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A low-cost 2D metal-free material based on a graphitic carbon nitride (g-C3N,) film functionalized with a
citric acid molecule has been successfully fabricated by Electrophoretic Deposition (EPD) and thermal
techniques, aiming to evaluate its suitability for optoelectronic devices. The thickness-controlled g-
C3Ny4 film having a good mechanical property was successfully performed. The chemical stability and
photostability of the citric-modified g-C3N4 films deposited on indium tin oxide (ITO) glass were inves-
tigated. New chemical links were clarified such that it could possibly become a bridge for enhancing

Key wor C.IS: - charge transport. The modified samples exhibited a significant increase in their photocurrent response,
Graphitic carbon nitride . 2 R . . .
Citric acid reaching 25 pA/cm” at a thickness of about 20 pm. Electrochemical impedance spectra (EIS) verified

the enhanced conductivity, efficient charge transfer, and reduced electron-hole recombination rate.
This research revealed a facile synthetic route and environmentally benign materials, thereby suggesting
promising prospects for their application in the optoelectronic field.

© 2024 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
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1. Introduction

Global warming has prompted research on optoelectronic
materials for renewable energy. Their versatile applications in
solar cells, lighting, energy storage, and greenhouse gas monitoring
have addressed urgent environmental challenges [1,2]. However,
commonly used optoelectronic materials, such as GaAs, InAS, CdSe,
PbS, and InSb [3-7], have the following drawbacks: high cost, scar-
city, and potential environmental and social concerns linked to
their extraction and mining processes. The metal-free semiconduc-
tor known as graphitic carbon nitride (g-CsN,4) has garnered signif-
icant attention within the optoelectronics field due to its
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distinctive attributes. Possessing a robust thermal and chemical
stability along with an optimal bandgap for effective visible light
absorption, g-C3N4 has emerged as a standout candidate. More-
over, its cost-effectiveness and synthesis feasibility using abun-
dant, eco-friendly elements, make it an attractive semiconductor
alternative [8,9]. The g-CsN4 has demonstrated its effectiveness
as a photocatalyst for water splitting, pollutant degradation, and
hydrogen production. Moreover, its utility extends to areas such
as photovoltaics, gas sensing, and energy storage systems [10-
13]. Nevertheless, the majority of bulk g-CsN,4 application remains
constrained by its low surface area, high electron-hole pair recom-
bination rates, and limited charge transfer propensity [14]. To
overcome these issues, various approaches are employed, includ-
ing morphological modifications [15], elemental doping [16], and
the fabrication of g-C3N4-based heterostructures [17]. Further-
more, chemical functionalization via covalent or noncovalent
interactions is extensively acknowledged and utilized methodolo-
gies for tailoring the g-C3N4 properties [18]. Vidyasagar et al. [19]
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employed a post-functionalization approach to introduce the 2,5-
thiophene dicarboxylic acid (TDA) moiety into the defect sites of
g-C3N4. Within the electronic structure of g-CsN4-TDA, an
electron-accepting —C=0 thiophene segment is linked to the g-
C3N4 unit via an amide (—NH—C=0). This configuration enhances
the interfacial charge transfer and fosters efficient separation of
the charge carriers, significantly contributing to its heightened
photocatalytic performance. However, in its powdered form, its
range of applications is constrained.

Fabricating g-C3N4 films is vital due to their non-self-standing
nature, requiring substrates or supports for shape maintenance.
Despite common methods, such as dip coating [20], drop-casting
[21], and spin coating [22], the films exhibit an unpredictable
thickness and low photocurrent response. On the other hand, tech-
niques, such as chemical vapor deposition (CVD) [23] and atomic
layer deposition (ALD) [24], offer precise control over the deposi-
tion process. However, these methods can be complex and expen-
sive. They may not be suitable for large-scale production. The
electrophoretic deposition (EPD) method is preferred for fabricat-
ing g-C3N4 films due to its exceptional ability to precisely deposit
g-C3N4 particles onto a substrate, allowing for a controlled thick-
ness. This technique involves the application of an electric field
to force charged g-C3N4 sheets within a suspension toward the
electrode, resulting in their controlled and targeted deposition
onto the substrate [25]. Han et al. recently synthesized porous
nanosheets of g-CsN,4 using glyoxal-treated melamine as a precur-
sor and fabricated their films on fluorine-doped tin oxide (FTO)
substrates by EPD. Remarkably, the porous g-C3N4 nanosheets
exhibited a significant photocatalytic activity for photodegradation
of isopropyl alcohol (IPA) and gaseous nitric oxide (NO). Notably,
their photocurrent density reached 3.5 pA/cm?, surpassing the
value of 0.76 pA/cm? observed for g-C3N, films [26]. In addition,
Phoon et al. fabricated mesoporous graphitic carbon nitride
(GCN) films by using EPD that showed a high efficiency in photode-
grading tetracycline (TC) antibiotics and exhibited a photocurrent
response of about 2 pA/cm? [27]. However, the photocurrent
response of the g-CsN,4 films remains relatively low, as indicated
by studies [28-30], attributed to deficient adhesion between the
g-C3N4 and ITO glass, resulting in detachment during electrochem-
ical analyses. Thus, organic molecule modification of the g-CsN4
films becomes essential for improving adhesion and fostering a
surface charge transfer, charge separation, and reduced carrier
recombination rates.

Citric acid (CgHgO7), a natural organic polycarboxylic acid with
three carboxyl groups, is commonly employed as a non-toxic and
cost-effective precursor. It serves as cross-linker agents [31], disin-
fectant, environmental remediation [32], and sterilizing agents
[33,34]. Studies have investigated its potential as a cross-linker
agent to enhance the physical and mechanical properties of mate-
rials like cellulose [35], starch [36], and wood [37]. Furthermore,
citric acid (CA) serves as a reagent, either alone or most frequently
in combination with nitrogen-containing compounds, for the syn-
thesis of Carbon Dots (C-dots). This process yields C-dots with
diverse structures and optical properties [38].

In this study, the g-C3N4 powder was synthesized by the pyrol-
ysis of urea [39]. Subsequently, a g-C3N,4 film was fabricated on ITO
glass by the EPD method using a dispersing medium of acetone and
iodide. The study aims to enhance adhesion between the g-C3Ny4
and ITO substrates along with improving the surface charge trans-
fer and photocurrent response. This is achieved by functionalizing
g-C3N,4 films with citric acid moieties and optimizing the synthetic
conditions. The results of this study show that modification with
citric acid improves the physical stability and photoelectric con-
version properties of g-CsN4 films prepared by the EPD method,
which is important information for optoelectronic device
applications.
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2. Material and methods
2.1. Synthesis of g-C3Ny4

The g-CsN, powder was prepared by the simple pyrolysis of
urea (98 %, Sigma-Aldrich). In the procedure, a total of 10.0 g of
urea powder was weighed, then placed in an alumina crucible with
an outer diameter of 46 mm and height of 36 mm, which was sub-
sequently covered. The crucible was subjected to heating in an
electric furnace (Koyo Thermo Systems Co., Ltd., Japan) at the rate
of 5.0 °C/min in the presence of air, reaching a temperature of
550 °C, and maintained at this temperature for 4 h. After the
completion of the heating process, the resulting product had a
pale-yellow color. The BET specific surface area of the synthesized
g-C3N,4 powder was 86.9 m?/g.

2.2. Electrophoretic deposition of g-C3N,4 layer on ITO glass

The g-C3N4 layer was fabricated on an ITO glass substrate using
the EPD method. A schematic diagram of the fabrication of CA-
modified g-CsN4 film by EPD and subsequent thermal process is
shown in Fig. 1. To ensure stable suspensions, 0.5 g of g-C3N4 pow-
der was dispersed in 50 ml of acetone (Nacalai Tesque, Inc., Japan)
and subjected to ultrasonication for 1 h using an ultrasonication
homogenizer. Subsequently, a 100 pu solution of iodine (ACS grade
99.5 %, Sigma-Aldrich), used as an effective dispersant agent for
electrostatic stabilization in EPD suspensions and to induce a pos-
itive surface charge on the g-CsN, particles, was added to the
slurry. The sonication process was then continued for an additional
20 min. The zeta potential of g-C3N4 changed from —6.56 mV to
+34.4 mV with the addition of iodine. The particle size of g-C3N,4
ranged from 0.5 to 4 pum with and without the addition of iodine.
For the deposition process, an ITO glass substrate with an area of
2 x 3 cm? (Geomatec Co., Ltd., Japan; 6.15-7.27 Ohm/sq) was
employed as the cathode (deposition electrode), while a
stainless-steel sheet was used as the anode (counter electrode),
with a fixed distance of 10 mm maintained between the two elec-
trodes. Based on preliminary investigations, the optimal conditions
for the EPD method were determined. A potential of 25 V was
applied across the electrodes, and the deposition was carried out
for a duration of 10 s. Finally, the coated samples were dried in
an oven at 50 °C for one hour to ensure complete evaporation of
the solvent and achieve a uniform g-C3N4 layer on the ITO glass
substrate.

2.3. Surface modification of g-CsN4 layer with citric acid

Citric acid (98 %, FUJIFILM Wako Pure Chemical Industries, Ltd.,
Japan) was dissolved in acetone (CH3COCH3, Nacalai Tesque, Inc.,
Japan) to prepare solutions with various concentrations of 10, 25,
50, 75, and 100 g/l. Subsequently, 80 p of these citric acid solu-
tions were drop onto the as-prepared g-CsNy4 layer on the ITO glass
substrate. The samples were then placed on a hot plate and heated
at 120 °C for a duration of 1 h to allow for solvent evaporation and
enhance adhesion between the citric acid and g-C3N,4. Following
the initial heating step, the samples underwent a further heat
treatment at temperatures of 200 °C, 250 °C, 300 °C, and 350 °C
for an additional 2 h. This extended heat treatment aimed to
induce specific changes or reactions in the citric acid-g-CsNy4 sys-
tem, and to study the temperature-dependent effects on the result-
ing material. The prepared g-CsN4-CA samples, heated at 300 °C
and modified with a citric acid concentration of 50 g/L, were
labeled as follows: g-C3N4-CA-300 °C and g-C3N4-CA 50 g/, respec-
tively, based on the heating temperature and citric acid concentra-
tion used in the fabrication process.
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Fig. 1. Schematic overview of CA modified g-C3N, film fabrication via thermal process.

2.4. Measurement of photocurrent response

Photocurrent measurements were performed using an electro-
chemical analyzer (VSP-300 Potentiostat, BioLogic Science Instru-
ments, France). The experimental setup consisted of a standard
three-electrode cell, in which the prepared samples served as the
working electrode, a Pt sheet acted as the counter electrode, and
an Ag/AgCl electrode functioned as the reference electrode. A
0.1 M Na,SO,4 (Wako Pure Chemical Industries, Ltd., Japan) aqueous
solution was used as the electrolyte. The applied potential was
1.23 V, and the active area of the working electrode was 4 cm?.
To generate light illumination, a 300 W compact Xenon light
source (MAX-303, Asahi Spectra Co. Ltd., Japan), positioned
10 cm from the reactor, was utilized. The electrochemical impe-
dance spectroscopy (EIS) was performed using a potentiostat. The
Nyquist plots were measured at 1.23 V (vs. Ag/AgCl) with an AC
amplitude of 10 mV, frequency of 0.01-100,000 Hz under a
300 W compact Xenon light source.

2.5. Characterization

The morphology of the samples was characterized using a Field
Emission Scanning Electron Microscope (FE-SEM, S-4800, Hitachi
High-Tech Corporation) operated at an acceleration voltage of
5 kV. To analyze the crystal structure of the samples, X-ray Diffrac-
tion (XRD) patterns were measured at room temperature using a
Grazing Incidence X-ray Diffractometer (GI-XRD, Rigaku Corpora-
tion, Japan). The measurements were conducted in the 2-theta
angle range of 10-45°, utilizing Cu Ko radiation (A = 1.5418 A) at
45 kV, 200 mA. The step size for the scans was set at 0.02° with
a scan speed of 1°/min, and the incident angle was set to 0.5°.
The chemical bonding in the samples was investigated using a
Fourier Transform Infrared Spectrometer (FT/IR-4100, Jasco Inter-
national Co., Ltd., Japan). The samples were analyzed in the
wavenumber range of 400-4000 cm ', which allowed for identifi-
cation of the characteristic vibrational modes associated with dif-
ferent chemical bonds. To measure the absorbance properties of
the films, a UV-Vis spectrophotometer (V-650, Jasco International
Co., Ltd., Japan) was employed. The measurements were carried
out in the wavelength range of 200-800 nm at the scan rate of

400 nm/min. The luminescence spectra of the samples were
recorded at room temperature using a NanoLog spectrofluorometer
(HORIBA Instruments Incorporated, Japan) equipped with a 450 W
xenon arc lamp. The excitation wavelength was 370 nm, and the
emitted light was measured to analyze the luminescent properties
of the samples. Additionally, the binding energy of the samples was
determined using X-ray Photoelectron Spectroscopy (XPS) by a PHI
Quantera SXM instrument (Ulvac-PHI) employing Al Ko radiation
at 15 kV. The binding energies were calibrated with respect to
the C1s peak of the adventitious carbon at 285 eV. This technique
provided information about the chemical state and electronic
structure of the samples.

3. Results and discussion

FE-SEM images were employed to analyze the morphology and
microstructure of the g-C5N,4 and g-C3N4-CA films deposited on the
ITO glass. Fig. 2 displays the SEM images corresponding to different
heating conditions during the film fabrication process. The SEM
images of the g-C3N4 film (Fig. 2a) and the g-C3N4-CA film
(Fig. 2b) show a slightly aggregated structure with two-
dimensional sheet-like formations that have irregular edges and
slight curls. These sheets are extremely thin, measuring only a
few nanometers in thickness, and a range in size from tens to hun-
dreds of nanometers. The images also highlight the high porosity of
the films. When the g-C3N4-CA film undergoes additional heat
treatment at 200 °C and 300 °C (Fig. 2¢ and d, respectively), there
was no noticeable change in the particle shape and size by the acid
treatment, indicating that the presence of citric acid has a minimal
impact on the microstructures of the g-CsN,4, as observed in the
images. Additionally, Fig. 2e and f show a cross-section view of
the g-C3N4 and g-C3N4-CA-300 °C films on the ITO glass, respec-
tively, revealing a film thickness of 28 pum for g-CsN4 film. How-
ever, the reduction of the thickness to about 20 pm was
observed after the induced citric acid and heating process. The
thermal treatment released adsorbed solvent molecules, creating
cross-linking between the citric acid and g-C3Ny4. The film thickness
plays a pivotal role in the generation and transportation of charge
carriers [40], subsequently influencing the photocurrent response.
Nevertheless, although the photocurrent magnitude rises with the
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Fig. 2. FE-SEM images of EPD films containing a) g-CsN4 and b) g-C3N4-CA c) g-C3N4-CA 200 °C d) g-C3N4-CA 300 °C, Cross-section of e) g-C3Ny4 f) g-C3N4-CA-300 °C, with a

constant CA concentration of 75 g/l.

thicker films, excessively thick films during the electrochemical
measurements can lead to detachment from the ITO substrate.
Thus, determining the optimum film thickness is critical.

The X-ray diffraction (XRD) analysis of the g-CsN,4 film on the
ITO glass revealed two prominent diffraction peaks at 26 of 13.0°
and 27.4°, which align with the JCPDS 87-1526 database (Fig. 3)
[41]. The peak observed at 26 = 13.0° corresponds to the (100)
crystal plane of g-C3Ny, indicating the in-plane structural arrange-
ment. The strong peak at 20 = 27.4° corresponds to the (002) crys-
tal plane of g-C3Ng4 representing the characteristic interlayer
stacking structure. The X-ray diffraction (XRD) pattern of g-C3Ny-
CA without additional heat treatment shows clear peaks that cor-
respond to citric acid (CA). The indication of the characteristic
XRD peaks confirms the presence of CA in the sample. When the
g-C3N4-CA sample was heated to 200 °C on higher, an unidentified
phase occurred. This occurrence could be attributed to the poten-
tial melting of the citric acid and its interaction with the g-C3N,4
phase or transformation into another form. To understand the
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Fig. 3. X-ray diffraction (XRD) patterns of the films on ITO glass obtained at
different calcination temperatures with a constant CA concentration of 75 g/l.

changes that the citric acid underwent during heating from
200 °C to 350 °C, please refer to Fig. S1, which illustrates the melt-
ing of citric acid and the formation of an amorphous phase, as indi-
cated by the broad peak observed in Fig. Sla. Furthermore, in
Fig. S1b, the sample exhibited an apparent gel-like appearance
and a high degree of stickiness at 200 °C. At 250 °C, it transformed
into a fine powder with a brownish texture. Finally, at 300 °C and
350 °C, the sample transitioned into coarse particles with a black
coloration. The thermal decomposition of citric acid is a multi-
step process leading to the formation of intermediate products like
trans-aconitic acid and citraconic anhydride [42,43]. Citric acid ini-
tially melts at 153 °C, followed by dehydration at 175 °C, resulting
in aconitic acid. As the temperature continues to rise, decarboxyla-
tion reactions occur, yielding methyl maleic anhydride or citra-
conic anhydride [44]. These intermediates, formed during the
decomposition process, may subsequently undergo chemical inter-
actions with the g-C3N4 material during the heat treatment. These
interactions have the potential to induce unknown peaks in the
crystallographic structure of the sample due to the thermal
treatment.

The FTIR spectra presented in Fig. 4a reveals the chemical bond-
ing vibrations of pure citric acid (CA), pure g-C3Ny, and g-CsN4-CA
films with various CA concentrations without additional heat treat-
ment. The results showed that the g-C3N4-CA film at a concentra-
tion of 10 g/L exhibited a lower intensity peak corresponding to
CA. Concentrations exceeding this value distinctly showed the
presence of the CA peak in the g-C3N4 matrix. In Fig. 4b, the spectra
of the pure CA heated at 300 °C, g-C3N4 and g-C3N4-CA films heated
at 200-350 °C were analyzed. In the spectra, multiple absorption
peaks were observed in the range of 1200-1640 cm™!, which can
be attributed to the stretching vibrations of C-N and C=N bonds
present in the CN aromatic repeating units of the g-C3N [45]. Fur-
thermore, absorption peaks at 810 cm~! indicated the characteris-
tic out-of-plane vibrations of the triazine/s-triazine aromatic
repeating units [46]. Moreover, the FTIR spectra of the g-C3Ny4-
CA-200 to 350 °C samples showed the presence of peaks associated
with g-C3N4. However, the peak corresponding to citric acid (CA) is
not clearly observed, suggesting that the CA component may have
undergone some changes or reactions during the heating process.
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Fig. 4. FTIR of g-C3N4 and g-C3N4-CA on ITO glass obtained at a) by varying the CA concentration, without additional heat treatment, and b) various calcination temperatures

at 200-350 °C.

To gain further insight into the transformation of citric acid, the
FTIR spectrum of pure citric acid heated at 300 °C (Fig. S2) was
examined. Comparing the FTIR absorption spectra within the
1900-1600 cm ™! range of citric acid (CA) before and after heating,
distinctive changes were observed. The two C=0 stretching bands
in the FTIR spectrum of the pure citric acid (Fig. 4a), located at
1749 and 1703 cm™~!, exhibit a different relative intensity and shift
with respect to CA-300 °C (Fig. S2). These findings are consistent
with observations made in a previous study [47], highlighting
intense absorption bands characteristic of citraconic anhydride at
1774 cm™! (C=0 stretching of anhydride carbonyl) and
1844 cm~! (C=0 antisymmetric stretching). This suggests that,
after heating, the citric acid component likely transforms into ita-
conic or/and citraconic anhydride [43]. These anhydrides possess a
carbonyl group that can potentially form a covalent bond with the
N-atom of g-C3N4. The introduction of the —C=0 moiety connected
to the g-C3N4 unit via an amide (—NH—C=0) linkage plays a piv-
otal role in augmenting charge separation between electrons and
holes, thereby improving the light absorption properties and
improving the photocurrent response.

The X-ray photoelectron spectroscopy (XPS) analysis of g-C3N4
and g-C3N4-CA-300 °C provided information about the surface
composition and bonding of these materials. In the high-
resolution C 1s spectrum (Fig. 5a) of g-C3Ny4, two distinct carbon
bonding states were observed. The peak observed at 284.9 eV
can be attributed to the C—C bond of the surface adventitious car-
bon. On the other hand, the peak at 288.3 eV indicated the pres-
ence of sp>-bonded carbon (N—C=N) [48]. For the g-C3N,-CA-
300 °C, the Cl1s binding energies could be fitted to four peaks.
Two prominent peaks appeared at 286.2 and 288.0 eV, which can
be attributed to the C—0 and C=0 bonds, respectively [49]. Fig-
ure S3 illustrates the comparative XPS spectra of g-C3N4 and g-

C3N4-CA-300 °C, both exhibiting similar overall features. However,
a notable difference is observed in the ratio of the peak height at
288.3 eV to that at 285.0 eV between the two samples. Specifically,
the peak height ratio for g-C3N4 is 12:1, whereas for g-C3N4-CA-
300 °C, this ratio is 3:1. This significant change in the peak height
ratio indicated that g-C3N4-CA-300 °C contains a concentration of
C—C functional groups that is four times higher compared to the
pure g-CsNy. The increase in the number of C—C bonds can be
attributed to the presence of citric acid during the modification
of g-C3N4-CA-300 °C. In the O1s spectra (Fig. 5b) of g-C3Ny4, two
main peaks were observed. These corresponded to the external
—OH group or water molecules adsorbed on the surface and
N—O bonds at 531.9 eV and 533.1 eV, respectively [50]. Interest-
ingly, a new peak appeared at 532.2 eV for the g-C3N4-CA-300 °C,
which can be attributed to the formation of the C=0 species, indi-
cating a chemical change caused by heating the material with citric
acid. By analyzing the N 1s spectrum (Fig. 5c¢), four fitted peaks
were observed for g-CsNy, corresponding to different nitrogen spe-
cies. The binding energies of these peaks were measured at
398.6 eV, 399.1 eV, 401.0 eV, and 404.6 eV. These peaks can be
attributed to C—N=C (sp?*-hybridized nitrogen), N—C; (sp>-
hybridized nitrogen), C—N—H (amino group from the surface
uncondensed bridging N atom), and the n-7* excitations between
the stacking interlayers, respectively [51]. Regarding the g-C3Ny-
CA-300 °C, there was a peak shift to 400.6 eV compared to the pris-
tine g-C3N4 at 401.0 eV. This decrease in binding energy indicated a
shift towards lower energies corresponding to the N— (C=0) bond,
suggesting that, after heating at 300 °C, an interaction occurred
between the citric acid and g-CsNy4. The disparities observed in
the XPS data between the g-C3N4 and g-C3N4-CA-300 °C provided
evidence that, after heating at 300 °C, the carbonyl (C=0) groups
of citric acid can form bonds with the NH, group of the triazine
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Fig. 5. XPS spectra of g-C5N4 and g-C3N4-CA-300 °C.

ring structure of g-C3N4 This indicated a chemical interaction
between the citric acid and g-CsN4, which could potentially serve
as a bridging mechanism for enhancing the charge transport.

The UV-vis absorption results demonstrated the tunability of
the optical properties of the g-C3N4 and g-C3N4-CA. In Fig. 6a, the
spectrum of g-CsN,4 exhibited an absorption band in the range of
200-460 nm and in agreement with previous reports [52]. How-
ever, when the film was modified with citric acid and subjected
to heat treatment, the absorption wavelength of g-C3N4-CA shifted
towards higher wavelengths in range from 450 and 550 nm. Mean-
while, an absorption in the region of 600-800 nm was observed,
indicating an improved visible light utilization ability. Addition-
ally, the electronic structure of g-C3N4-CA might also have been
altered due to the incorporation of citric acid and the thermal
treatment process. These modifications have yielded diverse band-
gap characteristics as shown in Fig. 6b. Specifically, the pristine g-
C3N4 shows an energy bandgap of 2.84 eV, falling between the
bandgap values of g-C3N4-CA without heating, which is 2.81 eV,
and g-C3N4-CA at elevated temperatures. The g-C3N4-CA-200 °C
and g-C3N4-CA-250 °C exhibited an equivalent bandgap of
2.83 eV. Conversely, g-C3N4-CA-300 °C and g-C3N4-CA-350 °C
demonstrated wider bandgaps at 2.87 eV and 2.86 eV. However,
the introduction of citric acid onto the g-C3N4 films slightly
affected the energy bandgap. In Fig. S4, the UV-Vis spectra of
g-C3N4 and g-C3N4-CA on the ITO glass were obtained at various
citric acid (CA) concentrations after heating at 300 °C. As the
results, the absorption wavelength of the heated g-CsN4-CA films
slightly increased with the increase of the citric acid content com-
pared to that observed for g-CsN,4 on the ITO glass sample. Hence,
the incorporation of citric acid into the g-C3N, films has a negligi-
ble impact on their light absorption properties.

In Fig. 6¢, The PL spectra showed the processes of charge migra-
tion, transfer, and separation in the films. The intensity of the emis-
sion peaks corresponds to the number of photons emitted at a
specific energy. A higher photoluminescence emission peak indi-

cates a higher rate of electron-hole pair recombination [53]. The
obtained PL spectra showed that all samples, including the pure
g-C3N4 and g-C3N4-CA samples, exhibited an emission within the
range of 420-600 nm, which correlated with the 450-nm absorp-
tion edge of g-CsN4. However, a significant decrease in the PL
intensity was observed in the g-C3N4-CA-300 °C sample compared
to both the pure g-C3N4 and g-C3N4-CA sample. This observation
aligns with the FTIR and XPS findings, suggesting that the NH—
(C=0) bond serves as a bridge for carrier transfer and reduces
the electron-hole recombination.

Heat treatment plays a crucial role in inducing a chemical inter-
action between the citric acid and g-C3Ny, leading to robust adhe-
sive films with improved mechanical properties. To assess this,
g-C3Ny films, g-C3N4-CA films, and g-C3N4-CA films subjected to
heat treatments at 200, 250, 300, and 350 °C were evaluated for
their mechanical characteristics using manual removal by fingers.
The results (Fig. S5) revealed that the pure g-C3N,4 films exhibited
an insufficient adhesion to the ITO glass, making them easily
removed by the simple touch of a finger. In contrast, the other sam-
ples exhibited a strong adhesion, remaining firmly in place without
any signs of detachment. Although the g-C3N4-CA films exhibited a
strong adhesion, they experienced detachment from the ITO glass
during photocurrent measurements in the Na,SO,4 electrolyte sys-
tem. The necessity for heat treatment arises from the inadequate
curing at 120 °C to produce films with a robust adhesion. Thus,
the g-C3N4-CA films were subjected to an additional heat treat-
ment in the temperature range of 200-350 °C and showed an
enhanced adhesion and stability during the measurements. Since
iodine decomposes at temperatures between 50 and 140 °C [54],
it would not affect g-C3N, itself. However, the addition of citric
acid (CA) and subsequent heat treatment would introduce
hydroxyl-containing functional groups on the film, which would
form chemical bonds with the functional groups on the ITO sub-
strate and improve the adhesion of the g-C3N,4 film. Moreover,
the g-C3N4-CA film heated at 400 °C can be easily removed with
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Fig. 6. UV-vis spectra of g-C3N4-CA on ITO glass obtained at a) different calcination temperatures, with a constant CA concentration of 75 g/l, b) band gap energy of the thin
films and c¢) photoluminescence (PL) spectra of g-C3N4 and g-C3N4-CA on ITO glass before and after heating at 300 °C.

a gentle touch of a finger, and at 450 °C, all of the g-C3N, and CA
were burnt out and disappeared off the ITO glass.

The separation of electrons and holes was investigated by pho-
tocurrent measurements. When the films were exposed to a light
source, there was a noticeable rise in the photocurrent. This
increase is indicative of the migration of photo-generated electrons
within the bulk materials, which consequently leads to the gener-
ation of the photocurrent during light irradiation. Fig. 7a shows the
photocurrent response curves, while Fig. 7b displays the linear
sweep voltammetry (LSV) plots of the prepared samples. The influ-
ence of the heat treatment temperature on the photocurrent
response of the films was investigated at 200, 250, 300, and
350 °C. The results indicated that g-C3N4-CA heated at 300 °C
exhibited the highest photocurrent response compared to the
other temperatures. This suggests that a calcination temperature
of 300 °C provided optimal conditions for efficient photocurrent
generation in the citric acid-modified g-CsN4 film. This could be
attributed to the robust physical properties and the strong
crosslinking between CA and g-C3N4 through the NH— (C=0) bond,
acting as a bridge for charge transport. Consequently, this can
enhance the separation of electrons and holes, thereby contribut-
ing to improved photocurrent response characteristics. Fig. 7c¢
shows that the rising time and decaying time of the photocurrent
response are 0.18 and 0.2 s, respectively.

To investigate the influence of the citric acid concentration on
the film stability, the g-C3N,4 films were crosslinked with varying
CA concentrations (10, 25, 50, 75, and 100 g/L), then heat-treated
at 300 °C (Fig. S6a). Surprisingly, the films modified with CA at
10 g/L underwent cracking upon immersion in Na,SO4 electrolyte
(Fig. S6b), implying inadequate crosslinking with g-C3N4 due to
the low citric acid content. Conversely, g-C3N4 films modified with

CA at concentrations of 25, 50, 75, and 100 g/L exhibited improved
adhesion to the g-C3N4-ITO glass, preventing detachment during
the photocurrent measurements. Photocurrent response curves
(Fig. S7a) and linear sweep voltammetry (LSV) plots (Fig. S7b)
revealed that at a 75 g/L CA concentration, the films exhibited
the highest photocurrent response among the lower CA concentra-
tions. This suggests the optimal citric acid concentration for max-
imizing the photocurrent in the g-C3N4-CA films. Notably, at the
100 g/L CA concentration, the photocurrent response exhibited a
distinct shape, possibly due to excessive citric acid. This is sup-
ported by Fig. S6a, illustrating non-smooth and streaky film mor-
phologies. The streaky appearance indicated incomplete
integration of excess citric acid into the film matrix, resulting in
uneven distribution and compromised film quality.

The investigation of charge transfer in the citric acid-modified
g-C3N4 was conducted using electrochemical impedance spectra
(EIS) (Fig. 7d), and the EIS parameters were obtained by fitting
the experimental data with the equivalent circuit (Fig. S8). The
observed trend in the semicircle diameters (g-C3N4-CA-250 °C >
g-C3N4-CA-200 °C > g-C3N4-CA-350 °C > g-C3N4-CA-300 °C) signi-
fied variations in the conductivity, charge carrier migration effi-
ciency, and electron-hole pair recombination [55]. Smaller
diameters correspond to an enhanced conductivity, efficient charge
transfer, and reduced recombination rate. Among the samples,
g-C3N4-CA-300 °C exhibited the smallest semicircle diameter, sug-
gesting that citric acid-modification and thermal treatment syner-
gistically improved the conductivity, accelerated the charge
transfer, and decreased the electron-hole recombination. The
results support the investigation of the photocurrent response.
The introduction of citric acid and heating is speculated to create
C (acid) and N (g-C3N4) bonds with the NH, groups, fostering
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Fig. 7. A) photocurrent response, b)linear sweep voltammetry (LSV) plots of the films at different calcination temperatures, c) enlarged rising and decaying edges of the
photocurrent response of the g-C3N4-CA-300 °C, and d) EIS Nyquist plots of citric acid-modified g-C3Ny4 films.

charge transfer and reducing recombination. Moreover, the hydro-
gen bonding between the compositions also speeds up the charge
transfer. This modification is expected to facilitate efficient charge
carrier migration, yielding higher photocurrents. In essence, this
study highlights the impact of tailored citric acid modification
and thermal treatment on the charge transfer properties within
g-C3N,4 with implications for an enhanced photocurrent response.

4. Conclusions

Citric acid-modified g-CsN,4 films were successfully prepared,
and the citric acid played a crucial role in enhancing the film sta-
bility and improving the photocurrent response. The modified
samples exhibited a porous structure, optical absorption, reduced
electron-hole recombination rates, and enhanced charge transfer,
resulting in a high photocurrent response. Under optimal reaction
conditions, the best sample, g-C3N4-CA-300 °C at a citric acid con-
centration of 75 g/L, achieved a photocurrent of approximately
0.025 mA/cm?. This high photocurrent response can be primarily
attributed to the strong adhesion, efficient transfer of the charge
carriers and reduced electron-hole recombination. Therefore, citric
acid-modified g-C3N, holds significant promise as an
environmentally-friendly material for various optoelectronic
applications.
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