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Here, we effectively layered economically viable pyrolytic carbon nanotubes (p-CNTs) as solid-state
mediators to accelerate the charge carrier transfer between hematite (a-Fe,Osz) and boron-doped
graphitic carbon nitride (B-C3Ny4). This synergistic combination leads to higher photoelectrochemical
water splitting performance with a photoanodic current density of 2.85 mA cm™2, which is a 4.1-fold
enhancement compared to pristine a-Fe,Os and the O, evolution rate detected was 22.70 pmol h~*
cm™2 with a Faraday efficiency of ~98% at 1.7 Vgue. Mott—Schottky analysis confirms the highest donor
density of 55.7 x 10 cm™ for the a-Fe,O3/B-C3N4/p-CNT photoanode, compared to a-Fe,Os and -
Fe,0O3/B-C3Ny4. Superstructuring the B-C3sN4 and p-CNT onto pristine a-Fe,Os enhances the charge

separation and transfer efficiencies, and moreover mitigates recombination losses. DFT calculations
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Accepted 1st June 2024 suggest the type Il charge transfer mechanism switched to an enhanced Z-scheme type by simple

deposition of p-CNT on the a-Fe,O3/B-C3sN4 heterojunction. Achieving such cost-effective, highly

DOI: 10.1039/d4ta02512a efficient hematite-based photoanodes offers an opportunity to fabricate tandem photoelectrochemical
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Introduction

The harnessing of solar energy, an abundant and renewable
natural resource, stands as the paramount solution to address
the escalating global energy demands of our society. Photo-
electrochemical (PEC) water splitting has garnered special
attention, as this method generates hydrogen as a renewable
energy carrier directly from sunlight, thus contributing to
reducing our reliance on fossil fuels.”* The oxygen evolution
reaction (OER) with four-electron water oxidation is a crucial
limiting factor both in the realm of electrochemical and pho-
toelectrochemical water splitting.>” It converts water to oxygen
molecules at the anode following a multistep mechanism that
involves surface oxygen species, O-O bond formation, and
dioxygen release. Among the different steps, the O-O bond
formation exhibits the highest activation energy barrier and
thus is generally considered as the rate-limiting step. In PEC
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devices for low-cost solar fuel production.

water splitting, the high kinetic barrier can be mitigated by
increasing the reactivity of the intrinsic surface states of semi-
conducting materials, or by introducing co-catalysts, aiding in
active site formation. Consequently, there has been a concerted
effort to develop high-efficiency photoanodes for the OER.*™*°

Metal-oxide semiconductors, including ZnO, WOj;, BiVOy,,
and a-Fe,0; (hematite), have emerged as promising candidates
for photoanodes."** Hematite, in particular, is under intensive
investigation due to its abundance in nature, environmental
friendliness, high photochemical stability, and a narrow
bandgap of 1.9-2.2 eV." Despite these favorable properties, o-
Fe,0; faces challenges such as a short excited-state lifetime
(~10"'? s),' poor OER kinetics,"” limited hole diffusion,'® and
subpar electrical conductivity,' leading to significant electron-
hole recombination in the bulk, interfaces, and surfaces,
thereby limiting PEC efficiency.

Various strategies have been employed to overcome the
limitations of hematite, including heterojunction construc-
tion,* doping with metals and nonmetals,”** morphology
advancement,* and co-catalyst loading.*>** Among these,
forming nanoscale heterojunctions by coupling o-Fe,O; with
a second semiconductor has proven effective, leveraging
appropriate bandgap overlap and enhanced charge separation
at the junction interfaces. The charge transfer pathway in the
heterostructure can either be a type II heterojunction or Z-
scheme pathway, depending on the arrangements of band-
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positions and Fermi-levels of the components.”” The type-II
heterojunction can efficiently promote excitons with less
recombination; however, the high redox potential of the pho-
tocatalyst is sacrificed. Alternatively, the Z-scheme hetero-
junction retains a higher redox potential and minimizes
recombination by using a mediator to transfer electrons from
one semiconductor to another. This way, mediators can
enhance the lifetime of charge carriers, leading to improved
efficiency.®**'

Graphitic carbon nitride (g-C;N,) as a metal-free inorganic
semiconductor exhibits suitable band potentials for water
oxidation and is resistant to photocorrosion, making it suitable
as a junction catalyst for a-Fe,O; modification.>*** However,
bulk g-C;N, has high-rate recombination of photoinduced
charges, and lower visible light absorbance due to its relatively
large bandgap of ~2.72 eV that limits its photocatalytic
activity.**?*® Doping g-C;N, with less electronegative elements,
such as boron (B, giving B-C3;N,), has emerged as an efficient
strategy not only to improve absorption by narrowing the band
gap of g-C3Ny, but also to promote the photogenerated carrier
separation due to the formation of a mid-gap state.’”** Addi-
tionally, materials such as CdS, MoS,, CdSe, and Cu,O are being
explored for their potential in heterostructures with g-C;Ny,
operating via type-II, S-scheme, or Z-scheme mechanisms to
enhance hydrogen evolution via efficient charge separation and
solar energy utilization.**-**

A further issue may emerge from the transfer of charge
carriers which is strongly influenced by the quality of interfacial
contact between different particles. In this context, carbon
nanotubes (CNTs) serve as useful additives due to their high
surface area and excellent electrical conductivity.*” In a hetero-
junction, CNTs can facilitate efficient charge carrier transport
from the photoexcited a-Fe,O3 and g-C3N,, thereby suppressing
recombination.

In contrast to previous anode functionalization methods
that rely on single-component modifications, the integration of
B-C;N, and p-CNTs represents a significant advancement in
heterojunction engineering. By leveraging the unique proper-
ties of each component, this sophisticated architecture opti-
mizes charge carrier dynamics and redox capability. While
controlled doping has been a challenge in previous photo-
anodes, optimized boron doping in g-C;N, improves electrical
conductivity and light absorption, generating higher charge
carrier densities. Considering the distinctive properties of CNTs
and boron-doped g-C;N,, the design of a heterojunction
between an appropriate semiconductor and conductor has
emerged as an effective strategy to enhance the photocatalytic
ability of a-Fe,0;.

To our knowledge, our work is the first demonstration of
a ternary o-Fe,O3/B-C3N,/CNT photoanode system for water
splitting without additional sacrificial oxidants at neutral pH
under visible light irradiation. We investigated the phase
structure, chemical composition, morphology, and visible light-
driven water-splitting activity. The type II heterojunction
between the a-Fe,O; and B-C;N, is switched to an enhanced Z-
scheme by using CNT. A further, unique feature of our ternary
system is that the source of CNT is methane pyrolysis that itself
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produces turquoise H, and economically viable pyrolytic CNT
(p-CNT hereafter) as a CO,-free side-product.*® We could utilize
the p-CNT as a versatile conductor material for enhancing the
redox capability of the hematite photoanode for the OER.
Furthermore, we employed computations to confirm the inter-
facial band positions at the a-Fe,03/B-C3N, and the a-Fe,03/B-
C;3N,/CNT interfaces. Such insights into charge transfer kinetics
were often missing in earlier photoanode studies.

Experimental
Synthesis procedures

Synthesis of a-Fe,03; nanorods. o-Fe,0; nanorods (NRs) on
titanium (Ti) substrates were synthesised by a straightforward
wet chemical method. Initially, Ti sheets (1.5 x 2 cm) under-
went a thorough cleaning process involving immersion in conc.
HCI for 24 hours, followed by rinsing with acetone, ethanol, and
ultrapure water. The cleaned sheets were immersed in a solu-
tion of 0.15 M FeCl;-6H,0 and 1 M NaNO; at pH 1.5. This
solution was then kept at 98 °C for 24 hours in an oven. The
resulting sheets were annealed in air at 600 °C for 1 hour and
allowed to cool naturally to room temperature (RT). This
process yielded a-Fe,O; nanorods grown onTi substrates.

Synthesis of boron doped g-C;N, nanosheets. Ultrathin g-
C;3N, nanosheets were synthesized by our previously reported
thermal polymerization method, followed by a two-step ultra-
sonication—-calcination technique.?” Initially, melamine was
placed in a covered alumina crucible and calcined at 520 °C in
air for 4 hours (heating rate of 5 °C min ™). The obtained yellow
bulk g-C;N, was dispersed in water and subjected to ultra-
sonication with stirring for 2 hours. Centrifugation of
a suspension that was freeze-dried for 24 hours yielded
a powder further calcined at 520 °C in air for 4 hours, yielding
ultrathin g-C3;N,; nanosheets. To synthesize B-C3;N,, three
batches of ultrathin g-C;N, nanosheets were ground with
NaBH,. The resulting mixtures were then calcined at tempera-
tures of 350, 450, and 550 °C in a nitrogen atmosphere for 1
hour (heating rate 10 °C s~ ). The powder was washed at RT
multiple times with ethanol and deionized water to eliminate
any residual NaBH,. The brown-coloured B-C;N, powder was
obtained via freeze-drying. The B-C3;N, samples were denoted
according to the calcination temperature as B-C;N4-350 °C, B-
C;3N,;-450 °C, and B-C3N,-550 °C. Furthermore, the XRD pattern
of these samples matched the expected diffraction peaks at
13.1° and 27.5° (Fig. S17), particularly those corresponding to
the (100) and (002) planes of g-C3N,, as we reported earlier.*” It
should be noted that the intensity of the (002) reflection is
sensitive to the extent of ordered structures within the g-C3N,
framework.***° These peaks signify the in-plane structural
packing motif and interlayer stacking of aromatic systems,
affirming the lack of discernible impurities.*

Synthesis of pyrolytic carbon nanotubes. Carbon nanotubes
without any purification were obtained from a catalytic
methane decomposition reaction (methane pyrolysis) carried
out at 800 °C on supported NiMo/MgO catalysts as reported in
our recent research.*® Be aware that the thin, multiwalled
carbon nanotubes may contain a limited amount of spent

This journal is © The Royal Society of Chemistry 2024
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MOoNi, , catalyst sample used to decompose methane.*® These
carbon nanotubes are referred to as p-CNTs, signing that they
were obtained as precious by-products of pure, CO,-free H,
production from methane and subsequently utilized further in
these photocatalytic experiments.

Synthesis of a-Fe,03/B-C3N,; and o-Fe,03/B-C3N,/p-CNT
photoanodes via the drop casting technique. An aqueous
suspension of 3 mg mL ™" B-C;N, was prepared and subjected to
ultrasonication in a bath for 2 h. Subsequently, 20 pL of this
prepared dispersion was carefully drop-cast onto a pristine a-
Fe,O; photoanode and allowed to naturally dry, resulting in
what we refer to as the a-Fe,03/B-C3;N, photoanode. The fabri-
cated photoanode underwent annealing in air at varying
temperatures (350 °C, 450 °C, and 550 °C) that were adjusted to
match the calcination temperatures for the B-C;N, samples,
with a controlled heating rate of 5 °C min ™. For the preparation
of the carbon nanotube-modified photoanode (o-Fe,O3/B-C3N,/
p-CNT), an aqueous suspension containing both B-C;N, (3 mg
mL ") and p-CNT (0.2 mg mL ") mixed in equal volumes (1 mL
each) in a separate plastic vial was used. This mixture under-
went ultrasonication for 2 hours to ensure thorough dispersion.
Subsequently, 20 pL of the prepared mixture was drop-cast onto
the pristine o-Fe,O; photoanode and allowed to air-dry natu-
rally, denoted as a-Fe,03/B-C;N,/p-CNT photoanode. Finally,
the resulting composite photoanode was subjected to annealing
in air at a temperature of 450 °C, using a controlled heating rate
of 5 °C min~" prior to catalytic experiments.

Sample characterization

X-ray diffractograms (XRD). X-ray diffractograms (XRD) were
obtained using a D8 Discover diffractometer (Bruker AXS, Karls-
ruhe, Germany) with Cu Ko, (A = 1.5406 A) radiation to analyze the
crystallinity of the samples. The scan rate was set at 0.2° min*,
with a 20 step size of 0.02°. The X-ray beam dimensions were 1 x 5
mm?. Phase identification was facilitated using the Diffrac. EVA
program along with the ICDD PDF database.

Scanning electron microscopy (SEM). Scanning electron
microscopy (SEM) investigations were conducted using
a Thermo Scientific Scios2 dual-beam system (Waltham, MA,
USA) equipped with an Oxford X-maxN 20 SDD EDX. A beam
energy of 5 keV and a beam current ranging from 0.1 to 0.2 nA
were applied in OptiTilt mode to achieve high-resolution
secondary electron images. For elemental analyses by EDX, 2
keV and 1.6 nA were utilized to ensure surface sensitivity and
high characteristic X-ray yield, respectively.

Transmission electron microscopy (TEM). Transmission
electron microscopy (TEM) revealed the morphology and
microstructure of the samples used in high-resolution TEM and
high-angle annular dark-field (HAADF) modes. A Thermo-
Fischer Themis 200 kV spherical aberration (Cs)-corrected TEM
with 0.09 nm HRTEM and 0.16 nm STEM resolution was
employed. STEM-EDS was utilized for composition analysis,
and elemental maps were generated via spectrum imaging
using 4 “Super X G1” EDS detectors integrated into the micro-
scope. Cross-sectional lamellae of a-Fe,O; nanorods for TEM
examination were prepared using the Ga' Focused Ton Beam
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(FIB) of the Thermo Scientific Scios 2 scanning electron
microscope. The nanorods were detached from the titanium
substrate and dispersed onto a carbon-coated TEM grid.

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron
spectroscopy (XPS) measurements were carried out using
a Kratos Axis Nova X-ray photoelectron spectrometer with
monochromated Al Ko as the X-ray source. C 1s was used as the
energy reference (284.6 eV) at a working current and potential of
10 mA and 15 kV, respectively, to investigate the surface
composition of the samples.

Diffuse reflectance ultraviolet-visible spectroscopy (UV-vis
DRS). Diffuse reflectance ultraviolet-visible spectroscopy (UV-
vis DRS) was carried out using a Cary 60 UV-vis spectropho-
tometer (Agilent Technologies Inc., USA) equipped with a lab
sphere diffuse reflectance accessory.

Attenuated total reflectance infrared spectroscopy (ATR IR).
Attenuated total reflectance infrared spectroscopy (ATR IR) was
performed on a PerkinElmer Spectrum Two instrument, using
a diamond ATR unit in the range of 4000-450 cm™" (8 scans).

Photoluminescence (PL). Photoluminescence (PL) measure-
ments were performed on an Edinburgh FS5 spectrofluorom-
eter from Edinburgh Instruments Ltd. Powder samples were
loaded into quartz holders and were measured in an SC-10 tilted
front-face solid sample cassette. The excitation wavelength was
set to 320 nm. Emission spectra were recorded in the wave-
length range of 380-750 nm.

Photoelectrochemical tests

All electro- and photoelectrochemical tests were performed on
a BioLogic SP-150 potentiostat by employing a three-electrode
configuration in 0.1 M Na,SO, aqueous solution (pH 7). The
working, counter and reference electrodes were the prepared
photoanodes, Pt and Ag/AgCl (standard KCl), respectively. The
immersion area of the working electrode was fixed at 1.5 cm’. A
Xe lamp (Asahi Spectra MAX-303) with an incident light intensity
set at 100 mW cm 2 (1 sun) adjusted on the working electrode
surface was used as the light source. The linear sweep voltam-
metry (LSV) curves were measured at a voltage range of 0.4-1.8 V
vs. the reversible hydrogen electrode (Vgyg) with a scanning rate
of 2mV s~ . The charge separation efficiency (nsep) was evaluated
in an electrolyte solution containing 0.1 M Na,SO; and the effi-
ciency values were determined using the equation: Jsuifite//max =
Nabs X Nsep» Where Jouisice is the photocurrent measured in Na,SO;.
Jmax is the max photocurrent available in our system, which is
5.63 mA cm .

Mott-Schottky (MS) curves were acquired within the voltage
range of 0.2-1.6 Vryg under dark conditions with a frequency of
1 kHz. The measured potentials vs. Ag/AgCl were converted to
the RHE scale according to the Nernst equation: Eryg = Eag/agcl
+0.059pH + EAg/AgC1°.** Incident photon-to-current conversion
efficiency (IPCE) values were calculated at 1.23 Vgyg using the
following equation: IPCE (%) = (1240 x J)/(P x 1), where J is the
photocurrent density (mA cm™~?); Pis irradiation intensity; and A
is the wavelength (nm) of the incident monochromic light,
which is controlled by a monochromator (71SW151, SOFN
Instruments Co., Ltd).
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Electrochemical impedance spectroscopy (EIS) was per-
formed in the potential range of 1.1-1.5 Vyyg to obtain the
Nyquist plots in a 0.1 M Na,SO, aqueous solution under 100
mW cm 2 irradiation in the range of 330-600 nm. A model
circuit was fitted to the experimental data points by using the Z-
fit BioLogic software and contained a solution resistance (Rs)
and two embedded R, elements: the capacitance of the space
charge layer (Qs.), the charge transfer capacitance (Q.) and the
corresponding resistance of the space charge layer (R;.), and the
charge transfer (R.).

The O, evolution was measured using an Ocean Optics
NeoFox probe, which was 2-point calibrated at 25 °C in the
electrolyte saturated with argon (0% O,) and air (20.9% O,) prior
to the photoelectrolysis experiments. The calibrated probe was
immersed into the electrolyte during the photoelectrolysis
experiments near the surface of the working electrode in a cell
that was saturated with air, sealed and thermostatted.

DFT calculations

First-principles density functional theory (DFT) calculations
were performed using the CASTEP code.”® The exchange-
correlation effects were treated within generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
potential.** The interaction between the ionic core and valence
electrons was simulated by the ultrasoft pseudopotentials.® The
van der Waals interaction was considered by using the empir-
ical correction in TS (Tkatchenko and Scheffler).”® The kinetic
energy cutoff was chosen to be 500 eV. Brillouin zone integra-
tion was sampled with 5 x 5 x 1 and 4 x 5 x 1 Monkhorst-Pack
mesh K-points for the calculation. The slabs were set by
a vacuum region of 30 A. The structures are allowed to be fully
relaxed and optimized until convergence to 10~> eV in total
energy and 0.01 eV A~ in the forces.

Results and discussion
XRD analysis

The crystalline structure of the samples was examined by XRD,
as illustrated in Fig. 1. The diffraction pattern of the Ti-sheet,
incorporating iron-oxide, reveals the presence of seven
distinct peaks corresponding to a-Fe,O; crystals (PDF #01-087-
1164), exhibiting a rhombohedral geometry. Simultaneously, Ti
diffraction peaks (PDF #00-044-1294) point to the possible
integration interface of a-Fe,O; nanorods with the Ti-sheet.
This outcome is indicative of a controlled synthesis process
and the nature of the produced back interface material phase.*”
Notably, the characteristic reflection of B-C3N, in a-Fe,O;/B-
C3N, at 26 = 27.5° for the (002) plane did not allow unambig-
uous phase characterization by XRD, because of its low amount
relative to the bulk phase and the overlap with the (110)
reflection of rutile. Instead, we relied on TEM, XPS and ATR-IR
analysis of the surface, showing a homogeneous distribution of
the B-C;N,-associated elements on the surface of a-Fe,0;. It is
essential to highlight that despite surface modifications with B-
C;N, and p-CNT, the lattice structure of the hematite crystal
system remains unchanged. This observation may be attributed
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Fig.1 XRD patterns of the a-Fe,Os3, a-Fe,Os/B-C3N4 and a-Fe,O3z/B-
C3N4/p-CNT used photoanodes.

to the limited loading amount of B-C;N, and p-CNT on the
pristine hematite surface, as reported in the literature.>®>®

Morphological analysis

The morphological characteristics of both pristine and modi-
fied hematite samples exposed to PEC conditions were investi-
gated by SEM (Fig. 2a and b). The SEM analysis unveiled that the
pristine o-Fe,O; synthesized on the Ti-substrate exhibited
a distinct nanorod morphology (Fig. 2a), while the introduction
of B-C;3N, did not impose discernible alterations on the overall
morphology of hematite (Fig. 2b). Notably, high-resolution SEM
imaging delineated these uniform nanorods with a diameter of
50-60 nm and a length of approximately 500 nm subsequent to
annealing at 550 °C.

Furthermore, the HRTEM analysis of the used a-Fe,O3/B-
C3N, composite (Fig. 2c) revealed a lattice spacing of 0.25 nm
(Fig. 2c, inset), assigned to the (110) plane of a-Fe,O; that is
identical to the pristine sample. In the corresponding SAED
pattern (Fig. 2d), the reflections could be associated with
hematite, but no reflections from B-C;N, could be identified.
Indeed, further images in Fig. 2c and S2af delineate only
amorphous structures on the a-Fe,O; surface (indicated by an
arrow). While such nanostructures are often associated with g-
C;3N,; nanosheets and CNTs in existing literature,*** we
concluded that our TEM images did not substantiate such
assertions.

To elucidate the phase analysis of the B-C;N, ad-layer, we
conducted lower-resolution TEM imaging on the as-prepared a-
Fe,03/B-C3N, composite nanorods. This imaging revealed
a distinct ca. 3 nm thick B-C;N, overlayer on some nanorods
(Fig. 2e). However, detailed statistical analysis was beyond this
study's scope. Notably, at HRTEM conditions the B-C;N, layer
was beam sensitive which led to the destruction of the B-C;N,
layer on hematite. This was evident when attempts to examine
the lattice fringes of the overlayer in Fig. 2e using HRTEM
proved unsuccessful. Upon reverting to lower magnification,
the overlayer was no longer visible.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Top-view SEM images of the used a-Fe,O3 and (b) a-Fe,Os/B-C3N4 photoanodes at 50 000 x magnification; (c) HRTEM image of a.-
Fe,O3 nanorods and (d) SAED pattern of the used a-Fe,O3/B-C3N4 photoanode; the inset shows an enlarged area and the lattice fringes (yellow
square); (e) TEM image of an as-prepared a-Fe,O3z/B-C3N4 nano-assembly showing the interface formed between the two components; (f) TEM
image and (g) HAADF including N map and (h) Fe elemental map of the same area of the used a-Fe,O3/B-C3N4/p-CNT photoanode.

Therefore, XPS spectra were meticulously analysed (detailed
in the subsequent section) to validate the presumption that
nanorods are covered with B-C;N,. HAADF and STEM-EDS
images (Fig. 2g-h, nitrogen mapping) provided evidence sup-
porting the effective surface decoration of ultrathin B-C;N, onto
the a-Fe,O; nanorods. Further, supplementation from STEM-
EDS images (Fig. S2c-ef) of the a-Fe,O3/B-C3N,/p-CNT
composite showcased a homogeneous distribution of nitrogen
(N), iron (Fe) and oxygen (O) species across the entirety of the
nanorod structures, thereby affirming the successful integra-
tion of B-C3N, onto a-Fe,0O;.

XPS analysis

The obtained XPS spectra, as depicted in Fig. 3, on samples with
confirmed PEC activity (discussed later) affirm the expected
elements on the surface of «-Fe,O;, o-Fe,O;/B-C;N, and a-
Fe,0;/B-C3;N,/p-CNT (Table S1t contains the atomic ratios)
emphasizing the comprehensive nature of the nanocomposites
in the latter two cases. The Fe 2p doublet at 711.1 and 724.5 eV
provides crucial insights into the oxidation state of Fe in pris-
tine a-Fe, 03, confirming the +3 oxidation state.®>*® Importantly,
the Fe 2p spectra, with only minimal variations, suggest that the
incorporation of B-C3N, and p-CNT has negligible effects on the
electronic structure and charge properties of hematite. This
observation is consistent with literature findings, reinforcing
the stability of hematite's electronic structure under the influ-
ence of these additives.®”* The N 1s peak at 397.5 eV belongs to
the N-B species and the peak at 398.0 eV is attributed to sp*
nitrogen, specifically the C-N=C bond of graphitic carbon
nitride.”®”* Additionally, the peak at 400.1 eV is assigned to the
sum of this adventitious nitrogen and the N-C3 component of
the graphitic carbon nitride in B-C;N, containing samples.””*

This journal is © The Royal Society of Chemistry 2024

This identification contributes to a more detailed under-
standing of the nitrogen species present in the composite,
emphasizing the role of B-C;N, in introducing specific nitrogen
functionalities. The O 1s peak resolved to sub-peaks at 530.1,
532.5, and 532.7 eV is associated with Fe-O bonds, oxygen
vacancies, and water, respectively.”” Importantly, the absence of
a noticeable shift in the Fe-O binding energy within the O 1s
spectra further corroborates the structural stability of the
nanocomposite. Additionally, the C 1s peak at 288.1 eV is
ascribed to sp>-hybridized carbon in heterocycles (N-C=N).”*"”
The rest of the peaks at 284.9, 286.4 and 288.7 eV are due to
adventitious carbon contaminants, mostly hydrocarbons with
C-C and C-H bonds, but also some oxygenated functional
groups like C-O, C=0 and O-C=0.7**

Consistency across measurements taken at three different
spots, each with a diameter of around 0.9 mm, indicates
homogeneous surfaces, reinforcing the reliability and repro-
ducibility of the results. These XPS findings, in conjunction
with XRD and elemental mapping, collectively validate the
successful decoration of B-C;N, on the hematite surface,
providing a comprehensive characterization of the nano-
composite's structural and compositional attributes.

ATR-IR analysis

To further confirm the presence of B-C;N, in the photoanodes,
ATR-IR spectroscopy was employed (Fig. S3at). For the as-
synthesized B-C3;N4-450 °C, the broad peak at 3000-3400 cm ™"
is attributed to the N-H stretching vibration and the strong
peak emerging at 2180 cm ™' corresponds to the asymmetric
stretching vibration of cyano (N=C-) groups.** The peaks in the
1100-1700 cm ™" region correspond to the C-N/C-C and C=N
stretching modes of heterocyclic compounds (Fig. S3b¥).5>%* All
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these characteristic absorption peaks of B-C;N, and a-Fe,O3
were clearly present in the a-Fe,03/B-C3N, composite. This
suggests that the original chemical structures of the individual
components are preserved after the formation of the hetero-
junction. However, the intensity of the peaks was weak in a-
Fe,03/B-C3N,/p-CNT due to a very low amount being drop-cast
onto the o-Fe,O; surface, consistent with the XPS, XRD and
TEM results. In the spectrum of a-Fe,Oj3, the absorption peak
located at 524 cm ™! is associated with the stretching vibrations
of the Fe-O bond.*

Performance in photoelectrochemical water splitting

The photoelectrochemical (PEC) activities of pristine a-Fe, O3, o-
Fe,03/B-C3N,, and a-Fe,03/B-C3N,/p-CNT photoanodes were
evaluated in detail to assess their efficacy in water splitting
under visible light irradiation. The range of electrochemical
stability has been explored by CV in the dark (Fig. S47). Electron
injection to the CB states of hematite limits the safe potential
window roughly to 0.4 Viryg. The VB states start to empty only
beyond 2.0 Vryg, whereas those of B-C;N, start to empty beyond
1.8 Vrue. The latter effect is intensified by the presence of p-
CNT. Keeping the external bias beyond these thresholds
induces irreversible adverse changes in the anodes. Note that
the current peaks corresponding to the S2 state of a-Fe,O; occur
in case o-Fe,O3/B-C3N,/p-CNT is polarized to higher anodic
potentials,® signalling effective electron transfer from a-Fe,O;
to p-CNT, as DFT predicts (vide infra).

The evaluation involved measuring the PEC response by LSV
under chopped light irradiation (Fig. 4). Pristine o-Fe,O3
exhibited a relatively low photocurrent density limit of approx-
imately 0.31 mA cm ™2 at 1.23 Vgye. In contrast, the addition of
B-C3N, under optimized annealing conditions enhanced the
photocurrent density to around 0.71 mA cm™ 2 at 1.23 Vgyg for
the a-Fe,03/B-C3N, photoanode. To assess the possible impact
of TiO, (detected by XRD) on the PEC performance, LSV
measurements were conducted using an uncoated Ti sheet, as
shown in Fig. S5.7 Although XRD confirmed the presence of
TiO,, the very low photocurrent density suggests that it has
a negligible effect on the overall PEC water splitting
performance.

Notably, the PEC performance was influenced by the
annealing temperature during the deposition of B-C;N,; onto
pristine hematite. As illustrated in Fig. 4a, there was a discern-
ible increase in photocurrent density with the rise in annealing
temperatures from 350 °C to 450 °C. However, surpassing this
optimal temperature threshold to 550 °C resulted in a decline in
the photocurrent. Note that the disruption of the B-C3N,
structures is expected to hinder the movement of charge
carriers and limit the photocurrent activity. Such disrupted B-
C;3N, structure may occur when the annealing temperature is
elevated to 550 °C under air, inducing the observed decline in
the photocurrent.

PL spectra of B-C3N, samples were recorded to gain insight
into the influence of heat treatment temperature on the charge
carrier dynamics of this material (Fig. S61). The results allowed
us to conclude that the low intrinsic PL activity (a result of better
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charge separation and PEC activity) of B-C3N, is necessary but
not sufficient for better PEC properties, when B-C3N, is
combined with hematite. Consequently, the post-annealing
temperature was fixed at 450 °C for B-C;N, decoration for
subsequent measurements.

To further improve the PEC performance of the a-Fe,O3/B-
C;N, photoanode, economically viable p-CNT was deposited
onto its surface using a simple drop-casting technique.
Remarkably, the p-CNT served as a conductor, facilitating
charge transfer between the o-Fe,O; and B-C3N, hetero-
junctions. The modified a-Fe,03/B-C3N,;-450 °C/p-CNT photo-
anode exhibited an even higher photocurrent density of
approximately 2.85 mA cm > at 1.7 Vgyg (Fig. 4b), indicating
a 4.1 times larger value than that of pristine a-Fe,O3.

Additional insight into the photocurrent generation was
gained through IPCE measurements, which showed a clear
wavelength dependence and corroborated with the increase in
PEC performance (Fig. 5). Specifically, the IPCE increased from
5.0% for pristine a-Fe,O3 to 14.1% for a-Fe,03/B-C3N,-450 °C/p-
CNT. Moreover, the o-Fe,03/B-C3N,-450 °C/p-CNT photoanode
demonstrated chemical stability, maintaining its photocurrent
density during a 1 hour controlled potential electrolysis in 0.1 M
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Fig. 5 [IPCE curves of pristine and modified a-Fe,Os photoanodes
obtained in 0.1 M Na,SO4 at pH 7.

Na,SO, at 1.7 Vgye under 100 mW cm ™2 illumination, as illus-
trated in Fig. S7.7 These results not only highlight the superior
PEC performance achieved, but also underscore the physical
and chemical stability conferred by the B-C3N, and p-CNT
decoration on the surface of hematite.

The charge separation efficiency (7sp) and charge transfer
efficiency (n.) were determined by comparing the photocurrent
in the presence and absence of 0.1 M Na,SO; as a hole scavenger
(Fig. 6a-c). This comparison is predicated on the notably greater
thermodynamic driving force observed for sulfite oxidation (eqn
(1)) compared to water oxidation (eqn (2)).

Due to the substantially higher thermodynamic potential
associated with sulfite oxidation, 7 is anticipated to approach
maximum efficiency in the presence of 05>,

8032_ +ht > SO3" ", E° = 0.75 VRue (1)
2H,0 + 4h* — 4H* + Oy, E = 1.23 Vgue @)

Fig. 6a illustrates the LSV curves of the photoanodes in the
presence of sulfite under chopped light irradiation. As antici-
pated, both pristine a-Fe,O; and the a-Fe,03/B-C3N,;-450 °C/p-
CNT composite exhibited enhanced photocurrent densities of
0.4 mA cm™ > and 1.1 mA cm™ 2, respectively, at 1.23 Vgyg. The
maximum photocurrent density of 4.8 mA cm™~> was reached at
1.80 Vgyug. This increase in photocurrent indicates improved
hole transportation to the surface and rapid reaction with
sulfite in a-Fe,03/B-C3N,-450 °C/p-CNT compared to o-Fe,Os
alone. Fig. 6b reveals a lower 7., of 5.5% calculated for pristine
hematite, potentially due to high electron/hole recombination
in bulk defect sites and poor electron transport.*> Notably,
a significantly enhanced 7, of 10.1% at 1.23 Vyyg is observed
for a-Fe,05/B-C3N,;-450 °C, suggesting that the decoration of B-
C3N, on the hematite surface remarkably inhibits charge
recombination. Furthermore, the highest 7., of 14.6% at 1.23
Vrue exhibited by o-Fe,03/B-C3N,;-450 °C/p-CNT indicates
a synergistic effect of B-C3N, and p-CNT.
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To delve deeper into the charge transfer kinetics, Mott-
Schottky (M-S) analysis was conducted, with the corresponding
curves illustrated in Fig. 7a. The M-S plots provided notable
insights into the semiconductor—electrolyte interface behavior.
In the case of pristine a-Fe,03, a flat band potential of approx-
imately —0.04 Vg was observed that shifted to 0.77 Vggg upon
the introduction of B-C;N,. Furthermore, the carrier densities
(NV4) were calculated using the reciprocal slopes of the M-S plots
(Fig. 7a). For a-Fe,03, a-Fe,03/B-C;3Ny, and a-Fe,03/B-C3N4-450 ©

19254 | J Mater. Chem. A, 2024, 12, 19247-19258

View Article Online

Paper
0.03
a
/./
—4— o-Fe,0,/B-C;N, / p-CNT-450°C __=—"
— d - £ o, gt
- Fe,0, / B-C;N, - 450 c/ -
~ —u—a-Fe,0, ./.
i e
% B oonms |~ Fe:0s/ B-CN, 1 pONT
g ./ |—+—o-Fe,0,/ B-C;N, - 450 °C
~ b
o ./l f-:
/ H
e
P U IR
/I
: Potential (Vo)
0.00 2—0—90—0—-0—00—0—0—A—2—0—2—R—A—A—0—%
0.2 0.6 10 14
Potential (Vgye)
800
b
600 -
.g 400 4 qa-FepO3/B-C3Ny4/ p-CNT- 450 °C
S i
N e o-FepO3/B-C3Ng -450 °C
' = o-Fep03
200 . . mnow .
R [
an il 6120 "g
alee e, 1820
0 j““4\799"

T T
0 200 400 600 800
Z' (ohm)
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C/p-CNT, the carrier densities were found to be 2.2 x 10", 52.4
x 10", and 55.7 x 10" ecm >, respectively.

The charge transfer efficiency of a photoanode determines
the proportion of photogenerated holes transferred from the
surface into the electrolyte. As depicted in Fig. 6¢, 7. remark-
ably increased from 51.4% to 70.1%, and even up to 83.7% at
1.23 Viyg for a-Fe,03, a-Fe,03/B-C5N,4-450 °C, and a-Fe,03/B-
C3N,4-450 °C/p-CNT, respectively. This enhancement suggests
that p-CNT plays a crucial role in facilitating charge transfer
from the electrode surface to the electrolyte.

The considerable increase in carrier density upon the
incorporation of B-C3;N,, in addition to the large anodic shift in
the flatband potential, indicates the pronounced role of B-C3N,
in facilitating carrier separation. This improved carrier separa-
tion subsequently leads to enhanced electrical conductivity,
favours charge carrier migration towards the semiconductor-
electrolyte interface and promotes more efficient PEC water
oxidation. Interestingly, further decoration with p-CNT resulted
in only a modest increment in carrier density. However, the
enhanced PEC performance of a-Fe,03/B-C3N4-450 °C/p-CNT
compared to a-Fe,03/B-C3N4-450 °C cannot solely be attrib-
uted to the increased carrier density. Instead, it is presumed
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that the superior performance may arise from a suppressed
charge carrier surface recombination. This suggests that while
carrier density plays a significant role, other factors such as
charge carrier recombination dynamics also contribute signifi-
cantly to the overall PEC performance.

The charge transfer kinetics was further investigated by EIS.
In Fig. 7b, Nyquist plots were generated for all photoanodes,
revealing a distinctive two-semicircle pattern characteristic of
such analyses.**® Each semicircle in the plot corresponds to
different charge transfer processes within the photoanode-
electrolyte system. Specifically, the high-frequency semicircle
reflects the internal charge transfer resistances within the bulk
of the material (R.), while the low-frequency semicircle repre-
sents the charge transfer resistances at the interface between
the photoanode and the electrolyte (R.). In the Nyquist plots
presented, it is noteworthy that o-Fe,O3/B-C3N4-450 °C/p-CNT
exhibits the smallest semicircle, indicating a significantly
lower R value (79 Q) compared to those of both a-Fe,O3/B-
C3N,;-450 °C (182 Q) and a-Fe,03 (612 Q). This improvement in
charge transfer dynamics can be attributed to several factors.
Firstly, the incorporation of B-C;N, likely facilitates electron
transfer pathways within the bulk of the a-Fe,O; photoanode,
thereby reducing Rg. Secondly, the interfacial coordination
between B-C;N, and p-CNT likely promotes efficient electron
transfer at the photoanode-electrolyte interface, minimizing R
and enabling more efficient exchange of charge carriers with the
electrolyte.

Finally, the O, evolution rate for a-Fe,03/B-C3N,-450 °C/p-
CNT detected with an optical probe was 22.70 umol h™* cm ™ at
1.7 Vgug, With a Faraday efficiency of ~98% (Fig. S71), indi-
cating a high degree of agreement between the measured and
evolved concentrations of oxygen, further validating the efficacy
of the composite photoanode.

Photocatalytic mechanism

On the basis of the above discussions, a possible mechanism for
the synergistic effect of the B-C;N, on the hematite surface
involves the formation of a heterojunction, which is trans-
formed to a double Z-scheme by p-CNT enhancing the overall
photoelectrochemical activity. The optical absorption edges of
a-Fe,03 and B-C3N,4-450 °C in the UV-vis absorption spectra are
observed at approximately 590 and 450 nm, respectively. Tauc
plots indicate band gaps of 2.10 eV for a-Fe,O; and 2.04 eV for B-
C3N,;-450 °C (Fig. S8T). Due to the more negative conduction
band (CB) of B-C3N,-450 °C and the more positive valence band
edge potential (VB) of a-Fe,O;, a type II heterojunction is
established.®**°

Results from DFT calculations further confirm this hypoth-
esis by shedding light on the differential charge density within
the o-Fe,03;/B-C;N, structure. The calculations reveal that
electronic interactions between a-Fe,0; and B-C;N, are notably
weak. The holes and electrons are distributed on B-C;N, and o-
Fe, 03, respectively. Upon incorporating p-CNT into the a-Fe,O5/
B-C;N, framework, a significant transfer of interlayer electrons
is observed in the a-Fe,03/B-C3N,/p-CNT structure. This alter-
ation prompts a redistribution of charge carriers, resulting in an

This journal is © The Royal Society of Chemistry 2024
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enrichment of holes within both a-Fe,O; and B-C3;N,, while
electrons predominantly occupy the p-CNT component.

This intriguing charge transfer mechanism piqued our
research interest, prompting us to delve deeper into its intri-
cacies. To facilitate our investigation, we initiated DFT calcu-
lations to determine the work functions of a-Fe,03, B-C3N,, and
p-CNT, which were found to be 5.18, 5.39, and 4.18 eV,
respectively (Fig. S9t for details), based on the optimised
structural model shown in Fig. 8a. The higher work function of
B-C;N, facilitates electron transfer to «-Fe,O;, while holes
transfer from hematite to B-C3N,. This transfer is driven by the
tendency of the system to reach an equilibrium state, equalizing
Fermi levels at the a-Fe,03/B-C3N, heterojunction interface.

In detail, a-Fe,O; exhibits a CB position of —5.0 eV and a VB
position of —7.1 eV, while B-C3N, has a CB position of —4.8 eV
and a VB position of —6.7 eV. The Fermi level difference
promotes the transfer of photoinduced electrons from B-C3N, to
the CB of a-Fe,O; and the transfer of holes to the VB of B-C5N,,
solidifying the formation of a type II heterojunction as shown in
Fig. 8b.
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Fig. 8 (a) Side-view differential charge density map of a-Fe,Os/B-
C3Ny4 and a-Fe,O3/B-C3N4/p-CNT. The iso-surface value is 0.016 e
A=3. The yellow and blue regions represent net electron accumulation
and depletion, respectively; (b) energy band diagram of the a-Fe,Os,
B-C3Ny4 type Il heterojunction, and p-CNT Fermi level before contact
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Upon introducing p-CNT into the a-Fe,O;/B-C3N, system,
the subsequent formation of contacts becomes pivotal. The a-
Fe,0; and p-CNT first come into contact, with the higher Fermi
energy level of p-CNT causing electrons to flow from o-Fe,O;
towards p-CNT, while a-Fe,Oj; collects holes. A similar scenario
occurs when B-C;N; and p-CNT are in contact, altogether
resulting in a double Z-type heterojunction (Fig. 9). Since p-CNT
acts as an electron conductor, electrons are rapidly directed to
the electrode support, expediting the photoelectrocatalytic
reaction. This configuration promotes the formation of a Z-
scheme structure for water splitting, a concept well-
established in prior research.***'* Consequently, the intro-
duction of p-CNT with its high conductivity enhances the effi-
cient separation of charge carriers, culminating in the increased
photoelectrochemical activity of the a-Fe,05/B-C3N,-450 °C/p-
CNT system.

Conclusions

This study demonstrates opportunities for utilizing pyrolytic
carbon nanotubes (produced selectively in methane to
hydrogen transformation) as a cost-effective and versatile
conductive material for achieving high-performance PEC pho-
toanodes. In this study, the integration of B-C3N,/p-CNT onto
the surface of an o-Fe,O; photoanode was accomplished
through a straightforward drop-casting and annealing process.
The resulting a-Fe,03;/B-C3N,-pCNT composite exhibited
a notable 4.2-fold increase in photocurrent density compared to
the pristine a-Fe,O;. The enhanced PEC performance of this
ternary photoanode system was attributed to the formation of
a type II heterojunction band alignment at the a-Fe,03/B-C3N,
interface, effectively enhancing charge separation and
increasing carrier density. Comprehensive characterizations
revealed that p-CNT played a pivotal role in facilitating efficient
electron transfer to the counter electrode, minimizing the
recombination of photogenerated electron-hole pairs, and
accelerating the oxygen evolution reaction. This research
underscores the significance of the Z-scheme structure
promoted by the synergistic effects of B-C3;N, and p-CNT,
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exemplifying pyrolytic carbon nanotubes as a cost-effective and
versatile conductive material for PEC heterojunctions. This
approach holds promise for achieving high-performance pho-
toanodes in analogous semiconductor photocatalytic systems,
thereby providing new opportunities in the realm of PEC water
splitting.
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