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Energy band alignment of thin-film heterojunction of molybdenum disulfide (MoS,) and polymeric carbon nitride (g-CsN4)
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has been investigated, which can be regarded as a model system of heterojunction photocatalysts. A bilayer of MoS, and g-

C3N4 (M0S,/g-CsN4) with an exposed platinum (Pt) bottom electrode was fabricated by thermal chemical vapor deposition

and sulfur hexafluoride-based dry etching, followed by deposition of MoS, nanosheets on top of that via tape exfoliation

and elastomer-assisted transfer techniques. Simultaneous imaging of topography and surface potential over MoS,/g-CsN,

on Pt was performed by using Kelvin probe force microscopy (KPFM) in dark. The energy band alignment of MoS,/g-CsN4 on

Pt was estimated based on the KPFM imaging results and other physical properties of individual MoS, and g-CsN4 samples

examined with ultraviolet photoelectron spectroscopy and ultraviolet—visible absorption spectroscopy. In addition, photo-

induced change in the surface potential over MoS,/g-CsN,4 on Pt was measured to consider the behavior of photo-induced

carriers therein. The depicted energy band alignment having band bending in MoS, layer suggests the possibility of S-scheme

heterojunction formation at the MoS,/g-C3N, interface.

Introduction

Photocatalytic technologies utilizing solar energy have attracted
significant attention in the environmental and energy research
and industry fields toward the realization of a sustainable
society.)3 To enhance photocatalytic performance, it is
essential to extend the light absorption range of photocatalysts
to effectively utilize the solar spectrum, as well as to promote
the separation of photo-induced charge carriers, namely
electrons and holes. Heterojunction photocatalysts composed
of different semiconductor materials have been extensively
investigated for satisfying both requirements, where staggered
band alignment is expected to spatially separate photo-induced
electrons and holes, thereby suppressing their
recombination.*>

To date, n-type compound semiconductors have been most
widely employed as photocatalysts. It has been reported that
the formation of heterojunctions between two n-type
semiconductors significantly enhances photocatalytic activity
compared to their individual counterparts.6=8 In recent years,
photocatalytic research has increasingly focused on layered
two-dimensional materials, such as transition metal
dichalcogenides (TMDCs) and MXenes, owing to their excellent
charge carrier transport and tunable physical properties. The
number of studies applying these materials to heterojunction
photocatalysts has also been growing.>-11
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A thorough understanding of the local band alignment and
charge carrier behavior at heterojunction interfaces is critically
important to establish materials design guidelines for
heterojunction  photocatalysts. = However,
approaches investigating such  properties
predominantly relied on macroscopic characterization
techniques applied to powder samples, including ultraviolet-
visible (UV—vis) absorption, X-ray photoelectron (XPS), and
time-resolved photoluminescence (TRPL) spectroscopy.l?13
These methods inherently suffer from limitations in elucidating
charge carrier behaviors locally at heterojunction interfaces.
Kelvin probe force microscopy (KPFM) is essentially the only
technique capable of addressing this issue. KPFM enables the
simultaneous imaging of surface topography and local work
function or contact potential difference, making it a powerful
tool for evaluating band alignment at heterojunction interfaces
and quantitatively probing charge carrier separation under light
irradiation.1*"® Nevertheless, KPFM measurements require
relatively flat, film-like samples, rendering the observation of
conventional powder photocatalysts challenging. Although
recent studies have applied KPFM to measure surface
photovoltages in powder samples, many of these
measurements were conducted on highly rough surfaces,
making it difficult to estimate local band alignment from the
obtained results.

Photocatalytic composed of layered
dimensional substances can offer thin-film samples promising
for KPFM measurements. Therefore, we focused on polymeric
carbon nitride (g-CsN4) and molybdenum disulfide (MoS;) as
representative layered two-dimensional materials. g-C3N4 is a
polymeric n-type semiconductor composed solely of carbon
and nitrogen and has been extensively studied as a visible-light-
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responsive photocatalyst with a bandgap of approximately 2.7
eV, as well as excellent thermal and chemical stability.?°
Moreover, g-CsN4 can be deposited in the form of nanoparticles
or thin films via thermal chemical vapor deposition (thermal
CVD), enabling the fabrication of film-like samples suitable for
KPFM observation. MoS,, one of the most representative
TMDCs, possesses a narrow bandgap of approximately 1.8 eV in
the monolayer form and 1.3—1.5 eV in multilayer and bulk forms,
along with high electron mobility. Therefore it has been widely
investigated as an efficient electron donor for reduction
reactions under Vvisible-light irradiation.?!=23 In addition,
numerous fabrication methods for MoS; nanosheets have been
reported, and MoSy/g-CsNs  heterojunction  powder
photocatalysts have demonstrated remarkably enhanced
photocatalytic performance compared with the individual
components, including hydrogen evolution under visible light,?*
degradation of volatile organic compounds?® and dye.?® These
previous works suggest that MoS,/g-CsNs heterojunctions
possess an efficient charge separation mechanism and are
therefore highly suitable as model systems for KPFM
observation.

In this study, a g-CsN4 thin film was deposited by thermal
CVD onto a platinum (Pt) thin film electrode prepared on a Si
wafer beforehand, and the g-CsN4 film surface was partially
masked with another Si wafer and subjected to sulfur
hexafluoride(SFs)-based dry etching to expose the underlying Pt
thin film as a reference electrode. MoS; nanosheets were then
deposited by tape exfoliation and elastomer-assisted transfer
methods in the vicinity of the boundary between the g-CsN4 and
the Pt thin film. Thus, the fabricated sample structure with the
exposed Pt reference electrode (as schematically drawn in Fig.
1) enabled more reliable surface potential imaging over
MoS,/g-CsN4. Surface potential measurements on MoS;
nanosheets with various thicknesses were also performed to
investigate the band bending in the MoS; layer deposited on the
g-CsN4 film. Besides, the valence band maximum (VBM)
positions, the optical bandgaps, and the majority carrier types

.
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Fig. 1. Schematic illustration of the MoS,/g-CsN4 bilayer sample
with the exposed Pt electrode (MoS,/g-CsNa/Pt) and Kelvin
probe force microscopy (KPFM) measurements applied to the
present sample.
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of the respective MoS; and g-CzN4 layers were gvalyated,by
ultraviolet photoelectron  spectroscopy!: 10{L9PS)DELAIYLEGIE
absorption spectroscopy, and electrochemical Mott—Schottky
analysis, respectively. By combining this energy band
information with the surface potential values obtained by KPFM,
the possible band alignment for the MoS,/g-CsNg
heterojunction on Pt electrode was discussed, which was
supported by KPFM measurements under UV light irradiation.

Experimental

Preparation of MoS,/g-C3Na
electrodes

MoS,/g-CsN4 bilayer samples for surface potential imaging were
fabricated as follows. A 30-nm-thick Pt thin film was deposited
onto a Si wafer (1.5 cm x 1.5 cm) with a DC sputtering system
(SVC-700TMSG, Sanyu Electron). A g-CsN4 thin film was grown
on the Pt-coated Si substrate by using our home-made thermal
CVD apparatus using melamine powder (0.25 g) as the
precursor.?’ After the substrate and the precursor were placed
in a quartz tube furnace, the quartz tube was evacuated to a
pressure of 40-133 Pa, followed by the introduction of an argon
flow (1.5 sccm). Next, the melamine precursor was heated to
350 °C, while the temperature at the front and rear part of the
quartz tube was maintained to be 750 °C and 400 °C for 30 min,
respectively. After natural cooling, a uniform pale-yellow g-CsN4
film with a thickness of 20 nm was obtained. Then, half of the g-
CsNg4 film surface was masked and etched with SFg gas (50 sccm,
2 min) in a vacuum (1073 Pa) by using a reactive ion etching
system (CSE-1110, ULVAC) at a radio frequency power of 100 W,
to expose the underlying Pt layer used as the bottom electrode
for KPFM imaging as illustrated in Fig. 1.

MoS; nanosheets were prepared from bulk 2H-MoS, by
Scotch tape exfoliation followed by elastomer-assisted
transfer.?82° A polydimethylsiloxane (PDMS) stamp was
fabricated by mixing a base polymer (KE-1606, Shin-Etsu
Chemical) and curing agent (CAT-RG, Shin-Etsu Chemical) at a
6:1 ratio and curing at 80 °C for 1 h. The MoS; nanosheets were
transferred onto the g-C5N4 film after the dry etching process,
forming the MoS,/g-CsN4 bilayer sample with exposed Pt
electrodes (named as MoS,/g-C3N4/Pt). Finally, the MoS,/g-
C3Na4/Pt sample was finally vacuum-annealed at 200 °C for 1 h
(AVO-200NB, AS ONE) to improve interfacial contact and
remove surface adsorbates.3°

Pristine MoS, nanosheets and g-CsNa films on Pt layers
(named as MoS,/Pt and g-C3N4/Pt, respectively) were also
prepared under identical conditions to those used for the
MoS,/g-CsN4/Pt sample preparation, and were utilized to
determine the energy band structures of each material.

bilayers with exposed Pt

Structural and physical characterization

Surface morphologies of thin film samples were observed by
atomic force microscopy (AFM; Innova SPM, Bruker AXS) using
a Pt-coated Si cantilever (Olympus OMCL-AC240TM). The
nominal resonance frequency and spring constant of the
cantilever were 70 kHz and 2 N/m, respectively. Measurements
were performed under ambient conditions at a scan rate of 0.4

This journal is © The Royal Society of Chemistry 20xx
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Hz per line. Elemental composition and chemical bonding states
of the MoS; and g-C3N4 thin films were analyzed with an XPS
instrument (Nexsa G2, Thermo Fisher Scientific) using Mg Ka
radiation (hv = 1253.6 eV), with the binding energy calibrated to
the C 1s peak at 284.8 eV. Crystal structures of the MoS; and g-
CsN4 thin films were examined by X-ray diffraction (XRD; D8
Advance, Bruker). UV-Vis diffuse reflectance spectra were
collected using a UV—Vis—NIR spectrophotometer equipped
with an integrating sphere (UV-3600Plus, Shimadzu) and
converted using the Kubelka—Munk function. Optical bandgaps
were estimated from Tauc plots assuming indirect transitions.

VBM position (Evem) was determined by ultraviolet
photoelectron spectroscopy (UPS; Nexsa G2, Thermo Fisher
Scientific) using He | radiation (hv = 21.2 eV). Evam was
calculated from the high-binding-energy cutoff (Ecutorf), the
onset energy in the valence band edge region (Eonset), and the
following formula: Evem = 21.2 — (Ecutofr — Eonset)-

Conduction types of carriers in the materials were identified
by electrochemical Mott—Schottky analysis in aqueous Na;SO4
electrolyte, using a three-electrode configuration with MoS; or
g-C3Ns as the working electrode, a Pt wire as the counter
electrode, and an Ag/AgCl (RE-1B, BAS Inc.) as the reference
electrode. A potentiostat (VersaSTAT3, AMETEK Scientific
Instruments) was utilized on condition that the modulation
frequency and amplitude were set to 1 kHz and 10 mV,
respectively.

Surface potential imaging

Surface potential mapping was performed by using an AFM
system (Innova SPM, Bruker AXS) in the frequency-modulation
KPFM (FM-KPFM) mode,3! while surface topography was
simultaneously observed in the tapping mode. In FM-KPFM, a
modulation bias voltage (1.5 kHz, 2 V peak-to-peak) was applied
between the Pt-coated Si cantilever (OMCL-AC240TM,
Olympus) and the Pt bottom electrode of the samples prepared
in this study. The nominal resonance frequency and spring
constant of the cantilever were 70 kHz and 2 N/m, respectively.
The scan rate was set to 0.4 Hz, and images were acquired with
a resolution of 128 x 128 pixels. The resulting electrostatic
force-gradient signal was extracted from the phase signal of the
cantilever vibration using a lock-in amplifier (LI5640, NF Circuits)
and fed into a custom-built proportional—-integral (PI) controller.
The DC bias voltage was adjusted to minimize the electrostatic
force gradient, so that the contact potential difference between
the AFM tip and the sample surface was determined. The whole
AFM system was enclosed in a light-shielded box to eliminate
ambient light.

KPFM images obtained under dark and UV illumination for
the MoS,/g-C3N4/Pt sample were compared to examine photo-
induced surface potential changes. UV light (300—400 nm, 1.2
W/m?2) from a xenon lamp (LAX-101, Asahi Spectra) was
employed. In this study, all the AFM/KPFM observations were
conducted under ambient conditions.

Results and discussion

Morphological characterization of MoS,/g-CsN4/Pt sample

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. (a) Optical microscope and (b) AFM topography image of
the MoS,/g-CsNy/Pt sample. The height profile of a MoS;
nanosheet on the g-CsNs film is presented in the inset. The
thickness of the MoS; nanosheet was measured to be 30 nm.

The morphology of the MoS,/g-CsN4/Pt sample was examined
by optical microscopy (OM) and AFM. The OM image (Fig. 2a)
shows that MoS; flakes with lateral sizes of several micrometers
are deposited near the interface between the g-C3N4 thin film
and the Pt substrate. The clear optical contrast among MoS;, g-
CsNs, and Pt enables straightforward identification of the
individual regions. The AFM topography image (Fig. 2b)
confirms the formation of well-defined boundaries among 30-
nm-thick MoS,, g-CsN4, and Pt. The CVD-grown g-C3N4 surface
in Fig. 2b exhibits a smooth morphology with a root-mean-
square (RMS) roughness of 1.55 nm (Fig. Sla (Sl)), which is
comparable to that of the pristine g-CsN4 film on Pt on Si
substrate (Pt/Si) (1.60 nm; Fig. S1b (Sl)), indicating that the
sample preparation of MoS,/g-CsN4/Pt does not alter the g-C3Ng
surface morphology. Similarly, the MoS; region on the g-CsN4
film (Fig. S1c (S1)) and pristine MoS; nanosheets on Pt (Fig. S1d
(S1)) show comparable RMS roughness values of 0.46 nm,
demonstrating that the MoS,; morphology is also unaffected by
the MoS,/g-CsN, formation. Overall, the MoS,/g-CsN4/Pt
sample provides small surface roughness toward KPFM analysis.

Structural and physical characterization of g-C3N4 and MoS;
samples

XPS analysis of g-CsN4/Pt revealed characteristic peaks in both C 1s
(Fig. 3a) and N 1s (Fig. 3b) regions. The C 1s spectrum showed a peak
at 284.8 eV corresponding to graphitic carbon (C-C bonding), along

(a) C1s Scan (b) N1s Scan
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] € '
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Fig. 3. XPS spectra of (a) C 1s and (b) N 1s for g-C3N4 thin film,
and (c) Mo 3d and (d) S 2p for MoS; nanosheets.
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with additional peaks at 286.1 and 288.1 eV attributed to sp?-
hybridized carbon in N=C-N bonding environments. In the N 1s
spectrum, a peak at 398.7 eV was assigned to C—N=C bonds, and a
peak at 400.3 eV was attributed to tertiary nitrogen species (N—
(€)3).32 Quantitative analysis indicated a carbon-to-nitrogen atomic
ratio of 3:4.04 (C/N = 0.74), which closely matches the theoretical
stoichiometry of CsN4 (C/N = 0.75), suggesting that the g-CsN,4 film
was formed with near-stoichiometric composition.

The XPS spectra for MoS,/Pt exhibited peaks in Mo 3d (Fig. 3c)
and S 2p (Fig. 3d) regions. The Mo 3d spectrum displayed doublets at
228.1 eV (Mo 3d5/2) and 231.7 eV (Mo 3d3/2), corresponding to
Mo** in MoS,. The S 2p spectrum showed peaks at 161.2 eV (S 2p3/2)
and 162.4 eV (S 2p1/2), that are characteristic of sulfur ions (5%7).33
These results confirm that the MoS, nanosheets retained the
chemical state of pure 2H-phase MoS,, composed of Mo** and S?-.

XRD measurements revealed a characteristic (002) reflection
associated with layered structures along the c-axis at 14.5° (with d
spacing of 0.61 nm) for MoS, (Fig. S2a (SI)) and at 27.5° (with d
spacing of 0.32 nm) for g-CsN4 (Fig. S2b (Sl)). These results indicate
the formation of layered structures along the c-axis and suggest that
both materials possess two-dimensional structural characteristics.

UPS and UV-vis absorption measurements were carried out to
elucidate the energy band diagrams of g-CsNs and MoS,.34 In the
measured UPS spectra (Fig. 4a and 4c), the values of Ecutofrand Eonset
were estimated to be 19.5 eV and 4.35 eV for g-C3N4, 19.6 eV and 4.6
eV for MoS,, respectively. Accordingly, the VBM positions with
respect to the vacuum level were determined to be 6.05 eV for g-
C3Ns and 6.2 eV for MoS;, respectively. In addition, Tauc plots
constructed from the UV-vis absorption spectra (Fig. 4b and 4d)
were used to estimate the optical bandgap (Eg) by extrapolating the
linear regions near the absorption edges. The resulting Eg values
were calculated to be 2.62 eV for g-CsNs and 1.48 eV for MoS,,
respectively. By using the estimated VBM positions and Eg values, the
conduction band minimum (CBM) positions were calculated to be
3.43 eV for g-CsN4 and 4.72 eV for MoS,, respectively. Additionally,

measurements (Fig. S3 (SI)) exhibit positive slopes, indicatingthat
both the MoS; and g-C3N4 film prepared i ®hisOstirdh/ Rire HLEGpR
semiconductors. Eventually, the energy band diagrams of the g-C3Na
and MoS; film estimated from these measurement results are given
in Fig. 4e, where the obtained VBM and CBM positions are in line with
the previously reported values.3537

Surface potential imaging and energy band alignment estimation
for MoS,/g-C3N4/Pt sample

Figure 5a and 5b present the topography and surface potential image
observed for the MoS,/g-CsN4/Pt sample in dark under ambient
conditions. In Fig. 5b, the surface potential (SP) on g-C3Ns is higher
than that on Pt, and the SP on MoS,/g-CsN4/Pt becomes lower than
that on Pt. The SP values on the Pt, g-C3N4/Pt, and MoS;/g-CsN4/Pt
regions (indicated by the light blue boxes in Fig. 5b) were evaluated
by fitting the histogram of the SP values at all pixels (totally 120
pixels) in each region3® with a single Gaussian function including a
constant background, and the resulting peak positions were
obtained as the SP values (Fig. 5c—5e). It should be noted that the
horizontal axis values of the histograms in Figs. 5¢c-5e correspond to
the raw data values. Eventually, the SP on g-CsN4/Pt is 219 mV higher
than that on Pt, while the SP on M0S,/g-CsN4/Pt is 3 mV lower than
that on Pt.

Successively, we investigated SP changes on the MoS,/g-CsNg
layer against the thickness of MoS; to examine band bending in the
MoS; layer. It should be noted that when the thickness of MoS,
nanosheets approaches the few-layer regime, the energy band
diagram of MoS; intrinsically changes with decreasing layer
number.3? Under such circumstances, it becomes difficult to discuss
band bending effects based on MoS, thickness dependence of
surface potential. Hence, MoS; nanosheets with thicknesses in the
range from 10 to 45 nm were chosen and examined in this study.

Surface topography and potential images, thickness line profiles,
and surface potential histograms obtained for MoS, nanosheets with

Mott-Schottky plots (C2-V) obtained by electrochemical various thicknesses are shown in Fig. S4-S8 (SI). All imaging
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Fig. 4. (a, c) UPS spectra and (b, d) Tauc plot derived from UV-vis absorption spectra of the g-CsN4 and MoS; film, respectively. (e) Energy
band diagrams of the g-CsN4 and MoS; film, estimated from the measured UPS and UV-vis spectra.
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sample with a 45-nm-thick MoS; layer.

experiments were performed in dark under ambient conditions, on
the same day to ensure consistency of the experimental conditions.
The SP values on MoS; nanosheets on g-CsN4/Pt were determined by
fitting the SP histograms extracted from the regions of interest (blue
boxes in the SP images) with Gaussian functions and extracting the
peak positions. The relationship between the MoS, nanosheet
thickness and the obtained peak SP values is provided in Fig. 5f,
where the relative SP value is plotted relative to that of the sample
with a 45-nm-thick MoS;. As shown in Fig. 5f, the surface potential
increases with decreasing MoS; thickness, which suggests the
presence of downward band bending in the vicinity of the MoS,/g-
CsN4 interface. By considering the MoS; thickness value at which the

g-C;N,/MoS, MoS,
g-C3N4 Interface M082 Surface
Vacuum level
N P ¥
S~ _#219my l’» amy
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o~ 472 eV
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Fig. 6. Energy band alignment of the MoS,/g-CsN4/Pt structure
considered based on KPFM and other measurement results in
this study. The values in the horizontal axis present the height
with respect to the MoS,/g-CsNsinterface position.
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surface potential begins to increase, the depletion width in the MoS;
layer is roughly estimated to 25 nm.

The energy band alignment for the MoS,/g-C3sN4/Pt sample was
analyzed from the above-described results of SP measurements. First,
as shown in Fig. 5b, the surface potential on g-CsN4/Pt is 219 mV
higher than that on Pt, which indicates the presence of an internal
electric field directed from g-CsN4 toward Pt. On the other hand, the
surface potential on g-CsN4/Pt is 216 mV higher than that on MoS,/g-
C3N4/Pt, suggesting the formation of another internal electric field
directed from g-CsN4 toward MoS; surface. Assuming that the work
function of Ptis 5.4 eV,*° Schottky barrier formation at the g-C3N4/Pt
interface is a plausible scenario because of the estimated CBM
position for n-type g-C3Na thin film (3.43 eV). In addition, the
downward band bending in MoS; layer (shown in Fig. 5f) and the
obtained VBM and CBM positions for MoS; and g-C3N4 (presented in
Fig. 4e) need to be considered at the same time.

The above-mentioned constraints result in an energy band
alignment of the MoS,/g-C3N4/Pt structure, as illustrated in Fig. 6.
Here, the SP value of 219 mV on g-CsN4/Pt is interpreted as the
magnitude of the band bending across the g-C3Na4 layer. Additionally,
the band bending magnitude across the MoS; layer on g-CsN4 is taken
as 216 mV. These magnitudes and directions of band bending, along
with the downward band bending near the MoS,/g-CsN, interface,
are reflected in Fig. 6. This interfacial band bending at the MoS,/g-
CsN; interface can support the so-called S-scheme heterojunction
formation.***3 If we assume MoS,/g-CsNs as an S-scheme-based
photocatalyst, MoS; would work as an oxidation photocatalyst (OP)
and g-C3N4 would work as a reduction photocatalyst (RP), because
the CBM position for g-CsNa is higher than that of MoS; and both of
them are n-type semiconductors.*® According to the S-scheme
mechanism, downward band bending in the OP side and upward
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Fig. 7. Surface potential image observed for MoS,/g-CsNa/Pt
sample (a) before and (b) under UV irradiation. Surface potential
histograms extracted from KPFM images acquired (c, e, d)
before and (d, f, h) under light irradiation for MoS,/g-CsNa4/Pt (c,
d), g-C3N4/Pt (e, ), and Pt (g, h) regions. Schematic illustrations
of the photo-induced charge separation behavior inferred from
the band alignment are presented for (i) the g-CsN4/Pt interface
and (j) the MoS,/g-CsN4/Pt structure. Here, the generated
electrons and holes are depicted, with solid arrows indicating
the possible migration directions of these photo-induced
carriers.

band bending in the RP side can occur at the heterojunction of OP
and RP, which is in line with the downward band bending in the MoS;
layer observed in this study. Indeed, experimental studies on
heterojunction photocatalysts have actively discussed that
physically-contacted MoS,/g-CsN4 composite photocatalysts exhibit
S-scheme-dominated charge transfer rather than conventional type-
Il behavior with negligible interfacial band bending.**

Surface potential imaging for MoS,/g-CsN4/Pt sample under light
irradiation

6 | J. Name., 2026, 00, 1-3

KPFM measurement for MoS,/g-CsNs/Pt sample,,under. Jight
irradiation was performed to examine wheth&thébHots IrbUEESSP
changes are consistent with the predicted band diagrams shown in
Fig. 6. Surface potential images observed for MoS,/g-CsN4/Pt sample
before and under UV irradiation are presented in Fig. 7a and 7b. The
SP values on Pt, g-C3N4/Pt, and MoS,/g-CsN4/Pt regions before and
under light irradiation were evaluated from histograms of the SP
values at all pixels (120 pixels for each region) given in Fig. 7c=7h, by
using the same procedure for obtaining results of Fig. 5c-5e. Please
note that the horizontal axis values of the histograms in Fig. 7c-7h
are the raw potential values. As a result, light irradiation gave rise to
the SP increase by 13 mV on MoS,/g-C3N4/Pt and the SP decrease by
16 mV on g-CsN4/Pt, while no detectable surface potential shift was
observed for the Pt reference.

The observed, photo-induced SP increase and decrease on
MoS,/g-C3Na/Pt and g-CsN4/Pt can be attributed to the hole
accumulation on MoS; surface and the electron accumulation on g-
CsN4 surface, respectively.*> According to the energy band diagram
for MoS,/g-C3N4/Pt structure (Fig. 6), photo-induced electrons
produced in g-CsN4 are supposed to migrate toward MoS,/g-CsNg
interface region, whereas photo-induced holes in g-CsN4 can be
transported toward the Pt electrode, as illustrated in Fig. 7i. Likewise,
photo-induced electrons produced in MoS; are likely to migrate
toward MoS;/g-CsN, interface, while photo-induced holes in MoS;
can flow into MoS; surface, as illustrated in Fig. 7j. These photo-
induced charge separation and accumulation mechanisms discussed
here are in good agreement with the KPFM observation results
before and under light irradiation in this study. Consequently, it can
be reasonably said that our results of surface potential imaging under
light irradiation support the energy band alignments proposed in Fig.
6.

The introduction of the Pt reference electrode was indispensable
for examining the band bending direction in each layer of MoS; and
g-CsN4 from the surface potential data, and for determining the
energy band alignment of the heterojunction under equilibrium
conditions. On the other hand, the Pt electrode may influence the
potential distribution within the MoS,/g-CsN4 heterojunction system.
To examine this influence, KPFM measurements on MoS,/g-C3N4/Pt
samples with various thicknesses of g-CsN4 and MoS; will be pursued
in future works. In particular, a thicker g-CsN4 film is expected to
suppress the influence of the Pt electrode and the g-CsNa/Pt
interface on the MoS,/g-CsN4 heterojunction, thereby enabling a
more reliable estimation of the band alignment in the MoS,/g-CsN4
system.

Conclusions

In this study, surface potential mapping using KPFM was
performed for MoS,/g-CsN4/Pt sample fabricated by thermal
CVD growth and SFs-based etching of g-C3N4, followed by MoS,
nanosheet deposition with tape exfoliation and elastomer-
assisted transfer. The energy band alignment of MoS,/g-CsN4/Pt
was estimated by combining the KPFM imaging results with
physical properties of respective MoS, and g-CsNs layers
examined with various characterization methods. The KPFM
measurements for the heterostructure samples with various

This journal is © The Royal Society of Chemistry 20xx
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MoS; thicknesses suggest the downward band bending near the
MoS,/g-CsNs4 interface, with the roughly estimated depletion
width in the MoS; layer of ca. 25 nm. Finally, the depicted
energy band alignment reveals the formation of a Schottky
contact at the g-CsN4/Pt interface and the downward band
bending within the MoS, layer, indicating an S-scheme
heterojunction which could facilitate efficient charge
separation. In addition, photo-induced changes in the surface
potential over MoS,/g-CsN4/Pt were explained by the hole
accumulation on the MoS,; surface and the electron
accumulation on the g-C3N4 surface, which is in line with the
estimated energy band alignment in this work.

Overall, this work demonstrates that scanning probe
microscopy—based surface potential analysis is a powerful and
effective approach for evaluating band alignment in
photocatalytic heterojunctions. The present study contributes
to bridging the gap between conventional bulk-averaged
characterization methods and localized nanoscale analysis.
Further systematic and comparative studies between KPFM
observations and macroscopic photocatalytic measurements
for various composite photocatalysts will be necessary to
render our conclusions and methods applicable to a broader
range of practical powder heterojunction photocatalysts.
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All data supporting this study are available within the article and its supplementary
information (SI). Supplementary information: AFM topography images of g-C;N, and
MoS, sample. XRD patterns of g-C;N, and MoS; sample. Electrochemical Mott-Schottky
plots of g-CsN, and MoS, sample. AFM and KPFM observation results of MoS,

nanosheets with various thicknesses.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 June 2026. Downloaded on 6/30/2026 1:31:15 AM.

(cc)


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lf00160b

