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Metal-free boron carbonitride (BCN) has attracted considerable interest for photoelectrochemical water splitting
applications. However, its utility is limited by inadequate charge carrier transport, serious charge recombination
and suboptimal surface catalytic activity. Herein, we propose a novel boron carbon (BCy) tuning layer strategy to
address these limitations. By employing an integrated one-stop approach, BCN nanowalls are vertically grown on
BCy film surfaces via plasma-enhanced chemical vapor deposition (PECVD) for fabrication photoelectrodes.
Experimental analyses and band structure studies confirm that the BCy tuning layer not only promotes the for-
mation of vertically aligned BCN nanowall arrays, but also serves as an efficient electron transfer pathway for
photogenerated electrons. This inhibits charge recombination and enhances charge separation, thereby making
more holes available as active sites for photoelectrochemical reactions. Consequently, the BCN/BCy photoanode
achieves a water oxidation photocurrent of 0.82 mA em 2 at1.23 V, a 4.6 times improvement over pristine BCN.
Furthermore, the BCN/BCy photoanode demonstrates remarkable stability, maintaining a steady photocurrent
under continuous illumination for 100 h. This innovative tuning layer strategy offers promising prospects for
advanced applications in catalysis, sensors, transistors and beyond.

(BCN) [9], as well as the boron carbide [10]. Among these photoanode
candidates, BCN stands out as a leading candidate for efficient PEC

1. Introduction

Solar energy conversion is widely regarded as one of the most
promising strategies to address the global energy crisis caused by the
depletion of fossil fuels [1-3]. Among various approaches, photo-
electrochemical (PEC) water splitting has attracted significant attention
for its ability to directly convert solar energy into chemical energy [4,5].
Metal-free photocatalysts are composed of low-cost, earth-abundant
elements, including carbon, nitrogen, oxygen and boron. These light-
weight, corrosion-resistant elements can be strategically engineered into
durable compounds with tunable photophysical -characteristics,
rendering them highly promising for applications in photocatalysis and
solar energy conversion. Notable examples include graphitic carbon
nitride (g-C3Ny) [6,7]. boron phosphide (BP) [8] and boron carbonitride
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water splitting, owing to its tunable band gap [11,12] and energy levels
well-aligned with the water redox potentials [12-14]. However, the
sluggish kinetics of BCN and high charge recombination leads to a gap
between the photocurrent density and the theoretical expectation [15].
In recent decades, significant attention has been given to development of
BCN photoanodes with high photocurrent densities, sufficient anodic
onset potentials and high fill factors through strategies such as elemental
doping [16,17]. heterojunction construction [18,19] and introduction
cocatalysts [20]. For instance, by optimizing the fluorine-doping BCN
ratios, studies have demonstrated optimized band structures and
enhanced electron transfer, further showcasing BCN’s potential in
advanced catalytic systems [21]. Ahsan et al. developed 0D-2D BCN
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nanosheets integrated with Cgo heterostructures [22], which exhibited
multifunctional electrocatalytic capabilities for the hydrogen evolution
reaction (HER), oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR).

Recently, electron transport layer has played a crucial role in facil-
itating efficient charge transport and suppressing charge recombination.
While strategies such as doping, heterojunction construction, and
cocatalyst introduction have been widely investigated to improve PEC
activity, the incorporation of this layer presents a unique solution to the
challenges of charge transport and separation. The significance of the
electron transport layer in PEC systems cannot be overstated, as it has
demonstrated exceptional effectiveness in devices like organic light-
emitting diodes and perovskite solar cells by improving carrier
mobility and device stability [23,24]. Leveraging these advancements in
PEC systems could pave the way for achieving higher solar-to-chemical
conversion efficiencies. The potential to enhance the light-harvesting
capability and carrier transport efficiency of BCN in PEC catalysis via
the introduction of an electron transport layer strategy remains largely
unexplored. Currently, various methods are used to obtain BCN cata-
lysts, such as high temperature polymerization, template synthesis, and
hydro/solvo-thermal synthesis, which require high temperatures and
complex reagent mixtures [25,26]. These processes often introduce
impurities, wrinkles, or fractures in the BCN film, compromising its
structural integrity. Such defects not only disrupt the van der Waals
dielectric surface but also lead to interfacial voids or poor electrical
contact, thereby diminishing the overall catalytic performance [27,28].
Thus, there is an urgent need to develop a low-temperature, integrated
and highly efficient photocatalytic BCN electrode strategy incorporating
an electron transport layer.

Herein, we report a one-stop approach for photoelectrodes fabrica-
tion, in which BCN/BCy/FTO/glass structures are synthesized by first
growing BCy via low-pressure chemical vapor deposition (LPCVD), fol-
lowed by the growth of BCN through plasma-enhanced chemical vapor
deposition (PECVD). The BCy layer functions as a tuning layer to regu-
late the charge recombination of boron carbonitride (BCN) nanowall
arrays, thereby enhancing the utilization efficiency of photogenerated

RF coil
- | A A

2

JB @C @ON wemFTO I
TMAB

° ‘)‘i’) f}/

LPCVD

Cg!

BC,/FTO

>

Carbon 246 (2026) 120926

carriers. The synthesized BCy layer, possessing a low conduction band,
can concurrently enhance the charge carrier transport efficiency, pro-
longed lifetime of the excited state and surface water oxidation kinetics
of BCN. The optimized microstructure and compositional synergy
significantly enhance the PEC photocurrent density and charge carrier
separation efficiency. The photoelectrochemical water oxidation reac-
tion based on the BCN/BCy photoanode is successfully achieves with a
high photocurrent density of 0.82 mA cm™2 at 1.23 V, which is 4.6 times
higher than that of pristine BCN, with a higher carrier concentration
(1.19 x 10%! cm ™) along with exhibit excellent stability for over 100 h.
This strategy provides new insights into the introduction of tuning layer
in PEC water oxidation systems.

2. Experimental section
2.1. One-stop approach synthesis of a photoelectrode

BCN/BCy/FTO/glass structures were synthesized in a quartz tube
reactor by chemical vapor deposition method. Low-pressure chemical
vapor deposition (LPCVD) and plasma-enhanced chemical vapor depo-
sition (PECVD) were used for BCy and BCN layers formation, respec-
tively. The synthesis setup is shown in Scheme 1. Trimethylamine
borane vapor (TMAB, (CH3)3sN-BH3) (97 % pure, Sigma-Aldrich, Merck
Ltd., Germany) and nitrogen (ultrahigh purity grade, Russia) were
mixed as precursors for the synthesis of both layers. Fluorine-doped tin
oxide (FTO) with average resistivity of 7 Q/[] coated on glass slides
were used as the substrates (1 x 2 cm? size) for photoanode formation.
Semiconducting n-type Si(100) wafers (KEF-4.5) of the dimensions of
10 x 10 x 0.47 mm® were used as substrates for investigation of films by
FTIR spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), scanning electron microscopy (SEM), and
ellipsometry. Both LPCVD and PECVD depositions were performed at a
temperature of 673 K. For the PECVD process, a radiofrequency (27.12
MHz) plasma was employed at a power of 20 W. The partial pressures of
TMAB and nitrogen were maintained at 9 x 10~° Torr and 3 x 107>
Torr, respectively. The BCy layer was deposited for 5 min, 15 min and 30
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Scheme 1. Schematic diagram of one-stop synthesis of BCN/BCx photoanodes on FTO/glass substrate.
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min to control its thickness. The growth of BCN nanosheets on the BCy
layer surface continued for 60 min using PECVD. The titles and pa-
rameters of the films synthesized are listed in Table S1.

2.2. Structure characterization

The morphology of the film surface was investigated using scanning
electron microscopy JSM-6700F (JEOL, Japan), with a Quantax 200
(Bruker, Germany) EDX attachment at 3 keV. Transmission electron
microscopy (TEM) observations were carried out using a Hitachi H-800
TEM (Hitachi, Japan) operated at an accelerating voltage of 200 kV.
Topography of a samples was investigated using a Ntegra Prima II
atomic force microscope (AFM) (NT-MDT, Russia) in semi-contact
mode. An HA_NC (A) cantilever was used, with the following parame-
ters: cantilever length 123 pm, width 34 pm, thickness 3 pm, radius of
curvature 10 nm, force constant 17 N/m and resonance frequency 230
kHz. Root mean square (RMS) surface roughness was calculated ac-
cording to the ISO 4287-1 standard using Nova SPM software. X-ray
diffractometry measurements were performed on a D8 Advance powder
diffractometer (Bruker, Germany) using Cu Ka radiation (linear LYN-
XEYE XE-T detector) at a grazing angle of 0.5° in 26-scanning mode.
Diffraction patterns of the samples were obtained in the range of angles
20 = 20°-50° with a step of 0.03° and 60 s per step. UV-Vis diffuse
reflectance spectra in the solid state were measured with a Shimadzu U-
3000 spectrophotometer (Shimadzu, Japan). Raman spectra were per-
formed using a LabRAM HR Evolution Raman (Horiba, Japan) with a
532 nm laser as excitation source. Chemical structure of films was
studied using FTIR absorption spectra recorded on a SCIMITAR FTS
2000 spectrometer (Digilab, USA) in the wavenumber range of
375-4000 cm~ ! with a resolution of 2 cm 1. Photoluminescence (PL)
spectra were obtained with an Edinburgh LP 980 spectrophotometer. X-
ray photoelectron spectroscopy (XPS) were performed on a FLEXPS
system (Specs, Germany). Spectral excitation was provided by a mono-
chromatic Al Ka source, with analyzer operated at a pass energy of 20
eV. The chamber pressure was maintained at ~7.5 x 10~!! Torr during
analysis.

2.3. Photoelectrochemical measurements

PEC measurements were conducted using a CHI750E electro-
chemical workstation (CH Instruments Inc., Shanghai, China) in a
standard three-electrode configuration. Pt wire served as counter elec-
trode and a Hg/HgO electrode was employed as the reference. All ex-
periments were carried out in 1 M KOH aqueous electrolyte under
alkaline conditions. The electrolyte solution was vigorously stirred and
bubbled with N5 for 0.5 h to ensure that Oy in the PEC cell was
completely removed. Illumination was provided by a 150 W Xe lamp,
delivering a light intensity of 100 mW cm ™2 onto photoanode surface.
After depositing BCx, BCN and BCN/BCy layers, copper tape was affixed
to exposed edges of the substrate glass for electrical contact. All elec-
trodes were housed in a quartz electrochemical cell. Photocurrent re-
sponses were recorded via linear sweep voltammetry at a scan rate of 5
mV s~ '. Applied bias photon-to-current efficiency (ABPE) was calcu-
lated according to the following equation:

ABPE =J x (1.23 — Exux) / Pign @

Here, Eryr represents bias vs. reversible hydrogen electrode (RHE); J
denotes photocurrent density at the corresponding bias and Py, refers
to illumination intensity, set at 100 mW cm 2. Egyg was calculated by:

Erpie = Epgg g0 + 0.098 + 0.059 x pH @

where Epg /g0 represents bias vs. RHE (as used in this work), while the
standard electrode potential of Hg/HgO reference electrode is denoted
by Epg/rgo-

Charge separation efficiency (#sep) and charge injection efficiency
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(Mtrans) Were calculated by using 0.5 M NaySOs solution electrolyte as
hole scavenger.

JINa2s03
MNeep :ﬁ x 100% 3)
J 0,
Nerans :J ; x 100% 4)
abs

where J, JNa2so3 and Japs are photocurrent density in KOH, photocurrent
density in NaOH with NapSO3 and photon absorption rate expressed as
current density, respectively. Electrochemical impedance spectroscopy
(EIS) was performed under illumination by applying a 5 mV AC
perturbation at 0.67 V vs. Hg/HgO, across a frequency range spanning
from 100 kHz to 0.01 Hz. Mott-Schottky analysis was conducted at a
fixed frequency of 1 kHz with DC bias swept from —0.7 V to 0.5 V. The
electrochemical surface area (ECSA) was calculated from the electric
double-layer capacitance (Cq;) measured in a potential window without
Faradaic response. Cyclic voltammetry (CV) curves were recorded at
scanning rates of 10-60 mV s~ within the potential range of 1.03-1.13
V vs. RHE. Oxygen evolution under photoelectrochemical conditions
was quantified using a custom-designed, airtight, transparent electro-
chemical cell.

oz (1))

Xl

=
eegg | dV;

(5)

where V; is the applied potential, ¢ is the vacuum permittivity (8.86 x
10 Fm™), ¢ is the dielectric constant of semiconductor (4 for BCN), e
is the electronic charge (1.6 x 10°° [29], Nq is the carrier
concentration.

_AlT% + Ag‘[g

= 100% 6
At +Agry x 0 ©

Tavg

where T,yg is the average lifetime, A; is the pre-exponential factor and t;
is the decay time.

3. Results and discussion
3.1. Material structure and characterization

The one-stop BCN/BC,/FTO photoanode synthesis process is illus-
trated in Scheme 1. The growth of BCN nanowalls is highly dependent on
the partial pressure ratio of trimethylamine borane (TMAB) to N2 in
initial gas mixture. To synthesize two-layer structure of photocatalyst,
the first layer was formed by low-pressure chemical vapor deposition
(LPCVD) of the initial gas mixture. When synthesizing the second layer,
a plasma-enhanced chemical vapor deposition (PECVD) process was
used. In these two processes, the substrate temperature and the reagent
ratio were constant (Fig. S1). By adjusting the LPCVD process duration
from 5 to 30 min, the thickness of the BCy layer was controlled within
the range of 10 + 5 to 43 + 5 nm, as determined by ellipsometry
(Fig. S2). This demonstrates precise tunability of the BC layer thickness.
Since the synthesis time of BCN layer was 60 min for all samples, its
thickness in the structures was in the range of 273 + 10 nm according to
SEM data (Fig. S3). As depicted in the inset of Fig. 1d, digital images of
samples exhibit a consistent coloration across the surface, suggesting
excellent film uniformity.

The morphology of the BCN/BC films was examined using scanning
electron microscopy (SEM). Fig. 1a shows BCy layer is a highly uniform
thin film. Fig. 1b-d presents top-view and cross-sectional images of
BCN/BCy films, demonstrating that BCN layers are highly uniform two-
dimensional vertical nanosheets. EDX analysis of the BCy layer shows a
boron content of ~70 at.% and a carbon content of ~30 at.%. Consistent
with literature data, BCy is synthesized during LPCVD process [30].
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Fig. 1. (a) The top-view SEM image of the BC, photoanodes layer. (b, ¢) The top-view and (d) cross-sectional view SEM images of the BCN/BC, photoanodes films
(BCN/BCi-15 sample); the inset of (d) presents photographs of BCN/BC,-X/FTO/glass samples. (e) TEM image of the BCN/BC; film. (f) HR-TEM image of BCN/BCy-
15 film; the inset shows the HR-TEM images and selected area electron diffraction (SAED) pattern. (g-i) TEM-EDS element mapping of B, C and N elemental.

Transmission electron microscopy (TEM) of the typical BCN/BCy sample
revealed a nanosheet structure as shown in Fig. le. Selected-area elec-
tron diffraction (SAED) patterns suggest polycrystallinity of the BCN,
indicating that carbon forms domains (inset of Fig. 1f) [31].
High-resolution TEM (HR-TEM) images (Fig. 1f) reveal well-ordered
graphite-like layers with a precise lattice spacing of 0.35 nm [32,33]
(Fig. 1f and inset). The chemical composition was further analyzed via
scanning transmission electron microscopy (STEM) coupled with
energy-dispersive X-ray (EDX) analysis, which provided elemental
mappings of B, C, and N, showing a uniform distribution of the three
elements within the BCN film (Fig. 1g-i and Fig. S4).

Fig. 2a—c presents the atomic force microscopy (AFM) images and
Table S1 provides data on the root-mean-square (RMS) roughness of the
BCy, BCN and BCN/BCy layer surface. The RMS roughness of BCy layers
was investigated as a function of deposition time. As shown in Fig. S5,
the RMS roughness varied between 0.2 and 0.3 nm as the deposition
time increased from 5 to 30 min. The RMS roughness of the BCN
nanosheets synthesized directly via PECVD is 2.6 nm. When the BCN/
BCy film is synthesized using one-stop approach, the RMS roughness
ranges in the interval of 1.9-2.5 nm (Fig. 2¢ and S6). These changes in
RMS roughness highlight that the morphology of BCN nanosheet growth
is significantly influenced by the underlying BCy layer. As shown in
Fig. S7, the low RMS roughness indicates the uniformity of the height of
the vertically aligned BCN nanowalls [34], a crucial morphological
characteristic for photoelectrochemical applications. This structural
precision ensures that the sub-wavelength dimensions of the nanowalls
effectively minimize optical scattering losses. Additionally, the

nanomaterials’ high specific surface area aids charge transfer via contact
surfaces, lessening the current density and overvoltage of
oxidation-reduction reactions. Thus, the strong light-harvesting capa-
bility of vertically aligned BCN nanowalls is crucial for achieving effi-
cient PEC water splitting performance.

Further characterization of the nanofilm composition was conducted
using Fourier transform infrared (FTIR) Spectroscopy (Fig. 2d and S8)
and Raman spectroscopy (Fig. S9). As reported in previous studies, the
FTIR spectrum of crystalline, carbon-free hexagonal boron nitride (h-
BN) displays two distinct absorption bands: one corresponding to in-
plane B-N stretching vibrations (v|| = 1370-1400 cm™'), which are
primarily influenced by distortions within the basal planes and another
associated with out-of-plane B-N-B bending modes (v = 790-817
cm 1), whose spectral features are governed by the stacking arrange-
ment of the layers [35]. Turbostratic boron nitride (t-BN), a hexagonal
graphite-like form characterized by a disordered structure lacking
long-range order and exhibiting an expanded interlayer spacing, shows
the same two characteristic FTIR bands as crystalline h-BN; however,
these bands appear broader and exhibit noticeable shifts [36]. The
presence of carbon in the h-BN structure affects the position of these two
absorption peaks. Out-of-plane vibrations are shifted to lower wave
numbers [37]. In the FTIR spectra of BCN films (Fig. 2d and S8), peaks at
1382-1388 cm ™! and 809-810 cm ™! correspond to in-plane B-N
stretching and out-of-plane N-B-N bending vibrations, respectively,
indicating the sp>-hybridized structure of turbostratic BN, while there
are no corresponding vibration in BCy [37]. There is a shoulder at 1570
cm !, which can be attributed to vibrations of the C=C/C=N bonds. In
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Fig. 2. (a—c) 3D AFM images of the BC,, BCN and BCN/BC, surfaces, respectively. Scanning area is 10 x 10 pm? (d—f) FTIR. Raman spectra and XRD patterns of the
BCN/BCy, BCN and BC, samples. XPS high-resolution spectra of (g) B 1s, (h) C 1s and (i) N 1s of BCN and BC,.

the FTIR spectra of BCN/BC,/Si(100) structures, there is a very week
band at 1100 cm ™! which corresponds to a-BCy layer.

Raman spectrum of the amorphous or disordered carbon shows two
broad peaks centered at approximately 1350 cm ™! (D mode) and 1580
cm~! (G mode) [38]. Boron nitride in Raman spectrum has a charac-
teristic band around 1370 em™! corresponding to the Epg mode of the
hexagonal BN phase [35]. Fig. 2e and S9 present the Raman spectra of
BCy, BCN nanofilm and BCN/BCy layers. The BCy thin film spectrum has
no peculiarities in the region of 800-1800 cm ™~ *. Raman spectra of BCN
and BCN/BCy films have a broad band with two peaks centered at
approximately 1360 and 1590 cm™!. Exact nature of 1360 cm™! peak is
not determinable due to the overlap of BN Ex; mode and carbon D mode
in this region. But we can assume that the BN peak does take place, since
according to the abovementioned FTIR spectra and XPS data presented
below, where B-N bonds are observed. The Raman spectra’s carbon
features, along with the C=C and/or C=N bonds identified in FTIR
spectra, confirm inclusion of graphene domains within the h-BN lattice.
Furthermore, BCN and BCN/BCy XRD patterns exhibit one broadened
reflection at 20 = 42.4° (Fig. 2f), which corresponds to diffraction on a
family of (100) planes in h-BN [39]. TEM analysis revealed interlayer
spacings of 0.35 nm [17,40]. The XRD pattern of BCy film demonstrates
an amorphous state of the layer.

The surface chemical state, bonding structure, and elemental
composition of BCx layer and the BCN nanowalls were further analyzed
by XPS. The survey spectra of both films revealed the presence of
elemental signals corresponding to B, C, N, and O. The compositions are
Bo.70C0.21N0.0400.05 and Bo.38Co.26N0.3200.04 for BCx film and BCN film,
respectively. More detailed information on the chemical structure of the

samples were provided by high-resolution XPS spectra for B 1s, C 1s and
N 1s (Fig. 2g-i). The spectra reveal asymmetric and broadened peaks,
indicating the presence of multiple bonding configurations for the
atoms. For BCy sample synthesized via LPCVD, the core level spectrum of
B 1s is composed of three components (Fig. 2g, bottom). The dominant
component at 188.2 eV corresponds to B-C bonds in “boron-rich” in
boron carbide (BCy) [41,42]. Components with lower intensity at189.4
can be attributed to boron atoms bonded to carbon in the B-C bonds [43,
44]. Fig. 2h presents the C 1s spectrum, which displays complex fine
structure. Main component at 284.8 eV corresponds to sp>-bonded
carbon atoms and hydrocarbons. The intensive peaks at 282.8 can be
subscribed to C-B bonds in BCy. The peaks at 286.6 is attributed to C-N
bonds in C-(N/B), hybrid bonds and a weak peak at 289.3 eV is
considered as carboxyl group on a film surface. Deconvolution of the N
1s peak of BCy film spectrum identifies main components: N-B,Cs,
bonds and N-(B/C)yO3., bonds in h-BCiNy at 398.6 and 401.4 eV,
respectively. O 1s spectrum consists of two peaks at 532.6 and 533.8 eV,
which are characteristic for carboxyl and alcohol groups (Fig. S10) [45,
46]. The spectrum of the PECVD BCN film is significantly different from
the discussed above. The photoelectron peak of B 1s has a dominant
component at 190.7 eV, which corresponds to h-BN compound (the
boron atom is coordinated by three nitrogen atoms -BN3). Additionally,
low intensity components at 189.6, 190.3 and 191.9 eV, which can be
interpreted as B-C bonds and the hybrid B-(C,N3.,) and B-(C/N),Os.,
bonds, respectively. C 1s spectral region exhibits a complex profile,
resulting from the overlap of four distinct components. The dominant
peak appears at a binding energy of 284.8 eV, which is attributed to sp>
C as well as to carbon-containing surface impurities. The peaks at 282.9,
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286.6 and 288.5 eV correspond to C-B, C-(B;Ns ) and C-B,N3, hybrid
bonds. N 1s spectrum has one intense peak at 398.2 eV, which corre-
sponds to h-BN, and two low intensity components at 399.0 and 400.0
eV, corresponding to N-(B,Cs.,) and N-(B/C),03., hybrid bonds. O 1s
spectrum is mainly located at 532.4 and 533.7 eV, which correspond to
the chemical bonds in the carboxyl and the alcohol group respectively.
These findings confirm that the one-stop approach enables growth of a
bilayer structure with precise control of the BCy and BCN composition.
Furthermore, the XPS results are consistent with the EDX, FTIR and
Raman spectroscopy data, providing a comprehensive understanding of
the film’s chemical characteristics.

3.2. PEC performance evaluation

The photoelectrochemical (PEC) water oxidation performance of
BCN photoanodes modified with a BCy tuning layer was evaluated in 1 M
KOH solution under AM 1.5G simulated solar radiation (100 mW cm’z).
To elucidate the role of BCy tuning layer in promoting electron transport,
the PEC activities of BCy, BCN and BCN/BCy grown on FTO were
compared. As shown in Fig. 3a, the BCx photoanode displayed a weak
photocurrent response (0.05 mA cm ™2 at 1.23 V), likely due to a large
overpotential for oxygen evolution reaction caused by the lack of a
surface catalyst to drive the reaction efficiently [29,47]. Furthermore,
the evaluation of the BCy conductivity revealed that the BCy layer ex-
hibits outstanding electron transport efficiency, making it suitable as an
electron transport layer (Table S2). Remarkably, the BCN photoanode
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modified with a BCy electron transport layer exhibited a significantly
enhanced photocurrent density of 0.82 mA cm ™2 at 1.23 V, which is 4.6
times higher than pristine BCN (0.18 mA cm2). Meanwhile, the effect of
BCy functional layer thickness on photoanode performance was inves-
tigated. The highest PEC activity was achieved when the BCy layer
exhibited a moderate thickness (Figs. S11-S12). As shown in Fig. S13,
the slope of the BCN/BCy photoanode under illumination shows that the
Cqy ratio is 17.7 % higher than that under dark conditions. The absorbed
photon-to-current efficiency (ABPE) was calculated from the photocur-
rent density curves (Fig. 3b). The ABPE of the BCN/BCx photoanode
reached 0.02 % at 1.16 V, significantly higher than that of pristine BCN
(0.005 % at 1.15 V) and BCy (0.0025 % at 1.15 V). This enhancement is
attributed to the vertically aligned nanostructured arrays and BCy
electron transport layers, which facilitate efficient light-harvesting and
charge conversion (Fig. S7). To further investigate the electron recom-
bination dynamics of the photoanodes, the decay of the open-circuit
voltage over time under AM 1.5 G irradiation was examined
(Fig. S14). The BCN/BCy photoanode demonstrates a longer average
carrier lifetime than the other samples, suggesting a slower voltage
decay rate and more efficient separation of photogenerated electrons
and holes.

To better focus on charge transport and separation inside the pho-
toanode, the photocurrent of the BCN/BCy, BCN and BCy, was measured
in a 0.5 M NaySOs solution as sacrificial reagent, where the limitations of
surface OER dynamics can be ignored. The BCN displays an increased to
photocurrent of 0.35 mA cm ™2 at 1.23 V, which was further enhanced to
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Fig. 3. (a) Linear-sweep voltammograms (LSV) measured in a 1 M KOH solution under AM 1.5G illumination (100 mW cm2) with a scan rate of 5mV s~ . (b) ABPE
curves. (c) The calculated #sep and #¢rans curves. (d) Chopped illumination transient photocurrent response of different catalysts (BCN/BC,, BCN and BCy) at the open
circuit potential within 0.5 M Na,SO,4 solution. (e) Mott-Schottky plots for BCN/BC,, BCN and BC, samples collected at a frequency of 1 kHz in the dark. (f)
Electrochemical impedance spectra (EIS) for the samples of BCN/BCy, BCN and BC, measured at 1.6 V under illumination. (g) The durability of the photoanode

measured at 1.23 V.
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1.2 mA cm™2 for the optimal BCN/BCy (Fig. S15), implying that the
introduction of the BCy electron transport layer can facilitate charge
separation and increase the photocurrent. The charge separation effi-
ciency (1sep) and charge transfer efficiency (yqrans) are estimated and
shown in Fig. 3c. BCN/BCy at 1.23 V versus RHE shows a #sep, of 22.8 %,
3.3 times higher than that BCN (6.9 %), indicating that charge recom-
bination inside the photoanode was effectively retarded. Similarly, the
introduction of BCy electron transport layers enabled the BCN/BCy
photoanode to exhibit a higher ¢ ans at 1.23 V (increasing from 41.2 % to
62.7 %), indicating that the upward band alignment induced by the BCy
layer facilitates charge transfer in both the surface and bulk regions of
the photoanode. Additionally, chronoamperometric I-t curves under
chopped illumination were used to characterize the photoresponse of
BCy, BCN, and BCN/BCy photoanodes. All photoanodes displayed rapid
responses to incident light during on-off cycles (Fig. 3d and S16). Under
open circuit potential (OCP) conditions, BCN/BCy structure achieved a
photocurrent density of 10 pA cm™2, surpassing samples with both
pristine BCN and BCy. Notably, the I-t curves of BCN exhibited spike
peaks, which are attributed to the rapid recombination of photo-
generated electron-hole pairs upon light excitation. The incorporation of
a BC, tuning layer significantly suppresses this recombination process.
This suppression highlights the role of BCy in effectively reducing the
recombination of photogenerated electron-hole pairs in BCN, thereby
enhancing the PEC performance of the BCN photoanode.

To investigate the underlying cause of PEC enhancement, charge
transfer kinetics were analyzed. Mott-Schottky (M-S) measurements
(Fig. 3e and S17) of BCy, BCN, and BCN/BCy photoanodes were con-
ducted at 1 kHz. The carrier concentration (Ng) is inversely proportional
to the slope of the M-S plot [48]. Since the ultrathin film of BCy mini-
mally affects the basic composition of the BCN/BCy materials, an
equivalent dielectric constant was assumed for these devices [49,50].
The positive slopes in the M-S curves of all photoanodes confirm their
n-type semiconductor characteristics. Beneficially, the slope of the
BCN/BCy photoanode was significantly smaller than those of BCy and
BCN, reflecting a higher carrier density is conducive to improving the
charge transport. The calculated Ny values followed the trend: BCN
(2.07 x 10%® em™) < BG4 (7.16 x 10*° em™3) < BCN/BG, (1.19 x 10
cm™3). This demonstrates that BCy, acting as a tuning layer, significantly
enhances the electronic conductivity of the photoanode. Additionally,
BCN/BCy and BCy exhibited a positive shift in flat-band potential
compared to BCN, indicating improved charge transport efficiency.

Electrochemical impedance spectroscopy (EIS) was employed to
elucidate interfacial charge transfer and oxygen evolution kinetics.
Nyquist plots in Fig. 3f reveal two characteristic arcs, attributed to bulk
resistance (Rp) at high frequencies and interfacial charge-transfer
resistance (R.o) at low frequencies across the photoanode/electrolyte
boundary [47]. EIS measurements (Fig. 3e) under AM 1.5 G simulated
solar radiation revealed R values of 38, 26, and 13 Q for BCN, BCy, and
BCN/BCy photoanodes, respectively. The significant reduction in Ret for
the BCN/BCy photoanode indicates that BCy facilitates the transport of
photoexcited carriers at the interface, effectively suppressing charge
recombination and enhancing interfacial charge transfer kinetics [51].
Interestingly, the BCN/BCx-X photoanodes exhibited a higher R in the
dark than under illumination. When the BCx electron transport layer has
moderate thickness, the difference R.; between the dark and light con-
ditions is the greatest. These results indicate that an appropriately
engineered BCy electron transport layer facilitates efficient interfacial
charge transfer under illumination (Fig. S18).

As shown in Fig. S19, the vertically aligned nanowall array structure
of the BCN/BCy heterostructure remained intact with no phase change
observed after the long-term stability test. The exceptional stability of
the BCN/BCy system is attributed to the BCy tuning layer, which pro-
vides electron transfer energy levels that are well-matched. This energy
band matching minimizes the recombination losses typically observed in
BCN, further underscoring the superior performance of the BCN/BCy
system in photoelectrochemical applications [52]. Therefore,
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unmodified BCN exhibits lower photocurrent density and stability.
However, after the introduction of the electron transport layer, the
reduction of the interfacial reaction barrier accelerates charge transfer
between the semiconductor and the active species in the electrolyte.
This not only prevents the material from corrosion caused by charge
accumulation but also enhances both the photocurrent density and
stability of electrode [53]. The BCy tuning layer strategy demonstrates
broad applicability, as preliminarily validated by its extension to
photo-assisted Zn-air batteries and Fe;03-based photoanodes (Fig. S20),
where it significantly enhances charge separation and overall device
performance.

3.3. The water oxidation mechanism of photoanode

Further investigation using three-dimensional fluorescence revealed
the fluorescence characteristics of BCN before and after the introduction
of the tuning layer BCy. Compared to pristine BCN, the use of the
additional BCy layer resulted in a blue shift in both excitation and
emission wavelengths, indicating that the addition of BCy layer altered
the electronic structure of BCN and modified BCN/BCy’s band structure
(Fig. 4a—c). This modification enhanced the light absorption efficiency,
leading to a higher generation of photogenerated charge carriers, which
is highly beneficial for PEC applications. Meanwhile, the optical prop-
erties of the nanofilm samples were examined by using photo-
luminescence (PL) and UV-Vis diffuse reflectance spectroscopy emission
spectra. To evaluate charge separation capability, PL spectroscopy was
conducted for the photoanodes using an excitation wavelength of 355
nm. As shown in Fig. 4d, BCy displays a pronounced PL emission peak at
418 nm, linked to bandgap transitions and charge transfer transitions
involving boron-rich sites. Compared to BCy, the intensity of this emis-
sion peak is significantly reduced for BCN and is further diminished in
the BCN/BCy system. The reduction in PL emission intensity demon-
strates the radiative recombination of photogenerated charge carriers is
significantly suppressed, favoring electron-hole separation [60]. More-
over, time-resolved transient PL decay spectra recorded at the
steady-state emission peaks revealed that the BCN/BCy heterostructure
exhibits a longer average carrier lifetime (tayg) than pristine BCN
(Fig. 4e), indicating more efficient charge transfer in BCN/BCy. UV-Vis
absorption spectra (Fig. S21) revealed the optical characteristics of BCy,
BCN and BCN/BCy photoanodes. Compared to pristine BCN, the intro-
duction of the BCyx electron transport layer in the BCN/BCx sample
significantly enhances light absorption intensity, suggesting a positive
impact on the remarkable improvement in PEC activity. Based on the
transformed Lambert’s function [61,62]. the intrinsic bandgaps of BCy,
BCN and BCN/BCy were calculated to be 2.1, 3.9 and 3.2 eV, respectively
(Fig. 4f). The increased absorbance in the visible light region upon
introducing the BCy layer is attributed to the visible light absorption
properties of BCN and BC.

Based on these results, a possible mechanism for the significant
enhancement of PEC behavior in the BCN/BCy photoanode is proposed.
According to the Mott-Schottky plots, the intercept on the horizontal
axis corresponds to the flat-band potential [63]. Additionally, for n-type
semiconductors, the flat-band potential is approximately 0.1 eV above
the conduction band edge [64]. Consequently, the potential at the bot-
tom of the conduction band (Ecp) can be derived, and valence band
potential (Eyp) was then calculated using relationship Eg = |Ecg — Evs|-
Resulting band structures are illustrated in Fig. 4g and h. Because the
conduction band of the BCN/BCy catalyst has a higher reduction po-
tential than that of pristine BCN, photoexcited electrons transfer from
BCN to the conduction band of BCy. This transfer prolongs the lifetime of
localized electrons, suppresses charge recombination, and enhances
charge separation, thereby making holes the primary active sites for the
PEC reaction. Consequently, electron-hole recombination in BCN is
inhibited, and the valence-band holes exhibit improved activity toward
the oxidation of OH™ to Oy, which benefits PEC performance. In
contrast, in BCN without a tuning layer, the transport of photogenerated
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Fig. 4. (a—c) The 3D fluorescence spectra of BCy, BCN and BCN/BCy samples, respectively. (d) Steady-state Photoluminescence spectra, (e) and time-resolved
transient PL decay spectra. (f) Tauc plots of BCN/BCy, BCN and BCy samples. (g, h) Charge transfer in the BCN photoanode with and without electronic transport
layer with energy band diagram. (i) Comparison of BCN/BCy sample and other PEC water oxidation performance [17,54-59].

electrons is severely hindered by the high interfacial energy barrier.
Moreover, the holes generated by the photoanode upon excitation are
largely blocked from reaching the surface active sites, with most holes
recombining with photogenerated electrons rather than participating in
the water oxidation reaction (Fig. 4g). In contrast, due to the strong
electron transfer resulting from the interfacial bonding between the BCN
photoanode and the BCy catalyst (Fig. 4h), photogenerated holes can
rapidly migrate from the photoanode to the catalyst surface, while the
accumulated photogenerated electrons on BCN are quickly transferred
through the electron transport layer to the electrode, significantly pro-
moting charge separation and transfer. As summarized in Table S3 and
Fig. S22, the photocurrent and stability runtime of the BCN/BCy pho-
toelectrochemical are compared with those of reported non-noble met-
al-based OER photocatalysts in alkaline media (Fig. 4i). The outstanding
water oxidation activity of photoelectrocatalysis indicates significant
potential for practical application in water splitting cells.

4. Conclusions

In summary, we have achieved synergistic control of BCy tuning
layer formation and vertical growth of boron carbonitride (BCN)
nanostructures on FTO has been achieved through an integrated CVD
synthesis approach. This functional layer of BCy simultaneously sup-
presses charge recombination pathways in BCN nanowall arrays while
enhancing light-trapping efficiency via the optimized photon scattering
and multi-reflection phenomena within the vertically aligned

nanoarchitecture. Furthermore, owing to its low conduction band, the
BCy layer facilitates the charge separation and transfer, significantly
boosting the utilization efficiency of photogenerated electron-hole pairs
in BCN photocatalysts. Mechanistic studies indicate that during photo-
electrochemical reactions, electrons are effectively separated and
transferred to the BCy layer, while holes serve as the primary active
species. With a higher carrier concentration (1.19 x 10%! cm™>), the
BCN/BCx photoanode exhibits an increased photocurrent density,
increasing from 0.18 to 0.82 mA cm 2, along with excellent stability
over 100 h. This work not only addresses the critical issue of severe
electron-hole pair recombination in conventional semiconductor pho-
toelectrodes but also underscores the pivotal role of the innovative
tuning layer strategy in designing and synthesizing high-performance
PEC devices.
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