. Fig. S2(a) (ESIt) shows
the XPS survey spectrum of the 15% CIS-BOI heterojunction
sample, which confirms the presence of Cu, In, S, Bi, O, I
elements in the composite material and the absence of addi-
tional impurity peaks, in strong agreement with the EDX data.

View Article Online
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The acquired XPS results were plotted and deconvoluted using
CASA-XPS. The atomic concentration ratios of Bi:O:1:Cu:In:
S in the 15% CIS-BOI hybrid were found to be 9.19:27.79:
2.92:5.12:5.21:50.37. In Fig. 4(a), a doublet can be observed
at binding energies of 159.2 and 164.4 eV, corresponding to Bi
4fs,, and 4f;,, spin states, respectively, for the pristine BOI MPs,
indicating the trivalent oxidation state of Bi*", where the peaks
show blue shifting to 159.4 and 164.6 eV after the formation of
the CIS-BOI heterojunction.>® Further, Fig. 4(b) shows three
deconvoluted peaks for O 1s at 528.9, 531.4 and 532.6 €V,
corresponding to lattice oxygen (O.), oxygen vacancies (Oy)
and chemi-absorbed/dissociated oxygen (O,), respectively, for
pristine BOL*® It was noticed that after the formation of the
heterojunction, O shows XPS peaks at higher binding energies
of 529.1, 531.6 and 532.8 eV. Moreover, the shifting of the O, peak
signifies the retaining of oxygen vacancies in the composite material,
leading to efficient photocatalytic activity (good correlation with the
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Fig. 4 XPSimages of (a) Bi-4f, (b) O-1s, and (c) I-3d in pristine BOI and the 15% CIS—-BOI composite; (d) Cu-2p, (e) In-3d, and (f) S-2p in pristine CIS and

the 15% CIS-BOI composite.
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Raman spectroscopy data). Similarly, the I 3d core level XPS
spectra shows two high-resolution peaks at 618.7 and 630.2 eV
for pristine BOI and 618.9 and 630.4 eV for the binary composite
(Fig. 4(c)), which confirms the presence of I ions in BOL>®
Further, Cu shows two peaks at 932.7 and 552.6 eV, which
correspond to Cu 2p;, and Cu 2py,, sSpin states, respectively,
indicating the existence of Cu” ion in the CIS unit.*” However,
after the formation of the heterojunction, peaks were shifted
towards lower binding energies of 932.3 and 552.2 eV, respec-
tively, as presented in Fig. 4(d). Additionally, Fig. 4(e) gives an
idea on the XPS peaks of In 3ds,, and In 3d;/, at binding energies
of 445.1 and 452.8 eV, respectively, proving the presence of In**
in the pristine CIS QDs. However, in the 15% CIS-BOI binary
hybrid, In shows red-shifting of its peaks at 444.6 and 552.6 eV,
respectively. In addition, the appearance of two peaks at
158.6 and 164.0 eV for S 2p,,, and 2p;.,, respectively, owing to
spin-orbit coupling, validates the presence of S>~ ions and the
coordination of S to Cu and In in the CIS unit.*® However, after
heterojunction formation, the 15% CIS-BOI shows red-shifting
of the two peaks at 158.1 and 163.6 eV, as revealed in Fig. 4(f).
A comparison between the binding energies of the constituting
elements in the pristine and composite materials is given in
Table S1 in the ESLY

From the data included in Table S1 (ESIY) it is clear that after
the development of the CIS-BOI heterojunction, the BOI unit
undergoes a blue-shifting in binding energy, whereas the CIS
unit undergoes red-shifting in binding energy. These shifts in
binding energy might be accredited to the partial transfer of
electrons from the electron-rich BOI unit to the electron-
deficient CIS unit, which increases the electron density at the
CIS interface of the composite, affirming the decrease in the
binding energy of the Cu, In, S elements. Likewise, the electron
density of the BOI unit in the composite decreases compared
with the pristine BOI, leading to an increase in the binding
energy of the Bi, O, I elements. Hence, the variation in the
chemical environment in the XPS data signifies the creation of
a good built-in electric interface between the p-type BOI and n-
type CIS, where electrons and holes can easily be separated.
This also confirms the migration of electrons from BOI to CIS
following Z-scheme charge transfer dynamics.**°

To gain more evidence on the composite formation and
presence of oxygen vacancies in the materials, Raman spectro-
scopy analysis was carried out under ambient conditions. From
Fig. 5, two discrete Raman bands can be observed at 89 and
152 ecm™ " for both pure BOI and the 15% CIS-BOI composite,
corresponding to the A;; and E,, stretching modes of the Bi-I
bond, respectively. However, no extra peaks were observed in
the spectra of pristine BOI, which confirms its compositional
purity (good fit to the PXRD data). Furthermore, the foremost
peak intensity of the composite was weakened with a blue shift,
as shown in the orange box in Fig. 5, which may be due to a
change in the Bi-O environment.*’ Additionally, the Raman
band observed at around 89 cm™ ' for pristine BOI and at a
slight higher wavenumber for the composite correspond to
oxygen defect sites."* Moreover, the peaks at 294 and 335 cm™ "
framed within the dotted line in Fig. 5 correspond to the A and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectra of pristine BOI and the 15% CIS-BOI composite.
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Eio/Blio modes of the CulnS, QDs.** Hence, the results obtained
from PXRD and Raman spectroscopy measurements strongly
validate the formation of the BOI-CIS composite. In addition, it
can be concluded that the oxygen vacancies in the pristine BOI are
retained in the CIS-BOI composite and play a critical part in the
catalytic mechanism.

The optical properties of the as-prepared samples were
analyzed by ultraviolet-visible-diffuse reflectance spectroscopy
(UV-vis-DRS). Fig. 6(a) presents the optical absorbance spectra
and band gap energy data of BOI, CIS, and the CIS-BOI nano-
composites, which extend from the visible to near-IR region.
Generally, the BOI sample shows a strong absorption spectrum,
broadening up to 690 nm due to the presence of oxygen
vacancies, which inherently boost the optical activity of the
BOI MPs. Nevertheless, the optical absorption was further
extended up to the near-IR region upon the in situ addition of
the CIS unit in the CIS-BOI composites, indicating red-shifting
of the material, which covers a wider spectral region compared
to that of the pristine BOI MPs. The band gap energy may vary
consequently according to the quantum confinement effect and
oxygen vacancies of the materials.*® This inconsistency can be
attributed to the extensive light absorption capacity of the CIS
QDs. Hence, the composites utilize the entire visible region and
some of the IR region, ensuring their improved optical
response and higher photocatalytic activity compared to the
pristine materials. In addition, the bandgap energies (E) of
pristine CIS and BOI were calculated using eqn (1):

(ahv)" = A(hv — E) €))

where £ is Planck’s constant (6.626 x 10 >*J s), a denotes the
absorption coefficient, v is the frequency of light, and A is the
proportionality constant. Furthermore, the n-value indicates
the type of the electronic transition, ie., n = 1/2 indicates
indirect and n = 2 implies direct transitions.”> However, in
our case, pristine CIS shows a direct transition, whereas BOI
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Fig. 6

shows an indirect transition, with band gap energies of 1.64
and 1.74 eV, respectively, as respectively shown in Fig. 6(b) and
(c). Moreover, it would be better for composite materials to have
higher E, values compared to those of pristine materials, as this
is favorable for an efficient photocatalytic reaction.>!

The photoluminescence (PL) spectra give information on the
photogenerated charge carrier entrapping, transfer and recom-
bination efficiency of the semiconductor materials. A highly
intense peak signifies the fast recombination of electron-holes
and a low intensity peak specifies good separation and slow
recombination of electron-holes in a photocatalyst.”> Herewith,
the pristine BOI shows a highly intense PL emission peak at
around 490 nm (shown in Fig. S3, ESIf). Along with this, the
pristine CIS QDs and all the CIS-BOI composites show PL
emission peaks at a longer wavelength of 756 nm, as shown
in Fig. 7. It can be observed from the plotted PL spectra that the
15% CIS-BOI composite exhibits the lowest intense peak of all
the composites and both the pristine materials. Based upon the
obtained PL spectra, the chronological order of charge-carrier
recombination is CIS > 5% CIS-BOI > 10% CIS-BOI > 25%
CIS-BOI > 15% CIS-BOL Hence, the 15% CIS-BOI composite
shows proficient exciton separation and transport ability via the
proposed Z-scheme charge emigration pathway, resulting in an
increase in the photocatalytic efficiency. The above results are
in tune with the EIS and catalytic activity data.

428 | Energy Adv., 2022, 1, 422-437

(a) UV absorbance spectra of pristine BOI, CIS and varying weight% CIS-BOI composites; Tauc plots of (b) pristine CIS and (c) pristine BOI.
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Fig. 7 PL emission spectra of pristine CIS and CIS-BOI composites with
different wt% of CIS.

Electrochemical measurements

Electrochemical Mott-Schottky (MS) analysis was performed to
determine the nature of the semiconductor catalyst (p- or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 MS plots of (a) pristine BOI, (b) pristine CIS at different frequencies, and (c) the 15% CIS-BOI composite.

n-type) and the flat-band potential (Eg,) of the material. MS
measurements of our prepared materials were conducted at
frequencies of 500, 1000, and 1500 Hz. The CBM (conduction
band minima) and VBM (valence band maxima) of CIS and BOI
were calculated from the Eg, values determined by MS analysis
(Fig. 8(a) and (b)) according to eqn (2):

ENnge = EAg/AgCl(atpH = 68) —0.059

. (2)
x (7 — pH of theelectrolyte) + Ex,/agci

where the pH of the Na,SO, electrolytic solution is 6.8 and the

o

EAg/AgCl) is 0.198. It is

noticed that the CIS QDs show a negative slope and BOI shows
a positive slope, validating their n-type and p-type features,
respectively. The Eg, values of BOI and the CIS QDs vs. NHE
were determined to be 2.22 and —0.95 eV, respectively. It has
been reported in previous literature that the Eg, value vs. NHE is
around 0.1-0.3 eV below the CBM and above the VBM for n-type
and p-type semiconductors, respectively.**> Hence, by altering
the Eg, values by 0.1 eV, the VB and CB positions of BOI and CIS
were estimated to be 2.32 and —0.85 eV vs. NHE, respectively.
Subsequently, the VB of CIS and CB of BOI were calculated to be
0.78 and 0.58 eV, respectively, by applying the following eqn (3):

(3)

electrode potential at 25 °C of Ag/AgCl (

E,=VB — CB

© 2022 The Author(s). Published by the Royal Society of Chemistry

where the E, values of BOI and CIS are 1.74 and 1.66 eV,
respectively, as calculated from their Tauc plots (Fig. 6(b), (c)).
Further the MS plot of the CIS-BOI composite (Fig. 8(c)) with an
inverted V-shaped structure clearly divulged p—n heterojunction
formation by the incorporation of p-BOI with n-CIS QD.
Furthermore, it is noteworthy that the standard reduction
potential (E;zo /H2> and oxidation potential (EIO—IZO /Oz> of water

13,39

at pH 7 were —0.41 V and 1.99 V respectively. In that
perspective, the higher positive VB value of BOI makes it a
pertinent photocatalyst for O, evolution and the more negative
CB value of the CIS QDs makes it an efficient photocatalyst for
H, evolution. Nevertheless, the CIS QDs and BOI are incapable
of the oxidation and reduction of water, respectively, authenti-
cating that the oxidation reaction proceeds over the BOI surface,
while the reduction reaction proceeds over the surface of the CIS
QDs. Hence, enhanced photocatalytic activity is achieved owing
to the charge separation promoted by the built-in electric field
created at the p—n heterojunction.

Fig. 9 shows the linear sweep voltammetry (LSV) measure-
ments of all of the prepared samples, which indicate the nature
of the current (i.e. cathodic or anodic) and the bulkiness of the
photo-excited electrons that are present on the surface of
the semiconductor photocatalyst. It is notable that the photo-
catalytic activity can also be correlated with the photocurrent
response of the semiconductor materials. The photocurrent
density of the synthesized material under dark condition was
quite negligible, while a high current density was observed

Energy Adv., 2022,1, 422-437 | 429
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Fig. 9 LSV plots of (a) pristine BOI, (b) pristine CIS, and (c) CIS-BOI composites with varying wt% of CIS.

under light irradiation. From Fig. 9(a) and (b), it was found that
the CIS QDs show an anodic current of 0.13 mA cm ™2, validat-
ing their n-type character, while the BOI MPs show a cathodic
current of —0.66 mA cm ™2, confirming their p-type character. In
addition, the LSV plots of the composite materials (Fig. 9(c))
illustrate both cathodic and anodic current, implying that the
binary hybrids exhibit both n- and p-type features. It is obvious
from the figure that the CIS-BOI heterojunction composites
exhibit a higher current than those of the pristine materials.
However, 15% CIS-BOI shows the highest cathodic current of
—4.15 mA cm ™ ? and anodic current of 3.95 mA ecm™ > among all
of the composite materials, with the photo-response of the
materials following the order 15% CIS-BOI > 25% CIS-BOI >
10% CIS-BOI > 5% CIS-BOL. As a result, the 15% CIS-BOI
binary hybrid shows the best photocatalytic activity of the
synthesized composite materials.

Electrochemical impedance spectroscopy (EIS) analysis
predicts the resistance/conductance orientation about the elec-
trolyte and electrode—-electrolyte interface to gain insight into
the kinetics of the photocatalytic reaction. Here, Fig. 10(a)
shows Nyquist impedance plots under zero applied biasing
conditions of all of the composites and pristine materials,
where the fitted EIS circuit is shown as an inset in the figure.
In the circuit, Ry, R, Wy, and C signify the electrolytic resistance,
charge transfer resistance, Warburg impedance, and double layer
capacitance, respectively. Additionally, the semicircle and straight

430 | Energy Adv., 2022,1, 422-437

line regions of the plots give information on the R.. and Warburg
resistance, respectively, which indicate the efficiency of the
material.*® The larger the semicircle diameter, the higher the
interface resistance, leading to a lower conductance, and a
smaller diameter indicates a lower R, value, as obtained for the
15% CIS-BOI composite, as shown in Fig. 10(a).”* That means
that the 15% CIS-BOI composite shows better charge separa-
tion and transport properties than all the other CIS-BOI
composites and pristine materials, whereas pristine BOI shows
the lowest charge separation, which is a good correlation to the
PL analysis. The charge separation efficiency follows the order
BOI < CIS < 5% CIS-BOI < 10% CIS-BOI < 25% CIS-BOI <
15% CIS-BOI, which confirms that low carrier recombination
(obtained from PL) results in high photocurrent response.
The transient photocurrent (TPC) indicates the exciton-
separation efficiency of photo-induced charge-carriers. Current
is produced due to the diffusion of photogenerated electrons
and the photo-excited holes are consumed by the hole-acceptors
in the electrocatalytic solution.>* Hence, from Fig. 10(b), it was
observed that pristine CIS and BOI show inferior photocurrent
densities compared with the binary hybrid owing to rapid exciton
recombination (as can be well correlated to the PL and EIS data)
and the 15% CIS-BOI composite shows superior photocurrent
density leading to longer durability of photo-induced e -h" pairs
at the heterojunction interface. Consequently, it can be deduced
that the binary hybrid shows low charge-transfer resistance,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CIS-BOI composite, and (c) CA plots of pristine BOI, CIS and CIS-BOI composites with varying wt% of CIS.

resulting in high conductivity, thereby increasing its photo-
catalytic activity.

Chronoamperometry (CA) analysis was conducted to deter-
mine the stability of the photocatalyst under continuous light
illumination. From Fig. 10(c), it is observable that all the
synthesized materials are stable under visible-light illumina-
tion for a period of 600 s. It was noticed that the composite
materials show greater current density than both the pristine
BOI (5.5 pA cm™?) and CIS QDs (39.2 HA cm™?). Among all the
composite materials, 15% CIS-BOI shows the highest current
density of 148.1 pA cm™?, maintaining this value for a long
period of time. Furthermore, the current density values follow
the order: 15% CIS-BOI > 25% CIS-BOI > 10% CIS-BOI > 5%
CIS-BOI > CIS > BOI at a steady applied voltage of 0.2 V.
Hence, the best composite shows the highest photo-stability
among all the other synthesized materials.

Photocatalytic water splitting

H, evolution. Photocatalytic hydrogen production capability
measurements of the as-prepared photocatalysts were executed
under a 125 W visible-light source using an aqueous solution of
methanol as a hole scavenger. It was noted that no hydrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry

gas was produced in the absence of catalyst as well as light,
indicating the photocatalytic pathway. It is notable that the
BOI MPs did not produce any hydrogen gas, as the CB poten-
tial (0.58 eV) is not sufficient for water reduction

(E;ZO = 70.4latpH7>. Nonetheless, the pristine CIS QDs

achieved a hydrogen evolution rate of 231.92 pmol h™", with
an apparent conversion efficiency (ACE) of 3.72% (3.56 x 10'°
no. of H, molecules per s (theoretical calculation)). However,
with the in situ introduction of just 5% CIS QDs on BOI, the
resulting CIS-BOI composite showed an improved hydrogen
evolution rate, which increased dramatically on further loading
of CIS. The highest evolution rate of 615.5 umol h™' was
observed for the 15% CIS-BOI heterojunction photocatalyst
with an ACE of 9.84% (9.44 x 10'® no. of H, molecules per s),
which is almost 3 times higher than that of the pristine CIS
QDs. This may be due to the O, present in 2D BOI providing
more surface active sites for enhancement of the photocatalytic
reaction and effective exciton separation via the anticipated
Z-scheme charge transfer dynamics. The rate of H, evolution
follows the order: 15% CIS-BOI > 25% CIS-BOI > 10% CIS-
BOI > 5% CIS-BOI > CIS QD, as shown in Fig. 11(a). The
lowest photocatalytic activity was observed for the 5% CIS-BOI

Energy Adv.,, 2022, 1, 422-437 | 431
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hybrid, which can be attributed to lower exciton diffusion and
migration as well as faster electron-hole recombination effi-
ciency, authenticated from the photocurrent response, PL and
EIS analysis. Further, it was observed that the photocatalytic
activity gradually increased with the loading of CIS QDs to an
optimum level and after that the evolution rate suddenly
decreased upon the further loading of CIS. This may be due
to the congestion of the 0D CIS QDs on the 2D BOI surface,
which block the active sites of BOI and obstruct the absorption
of light on its surface. This then reduces the density of photo-
generated electrons, which are the foremost species in hydro-
gen generation. In addition, the best photocatalytic H,
evolution of the 15% CIS-BOI nanocomposite might be due
to the greater absorption co-efficient of the CIS QDs, lower PL
intensity and good composite formation. Furthermore, to
ensure the robustness of the best hybrid in H, generation,
reusability analysis was conducted under identical reaction
conditions and it was determined that the binary hybrid shows
negligible reduction in evolution, even after 4 h of continuous
runs, manifesting the durability of the material (Fig. 11(b)).
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(a) Rate of H, production of pristine CIS, BOI and CIS-BOI composites with varying wt% of CIS; (b) reusability of the 15% CIS-BOI composite.

Moreover, it was observed that the best photocatalyst shows no
change in its PXRD peaks even after the activity study, which is
shown in Fig. S4 (ESIt). Over and above that, a comparison
is shown in Table S2 (ESIt), which provides evidence that the
CIS-BOI heterojunction is a better catalyst amongst the other
BOI-based photocatalysts for the H, evolution reaction.

O, evolution. Further, the prepared samples (pristine and
15% CIS-BOI) were again examined in terms of their photo-
catalytic water oxidation under identical conditions using
various electron scavengers, such as AgNO; and FeCl; solu-
tions. As conferred earlier, no O, evolution occurred in the
absence of light as well as catalysts. We compared the pristine
catalysts with our best material (15% CIS-BOI) and it was
observed that the CIS QDs did not produce O, gas, as the VB
potential of the CIS QDs (0.78 eV) was found to not be appro-
priate for the water oxidation reaction (Ey,o = 0.82 V vs. NHE at
pH = 7). However, the rate of O, production of pristine BOI was
191.3 umol h™', which is lower than that of our best catalyst,
15% CIS-BOI, which shows an O, evolution velocity of
570.8 umol h™" in AgNO; as a sacrificial reagent, as illustrated
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(a) Rate of O, production of pristine CIS, BOI and the 15% CIS—-BOI hybrid; (b) reusability of the 15% CIS-BOI hybrid.
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in Fig. 12(a). In addition, the best catalyst produces 8.76 x 10"
0O, molecules per s with an ACE of 9.16%, whereas pure BOI
generates 2.93 x 10'® O, molecules per s with an ACE of 3.06%,
as theoretically calculated in the ESIL.{ It was observed that
there were negligible changes in activity over 2 h and afterwards
it decreased by a certain amount, as represented in Fig. 12(b).
This might be due to the deposition of Ag particles from AgNO;
at the active sites of the catalyst, which slows further light
absorption and loss of catalyst during filtration.*® Additionally,
the best catalyst was again appraised for O, production in the
presence of an FeCl; electron capturing agent and an O,
production rate of 498.7 umol h™" was observed, which is lower
than in AgNO; solution. This might be due to the fact that Ag"
from AgNO; prevents the generation of durable photo-excited
electrons via oxidative quenching.*” A comparison table is given in
the ESIT (Table S2), which provides evidence that 15% CIS-BOI is
an efficient photocatalyst for use in O, evolution.

Possible photocatalytic mechanism towards H, and O,
generation

Based on the above data analysis, the superior photocatalytic
competence of the 15% CIS-BOI binary hybrid may be attri-
buted to the synergistic effect between pristine BOI and the CIS
QDs that creates a heterojunction at the interface and exciton
migration through a Z-scheme mode.*® It is observable from
the MS data that the bandgap arrangement of the pristine BOI
and CIS QD photocatalysts is positioned in a heterojunction
fashion, as shown in Scheme 1, and that the mechanism may
proceed via two different pathways: (i) double-charge pathway:
under the irradiation of visible light of 4 > 420 nm, where the
semiconductors are excited to generate electron-hole (e -h")
pairs, which afterwards are separated and the photogenerated
e~ from the more negative CB of photosystem-1 migrate to the
subordinate CB of photosystem-2. Meanwhile, the excited h"
migrate from the higher VB to the lower VB potential in a

A 4

<4

<

V vs. NHE

View Article Online
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recurring manner; and (ii) a direct/mediator free Z-scheme
pathway: where photo-excited e~ from the CB of one system
combine with the h* in the VB of the other system with no
mediator support. In depth, if the photo-excited charge-carriers
migrate in the former pathway as represented in Scheme 1(a),
from the higher CB of the CIS QDs, the photogenerated e~
migrate towards the lower CB of BOI, and simultaneously the
photogenerated holes from the higher VB of BOI move towards
the lower VB of CIS. As a result, the e” density at the CB of BOI
increases and the water reduction reaction must take place at
the CB of BOI Unfortunately, this cannot happen as the
required CB potential for water reduction is not suitable in
the case of BOI, hence meaning that water reduction could not
take place via a double-charge pathway. Also, enhanced photo-
catalytic H, reduction activity was observed for the 15% CIS-
BOI composite compared with pristine CIS, meaning that the
photo-excited e -h" migration follows the latter pathway,
i.e., the Z-scheme dynamics presented in Scheme 1(b). In brief,
the gathered electrons from the CB of BOI transferred to the VB
of the CIS QDs via the heterojunction edge and recombined via
band bending, fixed electric potential, and coulombic forces.
Accordingly, the recombination of excitons took place via rapid
charge-carrier separation from the VB of BOI and the CB of the
CIS QDs, with the heterojunction edge acting as the recombi-
nation center of the e ~h" pair.”* In the meantime, the h* on
BOI are consumed by the methanol sacrificial agent and the
accumulated e~ on the CIS QDs reduce the H,O molecules to
produce H, molecules*® via the following stepwise reaction
mechanism:

CIS + v - [e cplais + [h'velas
BOI + v — [e”gplpor + [h'velsor

H,0 - H"+ OH~

Scheme 1 Anticipated charge-transfer mechanism over the CIS-BOI binary hybrid photocatalyst under the illumination of visible light via (a) double

charge and (b) Z-scheme charge-transfer pathways.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[e”clas + H - H,
CH;0OH + h" - *CH,OH + H"
*CH,0OH —» CH,0+e +H"
H +e — H,

Moreover, the accumulated photoelectrons on the CB of the
CIS QDs and the holes on the VB of BOI are poised to aid in the
reduction and oxidation of water, respectively, as the potential
energies of the CB and VB are appropriate for water splitting.
Hence, the 15% CIS-BOI hybrid is an efficient photocatalyst for
water oxidation as well as reduction, as it exhibits excellent
carrier-separation and migration ability. In addition, higher O,
evolution activity was observed for the 15% CIS-BOI hybrid in
the presence of AgNO; solution, where Ag" acts as an electron
scavenger and reduces to Ag®.”° Meanwhile, photo-excited holes
on the VB of BOI approach water molecules to produce O, gas
via the following stepwise below:

BOI + hv — BOI (e -h")
4h" + H,0 — 0O, + 4H'(aq)
4e” +4Ag" — 4Ag°

nAg® — Ag,

Anticipated theoretical approach of O, generation

It is known that the chemistry of the O, generation pathway is
pretty complex to portray, however considering the ideas and
science from the reported literature, the mechanism might be
outlined toward water-oxidation reaction on an Ov-rich BOI
interface.>>? In this regard, two ways of forming O=O0 bonds
are considered: (a) H,O breaks into H and OH and this OH
couples with the oxygen of another water molecule to form
OOH.

H,0 —» H + OH

OH + H,O0 — OOH + 2H
(b) H,O molecules combine with H and OH to form HOOH.
ie. H,O + H + OH — HOOH + 2H

Here, pathway (b) is the least likely as it proceeds via a higher
activation energy (E,) hurdle. As a result, the feasible reaction
mechanism follows the OOH intermediate pathway that has a
lower E,, where the O, evolution takes place over the Ov-rich
BOI interface as follows. The generated OOH combines with
defective BOI that has a low E, barrier and the formation
of O=O0 is the rate-determining-step in the water oxidation
reaction. For this reason, the water-oxidation reaction is likely
to be more kinetically feasible over Ov-rich BOI.
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Radical trapping experiments

Therefore, the direct Z-scheme pathway enhances exciton
separation and the transfer route, which boosts the photo-
catalytic efficiency. In addition, to verify the foundation of the
Z-scheme charge migration mechanism, nitro blue tetrazolium
chloride (NBT) testing and terephthalic acid (TA) analysis were
performed by taking 5 x 10~> M aqueous NBT solution and
5 x 107" M aqueous TA solution as well as the pristine
materials (BOI and CIS QDs) and our best binary hybrid (15%
CIS-BOI) to ensure their ability to generate superoxide (*O, ")
and hydroxyl (OH®) radicals according to our previous
reports.”>*® In general, the standard reduction potential of
0, — °0, is —0.33 eV vs. NHE. Thus, the BOI MPs did not
produce any superoxide radicals even though their CB has a
positive value (+0.58 eV). Nonetheless, *O,~ species formation
was observed for the CIS QDs since their CB has a negative
value (—0.85 eV). Similarly, the 15% CIS-BOI binary hybrid
exhibited an absorbance wavelength at 258 nm in the NBT
spectral study, validating the transformation of oxygen mole-
cules to superoxide radicals, which occurs on the surface of the
CIS part of the binary hybrid and confirms that the e -h"
migration between the VB and CB of the combined units does
not proceed via the double-charge pathway but instead pro-
ceeds more readily via the anticipated direct Z-scheme pathway.
Moreover, the reduction in the NBT absorption intensity corre-
sponds to the degradation of the NBT fraction by the generated
superoxide radicals. Further, it was noticed that the 15%
CIS-BOI hybrid shows a decrease in its UV spectral intensity
compared to that of the pristine CIS QDs at an absorption
wavelength of 260 nm, which implies that agglomeration of the
photogenerated electrons on the CIS QD unit of the hybrid
occurs, endorsing the successful reduction of O, — *0,, as
represented in Fig. 13(a). Likewise, the standard oxidation
potential of OH™ — °OH is around +1.99 eV vs. NHE. Accord-
ingly, the CIS QDs did not generate *OH radicals as their VB
potential was positioned at around 1.23 eV, whereas *OH
radical formation was observable in the case of BOI even
though its VB edge is located at around 2.31 eV. In the
performed TA tests, the 15% CIS-BOI heterostructure shows
an emission spectrum at around 423 nm, as shown in
Fig. 13(b). At the time of TA spectral analysis, *OH radical
formation took place on the BOI surface and not on the CIS
surface. Additionally, it is noticeable that an increase in PL
intensity can be observed for the 15% CIS-BOI hybrid, signify-
ing the gathering of holes on the VB of the BOI unit, which
indicates more *OH radical generation by the successful oxida-
tion of OH ™ ions. The above analysis confirmed that the charge
transfer is carried out via a Z-scheme pathway rather than a
double charge mechanism.

Further, to confirm Z-scheme charge transfer dynamics, a
powerful tool, i.e. DMPO (5,5-dimethyl-1-pyrroline-N-oxide)
trapping EPR (electron paramagnetic resonance) analysis, was
carried out to identify the formation of short-lived *OH and *O,"~
radicals under dark and visible-light irradiation. As visualized
in Fig. 13(c) and (d), no signal coupled with DMPO-*OH and
DMPO-"0,~ was identified under dark conditions. Nevertheless,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) UV-vis spectra of pristine NBT, CIS, and CIS-BOI, and (b) PL spectra of pristine TA, BOI, and CIS-BOI. EPR spectra of 15% CIS—BOI under dark

and light conditions: (c) DMPO-*O," in methanol solution and (d) DMPO-°*OH in water.

under visible-light illumination, EPR signals were observed for
DMPO-*0,  and DMPO-*OH. The above results reveal the for-
mation of *OH and *O,  radicals on the CIS-BOI hybrid (in good
correlation with the TA and NBT analysis). Since the CB of CIS
(—0.85 eV) is suitable for overcoming the reduction potential of
0O, — *0, (—0.33 eV vs. NHE), superoxide radical formation
must take place on the CIS unit and the VB of BOI (2.31 €V) to
conquer the oxidation potential of OH™ — °OH (+1.99 eV vs.
NHE), with hydroxyl radical formation occurring on the BOI
surface of the composite hybrid. Based on the above results, it
was found that the charge separation and migration on the 15%
CIS-BOI photocatalyst does not follow a typical double charge
pathway, rather it follows direct-Z-scheme charge dynamics.

Superiority of oxygen vacancies (Ov)

Oxygen vacancies play a great role in charge carrier separation,
which enhances the photocatalytic reaction drastically. In brief,
to establish Ov and their significance in exciton separation,
Raman spectroscopy, EIS, and XPS analysis were carried out
and it was confirmed from those analyses that oxygen vacancies
are also present in the designed binary hybrid. In addition,
the durability of the e ~h" pairs substantially depends on the
creation of defects as well as the band structure of the material.
It is notable that vacancies are such species, that if present in a
huge quantity, lead to faster e -h" recombination and if are

© 2022 The Author(s). Published by the Royal Society of Chemistry

present in a negligible amount, effective e ~h" separation is
inhibited, with low photocatalytic activity being exhibited.>?
Therefore, Ov in a restricted amount are useful for trapping
holes, leading to better e ~h" separation, which yields superior
photocatalytic activity. Moreover, the obtained data from XPS
and Raman spectroscopy analyses confirm the presence of Ov
in the binary composite (15% CIS-BOI) and from PL and EIS
data it is quite obvious that the hybrid shows superior charge
carrier separation, resulting in its effective activity. In short,
the Ov zone provides a high electron concentration, which is
fruitful for the water-reduction reaction, ensuring efficient H,
evolution. Additionally, the Ov region traps photo-induced
electrons due to the availability of holes on the catalytic surface,
which is productive for the water-oxidation reaction, triggering
effectual O, generation. Further, these defect sites encourage
water oxidation reaction via triggering atomic oxygen inter-
mediate formation via a low activation energy barrier. In brief,
a H,0 molecule is first adsorbed at a vacancy site, followed by
an exothermic and very low energy barrier oriented O-H bond
breaking step that produces OH and H, whereafter the OH
cleaves into O and H via another low activation energy and
endothermic pathway. However, this OH breaking step over
defect free materials is reversible in nature, regenerating OH
species, which although feasible from a free energy perspective,
in a defect/vacancy oriented system this reversibility is
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hindered due to the strong attachment of H and O.*® The above
discussed chemistry provides a theoretical insight into Ov
and O, evolution. Therefore, Ov are really useful species for
enhancing photocatalytic activity.

Conclusions

In conclusion, we have established an efficient co-catalyst free
0D/2D binary hybrid with highly reducing and oxidizing exciton
availability; improved light absorption capacity; and effective
charge separation efficiency, synthesized via an in situ reflux
method. Promoted by the admirable light harvesting properties
of the CIS QDs, the as-synthesized CIS-BOI binary hybrids were
found to be competent photocatalysts for visible-light driven O,
and H, production compared to their pristine counterparts.
Furthermore, the 15% binary hybrid shows optimal H, and O,
evolution rates, with ACE values of 9.84% and 9.16% at 420 nm,
respectively. PXRD and XPS measurements confirmed the
strong interaction between the CIS and BOI units, and PL,
EIS and photocurrent measurements supported -effective
charge carrier separation of the binary hybrids. Moreover, the
highly reducing photo-induced electrons on the CIS surface
and highly oxidizing photogenerated holes in the VB of BOI of
the 15% CIS-BOI composite via A solid mediator-free Z-scheme
pathway brought about a significant improvement in water
reduction and oxidation performance respectively. Furthermore,
Ov play an important role in charge separation and substrate
activation, thereby increasing the effectiveness of the water redox
reactions. Hence, this study provides new insight on the design
and development of direct Z-scheme based photocatalyst that is
active over the visible to near-IR regions for H, and O, generation
in an eco-friendly manner.
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