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Heterojunctions of the low bandgap semiconductor bismuth oxyiodide (BiOl) with bulk multilayered
graphitic carbon nitride (g-CsN4) and few layered graphitic carbon nitride sheets (g-C3N4-S) are
synthesized and investigated as an active photoanode material for sunlight driven water splitting. HR-
TEM and elemental mapping reveals formation of a unique heterostructure between BiOl platelets and
the carbon nitride (g-CsN4 and g-C3N4-S) network that consisted of dendritic BiOl nanoplates
surrounded by g-CsN; sheets. The presence of BiOl in g-C3N4-S/BiOl and g-C3N,4-S/BiOl
nanocomposites extends the visible light absorption profile from 500 nm up to 650 nm. Due to excellent
charge separation in g-C3N4/BiOl and g-CzN4-S/BiOl, evident from quenching of the carbon nitride
photoluminescence (PL) and a decrease in the PL lifetime, a significant increase in photoelectrochemical
performance both types of g-CsN4—BiOl
heterojunctions of bulk g-CsN4 with BiOl, the nanocomposite consisting of few layered sheets of g-
C3sN4 and BiOl exhibits higher photocurrent density due to lower recombination in few layered sheets. A
synergistic trap passivation and charge separation is found to occur in the g-Cs3N4-S/BiOl
nanocomposite heterostructure which results in a higher photocurrent and a lower charge transfer

is observed for heterojunctions. In comparison to
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1. Introduction

The search for renewable and environment-friendly alternative
energy sources is among the most focused research activities of
the current scientific community. Solar energy is abundant,
renewable and sustainable. Hydrogen molecules have the
potential to act as a portable chemical fuel where harvested
solar energy can be stored. The potential of photo-
electrochemical water splitting for high capacity storage of solar
energy was recognized from an early era."* In a typical photo-
electrochemical cell involving an n-type semiconductor active
layer, electron-hole pairs are generated in the semiconductor
photoanode upon illumination of light. Under an applied bias,
photogenerated electrons travel through the semiconductor
anode and the external circuit to the counter electrode where
they participate in water reduction to evolve hydrogen while
photogenerated holes are directly transferred from the
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photoanode to the electrolyte to perform water oxidation to
evolve oxygen. The valence band maximum of the semi-
conductor photoanode needs to be below the oxidation poten-
tial of the oxygen evolution reaction (H,O + 2h" — 2H" + 1/20,)
for efficient hole transfer to the electrolyte. An ideal semi-
conductor photoanode needs to possess many desirable attri-
butes such as broadband optical absorption (ie. a low
bandgap), a high absorption coefficient for visible photons (to
generate a large number of electron-hole pairs per unit
volume), a high charge separation efficiency, a low charge
transfer resistance, plentiful availability of active sites, good
chemical and photocorrosion stability, cost-effectiveness etc.
Traditional photocatalysts such as TiO, and composite TiO,
nanomaterials have been extensively studied in the past.**
However, wide bandgaps significantly hinder the visible light
absorption capacity of these materials, a fact that has promoted
an intense search for finding new earth-abundant, photo-
catalytic semiconductor systems.

Metal-free, low cost and robust graphitic carbon nitride (g-
C3N,) has proved to be a highly promising potential photo-
catalyst for producing hydrogen by water splitting since it has
a moderate bandgap (2.6 eV) and suitable band-edge positions.
This material is abundant in nature, environment-friendly, and
has good thermal, photochemical and chemical stability.>” This
semiconductor consists of tri-s-triazine units positioned in

This journal is © The Royal Society of Chemistry 2019
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a two-dimensional graphitic polymer structure.® The photo-
catalytic performance of this material suffers from poor
absorption of red and near-infrared photons (due to bandgap
value as well as low oscillator strength), a small specific surface
area and a rapid carrier recombination rate.*’ Many attempts
have been made in order to enhance the photocatalytic perfor-
mance of graphitic carbon nitride by synthesizing nanosheets,
post-calcination, engineering crystal lattice structure, designing
nanostructures and forming heterojunctions with other suit-
able semiconductors.*** In bulk carbon nitride, inter-sheets
hydrogen bonding, and multilayered sheets stacking
promotes localized interlayer charge recombination processes
which significantly reduce the availability of charge carriers.*
Bulk carbon nitride is composed of stacked carbon nitride
sheets randomly interconnected via hydrogen bonding between
terminal NH, and primary or secondary N's (NH,/C-N=C)."”
The small effective surface area of stacked sheets and localized
charge recombination in hydrogen bonded sheets lead to poor
intralayer carrier transport. Bulk carbon nitride can be trans-
formed into few layered or monolayer sheets which increase
available surface area and reduce inter-sheets hydrogen
bonding which improve charge transport and minimize charge
recombination process.*® Various solvent exfoliation
approaches have been used for the transformation of bulk
carbon nitride into sheets, however the use of such chemicals is
undesirable due to tedious workup, hazardous nature and
energy intensive ultrasonication or thermal heating.**** The
addition of N rich precursors such as NH,CIl which liberates
NH; and HCI gases at elevated temperature facilitates the
transformation of bulk sheets into few layered sheets is
appealing due to the avoidance of hazardous chemicals
involved in chemical exfoliation. During thermal annealing of
dicyandiamide and NH,Cl mixture at high temperature the
released NH; and HCI from breakdown of NH,CIl which blew
dicyandiamide derived polymers into numerous large bubbles,
which behaves as gas templates and yielded few layered g-C;N,
nanosheets."* Earth abundant bismuth oxyhalides (BiOX, X =
Cl, Br, I) constitute another recently discovered ternary
compound semiconductor family that has gathered significant
attention due to the small bandgaps of compounds in this
family (1.7-1.9 eV) and a layered tetragonal crystal structure.?*>*
In this family, BiOI has been reported to exhibit the highest
photocatalytic activities due to its narrow bandgap.*

Both g-C3;N, and BiOI suffer from a low charge separation
efficiency. Formation of a heterojunction with these two systems
is a viable approach to prevent the recombination of electron—-
hole pairs. Enhanced light absorption is another attractive avenue
for improving the photocatalytic performance of the relatively
high bandgap carbon nitride. The two-dimensional platform
structure of graphitic carbon nitride makes it a perfect photo-
active supporting matrix for bismuth oxyiodide nanostructures.
Recently, a handful of papers evaluated the photocatalytic activi-
ties of these composites for the photooxidative degradation of
environmentally harmful dyes and for CO, reduction experi-
ments.”*® Prior reports that examined low bandgap BiOI-based
standalone photoanodes or even heterojunction photoanodes
have reported remarkably poor photoelectrochemical
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performance not exceeding a few microamps of photocurrent in
the potential window for water oxidation.**** Here in this
communication, we reported the enhanced photoelectrochemical
water splitting performance of these composite systems using
both many layered bulk graphitic carbon nitride (g-C;N, or CN)
and few layered carbon nitride sheets (g-C;N4-S or CNS) wherein
photocurrent densities approaching approx. 1 mA cm > under
AM1.5 one sun illumination are obtained.

2. Experimental section
2.1 Synthesis of g-C;N, (CN) and g-C;N,-S (CNS)

Bulk g-C3N, (CN) was synthesized by thermal polycondensation
of dicyandiamide at 550 °C. In brief, 2 g dicyandiamide was
taken in an alumina crucible and covered with a lid. The
crucible was heated in a tube furnace with a programmed
heating of 5 °C min~" up to 400 °C; 2 °C up to 500 °C, and
1°Cmin~ " up to 550 °C followed by a dwell time of 2 h at 550 °C.
Few layered carbon nitride (g-C3N4,-S or CNS) sheets were
prepared by using dicyandiamide and NH,Cl as precursors with
a slight modification in the literature procedure. The
precursor NH,Cl releases gaseous products at elevated
temperature to facilitate the separation of sheets due to inter-
calation of gas bubbles in between the sheets and behaves as
a gas template. Briefly, 2 g dicyandiamide and 10 g NH,Cl were
mixed together in a mortar. The mixture was then suspended in
50 mL water followed by heating at 100 °C until all the water
evaporated. Note: dicyandiamide and NH,Cl can be directly
mixed in water too. The obtained solid was crushed, transferred
into an alumina crucible, and heated in a tube furnace using
a programmed heating rate of 5 °C min ™" up to 400 °C; 2 °C up
t0 500 °C, and 1 °C min " up to 550 °C and holding at 550 °C for
2 h.

2.2 Synthesis of pristine BiOI, g-C;N,/BiOI and g-C;N,-S/
BiOI composites

The composite material synthesis was performed using
a hydrothermal method available in the literature®®*”** with
slight modifications. Bi(NO);-5H,0 and ethanolic KI were used
to synthesize BiOl. To prepare BiOI and carbon nitride
composite, a slight excess of Bi(NO);-5H,0 and g-C3N, (or g-
C3N,-S) (340 mg) were dissolved in 20 mL ethylene glycol (EG)
and ultrasonicated for 60 minutes to obtain a homogeneous
solution. Separately, a stoichiometric amount of KI was dis-
solved in ethanol and ultrasonicated until the solution became
transparent. Next, the KI solution was added dropwise in the
solution containing Bi(NO);-5H,0 and g-C3N, (or g-C3N,-S)
under vigorous stirring. Then the mixed solution underwent
continuous stirring for an additional 30 min and was trans-
ferred into a Teflon-lined stainless-steel autoclave and heated
for 17 h at 150 °C. Pristine BiOI was synthesized using same
method without adding g-C3;N, (or g-C3N,4-S).

2.3 Photoelectrochemical measurements

Photoelectrochemical water splitting experiments were per-
formed using a three-electrode set-up (CHI 600D potentiostat).

Nanoscale Adv., 2019, 1, 1460-1471 | 1461
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We prepared pristine BiOI, pristine g-C3;Ny, pristine g-C3N,-S, g-
C;3N,/BiOI and g-C3N,-S/BiOI composite films on fluorine doped
tin oxide (FTO) coated glass. First a very thin (~50 nm) compact
layer of TiO, (ref. 32) was deposited on cleaned (water, ethanol
and acetone sonicated) FTO followed by drop coating the
composite catalysts onto this compact layer. Prior to the drop
coating, the catalyst powders were dissolved in alpha-terpineol
(30 mg mL™") and stirred for 60 min. The alpha-terpineol was
used as a binder and later evaporated on a hot plate at 200 °C.
The as-prepared sample on FTO served as the working electrode
(photoanode) and Pt was used as the counter electrode
(cathode). An Ag/AgCl glass electrode was used as the reference
electrode. The electrodes were immersed in an aqueous 0.1 M
Na,SO, electrolyte. Linear sweep voltammetry from —0.8 V to
+0.8 V with a scan rate of 10 mV s~ was used to monitor the
photocurrent response of the photocatalysts mentioned above.
The samples were irradiated with AM1.5 G simulated sunlight
from a Class A solar simulator (Newport-Oriel Instruments
USA). The illumination intensity measured at the surface of
photoanode was 100 mW m™>. Further, to probe the visible light
induced photocurrent response, the samples were also illumi-
nated using a 425 wavelength LED with an incident power
density of 47.70 mW cm ™2 at the surface of the photoanode.
Electrochemical impedance spectroscopy (EIS) was performed
using a three electrode configuration at an applied voltage of
—0.5 V vs. Ag/AgCl in 0.1 M Na,SO,4, with AC amplitude of
0.005 V at a frequency of 100 kHz. Mott-Schottky plots were
collected from impedance-potential measurements in 0.5 M
Na,S0, in the —1.0 to +1.0 V voltage range at 1 kHz frequency.

2.4 Characterization

The imaging and elemental analyses of g-C5N,-S/BiOI and g-
C3N,/BiOI composites were performed on a JEOL 2200 FS TEM
(transmission electron microscope)/scanning TEM operated at
200 kv. EDX mapping was performed under STEM mode with
a nominal probe size of 1 nm. The composite powders were
dispersed in ultra-dilute suspensions in methanol followed by
deposition on carbon-coated copper TEM grids. The surface
topographical images of composite films were obtained using
a field emission scanning electron microscope (Zeiss Sigma
FESEM) with an accelerating voltage of 5 kV. X-ray diffraction
patterns of the five different samples (pristine BiOlI, pristine g-
C3N,-S, pristine g-C3N,;, g-C3N,-S/BiOI and  g-C3N,/BiOI
composites) were recorded using a Bruker D8 X-ray diffrac-
tometer with a CuKa, radiation source (1 = 1.5406 A) operating
at 50 W at room temperature and equipped with a 2-D detector
(VANTEC-500). The composites that demonstrated the highest
photoelectrochemical performance were 60 wt% BiOI with g-
C3N,-S and 40 wt% BiOI with g-C;N,. In the rest of this article,
we have denoted these samples as g-C3N,-S/BiOI and g-C3;N,/
BiOI respectively. A Perkin Elmer Lambda 1050 UV-Vis-NIR
spectrophotometer equipped with an integrating sphere acces-
sory was used to collect the absorption spectra through diffuse
reflectance spectroscopic (DRS) measurements. Steady state
photoluminescence (PL) measurements were performed with
a Varian Cary Eclipse fluorimeter using an excitation
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wavelength of 360 nm. Time resolved photoluminescence
(TRPL) spectra were recorded using a homemade single photon
counting system. Samples were photoexcited by a 405 nm
picosecond diode laser (Alphalas GmbH) operated at
a frequency of 1 MHz, and the emission was detected by
a Becker-Hickl HPM-100-50 PMT interfaced to an SPC-130 pulse
counter system. This setup has a response time of ~100 ps.
Fourier transform infrared (FTIR) spectra were obtained using
an Agilent FTS7000 FTIR Imaging System (diamond ATR/
attenuated total reflection) and recorded in transmittance
mode in the frequency range of 400-4000 cm . Prior to the
collection of spectra, powder samples were deposited on the
diamond crystal and moderate nitrogen gas flow was main-
tained through the ATR assembly. Raman spectra were collected
using a Nd:YAG laser (Nicolet Omega XR Raman Microscope)
with an excitation wavelength of 785 nm.

3. Results and discussion

3.1 Synthesis, morphology, composition and structural
analysis

Bulk carbon nitride (g-C3N,) was synthesized by high tempera-
ture (550 °C) condensation polymerization of dicyandiamide as
a carbon nitride framework forming agent. Carbon nitride few
layered sheets (g-C3N,4-S) were prepared by thermal annealing of
dicyandiamide and excess of ammonium chloride. Dicyandia-
mide works as a precursor for the carbon nitride framework
while ammonium chloride facilitates the formation of few
layered sheets due to evolution of excess gaseous products at
elevated temperature; the consequent bubble formation facili-
tates transformation into few layered g-C;N, nanosheets." In
situ hydrothermal growth of BiOI nanoplates with carbon
nitride structures using Bi(NOj),-5H,0 and equimolar etha-
nolic KI solution precursors was used for the synthesis of het-
erostructured nanocomposite of carbon nitride/BiOI (Fig. 1).
FESEM image of g-C;N,-S/BiOI displays the rough dendritic
nanoplate structure of BiOI scaffolded with g-C;N,-S framework
(Fig. 2a). The high resolution TEM (HRTEM) image of g-C3N,-S/
BiOI clearly shows two distinct domains. The dense and crys-
talline domain corresponds to BiOI while less dense amorphous
domain was related to g-C3N,-S in g-C3N,-S/BiOI hetero-
structure (Fig. 2b). High magnification HRTEM image displayed
lattice fringes of BiOI with interplanar d-spacing of 0.30 and

g-C3N,-S

Programmed
heating 550 °C

o
Ammoni Dicy

chloride

1.dispersed in E6
ultrasonication,
C.N 60 min
- -s > >
9-Csa 2. Equimolar
ethanolic KT

T

g-CsN,-S/BiOT

+
Bi(NOs),.5H,0

Fig.1 Synthetic strategy of g-C3N,4-S/BiOl heterojunction composite.
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Fig. 2

(a) FESEM image of g-C3N4-S/BiOl thin film (b) HRTEM image showing heterojunction of BiOl and g-CsN4-S (c) HRTEM image showing

lattice fringes (and insets showing d-spacing) corresponding to g-CzN4-S and BiOl (d) bright field STEM image of g-CzN4-S/BiOl; STEM

elemental mapping for (e) Bi, (f) O, (g) I, (h) C and (i) N.

0.28 nm assigned to (102) and (110) plane of BiOI respectively
(Fig. 2¢).***® Further, various other crystallographic planes with
lattice spacings of 0.20, 0.24, and 0.30 nm corresponded to
(200), (112), and (102) planes of BiOI respectively were also
identified in HRTEM images of g-C;N,-S/BiOI.>**° The obtained
d-spacings were in excellent agreement with XRD results
(Fig. 2). Elemental mapping in STEM mode clearly showed even
distribution of the constituent elements Bi, O, I, C and N in g-
C3N,-S/BiOI heterojunction (Fig. 2e-i respectively). The rela-
tively high intensity of C in elemental mapping was due to
contribution from carbon of lacy carbon coated TEM grid. The
FESEM, HRTEM and elemental mapping images for the bulk g-
C;3N,/BiOI composite system are shown in Fig. 3. g-C3;N,/BiOI
nanocomposite also displayed morphological features identical
to g-C3N,-S/BiOI except for a more agglomerated sheet structure
in g-C3N,/BiOl.

Fig. 4a displays the XRD patterns of bulk graphitic carbon
nitrides (g-C3N,), few layered graphitic carbon nitride sheets (g-
C3N,4-S), bismuth oxyiodide and two heterojunctions (g-C;N,/
BiOI and g-C3N,-S/BiOI). g-C3N, and g-C3N,-S show a broad
peak centered at ~26° corresponding to the (002) plane origi-
nated from interlayer stacking of conjugated aromatic sheets
and another small peak at 13.2° corresponding to (100) plane
was specific to in-plane repetition of tri-s-triazine unit in the
carbon nitride scaffold respectively.® In the composite materials

This journal is © The Royal Society of Chemistry 2019

with BiOI, both (002) and (100) peaks appear, indicative of their
preserved crystal structures. The diffractogram of pristine BiOI
shows strong peaks characteristic of the tetragonal phase®® and
all these peaks appear for both composites, albeit with signifi-
cantly lower intensities for g-C;N,/BiOI compared to g-C3N,-S/
BiOL It is worth noting that the BiOI peak for the (001) plane
does not appear in g-C3N,/BiOI. BiOI has two phases that have
small difference. Both phases have a 2D structure along c¢ axis
and crystallize in the tetragonal space group P4/nmm. The
difference between the two phases lies is the length of ¢ axis
(7.21 and 9.14 A). The phase that shows stronger (001) plane,
has shorter ¢ axis length.?® The disappearance of the (001) plane
in g-C3N,/BiOI might be due to (i) the reduction of the BiOI
phase that shows (001) plane compared to the other phase due
to coupling of (001) plane of BiOI with g-C3;N, leading to
increased ratio of BiOI with longer c¢ axis or (ii) the BiOI nano-
plates have higher agglomeration in the g-C3;N,/BiOI nano-
composite which might be responsible for shielding some
signal,®® while in g-C3N,4-S/BiOI the shielding of signals remain
less prominent.

Fig. 4b shows the absorption spectra of the five different
samples (pristine BiOI, pristine g-C3N,-S, pristine g-C3N,, g-C;N,-
S/BIiOI and g-C3;N,/BiOI composites). The large bandgaps of g-
C;3N,-S and g-C3N, significantly limits their response at longer
wavelengths, while their heterostructures with BiOI certainly

Nanoscale Adv., 2019, 1, 1460-1471 | 1463
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(a) FESEM image of g-C3N4-S/BiOl thin film and HR-TEM of g-C3N4-S/BiOl images at (b) 5 nm scale bar showing heterojunction of BiOl

and g-C3Ny4-S, (c) at 5 nm scale bar showing lattice fringes and insets shows d-spacing corresponding to g-CzN4-S and BiOl, (d) bright field STEM
image of g-CzN4-S/BiOl, and STEM elemental mapping for (e) Bi, (f) O, (g) I, (n) C, (i) N.

have more potential to be a superior photocatalyst. Bulk carbon
nitride (g-CsN,) shows an absorption band around 270 nm due
— T* transition while another band around 390 nm with band
tailing extended up to 500 nm originates from the n — m*
transition.> While both absorption bands were present for few-
layered g-C3N,-S, the primary band edge was decreased to
450 nm which was attributed to the quantum confinement effect
in few layer sheets.>® For the composites, two clear band edges,
corresponding to BiOI and carbon nitride, can be seen from the
plots. Pristine BiOI exhibits a band-edge at ~680 nm with
considerable sub-gap absorption extending to 800 nm due to trap
states. This sub-gap absorption is suppressed in both g-C;N,-S/
BiOI and the g-C3N,/BiOl, suggesting synergistic trap passiv-
ation in the nanocomposite heterostructures. Additionally,
bandgaps of the investigated materials were estimated using
Tauc plots by extrapolating the linear region of graph between
(ahw)" vs. hv on abscissa where « is the absorption coefficient, A
is Planck’s constant and » is the light frequency. From the Tauc
plots, the values of the electronic bandgap for BiOI and g-C3N,
were found to be 1.74 and 2.55 eV respectively while for the few-
layered carbon nitride (g-C5N,-S), the bandgap was reduced to
2.22 eV due to the formation of sheets (Fig. S4, see ESIT). After
hybridization with low bandgap BiOI, the obtained effective
bandgap values of the g-C;N,-S/BiOI and g-C3;N,/BiOI hetero-
structures were found to be 1.79 and 1.84 eV respectively.

1464 | Nanoscale Adv., 2019, 1, 1460-1471

Fourier transform infrared spectroscopy (FTIR) was per-
formed to discern the presence of various chemical function-
alities in the nanocomposites. The FTIR peaks in 1240 and
1640 cm ™' region for g-C;N,-S and g-C;N, were assigned to
carbon nitride heterocycle (C-N) stretching modes.** The other
characteristic breathing mode observed at 802 cm™ " originated
due to bending vibration of s-triazine units (Fig. 4c).>**” BiOI
displays a characteristic peak at 521 cm™" due Bi-O stretch and
appearance of this peak in g-C3N,;-S/BiOI and g-C3;N,/BiOI
composites confirms the presence BiOI in the carbon nitride
scaffold.®® Unlike previously reported work,* we observe a small
shift of this peak towards lower wavenumbers which might be
due to interaction between BiOI and carbon nitrides.

Fig. 4d shows the Raman spectra for the pristine carbon
nitrides (g-C3N,4-S and g-C;N,) and their heterojunctions with
BiOIL The two typical bands of carbon-based materials between
1300 and 1600 cm ™ can be found as D and G bands. The out of
plane vibrations of sp® carbon atoms give rise to the D band that
represents defects and disorder, and the G band is assigned to
E,; phonons which are the in-plane vibrations of sp® carbon
atoms characteristics of graphitic structure.®***° Unlike gra-
phene or graphene oxide materials, this bands are not very
sharp for relatively amorphous carbon nitrides. The intensity
ratio of these bands, Ip/Ig did not change noticeably in the
heterostructures compared to the pristine carbon nitrides

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) X-ray diffractograms of pristine BiOl, g-C3N4-S/BiOl, g-C3sN4/BiOl composites, pristine g-CsN4 (blue) and pristine g-C3N4-S (black) (b)

UV-Vis absorption spectra collected in DRS mode (c) FTIR transmission spectra of pristine g-C3N4-S, pristine g-CzN4, g-C3N4-S/BiOl, g-C3N4/
BiOl and pristine BiOl (d) Raman spectra (Aexc = 780 nm) of pristine g-CzN4-S, pristine g-C3N4, g-C3N4-S/BiOl and g-C3N4/BiOl heterostructures.
Color: BiOl (red), g-CsN4-S/BiOl (wine red), g-CsN4/BiOl (green) and g-CsN4-S (black).

(Fig. 7b). This indicates no additional defects have been intro-
duced into the carbon nitride framework in the composites, in
other words the in-plane sp> domain size remain unchanged.
The small peak around 714 cm ™", which has been attributed to
the out of plane C-C vibrations,” can be seen as well in the
spectrum of both pristine materials and their heterostructures.

3.2 Photocatalytic activity

The photoelectrochemical responses of the samples (pristine
BiOlI, pristine g-C3N,-S, pristine g-C3N,, g-C3N,-S/BiOI and g-C;N,/
BiOI composites) were obtained under solar simulator (AM 1.5 G
(one sun illumination)) using 0.1 M Na,SO, as the electrolyte.
Fig. 5a and b show that thin films of both the few layered graphitic
carbon nitride sheets (g-CsN4-S) and the many layered bulk
graphitic carbon nitride (g-C3N,) are unable to generate photo-
currents higher than 0.20 mA cm™2 by themselves when used as
photoanodes for water splitting. Similarly, the photocurrent
density does not exceed 0.45 mA cm™ > when a pristine BiOI film is
used as a stand-alone photoanode (Fig. 5c¢). However, a photo-
anode consisting of a nanocomposite film of BiOI and g-C;N,-S
was able to generate a photocurrent density as high as 0.70 mA

This journal is © The Royal Society of Chemistry 2019

cm’ as seen in Fig. 5d. Such a > 50% increase in photoresponse
over the pristine, low bandgap BiOI films is indicative of superior
charge separation in the nanocomposite thin films. For the g-
C3N,-S/BiOI composites, the highest photocurrent was observed
for 60 wt% BiOI with g-C3N,-S and for g-C3;N,/BiOI composites,
40 wt% BiOI with g-C;N, gave the highest photocurrent. Light on—
off experiments (Fig. 5) which demonstrate the photoresponse of
the samples, were performed to investigate the charge separation
efficiency under illumination. Fig. 5 shows a significant increase
in the photocurrent for the heterostructures of carbon nitrides
and BiOI compared to their pristine counterparts. These current
values are the highest among all values reported thus far for these
heterosystems.>*> g-C3N, and BiOI form a Type-II (staggered)
heterojunction due to which photogenerated electrons in g-C;N,
are transferred to the BiOI while photogenerated holes in BiOI are
transferred to g-C3N,.>**” This enables both components of the
heterojunction to harvest visible light and contribute towards the
generation of photocurrent. The ABPE at 0.6 V vs. RHE (water
oxidation potential) for BiOI, g-C3N,-S, g-C5N,, g-C3N,-S/BiOI and
¢-C3N,/BiOI was calculated to be 0.16, 0.05, 0.04, 0.25 and 0.19%
respectively (Fig. S8, see ESIT).
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Fig. 5 Light on—off experiment for (a) pristine g-C3N4-S (b) pristine g-C3N4 (c) pristine BiOl (d) g-C3N4-S/BiOl and (e) g-C3N4/BiOl; (f) Nyquist

plots for the investigated samples obtained from EIS.

Closer examination of the photoresponse curve in Fig. 5a
reveals that the photocurrent decreases quickly and mono-
tonically for the pristine g-C;N,-S thin film anode for small
absolute values of applied bias (up to 0.3 V) whence the electric
fields are not strong enough to enforce charge separation —
a behavior characteristic of fast carrier recombination. Photo-
current values for the pristine BiOI film (Fig. 5¢) do not saturate
at a constant value for any value of applied bias during the on
cycles and the photocurrent decays are slow during the off
cycles, which constitute a signature of extensive trapping of
charge carriers. Photocurrent values keep increasing with bias
for the g-C3N,/BiOI nanocomposite thin film during the illu-
mination on cycles for all values of bias (Fig. 5e), indicating that
an intensifying semiconductor-electrolyte potential difference
enhances the number of carriers extracted to perform useful
work. On the other hand, photocurrent values increase with
bias during the on cycles at applied voltages lower than 0.3 V for
the g-C3N,-S/BiOI nanocomposite thin film (Fig. 5d) and then
saturate for higher values of bias, indicating complete extrac-
tion of photogenerated charge carriers. The open circuit pho-
tovoltage values for pristine g-C3;N,-S films, pristine g-C3N,
films and pristine BiOI films are —0.58 V, —0.50 V and —0.44 V
respectively (vs. Ag/AgCl) while they are —0.56 V in the g-C3N,-S/
BiOI nanocomposite thin film and —0.64 V in the g-C3;N,/BiOI
nanocomposite thin film. The significant shift in V,, for the g-
C;3N,/BiOI nanocomposite film over the V,. values of the pris-
tine component films confirms increased band-bending and
enhanced charge separation at the interface of the electrolyte
and the g-C;N,/BiOI film while the lack of a similar shift in V.

1466 | Nanoscale Adv., 2019, 1, 1460-1471

for the g-C3;N,-S/BiOI indicates the quasi-Fermi level of the
nanocomposite film to be pinned to that of the g-C;N,-S film.

To probe the action of visible photons, we also carried out
photoelectrochemical experiments under near-monochromatic
425 nm LED illumination (54.15 W cm ~2) under identical
conditions. It can be seen from Fig. S2 (see ESIT) that all the
materials show a photoresponse for 425 nm irradiation. The
highest photocurrent density (0.20 mA cm™~?) was observed for
the g-C3N,-S/BiOI heterostructure while a photocurrent density
of 0.16 mA cm * was found for g-C;N,/BiOl which again
confirms the symbiotic role of carbon nitride coupled with
bismuth oxyiodide in increasing the photocurrent response. For
pristine g-C3N,, g-C3N,;-S and BiOI the value of photocurrent
density was found to be 0.05, 0.04 and 0.09 mA cm > respec-
tively. g-C3N, (Fig. S2a, see ESIt) and g-C3;N,-S (Fig. S2b, see
ESIt) show transient photoconductivity profiles wherein upon
light irradiation, an instantaneous rise in photocurrent was
observed, which represents immediate generation of charge
carriers and their motion resulting in a photocurrent density
spike during the ON cycles. However, this spike suddenly
decreased due to fast electron-hole recombination. A steady
state photocurrent density was achieved once the rate of elec-
tron-hole pair generation
a dynamic equilibrium.

For broad spectrum solar illumination, the bulk of the
photons are absorbed by the smaller bandgap, more intensely
absorbing BiOI component while both the g-C;N, and BiOI
components of the heterostructured nanocomposites absorb
equally strongly at 425 nm. As a result, when illuminated by
425 nm photons, the J-V plots of g-C;N,-S/BiOI (Fig. S2d, see

and recombination reached

This journal is © The Royal Society of Chemistry 2019
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ESIT) and g-C3N,/BiOI (Fig. S2e, see ESIt) exhibited subtle but
important differences with their J-V plots under broad spec-
trum AM1.5 one sun illumination (Fig. 5d and e respectively).
During the light ON cycles, photocurrent spikes followed by
a rapid decrease in current were seen under 425 nm illumina-
tion while the same was not seen under AM1.5 one sun illu-
mination, indicating that recombination was stronger for
carriers generated by 425 nm photons. This is because a major
portion of the photogenerated minority carriers (holes) in g-
C;N, and g-C;N,-S experience fast recombination due to a large
electron density and concomitant narrow space charge width,
as will be shown in Sections 3.3, 3.4 and 3.5. On the other hand,
photogenerated electron-hole pairs in BiOI are quickly sepa-
rated by a strong built-in field, and the low electron density in
BiOI means that minority carriers encounter fewer majority
carriers to recombine with (see Sections 3.3 and 3.4).

3.3 Electrochemical properties

The semiconductor electrolyte interfacial (SEI) behavior for all
the samples is represented by the Nyquist plots (Fig. 5f), which
communicate information on the charge transfer resistance
(Ret). Values of R can be equated with the diameters of the
semicircular arcs denoting the Nyquist plots. As evident from
the Nyquist plots, R.. decreased in the following order: g-C3N,-S
> ¢-C3N, > BiOI > g-C3N,/BiOI > g-C3N,-S/BiOlI. This clearly
shows the smaller charge transfer resistance of the nano-
composite heterostructures compared to pristine carbon
nitrides. Detailed analysis of the SEI was performed by fitting
the Nyquist plots to the equivalent circuit in Fig. S1 (see ESIY),
which consists of R and the Helmholtz capacitance (Cy,) in the
low-frequency (0.1 to 100 Hz) region, a high-frequency (100 to
10 000 Hz) time constant comprising the charge transport
resistance (Ry) and space charge capacitance (Cy), and an
electrolyte resistance (Rg). The values of circuit parameters,
obtained from the equivalent circuit (inset) of the semi-
conductor-electrolyte interface, are listed in Table 1. Charge
transfer processes or diffusion of ions in solution near the SEI
are generally slower than electronic processes within the
semiconductor.” Therefore, C,, and R, were assigned to the low
frequency response, and R, and Cg. were assigned to the high-
frequency region. The recombination lifetime (t = Ry.Csc)
values, obtained for the SEI, are in the range of several
hundreds of milliseconds, and therefore, imply long-lived holes
that promote the oxidation of water.**™*¢ Values of 7 are listed in
Table 1, and are in the following order: g-C3;N, > g-C3N,-S/BiOI >
BiOI > g-C3N,/BiOI > g-C3N,-S. The very low value of R, = 100 Q
for g-C3N,-S/BiOI (Table 1) and the saturation of the
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photocurrent at comparatively low bias values for g-C;N,-S/BiOl
(Fig. 5d) indicates that photogenerated holes in this nano-
composite are able to reach the electrolyte before being
captured into trap sites which in turn supports the previously
mentioned symbiotic trap passivation effect in g-C;N,-S/BiOL.

Charge carrier concentrations and flat band potentials of g-
C3Ny, g-C3N,-S, g-C3N,/BiOI (40% BiOI/g-C3N,), g-C3N,-S/BiOI
(60% BiOI/g-C3N,-S), and BiOI were calculated using the
Mott-Schottky relation, given by eqn (1).

1 2 kT
— == (V= V) - — 1
CSCZ €€0€rND {( FB) e } ( )
2
ND o ecpen [2)

In eqn (1), C, is space-charge capacitance per unit area; &,
the dielectric constant of the semiconductor (62 for g-C3N,,*
and 73 for BiOI'*®*); Ny is carrier concentration; ¢, is the
vacuum permittivity (8.854 x 10~ F m™'); k is Boltzmann
constant (1.381 x 10~ ?* J K™ '); T is temperature in (298 K); e is
the electron charge (1.602 x 10~ '° C); Vyy is flat band potential;
and V is the applied potential. Np, the charge carrier concen-
tration, is calculated from the slope of the Mott-Schottky
equations (eqn (1), using eqn (2)). Vg, the flat band potential is
obtained the point of intersection of the slope (n in eqn (2)) with
the potential axis as shown in the Mott-Schottky plots (Fig. 6
and S3, see ESIY).

According to Mott-Schottky plot (Fig. 6 and S3, see ESIT), all
the semiconductor samples and their heterojunctions investi-
gated in this study are n-type based on the positive slope of the
C >~V curves. As shown in Fig. $3, the charge carrier density at
equilibrium for g-C;N,-S is two orders of magnitude higher than
that in g-C3;Ny, highlighting the distinct behavior of few-layer
graphitic carbon nitride vs. many-layer bulk carbon nitride.
Formation of the heterojunctions with BiOI increases the
carrier density by nearly an order of magnitude (over the
respective stand-alone photoanodes) for both the g-C;N,-S/BiOI
and g-C;N,/BiOI heterostructure photoanodes, indicating the
filling/elimination of electron traps which liberates mobile
carriers available for conduction.

3.4 Photoluminescence and lifetime measurement

Fig. 7a shows the steady state photoluminescence (SSPL)
spectra of the samples investigated in this work. The g-C3N, and
2-C3N,-S show intense PL peaks centered at 465 nm. The peak
intensity of g-C3N,-S was relatively lower than bulk g-C;N,

Table 1 Values of R, Cs, Re, Q and n, obtained by fitting Nyquist plots to the circuit shown in Fig. S2

Sample R, (ohms) Ch (F) R (ohms) Cqe (F) Ry (ohms) 7 (s)

g-C3N4-S 1 0.000002 42 000 0.000001 16 500 0.0165
g-C3N, 1 0.000035 20 000 0.00001 10 000 0.1000
BiOI 1 0.000023 15 000 0.000006 7000 0.0420
2-C3N,-S/BiOl 1 0.000100 100 0.00001 10 000 0.1000
2-C;3N,/BiOI 1 0.000090 5000 0.00002 1500 0.0300

This journal is © The Royal Society of Chemistry 2019
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Fig.6 Mott—Schottky plots for (a) pristine g-CzN4-S, pristine BiOl and g-C3N4-S/BiOl and (b) pristine g-C3sNg4, pristine BiOl and g-C3N4/BiOl. The
plots are shown in two different figures with two different scales (vertical axis) for improved visibility.

which represent less prominent charge recombination attributed
to better charge carrier separation in few layered sheets. The PL
signals for g-C3N,-S/BiOI and g-C3;N,/BiOI heterostructures were
quenched significantly compared to the pristine carbon nitrides
suggesting efficient charge transfer between BiOI and carbon
nitrides. These results were in close agreement with the previ-
ously reported works.***” Small PL peak shift in g-C3;N,-S/BiOI
might originate due to electronic interaction between BiOI and
few layered g-C3N,-S. To understand the nature of charge
recombination processes and determine the lifetimes of excited
species, time resolved photoluminescence (TRPL) spectra were
measured. The obtained TRPL decay curves of all materials were
fitted to a tri-exponential decay function of the form:
I(l) — Aleft/rl + Azeft/'zz + Aaeft/rg

(3)

where, A;, A, and Aj; are relative fractional contributions of each
decay component and t4, 7, and 7; are the lifetimes of each

component respectively. Table 2 shows the decay constants,
fractional contributions and goodness-of-fit parameters for the
pristine carbon nitrides and their heterostructures with BiOL.
The presence of three lifetimes in each of the fitted curves is in
good agreement with previous reports on carbon nitride-based
materials.

For the bulk multi-layered g-C;N,, the first and relatively
dominant PL decay component has a short lifetime of 2.23 ns,
which was attributed due to direct band-to-band radiative
recombination (antibonding ©w* MO — bonding 7 MO transi-
tion). The second PL decay component with intermediate life-
time (12.75 ns) appeared due to radiative decay of electrons
from antibonding 7* to LP orbitals via intersystem crossing.*
The third decay component with a relatively longer lifetime of
144.47 ns likely originated due to inter-sheet recombination
processes. The few-layered carbon nitride (g-C;N,-S) has two
lifetime components (1.97 ns and 12.30 ns), similar in relative
intensity and duration to the two shorter lifetime components

8004 (a) —g-C;N,-S (b) ) g-C3N,-S
—gCN, [ ° 9-C,N,
——60% BiOl/g-C,N,-S ¢ Q@ —— 60% BiOlig-C,N,-S
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Fig. 7

(a) Steady state PL spectra (Aexc = 330 nm) for pristine g-C3sNy4-S, pristine g-CsNy, pristine BiOl, g-C3N4-S/BiOl and g-C3N4/BiOl. The PL

spectrum of BiOl was very weak and is not shown. (b) Time resolved photoluminescence spectra (Aexc = 405 nm) and (b) Raman spectra (Aexc =
780 nm) of pristine g-CsN4-S, pristine g-CsN4, g-C3N4-S/BiOl and g-C3N4/BiOl heterostructures.
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Table 2 Summary of fit parameters and goodness of fit information for time-resolved photoluminescence plots shown in Fig. 7a for pristine g-
C3Ny4-S, pristine g-C3N4, g-C3N4-S/BiOl and g-C3N4/BiOl heterostructures

Average lifetime

Sample 74 (ns)/A, 7, (ns)/A, 75 (ns)/A3 (Tave) NS Red. x* Adj. R
g-C3N,4-S 74.545/0.0107 12.301/0.176 1.971/7.127 6.98 8.52 x 10°° 0.999
g-C3N, 2.230/11.026 12.746/0.0496 144.472/0.021 16.8 3.24 x 1078 0.999
2-C3N,-S/BiOl 3620.125/0.015 12.646/0.119 0.621/279136.0 1.75 1.19 x 107”7 0.999
2-C;3N,/BiOI 12.770/0.268 73.59/0.023 2.213/5.803 10.95 1.33 x 1077 0.999

in multi-layered g-C;N, and originates from the same electronic
transitions. In contrast to multilayered g-C3;Ny, in few layered g-
C;N, sheets, the inter-sheet recombination is reduced resulting
in the dramatically reduced relative intensity of the longest
lifetime component in g-C;N,-S. While the values of the decay
components for the g-C;N, and BiOI composites (g-C3N,-S/BiOI
and g-C3N,/BiOI) were changed to significant extents, the rela-
tive lifetime decays followed similar patterns to the pristine
carbon nitride materials.

The average lifetime (z,,5) was used to evaluate the effective-
ness of charge separation in the heterostructures and was
determined from the tri-exponential components using the
following expression:

Tave = (A171° + Aota” + Ast)(A7) + Aata + A373) (4)

The average lifetimes of g-C3N,-S, g-C3N,, g-C3N,-S/BiOI and
2-C3N,-S/BiOI were found to be 6.98, 16.80, 1.75 and 10.95 ns
respectively. For BiOI and g-C3N, composites (g-C3N,-S/BiOI
and g-C3;N,/BiOI), the average lifetimes are significantly
decreased which is attributed to better charge separation in the
nanocomposite. The decrease in PL lifetime was consistent with
quenching in the steady state PL spectra.

3.5 Mechanism of photoresponse enhancement

Based on bandgap and band potential values, we have proposed
a plausible mechanism responsible for the increase in photo-
electrochemical water splitting performance. From the Tauc plot
the bandgap (E) values for g-C;N,-S, g-C3N, and BiOI were found
to be 2.22, 2.55 and 1.74 eV respectively while the flat band
potential values obtained from Mott-Schottky plot were found to
be —0.66, —0.67 and —0.59 V vs. Ag/AgCl. The flat band potential
can be considered as the position of the conduction band
minimum (E.) if the Fermi level lies just below the conduction
band. Therefore, from the value of E, and E., the position of the
valence band maximum (£,) for g-C;N,-S, g-C;N, and BiOI were
estimated to be +1.56, +1.88 and +1.35 V vs. Ag/AgCl. Usually in
water splitting experiments, the standard redox potentials values
are expressed on NHE scale so that the E. positions of g-C3N,-S, g-
C;N, and BiOI were calculated to be —0.458, —0.474 and —0.391 V
while the E, positions were found to be +1.762, +2.076 and
+1.548 V respectively on NHE scale at pH 0. To afford water
splitting, the bandgap of material should be higher than 1.23 eV
with the position of E. more negative than 0.00 eV vs. NHE at pH-
0 to facilitate reduction of protons (H'/H,) while the position of E,
should be more positive than 1.23 eV vs. NHE at pH-0 to achieve

This journal is © The Royal Society of Chemistry 2019

water oxidation (H,O/0O,). Although the band edge positions of all
the semiconductors in this study complied with the basic
requirements of water splitting, individual components suffered
from faster charge recombination processes. In bulk g-C;N,, the
charge recombination process remains prevalent due to localized
interlayer charge recombination. The transformation of bulk
sheets into few layers break hydrogen bonds between sheets and
increase crystallinity which resulted into better charge trans-
portation on the surface of sheets. Consequently, heterojunction
formation of BiOI with few layered g-C;N,-S afforded maximum
performance in water splitting experiments. From Mott-Schottky
plots (Fig. S4, see ESIt), it is evident that the synthesized BiOI has
weaker n-type character than g-C;N,-S and its Fermi level lies
lower than in g-C3;N,-S. Heterojunction formation of BiOI with g-
C3N,-S results in a flow of electrons from the CB of g-C3N,-S to the
CB of BiOI due to Fermi level difference until equilibrium is
reached (Fermi level alignment). This leads to the formation of
a Type II (staggered) heterojunction as shown in Fig. 8 where
photogenerated electrons migrate from BiOI to g-C3N,-S and
travel through the external circuit to the platinum cathode to be
used for the reduction of protons to hydrogen while holes in the
VB of BiOI are used for the oxidation of water (or OH ). However,
the depletion region that would occur as a consequence of the
formation of a Type-II heterojunction between BiOI and g-C3N,-S
would also be expected to reduce the electron density of the
heterostructured nanocomposite (g-C5;N,-S/BiOI) which does not
occur; instead Mott-Schottky plots indicate both g-C;N,-S/BiOI
and g-C3;N,/BiOI to have an order of magnitude higher carrier
density than g-C3N,-S and g-C;N, (also supported by the obser-
vation in EIS of a lower charge transfer resistance in the
composites and the UV-Vis spectral observation of the suppres-
sion of sub-gap absorption in the composites), which suggests
a synergistic trap filling/trap elimination process in the hetero-
structured photoanodes that liberates mobile carriers and over-
whelms the effect of formation of a Type-II heterojunction. It is
demonstrated however that heterojunction formation of BiOI
with g-C3N,-S promotes better charge separation and increases
the visible light photoelectrochemical performance.

3.6 Reusability of the heterojunctions

In order to validate the long-term durability of g-C;N,-S/BiOI
and g-C3;N,/BiOI materials, we carried out reuse experiments.
For the reuse experiment, FTO deposited material was washed
with water and dried at 85 °C and reused for the measurement.
The reuse results (Fig. S8, see ESIt) showed a negligible drop in
the photocurrent response of heterostructured materials which
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Fig. 8 Proposed mechanism of charge separation in g-C3N4-S/BiOl heterostructured photoanodes.

is indicative of longevity and robustness. The used samples g-
C;3N,-S/BiOI and g-C3N,/BiOI composites were characterized
with diffuse reflectance spectroscopy (DRS) absorption and
XRD. Fig. S6 and S7 (see ESIt) show that these data are very
similar to the freshly prepared samples. The composite catalysts
remain unaffected in their chemical, optical and structural
properties after several electrochemical cycles.

4. Conclusion

We have explored the potential of two forms of graphitic carbon
nitrides and their heterostructures with earth abundant
bismuth oxyiodide. Few layered sheet-like carbon nitride (g-
C3N,-S) exhibited higher crystallinity, lower inter-sheet recom-
bination and higher carrier densities than multi-layered bulk g-
C;3N,. A significant enhancement in the photocurrent values
was observed in the composites under simulated 1 sun illumi-
nation with the best performance provided by g-C;N,-S/BiOI
heterostructured photoanodes. In the heterostructures — more
effective charge separation, synergistic trap filling leading to
a lower charge transfer resistance, and enhanced light absorp-
tion have been identified as dominant factors for the
enhancement of photocurrent when compared to the pristine
photoanodes. The Mott-Schottky plots revealed both carbon
nitrides and bismuth oxyiodide to be n-type semiconductors.
Based on the results of experimental characterization and
analysis, we identified the mechanism for the electron-hole
separation to be the transfer of photogenerated electrons in
BiOI to g-C3N,-S through the formation of a Type II hetero-
junction interface. The heterostructured nanocomposites of
graphitic carbon nitrides with bismuth oxyiodide displayed
almost no loss in photoelectrochemical performance upon re-
use and did not suffer damage to their structure and optical
properties due to re-use, which bodes well for their long-term
operational stability and durability.
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