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Abstract

Carbon nitride (CN) has emerged as a promising metal-free semiconductor for
photoelectrochemical (PEC) water-splitting applications. However, its practical
implementation is hindered by low photoactivity compared to inorganic photoanodes. We
report excellent photoactivity of modified CN photoanodes for PEC water oxidation.
Incorporating powder precursors during the synthesis induces favorable morphological
modifications, enhanced layer ordering, and charge transfer. The powder thiourea-assisted
growth of CN boosted the photocurrent by almost threefold. This enhancement is attributed to
suppressed carrier recombination and improved charge transfer, and the formation of CN and
SnS: heterojunctions. The champion CN photoanode achieved an excellent charge extraction
efficiency of up to 69% and a benchmark photocurrent density with and without a hole
scavenger of about 2.7 and 2 mA cm™ for water oxidation at 1.23 V versus RHE in neutral 0.1
M Na,SOs solution, with onset potential of 0.32 V vs. RHE and external quantum yield value

reaching 42% at 440 nm.



Carbon nitride (CN) has garnered significant attention over the past decade as a
promising metal-free and environmentally friendly semiconductor for driving
photoelectrochemical (PEC) reactions, owing to its elemental abundance (C and N), excellent
chemical stability, band gap tunability, and suitable energy band-edge position, along with its
compatibility with low-cost and eco-friendly manufacturing.!* However, the progress of CN-
based photoelectrodes remains limited due to low photocurrent compared to state-of-the-art
materials.*® The predominant inhibiting factors for photocurrent in CN photoelectrodes are
rooted in its moderate light-harvesting properties, and poor charge transport due to low
conductivity and high charge recombination rates. Moreover, the interface between CN and
contact layers is also critical, especially for the sluggish oxidation reaction kinetics, where the
build-up photogenerated charges decreases the photoconversion efficiency. Inadequate
mechanical and electronic coupling to the conductive substrates results in weak adhesion and
interfacial charge transfer barrier, further hindering its performance and large-scale adoption.

These cumulative factors have stagnated the development of CN-based PEC cells.’

Synthesizing high-quality CN films with cohesive contact with conductive substrates is

crucial for CN photoanode advancement. Previous efforts to address this relied on different

10-12 13,14

preparation techniques such as thermal vapor condensation, solvothermal methods, spin
coating,'> '® doctor blading,'” '® microcontact printing,'® co-condensation of CN monomers,*
and sol-gel processing.”! Among these, vapor-based deposition methods yield high-quality film
on variety of substrates,? and direct growth of monomers on the conductive substrate, followed
by calcination at high temperature, has demonstrated improved film adhesion and enhanced
photocurrent density.?> 2> This two-step approach provides a facile platform to obtain
homogenous films with tailored structural, optical, electronic, and photochemical properties

through rational synthesis, molecular functionalization, doping, and hetero-interface formation.

For instance, nitrogen-rich organic compound, such as melamine, incorporation during the
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thermal polymerization process enhances the electronic coupling with a conductive substrate
and improve photocurrent.’’ Doping Na and B in the similar process extends visible light
absorption up to 550 nm and increases the photocurrents.?* Similarly, constructing dual-layer
CN films from co-condensation of a supramolecular precursor on carbon source polymer

5 and directly employing a supramolecular complex?® have also been reported to

matrix,’
improve the film quality. Strikingly, some sulfur-containing precursors improve the interface
by reinforcing the chemical adhesion of CN films to FTO substrates and promoting charge
migration across the interface due to the adventitious heterojunction formation.?” Despite
significant progress in the fabrication of CN films, photocurrents from CN photoanodes have
not exceeded few hundreds of microampere, reaching only up to 910 pA cm™2 at 1.23 V vs.
RHE under one-sun illumination.”> Such performance is notably lower compared to its
theoretical limit and analogous metal oxide photoanodes such as Fe2O3, BiVO4, TiO2, and WO3
for water oxidation.?® For instance, BiVOa can deliver stable photocurrents of up to 6 mA cm™
at 1.23 V vs. RHE under AM1.5G illumination.” Thus, development of viable methods that

allow the formation of CN films with tailored structures with high performance remain a central

issue to realize the practical implementation of CN photoanodes PEC cells.

Herein, we developed a precursor-guide in-situ growth method to synthesize
nanoporous carbon nitride thin films to holistically improve performance via enhanced
molecular-level linkages and structural ordering of layered CN sheets, nanoporous morphology,
and better interfacial charge separation from heterojunction (Z-scheme) formation. The rich CN
chemistry and precursor engineering allows direct regulation of the structure during the film
growth and promotes interaction at molecular level, leading to enhanced optical absorption and
reduced charge transfer resistance. The thermal decomposition of nitrogen (melamine, urea)
and sulfur-rich (thiourea) supramolecular modifiers direct the growth and dictates the chemistry

of the bulk as well as the back charge-selective interface. The optimized CN photoanode
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achieved a remarkable improvement in the photocurrent density for water oxidation reaction,
reaching up to 2.7 mA cm? (with H,O, hole scavenger) and 2 mA cm™2 (without hole
scavenger) at 1.23 V vs. RHE in 0.1 M Na.SOs aqueous solution under standard AM1.5 one-
sun illumination with low onset potential of 0.32 V vs. RHE, and a high charge transfer
efficiency of up to 69%,. The modified CN photoanode demonstrated excellent PEC

performance, advancing the potential of this material for practical applications in PEC systems.

In this study, CN thin films were deposited on fluorine-doped tin oxide (FTO)-coated
glass using thiourea precursor, based on the method reported by Qin et al. in 2020%° (see
methods). The deposition of thiourea resulted in a uniform white layer on the FTO substrate
upon drying (Fig.la, see Fig.S1 and S2). Calcination of the film produced a nanostructured
flake-like porous CN film on FTO (Fig.S3), with thickness optimized by controlling the initial
layers of thiourea films (Fig.S4 and S5). The modification of the CN electrode was performed
by calcination in the presence of melamine, urea, and thiourea monomers, referred as CNy,
CNy, and CNr, respectively. The SEM image shows the formation of island-like structures,
indicating preferential polymerization growth process (Fig.S6). A study by Fung et al.
elucidated the role of sulfur in the growth of CN films by preferential bonding with Sn. This
interaction initializes the formation of CN and leads to polymerization cascades that form

islands on the FTO substrate.?’
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Figure 1: Synthesis of CN photoanode. a) Schematic representation of the synthesis of

modified CN films. b) Molecular structure schematics: Atom’s colour: black, blue, white, red,

and yellow represent C, N, H, O, and S, respectively. SEM images of (c) CNwm, (d) CNy, and

(e) CNr (Insets are the SEM images at higher magnifications). (f) FTIR spectra g) Expanded

FTIR spectra in the range of 2300-3800 cm™. (h) Tauc plot analysis for direct transitions of

CN electrodes.



Incorporation of melamine resulted in the formation of rod-like structures on the surface
of CN, as highlighted in Fig.1c. The extent of these structures increased with the amount of
melamine added during calcination (Fig.S7). The CNy electrode (Fig.1d) shows a rod-like
structure and a hexagonal sheet-like structure on the FTO. Similarly, the CNr electrode (Fig.le
and Fig.S8a) shows flower-like porous nanosheet structures along with hexagonal structures.
The carbon nitride covers the entire surface of FTO (Fig.S8b) in addition to forming an island
structure. Complementary EDX analysis on flower-like islands structures predominantly show
carbon (C) and nitrogen (N) atoms (Fig.S9a and b). In contrast, the hexagonal platelet structure
shows Sn, S, C, N, and O (Fig.S10a and c) elements, indicating the possible heterostructure

modification of CN.

The functional groups and chemical bonds of the synthesized electrodes were
characterized using Fourier-transform infrared (FTIR) spectroscopy (Fig.1f). All the modified
electrodes exhibited similar spectral patterns to the reference CN electrode. The strong peak at
806 cm™ corresponds to the breathing mode and bending vibration of tri-s-triazine units,
confirming the successful formation of CN. *° The vibration bands within the 900 to 1750 cm™
range correspond to the stretching modes of C-N heterocycles, including C=N stretching
vibrations at 1543 and 1619 cm™, and aromatic C-N stretching vibrations at 1231, 1316, 1399,
and 1451 cm™.3"32 In this region, CNy, CNrt, and CNy showed a slight blue shift compared to
CN (Fig.S11), indicating shorter chemical bonds due to enhanced structure conjugation and
polymerization from molecular modification.*> The broad peak observed between 3000 and
3500 cm™ is attributed to N-H and O-H stretching vibrations, originating from the -NH group
of amino and adsorbed H:0, respectively. 3> 3* The CNy electrode showed a generally lower
peak intensity, due to poor film formation and inadequate adhesion of the carbon nitride to the
FTO. Furthermore, careful observation of the spectra of the CNm, CNt, and CNy shows reduced

intensities in the broad peaks between 3000 and 3500 cm™ (Fig.1g). This reduction suggests
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that incorporating powder precursors decreases the terminal amine groups, promoting the
formation of ordered carbon nitride sheets.>> UV-Vis spectroscopy of CNym, CNT, and CNy
showed direct transition characteristics with bandgap in the range of 2.66 to 2.62 eV (Fig.S12

and Fig.1h).
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Figure 2 Characterizations of the electrodes: a) XRD patterns of modified CN films. b) XRD
in the specific 20 range of 24°-30° (inset: digital images of the films). High-resolution XPS
spectra with deconvoluted peak fitting for (¢) C 1s, (d) N 1s.



The X-ray diffraction (XRD) patterns (Fig.2a) show that the diffraction peak intensity
at 27.5°, associated with the interlayer stacking of the aromatic system, slightly increases for
CNwm and CNr films compared to the reference CN film (Fig.2b). This enhancement suggests
structural coherence within the (002) plane owing to enhanced crystallinity and a more uniform
distribution of atoms. However, the CNy electrode exhibited a very weak CN peak, due to poor

film formation (Fig.2b-inset), consistent with FTIR analysis.

To further understand the effect of melamine, thiourea, and urea on the surface chemical
composition and oxidation state of the electrodes, X-ray photoelectron spectroscopy (XPS)
analysis was performed. The atomic concentrations of the electrodes were determined from the
intensities of high-resolution XPS spectra. As shown in Table S1, the atomic concentrations of
CN, CNw, and CNr are similar, with C and N detected as the main elements next to traces of S,
Sn, and O, indicating that the addition of melamine and thiourea during calcination does not
significantly affect the total atomic composition. Additionally, the calculated C:N ratio of the
samples is also close to the theoretical value of 3:4 (Table S2). However, CNy exhibits a notably
higher O concentration, along with a significant amount of Sn and S, associated with the
increased oxygen content from the urea precursor (Fig.S13a and Table S1). The high-resolution
C 1s spectrum (Fig.2c) of CN reveals peaks at 284.6, 285.8, 287.0, and 289.0 eV, corresponding
to adventitious carbon, partly oxidized carbon (C-O/adventitious carbon), sp’>-hybridized N—
C=N coordination, and C=0 groups, respectively. **3* Similar spectral features were observed
for CNwm, CNr, and CNy, with slight shifts in binding energies. An increase in intensity of the
N-C=N bonds was detected in the modified samples (Table S3), suggesting enhanced sp’
bonding and a more ordered structure. This increased ordering enhances the interlayer stacking,
consistent with the increased XRD peak (Fig.2b). In addition, a reduction in C=0 peak intensity
is observed for CNym, CNt, and CNy, which may contribute to enhanced PEC performance.*

The N 1s spectrum (Fig.2d) of CN displays three main peaks at 398.5, 399.6, and 401.0 eV,
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corresponding to sp?> C—N=C bonds, tertiary nitrogen N—(C)s groups, and amino groups (-N-H),
respectively, 4° while, a peak at 404.6 eV is often attributed to charging effect or m-excitation.*”
3 Notably, slight shifts in the N 1s peaks are observed for the modified electrodes compared to
CN. In addition, an increased ratio of C-N=C to -N-H species was observed for CNm and CNrt
compared to CN, providing further evidence of precursor-induced structural rearrangements
(Table S4). The observed shifts in both C 1s and N 1s binding energies, along with the increased
intensity of sp?>-bonded C and N within the triazine rings, further confirm interactions between
the added powder precursors and C/N atoms. The high-resolution O1s spectra of CN, CNwm, and
CNr show a peak at 532.3 eV, associated with the C=O bond.** However, CNy exhibited
increased peak intensity and different peak shape, which is likely due to its higher oxygen
content observed in elemental analysis and varying chemical environments and surface
heterogeneity from the urea decomposition (Fig.S13b). The analysis of S 2p spectrum confirms
S* species, S-C and S-O bonding signature (Fig.S13c).*> %6 The Sn 3d spectrum (Fig.S13d)
exhibits peaks at 486.7 and 495.1 eV, corresponding to Sn 3ds» and Sn 3d3p, respectively,
demonstrating the formation of Sn**.*” These findings align with XRD results, confirming the
formation of SnS.. The Sn 3d and S 2p peaks in CNm, CNt, and CNy show similar features
with a slight shift to lower binding energies. Shifts in binding energy in XPS spectra are
commonly attributed to two mechanisms: variations in the electronegativity of metal ions and
strong interactions (electron transfer) between nanocrystals.**> In this study, the calcination of
the thiourea film resulted in the formation of an SnS: layer between the CN film and the FTO
substrate. Further characterization and discussion of the exposed FTO forming SnS: is
presented in the supplementary file (Fig.S14).

The photoelectrochemical (PEC) properties of the electrodes were measured using a
three-electrode configuration in 0.1M Na>SO4 electrolyte under one-sun illumination. The
electrodes prepared under different synthesis conditions exhibited varying photocurrent

densities (Fig.3a). The linear sweep voltammetry (LSV) under both front and back illumination
10



revealed that back illumination resulted in higher current densities (Fig.S15a), suggesting
electron-limited transport™' and the potential for further optimization of the film thickness.
However, increasing the thickness by adding more layers through the dip-dry cycle led to a
decline in photocurrent (Fig.S15b), due to diffusion limitations and decreased conductivity °.
The incorporation of powder precursors notably enhanced the overall PEC water oxidation
performance (Fig.3a and Fig.S16). The electrodes prepared with 25 mg of powder precursors
produced the highest photocurrent density. The LSV measurements (Fig.3b) showed a
significant photocurrent increase from 0.5 mA cm™ for CN to 0.56, 1.27, and 1.44 mA cm at
1.23 V vs. RHE, for CNym, CNy, and CNr, respectively. The CNr electrode exhibited the highest
photocurrent density with an onset potential of 0.36 V vs. RHE, and the photocurrent further
increased at higher applied bias. The maximum applied bias photon-to-current conversion
efficiency (ABPE) of CNtis 0.11% at 1.09 V vs RHE, about four times as high as the maximum
value of CN (0.03%) (Fig.3c). Electrochemical Impedance Spectroscopy (EIS) analysis
(Fig.S17a) revealed that molecular precursor modification significantly improved the charge
transfer characteristics of the CN electrodes. The Nyquist plot showed the smallest semicircle
for CNr, indicating better charge transfer. Thus, the structural and morphological modifications
induced by the incorporation of thiourea precursors suppress the charge transfer resistance and

carrier recombination and promote more efficient charge separation and migration.
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Figure 3: PEC performance characterization. a) Photocurrent density of carbon nitride
photoanodes under varying synthesis conditions, including film thickness, powder precursors,
and their amount, at 1.23 V vs. RHE under one-sun illumination in 0.1M Na>SO4 aqueous
solution. b) LSV measurements under chopped 1-sun (back) illumination. c) ABPE analysis. d)
steady-state PL, and e) time-resolved PL decay spectra. f) Energy level diagram of CNr and
exposed FTO relative to water redox reactions, determined using Mott-Schottky plots and

optical bandgaps from Tauc plot analysis.

Mott-Schottky (MS) analysis of the CNrt electrode confirms its n-type semiconductor
behavior (Fig.S17b) and is further used to determine the flat band potential (V). For n-type
semiconductors, the Vi is inferred to be located near the conduction band (CB) edge.**>* Thus,
the CB edge position of CNr is estimated to be at 0.39 V vs. RHE, and based on its band gap,
the valence band (VB) maximum is estimated to be at 3.03 V vs. RHE. To gain further insights
into the charge separation mechanism in the CNr electrode, the SnS: interface between the CN

layer and the FTO substrate was analyzed after mechanically scratching the top CN film. From
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MS analysis, the CB edge of SnS: is determined to be -0.27 V vs. RHE, while its band gap, as
derived from Tauc plot analysis (Fig.S17c), is 2.51 eV, rendering its VB edge to be 2.24 V vs.
RHE. While MS establishes the energy band positions, it does not reveal charge transfer
directionality. Therefore, we conducted steady-state and transient photoluminescence analysis
of the control (CN) and best (CNrt) to confirm charge transfer, as shown in Figure 3d and e. The
PL quenching of the steady-state PL emission for CNr indicates enhanced charge transfer of
photoexcited carriers. Additionally, the time-resolved transient PL decay lifetimes show similar
lifetimes for CN and CNr, which is attributed to the bulk lifetime. Combined with the lower
photocurrent observed for the interlayer SnS, (Fig.S17d), the result indicates a Z-scheme
heterojunction configuration (Fig.3f), which facilitates the recombination of low-energy
carriers at the back interface and enhances the charge transfer process.”> Notably, the PL
emission also extends to ~600 nm with a low-energy tail emission centered around 530 nm.
Although favorable for light absorption, the origin of this extended tail remains unclear so far.
The below bandgap tail emission appears, regardless of the 1- or 2-photon excitation condition
(2-photon excitation allows to probe deeper through the thick CN films, providing more in-
depth information) (Fig.S17e). This suggests that the emission process is exploiting the same
material with the similar nonlinear properties (for example, the same 2-photon absorption cross-
section), and thus that the low energy emission most likely originates from the carbon nitride
layer itself rather than a SnS> layer at the FTO/CN interface. We cautiously attribute the

observed extended optical response to sub-bandgap electronic transition in carbon nitride*®.

The performance of the CNr electrode was further optimized by lowering the
concentration of the aqueous thiourea solution from 0.9 to 0.6 and 0.3 g mL™, labeled as CNro.6
and CNro3, respectively (Fig.S18). The reduced thickness is expected to allow greater light
penetration and better charge transport. The LSV measurement of the electrodes (Fig.4a and

Fig.S19) shows that CNro. generated the highest photocurrent of 2 mA cm™ at 1.23 V vs. RHE.
13



In the presence of 0.5M H:O: hole scavenger, photocurrent increased to 2.7 mA cm™ due to
efficient hole extraction efficiency (Fig.4b). The detailed characterization of CNro6 (Fig. S20-
S22) and the effect of CNtoes calcination temperature and electrolyte conditions on the

performance can be found in SI (Fig. S23-S25).

[
o

c
36 3
364 oN )
P 106 : Champion photoanode ~30 ——CNy;p5 0.5 M H,0,
§30 T0.6:0.6 g mL" thiourea § CNrog Na,SO, / &
< concentration <24 —_ { 2 E
E24 £ IS G
> - ~ <
= =418 w £
218 e [S) =
c c b
] ) o c
o o — —
€ 12 / 17
5121 £ /
5 £ /
©0.61 Q06 ‘
0.0 0.0 = A l U .
02 04 06 08 10 12 14 02 04 06 08 10 12 14 300 400 500 600
d Potential (V) vs. RHE e Potential (V) vs. RHE Wavelength (nm)
__ 8 2.04 1. CN(melem-melamine)/CN(melamine) .8
e 0; ~ 2. S600CNQD@ZnO 7. CN-MSG/M 12. PCN nanosheet 17. CN:ITO/ALO,
S —H, e 3.CN-CMK-s-MeOH 8. B-FeOOH/CN 13. K-PHI 18. TIO/P-CN/Co,0, 18
2 6 <154 4 3MelMggy10 9. CNyy, 14.V-doped g-C:N, % CN,: This work 17 [
= E 5.CoS,-CN 10. g-CN-M,; Ty ¢ 15. CNqyyg
8 Zz | ePcNTi 11. CN-MR/NiFeO,H, 16. Dual layer CN
o 4 €1.04 16
2 3 13 14 22 |
2 g 12 i
B 5 11
3997 9 10 S
, 2 3 4 5 8 7 ‘
0 00 51 81 0[] [0 ] [¥]

0 10 20 30 40 50 60
Time (min)

Figure 4 Characterization of optimized photoanodes. a) Photocurrent density of champion
CNro.6 photoanode b) LSV measurements of CNto¢in 0.1 M Na>SO4 with and without hole
scavenger (0.5 M H>0»). ¢) IPCE measurement of CNrto6 photoanode at 1.23 V vs RHE and the
integrated photocurrent density. d) Evolved O and H: gases generated from the
photoelectrochemical cell. e) Photocurrent density of carbon nitride-based photoanodes from

recent reports (details available at Table S5).

The calculated charge transfer efficiency of the CNro electrode is approximately 69% at 1.23
V vs. RHE (Fig.S26), which is notably high considering the absence of any cocatalyst. The
enhanced charge separation is further evidenced by the lower onset potential (Fig.S27a)
observed in the CNo,6 (0.32 V) compared to CNrt electrode (0.36 V vs. RHE). Furthermore, the
CNro.6 demonstrated the highest APBE of 0.16% at 1.09 V vs. RHE (Fig.S27b) with smaller

semicircle in the Nyquist plot, indicating a reduced charge transfer resistance (Fig. S27c).
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The photoanodes demonstrated excellent reproducibility (Fig.S27d). Figure 4c¢ shows
the incident photon-to-current conversion efficiency (IPCE) of the CNro6 electrode at 1.23 V
vs. RHE in a 0.5M Na:SO:s electrolyte. The highest IPCE of = 42% was achieved at around 440
nm, with photoresponse extended up to 600 nm, consistent with the absorption and PL
observations. The integrated photocurrent density shows only slightly higher value (2.8 mA cm”
2) compared to those observed in the LSV measurements. The production of hydrogen (Hz) and
oxygen (O2) gases during the PEC experiment using the CNTo.¢ photoanode was measured at
1.23 V vs. RHE under 1-sun illumination (Fig.4d). Gas evolution rate of 7.95 and 2.14 pmol h°
''em™2 H;, and O; respectively. Despite high current density from the photoanode, the calculated
Faradaic efficiencies (FE) for OER and HER were 12% and 44%, respectively. The low FE and
the deviation from the expected stoichiometric ratio between O2 and H» gas evolution are
attributed to instability under prolonged irradiation (Fig.S28), which indicates that a significant
portion of the measured photocurrent is not contributing to water oxidation but rather arises
from layer degradation. The high photocurrent, therefore, primarily reflects the intrinsic
photoactivity of the electrode rather than its water oxidation efficiency’’. The slow kinetics in
the absence of co-catalyst could drive self-oxidation of CN in the presence of four e-h" pairs
involved in water oxidation reaction. Additional losses stem from membrane-less device
configuration, which allows mixing of the evolved hydrogen and oxygen gases, and parasitic
reactions. Post-operation analysis does not show any notable changes in morphology or
delamination (Fig.S29-S31), supporting the above-mentioned possibilities. Enhancing stability
and improving the interfacial charge-transfer kinetics between the electrode and the electrolyte
are crucial to increasing the FE.

To the best of our knowledge, the CNto electrode generated the highest performance
reported to date for carbon nitride photoanode in PEC water oxidation without a hole scavenger,
as shown in Fig.4e. The superior water oxidation performance of CNro can be attributed to:

(1) an optimized film thickness, which minimizes the recombination of photogenerated charge
15



carriers, (i1) enhanced charge separation, as evidenced by a lower onset potential, and excellent
transfer efficiency, and (iii) the formation of an Z-scheme heterojunction between the CN and
SnS. layers, which further facilitates effective charge separation. However, addressing the
operation instability is critical for ensuring long-term operation and deployment in practical
solar-to-fuels farms.

This study presents a simple and facile synthesis method for carbon nitride photoanodes
with excellent photocurrents for PEC water oxidation. Our work reveals the importance of
rational precursor selection at the second polymerization step of the monomer, which has
mostly relied on melamine. Introducing nitrogen-rich urea and sulfur-rich thiourea precursors
at the second step showed marked improvement in the photoanode performance. Particularly,
the co-polymerization of thiourea/FTO film with thiourea powders significantly enhances PEC
water oxidation activity with photocurrent reaching above 2 mA cm™2 at 1.23 V vs. RHE, with
a high charge extraction efficiency of up to 69% and extended photoresponse up to 600 nm, a

benchmark for carbon nitride-based photoanode.
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