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ABSTRACT: The present study discloses the fabrication of efficient p—n ope 0 p-n Hoogr
heterojunctions using n-type polymeric bulk carbon nitride (b-CN, E, = 2.7 g e sy nelIurctions

eV) or exfoliated nanosheets of carbon nitride (NSCN, E, = 2.9 eV) with p- P
type spinel ferrite CaFe,O, (CFO, E, = 1.9 eV) for photocatalytic hydrogen s
generation. A series of p—n combinations were fabricated and characterized by ° n
various techniques. The oxide—carbon nitride interactions, light absorption,

band alignment at the interface, and water/H;O" adsorption capability were e

elucidated over heterojunctions and correlated with the photocatalytic : e =
hydrogen yield. The main developments in the present study are as follows: =3 2 " J\_f.{fgé 38
(1) All heterojunctions were more active than pure phases. (2) The p= ==
photocatalytic activity trend validated an increase in the lifetime of charge =
carriers from TRPL. Pt(1 wt %)—CFO(1 wt %)/NSCN (481.5 pmol/h/g

under ultraviolet (UV)—visible-simulated light, 147.5 ymol/h/g under CFL

illumination for 20 h, 7., = 10.33 ns) > Pt—NSCN > Pt—CFO/b-CN > CFO/NSCN > CFO/b-CN > NSCN > Pt/b-CN >
mechanical mixture (MM% of 1 wt %CFO + NSCN—MM > 1 wt %CFO + b-CN—MM > CFO > b-CN (Tavg = 4.5 ns). (3) Pt—
CFO/NSCN was most active and exhibited 250 times enhanced photocatalytic activity as compared to parent bulk carbon nitride,
6.5 times more active than CFO/NSCN, and twice more active than Pt—NSCN. Thus, enhanced activity is attributed to the smooth
channelizing of electrons across p—n junctions. (4) NSCN evidently offered improved characteristics as a support and photocatalyst
over b-CN. The exfoliated NSCN occupied a superior few-layer morphology with 0.35 nm width as compared to parent b-CN.
NSCN allowed 57% dispersion of 6 nm-sized CFO, while b-CN supported 14% dispersion of 7.8 nm-sized CFO particles, as
revealed by small-angle X-ray scattering spectroscopy (SAXS). Sizes of 2—4 nm were observed for Pt nanoparticles in the 1 wt %Pt/1
wt % CFO/NSCN sample. A binding energy shift and an increase in the FWHM of X-ray photoelectron spectroscopy (XPS) core
level peaks established charge transfer and enhanced band bending on p—n contact in Pt—CFO/NSCN. FsTAS revealed the decay
of photogenerated electrons via trapping in shallow traps (7, 7,) and deep traps (73). Lifetimes 7, (3.19 ps, 42%) and 7, (187 ps,
31%) were higher in NSCN than those in b-CN (7, = 2.2 ps, 42%, 7, = 30 ps, 31%), which verified that the recombination reaction
rate was suppressed by 6 times in NSCN (k, = 0.53 X 10" s™") as compared to b-CN (k, = 3.33 X 10'° s7!). Deep traps lie below
the H*/H, reduction potential; thus, electrons in deep traps are not available for photocatalytic H, generation. (S) The role of CFO
in enhancing water adsorption capability was modeled by molecular dynamics. NSCN or b-CN both showed very poor interaction
with water molecules; however, the CFO cluster adsorbed H;O" ions very strongly through the electrostatic interaction between
calcium and oxygen (of H;O"). Pt also showed a strong affinity for H,O but not for H;O". Thus, both CFO and Pt facilitated NSCN
to access water molecules, and CFO further sustained the adsorption of H;O" molecules, crucial for the photocatalytic reduction of
water molecules. (6) Band potentials of CFO and NSCN aligned suitably at the interface of CFO/NSCN, resulting in a type-II band

structure. Valence band offset (VBO, AEyg) and conduction band offset (CBO, AEg) were calculated at the interface, resulting in
continued...
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an effective band gap of 1.41 eV (2.9 — AEyz = 1.9 — AE(g), much lower than parent compounds. The interfacial band structure
was eficient in driving photogenerated electrons from the CB of CFO to the CB of NSCN and holes from the VB of NSCN to the
VB of CFO, thus successfully separating charge carriers, as supported by the increased lifetime of charge carriers and favorable

photocatalytic H, yield.

1. INTRODUCTION

Photocatalytic water splitting, analogous to photosynthesis, is a
potential process for harvesting sunlight into chemical energy."
The historical experiment by Honda and Fujishima in 1972 led
to vigorous research in photoelectrochemical, electrocatalytic,
or photocatalytic splitting of water. All these processes are
dependent on active and stable photocatalysts or electrocatalysts
for eflicient water splitting. In pursuit of effective and sustainable
photocatalysts, researchers from all over the world have
investigated several categories of materials, starting from
traditional photocatalysts belonging to oxides, sulfides,
selenides, such as TiO,, CdS, CdSe, WO,, etc.,> > further to
nitrides, carbides, oxynitrides, oxysulfides, etc,®™ in different
morphologies, namely, nanowires, nanotubes, nanoparticles,
powder, thin films,'®'" etc. However, issues such as poor visible
light absorption, photocorrosion, fast e”/h* recombination, and
poor catalytic activity are associated with these reported studies,
and a perfect photocatalyst exhibiting ideal properties is yet to be
formulated.

Polymeric assemblies based on heptazine, triazine, porphyrin,
benzene, etc., moieties, inherently possessing strong conjugated
systems, high surface areas, and porosity, have gained
tremendous attention during the past few years. Graphitic
carbon nitride (g-C;N,,) is an organic conjugated semiconductor
with heptazine rings that has shown tremendous potential for
energy, anticancer, sensors, and other applications.'* g-C;N, is a
metal-free polymeric, n-type, low-band-gap (E, = ~2.7 eV),
stable semiconductor, having unique electric, optical, structural,
and physicochemical properties.”~'” Wang et al. in 2009"
revealed its potential for direct water splitting, and subsequently,
carbon nitride-based photocatalysts were extensively inves-
tigated.'®™** Wen et al.”' reviewed these multifunctional nitrides
and revealed how these classes of compounds have gained
popularity at par with TiO, during the past decade for their
performance in photocatalytic reactions related to environment
and energy applications. However, with respect to photo-
catalytic hydrogen generation, carbon nitride suffers from
limitations of fast e /h* recombination and limited visible
light absorption. To improve its electronic and optical
properties, various modifications such as nanoarchitecture
design, exfoliation, functionalization at an atomic level leading
to cationic/anionic doping, molecular-level copolymerization,
heterojunction formation with other semiconductors, dispersion
of metals, dye sensitization, etc., were alttempted.w’m_26 Two-
dimensional (2D) nanosheets drawn from layered bulk carbon
nitride are superior hosts for heterojunctions. 2D nanosheets
offer a high surface area to accommodate a large number of
active sites and shorten the diffusion length for charge carriers, a
reduced rate of the recombination reaction, and improved
photocatalytic activity.”” Using femtosecond transient absorp-
tion spectroscopy (FsTAS), we have shown in the present study
that 2D nanosheets allow fast migration and separation of charge
carriers compared to bulk carbon nitride. Although 2D
nanosheets display superior properties, they still suffer from
weak static internal electric fields attributed to highly sym-
metrical unit cells. To overcome these static forces and to fasten

the charge transfer dynamics, heterojunctions with other
semiconductors or metal ions are a very effective strategy.

Carbon nitride-based heterojunctions have shown their
capability for environmental remediation, energy storage,
photocatalytic reactions, biosensors, etc.'”~""*’~*’ Hetero-
junctions formed between two semiconductors with appropriate
band positions allow smooth channeling of photogenerated
charge carriers and expand the light absorption range. It is an
unfailingly proven methodology for enhancing photocatalytic
properties. For heterojunctions, it is important that both p- and
n-type semiconductors have appropriate band potentials. As p-
and n-type semiconductors are brought into contact, electrons
and holes flow in opposite directions until the Fermi level
equilibrates, the VB and CB of both semiconductors align at the
interface, and an internal electric field is induced, leading to the
accumulation of charges and space charge layer formation. After
contact, the offset between the conduction bands and valence
bands of the two semiconductors at the interface effectively
reduces the band gap of the composite material. A large number
of heterojunctions”’ > are investigated using state-of-the-art or
modified carbon nitrides, such as CdS/g-C;N,*" Bi,S;/g-
C;N,,>' MngsCd,sSe/g-C;N,,** RuO,/a-Fe,0,/g-C;N,, >
etc., for photocatalytic water splitting.

We have recently reported superior photocatalytic properties
of Schottky junctions prepared by dispersing metal (Pt, Pd, Ag,
Au, and Cu) nanoparticles on g-C;N,.** Here, metal—support
interactions, band alignment at the interface, and charge transfer
kinetics of photogenerated electrons from the CB of g-C;N, to
active sites of metal nanoparticles were investigated and
correlated with enhanced photocatalytic activity. Earlier also,
we reported a detailed investigation on NiO-TiO, p—n
heterojunctions designed to yield highly efficient and sustainable
hydrogen generation as compared to pristine parent oxides.>

Spinel, calcium ferrite, CaFe,O, (CFO), a p-type magnetic
semiconductor with a low band gap typically of 1.9 eV, has been
reported previously for various applications as p-type photo-
electrodes,®® photocatalysts,”” solid catalysts,*® and electrodes
for solid oxide fuel cells.”” Calcium ferrite is advantageous for
enhancing visible light absorption, is easily separable due to
being magnetic, and has a simple scalable preparation process
from low-cost, abundantly available elements. Investigations on
CaFe,0,/g-C;N, heterojunctions are very few and that too are
mainly reported for photocatalytic degradation of toxins and
contaminants present in water as pollutants.w_47

The present study focuses on the engineering of p—n
heterojunctions between two-dimensional exfoliated carbon
nitride nanosheets or bulk carbon nitride and spinel calcium
territe along with Schottky junctions using Pt nanoparticles. We
report here an in-depth, comprehensive study investigating
synthesis, characterization, and modified optical, electronic,
water adsorption, and photocatalytic properties before and after
the formation of heterojunctions. Band gap alignment/band
potentials/offsets, lifetimes, and kinetics of charge carriers at the
interface, and spinel-metal—support interactions in nano-
heterojunctions are reported and correlated with improved
photocatalytic properties. Phase pure compound bulk g-C;N,,
nanosheets of g-C;N,, and CaFe,O, were synthesized by

https://doi.org/10.1021/acsomega.4c06353
ACS Omega 2024, 9, 40182—-40203


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

thermal pyrolysis of nitrogen-rich precursors, acid-mediated
exfoliation, and the Pechini method, respectively. p—n nano-
heterojunctions between p-type CaFe,0O, and n-type bulk and
nanosheets of g-C;N, were fabricated using solvothermal
synthesis. Active sites were created by dispersing Pt nano-
particles onto the heterojunctions. Phase identification and the
structure of heterojunctions as well as control samples were
identified by recording X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR). The chemical
composition of different components in heterojunctions was
confirmed by inductively coupled plasma optical emission
spectrometry (ICP-OES) and element dispersive X-ray (EDX).
Modification in optical properties, particularly visible light
absorption and band gap, along with shallow trap states at the
interface, was investigated by recording ultraviolet (UV)—visible
diffuse reflectance spectra (DRS). The nature of linkages
existing between two different semiconductors and metal
nanoparticles dispersed on nanosheets as a support was
established by X-ray photoelectron spectroscopy (XPS),
photoluminescence spectra (PL), and Mott—Schottky (M—S)
analysis. Morphology, particle size, and extent of dispersion were
probed by small-angle X-ray scattering spectroscopy (SAXS),
scanning electron microscopy (SEM) selected area electron
diffraction (SAED) in low resolution (LR), and high-resolution
transmission electron microscopy (HRTEM). The relative
distribution of the CaFe,O, phase and Pt nanoparticles in the
Pt/CaFe,O,/nanosheet heterojunction was examined by
recording high—angle annular dark—field scanning transmission
electron microscopy (HAADF-STEM) images and conducting
X-ray mapping over a selected area in these images. The role of
nanosheets in improving the charge transfer kinetics of
photogenerated electrons compared to bulk carbon nitride
was investigated by femtosecond transient absorption spectros-
copy (FsTAS). The lifetime of charge carriers at the interface of
p—n heterojunctions was monitored in the nanosecond regime
by time-resolved photoluminescence spectroscopy (TRPL).
Photocatalytic hydrogen yield was evaluated over all nano-
heterojunctions, such as CFO/b-CN, CFO/NSCN, Pt—CFO/
b-CN, Pt—CFO/NSCN, Pt—NSCN, Pt—b-CN, corresponding
mechanical mixtures, and parent samples, under UV—visible and
exclusively visible CFL irradiation. In any catalytic mechanism,
adsorption is the foremost important and rate-determining step.
The interaction of pristine carbon nitride with water molecules
is very poor, and to understand the role of CFO and Pt in
enhancing the adsorption capabilities of carbon nitride nano-
sheets toward water and H;0" ions, theoretical simulations
using classical molecular dynamics were conducted. Four
models were simulated to investigate the interaction of H,O
molecules and H;O" ions with different composites of a g-C;N,
nanosheet and other components, namely, CFO and Pt.

2. EXPERIMENTAL SECTION

Carbon nitride was prepared by the most commonly used
thermal pyrolysis of nitrogen precursors, such as urea, melamine,
etc. In the present study, melamine was placed in a covered
cylindrical alumina crucible to maintain a semiclosed environ-
ment and heated in a muffle furnace at 550 °C for 2 h to yield
yellow-colored bulk carbon nitride, referred to here as b-CN. It
is a layered compound that was further exfoliated into
nanosheets, NSCN, by adopting a sulfuric acid-mediated
approach. A pure phase of CaFe,O, (CFO) was prepared by
the sol—gel based Pechini method. 1 wt % CFO was dispersed
on bulk and nanosheets of carbon nitride to form CaFe,0,/g-

C;N, heterojunctions abbreviated as CFO/CN and CFO/
NSCN, respectively. 1 wt % Pt was dispersed over photocatalysts
by the photodeposition method, leading to Pt—CFO/b-CN (or
NSCN) heterojunctions. A schematic of the syntheses of parent
compounds and heterojunctions is provided in Figure S1, and
synthetic protocols are explained in detail in the Supporting
Information, S1. Henceforth, the above-mentioned abbrevia-
tions will be used to refer to the photocatalyst samples in the
present manuscript. XRD, FTIR, ICP-OES, UV—visible DRS,
PL, Mott—Schottky analysis, VBM-XPS, XPS, SAXS, SEM,
SAED-TEM-HRTEM, TRPL, and FsTAS techniques were
utilized for characterization. Photocatalytic hydrogen yield was
evaluated over 50 to 80 mg of nanoheterojunctions, CFO/b-CN
and CFO/NSCN, along with control samples in the presence of
triethanolamine under UV—visible and exclusively visible CFL
irradiation. H, yield was quantified using gas chromatography
equipped with a molecular sieve capillary column and a thermal
conductivity detector. To understand the role of CFO and Pt in
enhancing the adsorption capabilities of carbon nitride nano-
sheets toward water and H;0" ions, theoretical simulations
using classical molecular dynamics were performed. The details
about experiments, including emission spectra, photocatalytic
reactors, characterization techniques, and theoretical simula-
tions are provided in the Supporting Information, S1.

3. RESULTS AND DISCUSSION

3.1. Photocatalytic Activity under Simulated Sunlight
and CFL. The photocatalytic activities of all samples, including
bulk carbon nitride, exfoliated nanosheets of b-CN, CFO
dispersed on both bulk and nanosheets, namely, CFO/b-CN
and CFO/NSCN, Pt nanoparticles dispersed over photo-
catalysts, namely, Pt—b-CN and Pt—NSCN, and heterostruc-
tures of Pt—CFO/NSCN and Pt—CFO/b-CN, were evaluated
under different light sources and experimental conditions (Table
1).

The amount of photocatalytic hydrogen evolved with time
under simulated UV—visible irradiation over different photo-
catalysts is shown in Figure la. Parent b-CN showed poor H,
evolution@1.9 pmol/h/g, which on exfoliation into nanosheets
escalated to 66 pmol/h/g in NSCN. The p-type CFO pure
phase, despite having the lowest band gap, exhibited a poor
hydrogen evolution rate, typically ~0.8 ymol/h over 50 mg of
the photocatalyst or ~17 umol/h/g under UV—visible light.
However, dispersion of 1 wt % CFO on b-CN or NSCN resulted
in a considerable increase in H, yield due to the formation of p—
n heterojunctions between p-type CFO and n-type carbon
nitride bulk or nanosheets as CFO/b-CN and CFO/NSCN,
respectively. Dispersion of Pt as a cocatalyst provided active sites
for the photocatalytic hydrogen evolution reaction and further
improved the H, yield to a greater extent. The performance of
the Pt(1 wt %)—CFO(1 wt %)/NSCN nanocomposite was
found to be superior to all other samples with a H, evolution rate
of 481.5 pmol/h/g(cyatysty O S30 umol/h/gnscny or 48150
umol/h/g(croy under UV—visible light. The trend of photo-
catalytic activity under UV—visible-simulated light was found to
be Pt-CFO/NSCN> Pt—NSCN > Pt—CFO/b-CN > CFO/
NSCN > CFO/b-CN > NSCN > Pt—b-CN > mechanical
mixture (MM) of 1 wt % CFO + NSCN—MM > 1 wt % b-CN +
CFO—MM > CFO > b-CN (Figure 1 and Table 1). The rate of
H, generated over different samples is compared using a bar
graph in Figure 1b. Pt—CFO/NSCN exhibited 250 times more
activity as compared to bulk carbon nitride, 6.5 times more
active than CFO/NSCN, 7 times more active than NSCN, and

https://doi.org/10.1021/acsomega.4c06353
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Table 1. Comparison of Photocatalytic H, Yield over p—n
Heterojunctions Compared to Control Samples under
Various Irradiation Sources

activity activity

(umol/h/ge,aiyse) (umol/h/gcro o p) ‘
visible visible
simulated light simulated light
UV—vis from UV—vis from ratio”
sample light* (A)  CFL” light CFL  A/(1.92)
b-CN 1.92 nil 1
NSCN 66.2 34.5
CFO 17.3 17.3 9.01
CFO/b-CN 63.2 6320 329
CFO/NSCN 74.1 7410 38.5
Pt/CFO/b-CN 193.1 72.9 19,310 7290 100.5
Pt/NSCN 221 22,100 115

Pt/CFO/NSCN 481.5 147.5 48,150 14,750 250.7

“50 mg of the catalyst was suspended in 15 mL of 10% v/v aqueous
triethanolamine in an 81 mL photoreactor having a 20 cm’
illumination area, irradiated using a 400 W medium-pressure Hg
lamp. ©80 mg of the catalyst was suspended in 150 mL of 10% v/v
aqueous triethanolamine in a 2 L photoreactor having a 172 cm?
illumination area, irradiated using an in-house designed and fabricated
visible light irradiation setup based on CFLs. “Ratio was calculated
using photocatalytic activities of samples expressed in ymol/h/g s
given in column 2 (A) under simulated UV—visible light divided by
photocatalytic H, yield over b-CN under UV—visible light (1.92
MmOI/h/gcataIyst)'

~twice as active as Pt—NSCN. (Table 1). Thus, both p—n
heterojunctions and metal Schottky junctions contributed to the
enhancement of the photocatalytic activity.

Since the main objective is to investigate the solar harvesting
capability of these photocatalysts, the viability of these
photocatalyst samples was established by testing under visible
light irradiation exclusively. Thus, the light source was changed
from a UV-—visible medium-pressure mercury lamp to CFL
irradiation. CFL exhibits emission in the visible region with
prominent peaks appearing at 550 nm and above 600 nm.** Two
most active samples, namely, Pt—CFO/NSCN and Pt—CFO/b-
CN heterojunctions, were selected from previous photocatalytic
experiments under UV—visible light. The performance of these
heterojunctions was further tested in an upscaled photoreactor
(2 L capacity) under an in-house fabricated CFL-based
irradiator, as shown in Figure 1c. Both samples were found to
be active, and the maximum H,@147 umol/g/h was
demonstrated by Pt—CFO/NSCN as compared to 72 ymol/
h/g over Pt—CFO/b-CN (Figure 1c) under visible light emitted
by CFLs for a period of 20 h. Hydrogen yield increased linearly
with the irradiation time. No evolution of hydrogen gas was
detected in the dark. Evacuation or purging of inert gas to
remove air/O, present in the photoreactor before irradiation is
favorable to obtain the maximum hydrogen yield."’

The XRD pattern of the spent heterojunction is compared
with the fresh sample in the Supporting Information (Figure
S2), indicating that these p—n heterojunctions are stable after
use for 20 h. In order to confirm that the enhancement in
hydrogen evolution is attributed to p—n heterojunctions, a
mechanical mixture (MM) of 1 wt % CFO with b-CN and
NSCN was prepared and evaluated for photocatalytic hydrogen
generation. CFO/b-CN—MM and CFO/NSCN—MM both
showed meager activity as compared to the solvothermal
fabricated heterojunctions (Figure 1b). The above results clearly
indicate that formation of p—n heterojunctions between spinel

ferrite and CN or NSCN is responsible for the rise in H, yield via
smooth channeling and separation of photogenerated e /h*
pairs at the interface. At the same time, CFO participated in the
expansion of the light absorption properties of carbon nitride
toward the visible region in CFO/b-CN and CFO/NSCN
samples. Thus, p—n heterojunctions indeed enhanced the solar
light harvesting capabilities. The CFO/b-CN sample demon-
strated activity after an activation period of S h; however,
nanosheets were active under CFL irradiation without any delay.
This behavior can be explained by the role of thin sheets of
NSCN in improving the charge transfer kinetics (as investigated
by FsTAS in subsequent sections), driving photogenerated e”s
at the surface and facilitating their participation in redox
processes taking place at active sites. The presence of Pt
nanoparticles as active sites/cocatalysts on the surface distinctly
enhanced the photoreduction of H,O to H, and provided a well-
formed linear hydrogen generation curve. Pt nanoparticles build
the passage in the form of Schottky junctions at the interface of
CN through which photogenerated electrons are thrust to the
surface from bulk, as explained in detail in our recent
publication.**

3.2. Phase Identification. The XRD patterns of b-CN and
exfoliated NSCN are shown in Figure S3a in the Supporting
Information. The two characteristic peaks of b-CN appeared at
12.9 and 27.7°, in agreement with JCPDS card No. 87—1526.
The low angle peak at 12.9° is attributed to an in-plane structural
packing motif of tri-s-triazine units with an interplanar distance
0f 0.675 nm, while the peak at 27.7° appears from the stacking of
aromatic systems with a d spacing (interlayer) of 0.321 nm.>’
NSCN was prepared by acid-mediated chemical exfoliation, in
which H,SO, molecules were intercalated between layers of b-
CN. Sulfuric acid is a strong oxidizing agent and is capable of
cleaving the hydrogen bonds existing between two layers.
Intercalation of H,SO, between layers of b-CN was obvious
from the drastic fall in the intensity of the interlayer stacking
peak at 27.7° (Figure S3a). Thus, after exfoliation with H,SO,, a
broad XRD peak with decreased intensity at nearly the same
position of 27.7° was observed (Figure S3a). It is obvious that
the number of layers contributing to the interlayer stacking will
decline, leading to the few-layer morphology accompanied
probably by an increase in the distance between two layers.”
Similarly, there will be a decreased planar size of g-C3N, layers,
and thus, the intensity of the 12.9° peak will also decrease on
exfoliation.”’ Thus, a decrease in the intensity of XRD peaks
reveals that bulk carbon nitride, b-CN, is exfoliated into
nanosheets, NSCN. The XRD pattern of CFO prepared by
the Pechini method, calcined successively at 800 and 850 °C,
matched with the pure orthorhombic phase of CaFe,0, (ICSD
Collection Code: 166065) with the space group Pnma and unit
cell parameters of a = 9.230 A, b = 10.70 A, and ¢ = 3.024 A’
The most intense reflection in CFO was due to the 302 plane,
hklyy,, appearing at 33.6°. 1 wt % CFO was dispersed on NSCN
and b-CN by a solvothermal method to form p—n nano-
heterojunctions. Weak peaks due to CFO along with peaks due
to b-CN and NSCN coexisted in the CFO/b-CN and CFO/
NSCN samples, respectively (Figure S3b). A slight decrease in
the 20 values (by 0.25°) was observed in the peak due to the
interlayer stacking of NSCN (27.7°) on formation of the CFO/
NSCN (27.45°) heterojunction. An increase in the d spacing of
interlayer stacking suggested inclusion of CFO spinel molecules
between two layers of NSCN.*

The IR spectra of all samples are given in Figure S4, showing
characteristic peaks in the fingerprint region of heptazine
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Figure 1. (a) Photocatalytic H, yield at different time durations under UV—visible light irradiation in an 81 mL quartz photoreactor. (b) Bar graph
comparison and (c) photocatalytic H, yield under visible light CFL irradiation for most active samples recorded for 20 h. A photograph of the
experimental setup for evaluation of photocatalytic activity in an upscaled photoreactor of 2 L capacity illuminated under an in-house designed CFL-

based visible light photoirradiator is also shown.

heterocyclic rings consisting of basic C¢N, units appearing at
1000—1750 cm™" and free NH, or =NH groups manifested in
the range of 3100—3500 cm™". The IR spectra of b-CN were
modified on exfoliation. The peak at 807 cm™ is attributed to
the ring-sextant out-of-plane bending vibration of the triazine or
heptazine units.” Shifts in this peak by ~6 and 13 cm™" toward
lower wavenumbers were observed in the case of NSCN and
CFO/NSCN, respectively, confirming exfoliation.”* Further, an
increase in the intensity of the band at 782 cm™', which is a
typical peak for bending and stretching vibrations of the
melamine type of C—N heterocycles, confirms exfoliation.”
3.3. Morphology and Composition. The SEM-EDX
images of all synthesized photocatalyst samples are shown in
Figure SS(a—f). The first three images belong to single-phase
parent samples b-CN, NSCN, and CFO, while the last SEM
image belongs to the CFO/NSCN composite in which 1 wt %
CFO is dispersed on NSCN. The SEM image of b-CN appears
to be an amorphous structure with micron-sized particles. Most
of the particles had multiple stacked layers and rough surfaces.

Further, after exfoliation to NSCN, SEM shows a different
structure consisting of micrometer-sized rods with a large
number of pores, rougher and etched surfaces. The SEM of
calcium ferrite (CFO) has confirmed the presence of
agglomerated anisotropic particles. On dispersion of CFO on
NSCN by the solvothermal method, SEM has shown that the
overall porosity of the photocatalyst has enhanced. EDX spectra
were also recorded along with SEM.

The composition of all samples was investigated using
different techniques such as CHN, EDX, and ICP-OES, and
the analysis results are tabulated in Table 2. Most of the analysis
shows that the observed values are close to the expected value.
The N/C ratios in b-CN and NSCN were found to be nearly
~1.49, as against the expected ratio of 1.33 for g-C;N, (Table 2).
Although N/C remained almost constant for both b-CN and
exfoliated NSCN, mol % of both carbon and nitrogen decreased
on exfoliation. The molar concentration of H increases
drastically on exfoliation, from 2.7 in b-CN to 3.77 in NSCN
(Table 2). In fact, all samples with NSCN as a support show
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Table 2. Bulk Chemical Composition, Particle Size Distribution, and Dispersion in Different Samples by Various Techniques”

C N H Ca Fe particle size distribution  relative dispersion (%)
sample (mol %) (mol %) (mol%) (mol%) (mol %) N/C Fe/Ca from SAXS” from SAXS®
CHN CHN CHN ICP-OES ICP-OES CHN ideal ICP-OES ideal

b-CN 2.94 4.4 2.7 1.49 133

NSCN 223 3.32 3.8 1.48 1.33

CFO 0.17 0.44 2.28 2

CFO/b-CN 2.9 4.2 3.0 7.8,13.2, and 23.7 14
CFO/NSCN 2.3 3.4 3.7 0.01 0.011 1.47 133 111 2 6,12.1, and 35.2 57

“Ca and Fe from ICP-OES analysis and C, H, and N from a CHNS analyzer. “Broad SAXS peaks in CFO/b-CN and CFO/NSCN were
deconvoluted. The peak area of deconvoluted peaks and the total peak area are mentioned in the inset of Figure 4c,d. “Relative dispersion (%) is
defined here as 100 multiplied by the ratio of the volume of CFO particles having sizes less than 7—8 nm/total volume of CFO particles present in
the sample. It is assumed that the bigger particles (>10 nm) are in the agglomerated form, which are not available on the surface of carbon nitride

for photocatalysis.
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Figure 2. High-resolution TEM images of parent NSCN (a) and Pt—CFO/NSCN (b—e). Selected area electron diffraction (SAED) pattern of Pt—

CFO/NSCN (f).

higher concentrations of H atoms due to the higher content of —
C—NH, uncondensed moieties resulted on exfoliation.”* The
ratio of Fe/Ca in phase pure CFO was found to be 2.28 from
ICP-OES, matched with the ideal value of 2, corresponding to
the molecular formula of CaFe,O, However, the ICP-OES
analysis of CFO/NSCN revealed an Fe/Ca ratio of 1.11, much
lower than the expected ideal value of 2. A very small amount of
CFO (1 wt %) was dispersed on NSCN, so sampling issues can
account for these anomalies.

Low-resolution TEM images of b-CN (Figure SSgh) and
NSCN (Figure SSi) reveal the distinct morphologies of both b-
CN and NSCN. A characteristic layered structure in which
layers are folded at the corners is observed in the images of bulk
carbon nitride, while the morphology of NSCN is quite different
from b-CN. The high-resolution TEM image of NSCN (Figure
2a) clearly showed a few-layer morphology in contrast to the
multilayered morphology of b-CN. Thus, condensed layers of b-
CN were reduced to few layers, and the width of individual layers
was estimated to be 0.35 nm in NSCN (Figure 2a).

The morphology of different phases coexisting in the
nanoheterojunctions of Pt—CFO/NSCN was examined in
depth by various imaging and non-imaging techniques. The
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HRTEM image of Pt—CFO/NSCN (Figure 2b) revealed that
2—3 nm-sized black dots were uniformly distributed on loosely
bound layers of carbon nitride nanosheets. On further
magnification over black dots, lattice fringes with a d spacing
of 0.23 nm were observed, which were attributed to the 111
plane of Pt metal (Figure 2c). The presence of calcium ferrite
particles with an average size of 10—15 nm was also evident in
the adjacent zone of the HRTEM image (Figure 2d). Lattice
fringes with a d spacing of 0.34 nm were derived using the FFT
pattern (Figure 2e) and were attributed to the 220 plane of
CFO. The SAED pattern of Pt—CFO/NSCN involved both
dotted and diffused rings. Dotted rings were indexed to the 214
and 113 planes of the nanocrystalline orthorhombic CFO phase
(Figure 2f), while diffused rings in the SAED pattern were
attributed to 220 and 111 planes of Pt nanoparticles.

Thus, the microscopic investigation confirmed that Pt and
CFO nanoparticles coexisted uniformly on the surface of
nanosheets, NSCN suggesting fabrication of p—n nano-
heterojunctions.

To investigate the distribution of Pt and CFO phases on
NSCN, HAADF-STEM images were recorded (Figure 3). Pt
nanoparticles represented by tiny circular bright spots are more
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Figure 3. (a—c) HAADF-STEM images of Pt—CFO/NSCN, elemental mapping of C, N, Ca, Fe, and Pt over the selected rectangular area shown in
(¢), X-ray line mapping over the HAADF-STEM image (d), and the corresponding intensity pattern (e).
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Figure 4. Pore radius distribution for (2) b-CN and (b) NSCN, and volume-weighted CFO particle size distribution in (c¢) CFO/b-CN and (d) CFO/
NSCN extracted from the corresponding SAXS intensity pattern (background corrected data) given in the insets. The solid pink line inside the insets

shows the model fit.

or less uniformly distributed over NSCN, whereas relatively
large agglomerated irregularly shaped bright spots are due to
CFO in HAADF-STEM images (Figure 3a—c). HAADF-STEM
images confirmed the presence of individual C, N, Ca, Fe, O, and
Pt elements in the Pt—CFO/NSCN photocatalyst. The energy
dispersive X-ray spectrum (EDS or EDX) of the selected
rectangular area sketched in the HAADF-STEM image (Figure
3c) was recorded, and the results are shown in subsequent
intensity patterns (Figure 3d,e). The variation in the intensity of
characteristic X-rays emitted from C (Ka = 0.277 eV) and N
(Kar=0.392 eV) of NSCN; Ca (Ka = 3.690 €V), Fe (Ka = 6.398
eV), and O (Ka = 0.525 eV) of CFO; and Pt (La = 9.441 eV)
was monitored, mapping a line of 600 nm length, as shown in
Figure 3(d,e). Carbon and N both showed a peak in the 0—80
nm region, and beyond that, both existed, but intensity declined.
From 80 nm onward, the intensity of X-ray lines from Ca, Fe,
and O increased steadily, and a peak was observed in the range of
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200—350 nm. The profile of X-ray emission from Ca, Fe, and O
was almost identical throughout 0—600 nm, revealing that the
distribution of these elements represented the distribution of the
CaFe,0, phase in the sample. Thus, line mapping revealed that
the CFO phase existed prominently in the region, nearly from
100 to 350 nm, with a peak at ~260 nm. Pt nanoparticles have
shown several peaks intermittently up to 350 nm, indicating the
presence of Pt nanoparticles over both the NSCN and CFO
phases. Both Pt and CFO were observed up to 350 nm, and
beyond these, emissions only from carbon were observed. Our
studies are in concurrence with Valdivel et al,* in which
agglomerated 100—200 nm-sized CFO particles were observed
over CN. The morphological investigations in the present study
have established that both CFO particles and Pt nanoparticles
are immobilized over NSCN.

To further understand the microstructure of the photo-
catalysts, small-angle X-ray scattering (SAXS) measurements
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Figure S. High-resolution XPS spectra of (a) C 1s, (b) N 1s, and (c) O 1s for different samples and (d) Ca 2p, Fe 2p, and Pt 4f in Pt—CFO/NSCN. (e)

VBM- XPS spectra recorded for different samples.

were carried out. The pore size distribution is obtained by
analyzing the SAXS data, assuming the presence of poly-
dispersed spherical pores of radii in the range of 1—60 nm. The
volume-weighted pore size distribution of b-CN and NSCN
samples is given in Figure 4(a)b). The solid line inside inset
shows the simulated scattering curve obtained for the pore size
distribution. Pristine CN showed a majority of the pores in the
microporous range centered at 6.3 nm and minor peaks at
around 16 and 31 nm (Figure 4a). On exfoliation, the size and
distribution of pores altered. Although the most intense peak or
the maximum number of pores of 6 nm radii were retained, in
addition, a few more peaks at higher radii of 18, 26, and 54 nm
were observed (Figure 4b).
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To obtain quantitative information about the particle size of
different samples, SAXS was recorded in q ranging from 0.1 to 6
nm™" and was analyzed using the polydisperse sphere model. In
the case of a polydisperse population of spherical particles, the
scattering pattern is derived as a sum of the scattering from
individual size particles, I,(q, R), weighted by the distribution

function, as given by the following equation

Rmax
g ®) & [ D(RR (g, RIR
0
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sin(qR) — gR cos(qR) N

I(q, R) = KAV,
(4, R) A (@)

where D,(R) is the volume-weighted particle size distribution,
K is a constant subject to the instrument geometry, Ap is the
scattering contrast obtained by taking the difference in the
electron densities of the matrix and particle, and V;, is the particle
volume. Based on these equations, the particle size distribution
(PSD) of CFO particles in CFO/b-CN and CFO/NSCN was
derived from the SAXS pattern (inset of Figure 4c,d). PSD in
curve c clearly indicated broad distribution for CFO/b-CN, in
contrast to curve d, in which quite well-defined peaks were
observed for CFO/NSCN. In both samples, particles in the
range of 0—48 nm were formed. The broad band of CFO/b-CN
was deconvoluted to extract three peaks at 7.8, 13.2, and 23.7
nm. The peak area under individual particle sizes is tabulated in
the inset of Figure 4c,d for CFO/b-CN and CFO/NSCN,
respectively. It revealed that the maximum number of CFO
particles is of larger size, corresponding to 23.7 nm, as compared
to 13.2 and 7.8 nm in CFO/b-CN (Figure 4c), while in CFO/
NSCN (Figure 4d), well-resolved peaks corresponding to 6,
12.1, and 35.2 nm were observed and the majority of particles
were of mean particle radii of 6 nm and few were in the range of
12—35.2 nm. The population of smaller particles is relatively
higher in CFO/NSCN as compared to CFO/b-CN. As far as
catalytic activity is concerned, it is the small-sized particles that
are available on the surface and play an important role in the
adsorption and photocatalytic reduction of water molecules.
The particles with sizes >6—8 nm may remain in the
agglomerated form and will not be available on the surface for
catalysis. Relative dispersion (%) of dispersed-phase CFO on
support b-CN or NSCN can be calculated by considering the
ratio of the peak area of the peak corresponding to the smallest
particles divided by the total peak area, as estimated in the table
given in the insets of Figure 4c,d. Thus, 57% percent relative
dispersion (6 nm) was obtained for CFO/NSCN as compared
to 14.4% (7.8 nm) in CFO/b-CN (Table 2). It reveals that
NSCN offers a large surface area and is a better host or support
for uniform immobilization of CFO particles compared to b-
CN. During exfoliation of bulk into nanosheets, porosity was
induced, accompanied by a high surface area. Thus, NSCN
forms superior contact with p-type spinel CFO, leading to
efficient p—n nanoheterojunctions as compared to bulk-CN.
Although TEM and HRTEM show that CFO particles are
agglomerated, SAXS results confirm that NSCN has a superior
morphology. 2D nanosheets of NSCN facilitate homogeneous
and fine dispersion of CFO particles, typically of 6—8 nm size.

The above results are summarized as follows: (i) The few-
layer morphology of NSCN showing well-resolved layers with
0.35 nm width was established over the multilayer morphology
of bulk carbon nitride. (ii) Nanoparticles of Pt with 2—4 nm size
were identified. (iii) Both Pt nps (hkl,;;, hkly,) and CFO
particles (hkl,,4, hkl ;;) coexisted as confirmed by HRTEM/
SAED and X-ray line mapping, thus establishing fabrication of
Pt/CFO/NSCN heterojunctions. (iii) Superior morphology
and particle size distribution were observed in CFO/NSCN as
compared to CFO/b-CN from SAXS. (iv) NSCN is a better
support, allowing 57% of total CFO particles to immobilize
uniformly in small particles of 6 nm as compared to 14% relative
dispersion offered by b-CN.

3.4. Oxide—Nitride Interactions. Survey scans of b-CN,
NSCN, and Pt/NSCN/CFO are given in the Supporting

Information (Figure S6), displaying peaks due to expected
elements such as C, N, Ca, Fe, O, and Pt. The intensity of the O
peak was significantly higher for NSCN than for b-CN (Figure
S6a,b), indicating oxidation of b-CN during the treatment by
highly oxidizing sulfuric acid in the exfoliation process. High-
resolution C 1s spectra recorded for b-CN, NSCN, and Pt/
CFO/NSCN are compared in Figure 5a. On deconvolution of
the C 1s spectrum, two distinct peaks were observed in b-CN
(Figure Sa), first at 284.57 (C1) due to graphitic carbon (C—[C,
H]) or surface-adsorbed carbon and a second peak appears at
288.06 €V (C2), attributed to sp>-hybridized carbon bonded to
nitrogen (N—C=N) in the tri-s-triazine or heptazine rings of
carbon nitride.>® On exfoliation, an additional peak appeared at
286.2 €V attributed to C=0, as also reported by others.""*
This peak was not observed in b-CN. However, after acid-
mediated exfoliation, oxidation of surface carbon is possible.
Peaks due to C—O type interactions are evident in Pt—CFO/
NSCN also (Figure Sa), possibly due to the interaction of the
carbon of carbon nitride nanosheets with the oxygen of calcium
ferrite.*"*® The intensities of both C1 and C2 decreased notably
in both NSCN and Pt/CFO/NSCN samples, as revealed from
the deconvoluted graphs shown in Figure Sa. Since exfoliation
resulted in a few-layer morphology, as shown by HRTEM, the
contribution of both C1 and C2 is expected to decline in XPS.
High-resolution N 1s spectra were deconvoluted into three
peaks for b-CN, NSCN, and Pt/NSCN/CFO, as shown in
Figure Sb. The peak centered at around 398.61 eV in b-CN is
assigned to the sp>-hybridized aromatic nitrogen (N1) bonded
to carbon in the framework of the triazine unit (C=N-C), and
the peak at 399.9 eV appears due to tertiary nitrogen (N2) in
N—(C),, while the low-intensity peak at around 401.5 eV (N3)
can be attributed to the amino functions carrying hydrogen (C—
N—H), which is related to structural defects and incomplete
condensation (Figure 5b).”” On exfoliation, nanosheets showed
a drastic fall in the intensity of N peaks and peaks appeared at
398.6, 400.2, and 401.7 eV for all three types N1, N2, and N3
respectively, which are slightly higher as compared to N in Pt—
NSCN/CFO (398, 399.6, and 401.5 eV, respectively, in Figure
Sb). A shift of binding energy to the lower side in the XPS
spectra of both C 1s and N 1s was observed in the Pt/NSCN/
CFO heterostructure as compared to parent NSCN. It signifies
transfer of electrons induced by an internal electric field
generated by fabrication of the p—n heterojunction at the CFO/
NSCN interface.’® This provides evidence that interfacial
contact or p—n heterojunctions between CFO and NSCN are
established during solvothermal synthesis of the CFO/NSCN
composite. On exfoliation, the number of layers in the stack is
limited, and a considerable decrease in the intensity of both C
and N peaks was observed. However, the relative intensity of N3
increased as compared to N1 and N2 in Pt—CFO/NSCN. Thus,
the contribution of N3 increased in total N in Pt—CFO/NSCN
as compared to b-CN (Figure 5b). The ratio of N3 to total N
(N1 + N2 + N3) was much higher for Pt—CFO/NSCN and
NSCN as compared to b-CN. The unfolding of the polymeric
sheets of b-CN into nanosheets is accompanied by an increased
number of terminal amino groups and unsaturated N species on
the surface, leading to an increased content of N3. The FWHM
of the C 1s peak was ~3 for b-CN and increased to 3.4 in
exfoliated nanosheets and further increased considerably to 5.5
in Pt—CFO/NSCN. Band bending is evident by the peak shift or
broadening of core levels. An increase in the FWHM of core
levels (1s C or 1s N) signifies the increased band bending due to
interactions of CFO with NSCN leading to the formation of p—
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n heterojunctions.”® The N/C ratio on the surface was
calculated using XPS (Table 3) and was found to be 1.33 in b-
CN and decreased to 1.06 in NSCN and 0.92 in Pt—CFO/
NSCN, showing N deficit due to surface oxidation by H,SO,.
Binding energies of all elements, along with surface elemental
composition in different samples, are provided in Table 3.

The high-resolution O 1s XPS spectrum for pure phase CFO
(Figure Sc) was deconvoluted into three peaks, namely, 528.8,
530.7,and 532.7 eV, attributed to the lattice oxygen Fe—O, Ca—
O, and surface-adsorbed oxygen species, res.pectively.59 Further,
in the Pt—CFO/NSCN heterojunction, the deconvoluted O 1s
peaks appeared at 527.9, 529.6, and 531.3 eV, which are shifted
toward lower binding energy compared to parent CFO, as
shown in Figure Sc. This shift in binding energy for the
heterojunction can be explained on the basis of the strong
interaction between NSCN and CFO. Zhang et al.”’ reported
such results to originate from the decrease in electron
concentration in NSCN and the increased electron concen-
tration in CFO due to the strong interaction between them
based upon interfacial charge transfer in heterojunctions.

The XPS spectra of Ca 2p, Fe 2p, and Pt 4f belonging to Pt—
CFO/NSCN are shown in Figure 5d. Characteristic peaks due
to Ca 2p3;, and Ca 2p,/, appear at 346.4 and 3502 eV,
respectively.”' The high-resolution Fe 2p XPS spectrum (Figure
5d) consists of two peaks at 711.4 and 725.3 €V, corresponding
to Fe 2p3, and Fe 2p,,, spins, respectively, confirming the
oxidation state of Fe to be +3 in CFO.%” Typical satellite peaks at
718.8 eV due to Fe were also observed. The Pt 4f XPS spectrum
(Figure 5d) was deconvoluted into two peaks at 71.6 and 75.1
eV, corresponding to Pt 4f,/, and Pt 4f;,,, respectively.”’ The
binding energy value of 71.69 eV for the Pt 4f, , state is a little
higher than zero-valent metallic Pt but is significantly lower than
Pt(II) and Pt(IV), which appear at 74.2 and 75.0 eV for PtO and
PtO, species, respectively. This suggests that Pt exists in an
electron-deficient state due to the interaction between the metal
and support in Pt—CFO/NSCN. The partial positive charge on
Pt is imparted due to bond formation between Pt and CN. The
location and electronic state of such electron-deficient Pt sites
formed during photodeposition favor hydrogen evolution
reactions.”*

The valence band maximum was estimated using valence
band XPS, and the value was 1.80 eV for the parent carbon
nitride (Figure Se). After exfoliation, it increased to 1.97 eV, and
after dispersion of CFO over NSCN, it further increased to 2.06
eV. The VBM-XPS profiles of NSCN and CFO/NSCN are
similar to that of parent b-CN and almost overlap with it.
However, Pt dispersion resulted in the VBM of —2.3 eV in Pt—
CFO/NSCN, which is drastically different from that of parent b-
CN.

Carbon nitride-based photocatalysts are normally excited in
the range of 340—380 nm to yield photoluminescence emission
(PL) spectra ranging from 400 to 600 nm with a peak at 453 nm
(Figure 6a). The main photoluminescence band from 400 to
600 nm is composed of three transitions, namely, sp> C—N &
band, sp2 C—N 7z band, and the LP state of the bridge nitride
atom.”® NSCN shows a blue shift in the luminescence peak to
436 nm, confirming a slight increase in the band gap on
exfoliation. The interactions between carbon nitride and spinel
CFO or the formation of functional heterojunctions at the
interface of two different phases was evident by a decrease in PL
intensity. The photogenerated electrons/holes generated at the
edge of a semiconductor are channeled through these
heterojunctions to the CB/VB, respectively, of the other
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Table 3. Binding Energies and Surface Elemental Compositions Derived from the XPS of Different Samples

chemical composition (atom %)

binding energy (eV)

Fe/Ca
(expected = 2)

N/C

(expected = 1.33)

Pt

Ca Fe

C
434

Fe 2p Pt 4f

Ca2p

O 1s

N 1s

398.6 (N1)
399.9 (N2)
401.5 (N3)
398.6 (N1)
400.2 (N2)

401.68
(N3)

Cls
284.57 (C1), 288.06

(C2)

sample

b-CN

1.30

56.6

1.06

S1.6

48.4

284.52 (C1)

NSCN

2

286.2 (C-0)
288.06 (C2)
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Figure 6. (a) Photoluminescence spectra of different samples excited at 350 nm, (b) UV—visible DRS spectra of all samples, (c, d) Kubelka—Munk
transformed Tauc plots of CFO/b-CN and CFO/NSCN. Band gaps and sub-band gaps of b-CN, NSCN, and CFO are derived from Tauc plots shown
in the insets of (¢, d). Tauc plot of p—n heterojunctions CFO/b-CN and CFO/NSCN was prepared using both direct and indirect band gap equations.

contributing semiconductor and, this way, helps in charge (e™/
h*) separation and suppression of the recombination reaction.
The delayed or suppressed recombination is evident by the
decrease in the intensity of the PL peak. The trend of PL
intensity was b-CN > NSCN > 1 wt %CFO/b-CN > 1 wt %
CFO/NSCN ~ 1 wt %Pt—CFO/NSCN > 1 wt %Pt/b-CN.
CFO-dispersed CN and NSCN samples have resulted in a
significant decrease in photoluminescence intensity or suppres-
sion of recombination reactions as compared to pure parent

compounds.
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3.5. Optical and Electronic Properties and Band
Structure. Optical properties or light absorption characteristics
are very crucial for prospective semiconductors and are
investigated by recording UV—visible DRS (Figure 6b). Parent
yellowish bulk carbon nitride displayed an absorption edge at
~450 nm, corresponding to an indirect band gap of ~2.72 eV, in
agreement with the reported studies.”* On exfoliation, the color
changed from yellow to whitish yellow due to a decrease in the
number of layers in the 002 plane or decreased crystallinity,
resulting in a blue shift of the absorption edge to 420 nm. The
Tauc plot (inset of Figure 6¢) demonstrated an increase in the
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Table 4. Optical and Electronic Properties of Different Samples

band gap sub-band gap (Urbach  width of slope/type of Va
from Tauc tailing) from Tauc plot CB tail semiconductor Ag/AgCl  VyuvsRHE CB;, (V  VB,, (V charge carrier
sample plot (eV) (ev) states from M-S plot atpH=68 pH=0 vsRHE)® vs RHE)” density (m™3)
b-CN 2.72 2.61 0.11 positive/n-type -1.03 04518 —0.5518  2.1682 3.99 x 10%
NSCN 2.90 2.68 0.22 positive/n-type -1.31 —-0.7118  —0.81 2.09 4.56 X 10%
CFO 1.90 1.80 0.10 negative/p-type 1.73 23282 0.52 24282 2.58 X 102
CFO/NSCN  2.71 (NSCN) 2.19 (NSCN) 0.52 inverted V (p—n -1.16 -0.5618  —0.66 224 5.0 X 102
(NSCN)  heterojunction) (NSCN) (NSCN) (NSCN)  (NSCN) (NSCN)
1.88 (CFO) 1.68 (CFO) 0.20 0.057 0.6552 —1.1448  0.7552 6.98 X 10*'
(CFO) (CFO) (CFO) (CFO) (CFO) (CFO)
“CByn = conduction band minimum, close to Vy, for the n-type semiconductor. byB,,,. = valence band maximum, close to Vg, for the p-type
semiconductor

band gap on exfoliation from 2.72 eV (b-CN) to 2.9 eV
(NSCN). However, pure phase spinel, CFO dark brick red
color, is a low-band-gap semiconductor, and its DRS
encompasses all wavelengths from 400 to 800 nm (Figure 6b).
The Tauc plot of pure phase CFO was fitted into a direct band
gap of 1.9 eV (inset of Figure 6d). To enhance the visible light
absorption of carbon nitride, it was simply integrated with the
low-band-gap CFO semiconductor into a composite material.
Dispersion of 1 wt % CFO on CN significantly influenced the
optical properties of CFO/b-CN and CFO/NSCN composites.
Visual colors of both CFO/b-CN and CFO/NSCN transformed
from yellow to beige (light brown), and accordingly, the
absorption edge of carbon nitride (up to 450 nm) was fused with
CFO (450—750 nm), as reflected in the DRS patterns shown in
Figure 6b. The heterojunctions are formed between two
dissimilar semiconductors, where CFO is a p-type and direct-
band-gap semiconductor, while CN is an n-type and indirect-
band-gap semiconductor. Thus, Tauc plots were fitted
considering both direct and indirect band gap equations, as
shown in Figure 6¢,d. Accordingly, two absorption edges were
observed in both CFO/b-CN and CFO/NSCN; one is at 2.7—
2.9 eV (CN/NSCN) and the other is at a much lower band gap
of ~1.85—2.1 eV contributed by CFO. Tauc plots of CFO/b-
CN and CFO/NSCN are shown in Figure 6¢,d, respectively.
Along with the main absorption edge at ~450 nm, a shoulder
is also observed that extends up to 600 nm in the DRS of b-CN
and is referred to as the Urbach tail.**°° It originates from the
imperfections or intrinsic defects in the carbon nitride structure.
Xue et al.”’ revealed that nitrogen vacancies play a crucial role in
developing these intrinsic defects, which are manifested in the
form of mid-gap states overlapping with the conduction band,
also known as conduction band tail states. The difference in
band gaps and sub-band gaps calculated using the main
absorption edge and Urbach tail, respectively, helps in
estimating the width of conduction band tail states or mid-gap
states or shallow trap states.”* The width of shallow trap states
(STS) formed below the conduction band of parent compounds
and in heterojunctions was also estimated from DRS. Tauc plots
revealed band gap values 0f2.72 and 2.9 eV and sub-band gaps of
2.61 and 2.68 eV for parent b-CN and NSCN, respectively, while
a band gap of 2.7—2.9 and a sub-band gap of 2.19—2.55 eV are
estimated at the carbon nitride edge for the CFO/NSCN
composite considering both possibilities of fitting into direct and
indirect band gap equations (Figure 6d and Table 4). Similarly,
band gap and sub-band gap values of CFO/b-CN were
estimated, as shown in Figure 6¢ and tabulated in Table 4.
Designing heterojunctions between low-band-gap spinel CFO
and relatively wide-band-gap b-CN or NSCN successfully
improved the capability of carbon nitride to absorb visible light.

The M-S plot of 1/C? versus applied voltage with respect to
the Ag/AgCl electrode was recorded at 1 kHz (Figure 7) for the
CFO/NSCN heterojunction and the individual control samples
such as b-CN, NSCN, and pure phase of spinel CaFe,0,. Flat
band potential (V) was estimated using the following equation

1 2
a2 = [7qeoeNdA2 )(‘/;pp — Vep — kT/q)
where ¢ is the dielectric constant of the semiconductor, & is the
permittivity of vacuum, Ny is the donor density, V,,, is the
applied potential, Vg is the flat band potential, and kT/q is the
temperature-dependent term in the Mott—Schottky equation.
The intercept of the linear plot at 1/C* = 0 gives the flat band
potential. Mott—Schottky plots of b-CN and NSCN photo-
catalyst (Figure 7a,b) samples have given a positive slope. Thus,
confirming the n-type nature of the carbon nitride photo-
catalysts with electrons as the major carriers, while a negative
slope for CFO confirmed its p-type semiconducting behavior
with holes as major charge carriers (Figure 7c). Flat band
potentials (Vgg) were estimated by extrapolating the linear
region of the Mott—Schottky plots. It was found to be —1.05,
—1.31, and +1.73 V with respect to Ag/AgCl for b-CN, NSCN,
and CFO, respectively, as revealed in Figure 7 and tabulated in
Table 4. The corresponding conduction band edge potentials
and valence band edge potentials with respect to NHE (at pH 0)
were also calculated, as listed in Table 4. The Viz of NSCN was
more negative than b-CN. It indicated that the flat band
potential of b-CN shifted toward the cathodic side by —1.31 V
with respect to Ag/AgCl after exfoliation. The increased charge
carrier concentration in NSCN is responsible for shifting the
Fermi level toward the conduction band or the cathodic side
shift. The nature of the M—S plot shown in Figure 7d is a direct
manifestation of p—n heterojunctions in CFO/NSCN. The
Mott—Schottky plot of CFO/NSCN was inverted V type
(Figure 7d), establishing the formation of p—n heterojunction
and displaying two opposite slopes, one positive for NSCN and
other negative in accordance with the p-type nature of CFO.
The positive slope of the NSCN constituent was extrapolated,
and Vg was calculated to be —1.16 V (as compared to pure
NSCN = —1.31 V), and the negative slope of “inverted V”
belonged to the p-type CFO constituent with a Vi, of 0.057 V
(pure CFO = 1.73 V) in the CFO/NSCN heterojunction
(Figure 7d).

The slope of the Mott—Schottky plot (;2) has been

qEENA

employed to calculate charge carrier density (V) in different
photocatalysts, as listed in Table 4. The maximum Ny of 4.56 X
10%° m™ was observed for NSCN, while for b-CN and CFO,
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Figure 7. Mott—Schottky plots of (a) b-CN, (b) NSCN, (c) CFO, and (d) CFO/NSCN. An inverted V-shaped curve was obtained for p—n
heterojunction (d). Flat band potential was measured using an intercept at the x-axis.

charge carrier densities were calculated to be 3.99 X 10* and
2.58 X 10** m ™, respectively. The higher charge carrier density
of NSCN compared to that of b-CN is one of the factors causing
the enhanced rate of H, production in NSCN. At the same time,
the slope of both p and n phases in the Mott—Schottky plot of

the p—n heterostructure was found to be higher as compared to
their pure counterparts (Table 4). Thus, the charge carrier
density decreased on formation of p—n heterojunctions. This is
in line with the fact that formation of a depletion layer takes
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Figure 8. (a) Femtosecond transient absorption spectra (FsTAS) recorded at different time delays after excitation of b-CN at A = 350 nm. (b) Kinetic
traces of stimulated emission of b-CN (4 = 500 nm) and NSCN (4 = 550 nm). (c) Time-resolved photoluminescence (TRPL) spectra recorded of

different photocatalysts on excitation at 4 = 340 nm.

Table S. Kinetic Parameters Derived from the FsTAS Decay Profile Recorded for b-CN and NSCN Samples (Figure 8b) and

Fitted in the Triexponential Equation®

samples 7, (ps) A, (%) k, (10" 5714 7, (ps)
NSCN (550 nm) 3.19 ) 3.13 187
b-CN (500 nm) 22 49 454 30

4, (%)

k (10°57) 7 (ps) Ay (%) T (ps)” kg (10°s7Y)
31 0.53 >1000 27 1881.8 5.31
22 3.33 >1000 29 1306.8 7.65

“Triexponential equation is as follows I(t) = A exp /™ + A, exp /™ + Ajexp /™ + A, bravg (average lifetime) was calculated using the

AT
formula = LA e

wg = Ty 73 values required to calculate 7,

Vg

were taken from TRPL data given in Table 6. 9Rate constant K was calculated by k, = %

place in the case of the p—n heterojunction, leading to lower
charge carrier densities of both p- and n-type carriers.

3.6. Charge Transfer Kinetics. The pump—probe dynam-
ics of bulk carbon nitride (b-CN) and nanosheet carbon nitride
(NSCN) were studied by femtosecond transient absorption
spectroscopy (FsTAS). Samples were dispersed in n-propanol
and excited using a 350 nm femtosecond laser pulse and probed
in the visible region by femtosecond white light continuum.
Figures 8a and S7 show transient absorption spectra recorded at
different time delays ranging from 0.5 to 500 ps (0.5, 1, 2, 10, S0,
100, 500 ps) for b-CN and NSCN, respectively. Both samples
show a broad negative ground-state bleach signal in the 400—
700 nm region, which originates from stimulated emission from
the band gap transition as well as trap state recombination.’>*’
Steady-state emission of b-CN and NSCN samples dominantly
appeared at 400—500 nm, which contributed to stimulated
emission in the pump—probe experiment in this wavelength
range. Stimulated emission (SE) in the S00—700 nm region
observed in transient data possibly originates from the low-
energy defect state. This SE signal from the defect state evolves
very fast in the 0—200 ps time scale, while SE and the ground-
state bleach signal in the 400—500 nm region decay slowly, and
the majority of the signal persists for greater than 1 ns. Transient
absorption kinetic traces of b-CN and NSCN are shown in
Figure 8b. Triexponential fitting was performed to get three
lifetimes 7}, 7,, and 75 along with their individual contributions
A}, Ay, and A;, respectively, as listed in Table 5. The decay
kinetic trace at S00 nm for b-CN (Figure 8b) revealed two short-
lived components 2.2 (49%) and 30 ps (22%), and one long-
lived component >1000 ps. The long-lived component was
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estimated using TRPL as given below. It has been reported
earlier that the decay of photoexcited electrons is not a direct
mechanism but takes place via trapping,”””" The short-lived
components (7, and 7,) can be attributed to the trapping of
photogenerated electrons in shallow traps. Photoexcited
electrons are also trapped in deep trap states lying below H*/
H, reduction potential, which imparts a longer lifetime and is
denoted by 7;. From Table 5, both short-lived, 7, and 7,, and
long-lived, 73, lifetimes are longer in NSCN as compared to b-
CN. Photoexcited electrons decay in 2.2 ps (7;, 49%) and 30 ps
(75 22%) in bulk, which live much longer up to 3.19 (7, 42%)
and 187 ps (7,, 31%) on exfoliation into nanosheets, NSCN. 7,,,
was estimated to be higher for NSCN (1881.8 ps) as compared
to b-CN (1306.8 ps), which also includes long-lived 7,
components. The recombination rate (k,, = 1/7,,) of
photogenerated charge carriers in NSCN was calculated to be
5.31 X 10 s~ compared to 7.65 X 10° s™! in b-CN (Table 5),
which also includes deep trapping and shows a 1.44-fold
decrease in the rate of e”/h" recombination in NSCN as
compared to bulk b-CN. Deep trapping is detrimental to
photocatalytic hydrogen yield and cannot be accurately
calculated by FsTAS, as it takes place in nanoseconds (73 > 1
ns). Exfoliation has induced defects, which has considerably
improved the lifetimes of photogenerated charge carriers via
shallow trap states (7, of 187 ps) as compared to b-CN (7, = 30
ps). Decay of photogenerated electrons via shallow trap states is
delayed in NSCN (72 = 187 ps) as compared to b-CN (7, = 30
ps), resulting in suppression of the rate of recombination by
nearly six times in NSCN (k= 0.53 X 10'°s™") with respect to b-
CN (k =3.33 X 10" s7"). Lifetimes of charge carriers in CFO-
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dispersed samples, namely, CFO/b-CN and CFO/NSCN,
could not be monitored by FsTAS due to strong fluorescence
from CFO, which interfered with the analysis.

In order to get insights into the lifetime of long-lived (>1 ns)
charge carriers, time-resolved photoluminescence spectra were
recorded at an excitation wavelength of 340 nm, as shown in
Figure 8c. The obtained data were fitted using biexponential
decay equations. It gives two lifetime values, 7, and 7,, with
corresponding amplitudes, A; and A,, respectively, and the
fitting parameter (R?), as tabulated in Table 6. A lifetime of 4.48

Table 6. Lifetimes of Photogenerated e”/h* Pairs Obtained
from Time-Resolved Photoluminescence (TRPL) Spectra
Given in Figure 8c

7 Ay A, Tay,
sample (ns) (%) 17,(ns) (%) (ns)* R?
b-CN 2.54 61.0 7.55 39.0 4.48 0.998
NSCN 4.59 85.3 19.34 14.7 6.75 0.998
CFO 2.34 100 2.34 0.993
CFO/b-CN 3.09 60.0 7.56 40.0 4.88 0.997
CFO/NSCN 4.10 70.7 22.52 29.3 9.49 0.963
Pt—CFO/NSCN 4.20 72.3 25.26 27.7 10.03 0.998
“Average lifetime: 7,;, = EZ[:;‘XZ

ns was observed in b-CN, which increased to 6.75 ns in NSCN.
This can be attributed to a decrease in the number of layers on
exfoliation making transfer of e~ /h" to surface sites much faster,
thus decreasing their recombination probability and/or
electronic band structure changes induced by the quantum
confinement effect in the nanosheets.”” CFO has a low average
lifetime of 2.34 ns for photogenerated charge carriers, which is
typical of low-band-gap spinel ferrite materials.”” After the
dispersion of CFO over b-CN and NSCN, the obtained
nanoheterojunction materials CFO/b-CN and CFO/NSCN
have average lifetimes of charge carriers of 4.88 and 9.49 ns,
respectively. The obtained lifetime values are higher as
compared to the parents due to the formation of the p—n
heterojunction between p-type CFO and n-type carbon nitride,
facilitating the separation of photogenerated e”/h* pairs at the
interface. NSCN is a relatively much better support for CFO
dispersion as compared to b-CN. NSCN proved to suppress the
rate of recombination drastically and offered much faster charge
transfer kinetics as compared to b-CN for p—n heterojunctions.
Pt—CFO/NSCN has a maximum lifetime of photogenerated
charge carriers, i.e, 10.03 ns. Efficient separation of charge
carriers in Pt—CFQO/NSCN is attributed to the combined effect
of Schottky junctions created by Pt nanoparticles on the surface,
driving fast transfer of electrons from bulk to the surface and
indeed p—n heterojunctions, which efficiently separate photo-
generated electrons toward n-type and holes toward p-type CFO
at the interface during photocatalytic reactions.

3.7. Modeling of H,0/H;0" Adsorption over Different
Photocatalysts Using Molecular Dynamics. Figure 9
displays snapshots of the final conformations equivalent to
NSCN, CFO/NSCN, Pt—NSCN, and Pt—CFO/NSCN photo-
catalytic systems. The calculations involved in the construction
of these conformations/model systems and other details are
given in Supporting Information (S4 and Figures S8 and S9).
The snapshots provide a comparison of the adsorption capability
of H;O" ions on the surface of different photocatalytic
formulations. It improved in the order NSCN < Pt—NSCN <
CFO/NSCN < Pt—CFO/NSCN. Thus, the Pt—CFO/NSCN

H Fe Pt Ca
80A ----
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- p %_" e
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Figure 9. Snapshots of (a) NSCN, (b) CFO/NSCN, (c) Pt—NSCN,
and (d) Pt—CFO/NSCN systems at the end of the simulation run.
Water molecules in these models are given in pink for better visibility.

system has the best adsorption capacity for H;O". Here,
snapshots taken are capturing a single conformation of the
system at a given time. In fact, in equilibrium, a system can exist
or form a large number of conformations; thus, a time-average
picture is crucial to represent a system more accurately.74
Density profiles are shown in Figure S10, in which the
molecular density of H;O" ions (molecules/[A%]) is plotted
against the distance along the z-axis of the simulation box (in A)
corresponding to the above photocatalytic systems. These
density profiles are time averages of the last two nanosecond
production runs. The blue graph in each plot depicts the change
in H;O" ion density with the distance along the z-axis of the
rectangular simulation box. In all graphs, the small red peak
depicts the location of NSCN. The pink peak represents the
location of the CFO cluster in curves b and d and black
represents the Pt cluster in curves ¢ and d. Figure S10a shows no
blue peak adjacent to the red peak, indicating poor H;O" ion
adsorption on NSCN. Figure S10b displays a prominent blue
peak surrounding the pink (CFO) peak. Thus, H;O* ions
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surround the CFO cluster, increasing the overall rate of H;O*
ion adsorption to the catalyst surface. The H;O" ion adsorption
effect of the Pt cluster is less than that due to the CFO cluster, as
shown in Figure S10c, while in curve d of Figure S10, there are
two prominent blue peaks surrounding both CFO (pink) and Pt
(black) clusters. Thus, density profiles also support the fact that
the adsorption of H;O" ions is maximum for the sample
corresponding to the Pt—CFO/NSCN composite system. Pt/
NSCN allows weak interactions between Pt and H;O*; however,
in the presence of CFO, the adsorption capability of Pt—CFO/
NSCN is enhanced considerably.

A radial distribution function (RDF) plot based on the d-
model reveals the probability of the occurrence of an atom type
near another atom type. RDF plots between different atoms of
the Pt—CFO/NSCN composite with H;O" and H,0 molecules
are shown in Figure 10a,b, respectively. The intensity and the
distance at which the first peak appears in each graph are crucial.
The location and the intensity of the first peak of an RDF give
the strength of interaction between the considered atom types.
The first peak at ~2.3 A of the red plot has the highest intensity
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= C_2(NSCN)-O_HH30™h
= N_3(NSCN)-H_HH30™h
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Figure 10. Radial distribution function (RDF) plot for the interaction
between different atoms of the Pt—CFO/NSCN system with atoms of
(a) H;O" and (b) water. (Abbreviations: N_3—ring nitrogen of the
NSCN part, C_2—ring carbon of the NSCN part, Ca—calcium atom
of the CFO part, Fe—iron atom of the CFO part, O_3—oxygen atom
of the CFO part, Pt—platinum atom of the Pt43 part, O_W—oxygen
atom of water, H_W—hydrogen atom of water, O_H-—oxygen atom
of the H;0" ion, H_H—hydrogen atom of the H;O" ion).

among all plots in Figure 10a. It shows a strong electrostatic
interaction between the calcium atom of the CFO cluster and
the O atom of H;O" ions. The magenta peak (Figure 10a)
represents the interaction between the ring nitrogen of the
NSCN part and the hydrogen of the H;O" ions. Its first peak at
~2.2 Ais of low intensity, signifying weak interaction. The H;O*
ion interacts with the nitrogen of the heptazine rings of NSCN
through the hydrogen bond.”> Furthermore, a very weak peak
appears at an ~2.4 A distance due to the interaction of the
platinum atom of the Pt cluster with the oxygen atom of H;O*
ions in the black curve. The peak at ~2.5 A appeared during the
interaction of the carbon of the heptazine rings of NSCN with
the oxygen of H;O" ions, as observed in the blue plot.

Figure 10b shows the interaction between the various atom
types existing in the Pt—CFO/NSCN composite with water
molecules. At ~1.6 A, the first peak of the pink plot depicts the
interaction between an oxygen of the CFO cluster with the
hydrogen atom of a water molecule. This peak indicates a
hydrogen bonding interaction between these two atom types.”
The first peaks of the orange and purple plots occur almost at the
same distance, ~1.8 A. However, the intensity of the first peak of
the orange plot is considerably higher. The orange plot depicts
the interaction between the Ca of the CFO cluster with the O of
H,0O molecules. The purple peak represents a strong interaction
between a Pt atom (Pt cluster) and water’s oxygen. Note that the
purple graph also has a very intense second peak at ~2.1 A. No
significant peaks for interactions between the NSCN and H,O
atom types are observed. From the above data, it is clear that
prominent interactions are hydrogen bonding and electrostatic
attraction between oppositely charged atoms. Also, interactions
of both Ca and O in CFO are depicted with water molecules.
Strong electrostatic interaction between oppositely charged
Ca’" ions of CFO and O~ ions of H,O is mainly responsible for
enhanced adsorption capability exhibited by CFO toward water
molecules.

Thus, it was observed that the CFO cluster adsorbs H;O" ions
very strongly through the electrostatic interaction between
calcium and oxygen (of H;O"). The CFO cluster also strongly
adsorbs H,0 molecules through two types of interactions. The
adsorption of H;0" ijons on the NSCN sheet is primarily
through hydrogen bond interaction with the ring nitrogen of the
latter. Nevertheless, the NSCN sheet has a relatively poor
affinity for water molecules. The interaction of the H;O" ions
with the Pt cluster is relatively weak. However, the Pt cluster
displays a strong affinity for H,O molecules. Water is the carrier
for the H;O" ions. Therefore, the affinity for water is a primary
requirement for H;O" ion adsorption. The CFO and Pt clusters’
strong water affinity improves the H;O" ion access to the NSCN
sheet.

4. DISCUSSION

To date, several studies have investigated and emphasized the
role of heterojunctions prepared by using spinel ferrites
(MFe,O, M = Ca, Zn, Co, Mn, Fe, Nj, etc.) with g-C3N, in
the enhancement of photocatalytic properties. Among these,
very few reports, to the best of our knowledge, have evaluated
CaFe,0,/CN composites for photocatalytic hydrogen gener-
ation from water. CaFe,0, being a low-band-gap, magnetic
ferrite has been reported as an efficient photocatalyst for water
remediation involving degradation of dyes and other water
contaminants.** ™" The photocatalytic properties of selected
territes/g-C3N, heterojunctions along with other important
features reported in the literature are summarized in Table S3.
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Figure 11. Band edge potentials of pure compounds b-CN, NSCN, and CFO (before contact) were estimated by M—S plots and compared with band
edge potentials of a p—n heterojunction formed between CFO/NSCN after contact. Valence band (VB), conduction band (CB), and CB tail states/
Urbach tail potentials (yellow font) for all samples are given. The potential required for reduction of pure water (2H*/H, =0V, H,0/0.5 O, =1.23V)
and oxidation versus RHE at pH = 0 are represented by yellow dotted lines for comparison.
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Figure 12. Schematic of the band diagram of pure phases CFO and NSCN compared with the type-II p—n heterojunction attained by CFO/NSCN as
a result of Fermi level (E;) equilibration is illustrated. The most probable mechanism of the photocatalytic reaction is proposed based on predictable
transfer and separation of electrons and holes at the interface of the p—n CFO/NSCN heterojunction under light illumination. VBO and CBO were
also estimated, and an effective band gap of 1.41 eV is achieved. Lifetimes of photogenerated charge carriers derived from TRPL support the

photocatalytic mechanism.

Liu et al."” reported enhanced HER yield over these CaFe,0,/g-
C;N,/CNT heterojunctions. Many studies*”’*”” have used the
Mulliken electronegativity theory for estimating the CB and VB
values of CFO and g-C;N,. However, in the present study, CB
and VB values were calculated experimentally using M—S plots
and VBM-XPS of individual parent samples such as bulk-CN
and nanosheets NSCN and CFO and were compared with the
CB and VB of the heterojunction formed between NSCN and
CFO after the contact. Based on the M—S plots, the CB and VB
edge potentials of parent NSCN are determined to be —0.81 and
2.09 eV, respectively, while those of CFO were 0.52 eV (CB)
and 2.42 eV (VB), respectively. The energy band structure
diagram of parent compounds NSCN, CFO, and b-CN before
contact is schematically illustrated in Figure 11.

When p-type CFO is brought in contact with the n-type
NSCN, since the CB potential of NSCN is more negative than
that of CFO, the electrons will flow from NSCN to CFO,
resulting in the accumulation of negative charges in CFO close

to the junction. Simultaneously, the holes will transfer from the
more positive VB edge of CFO to the less positive VB edge of
NSCN until the Fermi level equilibrates. Once the Fermi levels
of CFO and NSCN equilibrate, further diffusion of electrons and
holes will halt. Meanwhile, the energy bands of CFO shifted
upward along with its Fermi level (Ep), and those of the NSCN
shifted downward along with its Fermi level (Ep), as illustrated in
Figure 11. After contact, in the heterojunction, CB and VB edges
corresponding to the NSCN semiconductor were —0.66 and
2.24 eV, respectively, and for CFO, the CB edge was at —1.14
eV, and the VB edge was at 0.75 eV. Consequently, the lowest
unoccupied molecular orbital (LUMO) of the CB of CFO is at a
higher level than that of NSCN. Under visible light, both the
semiconductors CFO and NSCN absorb photons of energy
greater than their band gap energy. The electrons in the CB of p-
type CFO are transferred to n-type NSCN, while holes moved
from the VB of NSCN to the VB of CFO, thus leading to
efficient charge separation at the heterojunctions. Thus, p—n
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heterojunctions accelerate the charge separation and charge
transfer kinetics, which is also evident by a decrease in intensity
in PL and an increase in the lifetime of charge carriers in TRPL.
A complete band alignment diagram at the interface of the
CFO/NSCN heterojunction, including valence band offset
(VBO) and conduction band offset (CBO), and time scales
derived from TRPL and FsTAS are shown in Figure 12. It reveals
that the effective band gap at the heterojunction is decreased to
1.41 eV, which is lower than the band gaps of individual
semiconductors.

For understanding the functionality of p—n heterojunctions,
few insights are very important. One is the nature of interactions
or contact between two semiconductors, the second is the band
alignment at the interface (as explained above), and the third is
the charge transfer kinetics. The nature of interactions is critical
for designing interfaces or interfacial engineering. The amount
or molar ratio of the two semiconductors taken in the study is
elementary for interfacial engineering. Here, in the present
study, 1 wt % CFO is dispersed in both CFO/b-CN and CFO/
NSCN. A CFO lean composition relative to g-C3N, in CFO/b-
CN will facilitate smooth unagglomerated and unhindered arrest
of CFO molecules over g-C;N, support, will also provide liberty
to Pt atoms for free dispersion, and lastly will improve the
accessibility for water molecules. The ratio of CFO to g-C;N, is
crucial for inducing close, superior contact with g-C;N, layers/
2D sheets as well as with Pt nanoparticles. Moreover, a higher
concentration of CFO on the surface may block the penetration
of light inside the layered structure. A superior morphology is
observed here for CFO/CN molecules. Fine dispersion of CFO
particles was observed over NSCN, as revealed by SAXS data.
57% dispersion of 6 nm-sized CFO on NSCN was observed,
while b-CN supported 14% dispersion of 7.8 nm-sized CFO
particles. 2—4 nm-sized Pt nanoparticles were observed in the 1
wt %Pt/1 wt % CFO/NSCN sample. Vadivel et al.* reported
dispersion of 20—40 wt % CFO on b-CN and observed
agglomeration in CFO particles. In another recent study,
Shenoy et al.*" mixed varying amounts of CFO (10—100 mg of
as-synthesized CFO) with 10 g of urea before calcination at 550
°C for 2 h and observed a quasi-polymeric nature of the CFO/g-
CN composite.

Among NSCN and b-CN, evidently, NSCN is a better
support for CFO. HRTEM established that exfoliation of b-CN
into nanosheets (NSCN) resulted in a few-layer morphology
with 0.35 nm width. FsTAS verified suppression of recombina-
tion of photogenerated charge carriers by ~6 times in NSCN
(K, = 0.53 x 10'° s7") than b-CN (3.33 X 10" s™}; Table 5).
Slower decay or enhanced lifetime of photogenerated charge
carriers in a two-dimensional NSCN sample is mainly due to
shallow traps. Exfoliation has induced defects, which has
drastically improved the lifetimes of photogenerated charge
carriers in shallow trap states (7, of 187 ps) as compared to b-
CN (7, = 30 ps, Table 5). This contributed to the higher
photocatalytic efficiency of NSCN over b-CN and CFO/NSCN
over CFO/b-CN. Thus, it is essential to probe and understand
the various photoexcitation processes going through inside, and
it helps to design new and improved photocatalytic materials.

SAXS data indisputably established the higher porosity of
nanosheets and a much better support for CFO as compared to
b-CN. Interactions of CFO with NSCN through oxygen linkages
were indicated by XPS. The present study establishes the
superior morphology of NSCN to that of b-CN, resulting in
stronger interactions with CFO. NSCN is superior to b-CN and
forms effective p—n heterojunctions with CFO as compared to

b-CN. Band bending was induced on formation of hetero-
junctions and was manifested by an increase in the fwhm of C 1s
and N 1s XPS spectra of the Pt—CFO/NSCN composite as
compared to parent compounds. Also, the width of shallow trap
states of pure CFO (0.1 eV) and NSCN (0.22 eV) increased to
0.2 and 0.52 eV, respectively, when forming a contact in CFO/
NSCN, as shown in Figure 11 and listed in Table 4. The
additional shallow trap states are new channels for the transfer of
photogenerated electrons from CFO to NSCN. VBM-XPS and
Mott—Schottky plots helped in understanding and calculating
the band alignment at the interface of CFO and NSCN.
Increasing order of the average lifetime of charge carriers as
deduced by TRPL was found to be CFO (2.34 ns) < b-CN (4.5
ns) < CFO/b-CN (4.88 ns) < NSCN (6.7 ns) < CFO/NSCN
(9.5 ns) < Pt—CFO/NSCN (10.03 ns). TRPL studies
confirmed the efficient charge separation by p—n hetero-
junctions formed using NSCN and CFO in the presence of Pt
nanoparticles.

The role of CFO is not limited to enhancing light absorption
capability and suppression of recombination reactions only. In
addition, CFO dispersion on carbon nitride has also affected a
very crucial aspect of heterogeneous catalysis, i.e., the adsorption
of water molecules. Theoretical calculations by molecular
dynamics (MD) have revealed that the adsorption capability
of the carbon nitride-based photocatalyst for H,O and H;O"
molecules is markedly improved by incorporation of CFO. The
main results obtained from these MD calculations are that
although NSCN does not have any preference or affinity toward
either water or H;O" ions, the presence of Ca** ions in the CFO
cluster draws water molecules toward itself through electrostatic
interactions. Moreover, Pt nanoparticles also showed enhanced
attraction toward neutral water molecules. However, the affinity
of Pt for charged H;O" ions was poor. Thus, the presence of
both CFO and Pt was beneficial for increasing the adsorption
capability of Pt—CFO/NSCN. Pt allowed more and more water
adsorption and probably facilitated the contact and access of
water molecules with CFO in the Pt—CFO/NSCN photo-
catalytic system. The presence of CFO further enhanced the
adsorption, as its electrostatic attractive forces retained H;O"
ions during the photocatalytic reaction. The improvement in the
capability of adsorbing water molecules by dispersing Pt and
CFO on b-CN or NSCN contributed significantly to enhancing
the photocatalytic activity.

5. CONCLUSIONS

In the pursuit of designing improved photocatalysts, emphasis is
given to hybrid materials prepared by integrating and
assimilating the desired qualities of individual semiconductors.
p—n heterojunctions are one of the unfailing effective strategies
for yielding visible light catalytically active formulations. We
conclude that p—n heterojunctions fabricated in the present
study between carbon nitride (n-type (b-CN) or exfoliated
nanosheets (NSCN)) and calcium ferrite (CFO, p-type) were
successful in enhancing the photocatalytic hydrogen yield.
Exfoliation of bulk carbon nitride into nanosheets indeed
improved its characteristics in terms of improved few-layer
morphology, allowing fine dispersion (57%) of CFO and
delaying or suppressing the recombination reaction by six times
as compared to b-CN, as revealed by FsTAS. Thus, NSCN
proved to be a better support as well as photocatalyst and was
found to improve the performance of heterojunctions CFO/
NSCN, Pt—NSCN, and Pt—CFO/NSCN considerably, as
compared to bulk carbon nitride counterparts. All hetero-
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junctions (CFO/b-CN, CFO/NSCN, Pt—CFO/b-CN, and
Pt—CFO/NSCN) were more active than pure phases. Pt—
CFO/NSCN was most active, demonstrated 250 times more
activity as compared to bulk carbon nitride and 6.5 times more
active than CFO/NSCN. A superior morphology of NSCN,
CFO-NSCN strong interactions via oxygen linkages as
investigated by XPS and PL, a much lower effective band gap
(1.41 eV), favorable band alignment at the interface, enhanced
band bending and increased width of shallow trap states in
CFO/NSCN, increased lifetime of charge carriers by FsTAS and
TRPL, and adsorption of a large number of water molecules
from MD calculations were found to be responsible for
enhanced photocatalytic hydrogen yield over Pt—CFO/NSCN
heterojunctions in the above manuscript.
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nanosheets; density profiles; and Lennard—Jones (LJ)
potential parameters (PDF)
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