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catalytic hydrogen evolution via
nitrogen-induced electron density modulation in
ReSe2/2D carbon heterostructures†
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Siziwe S. Gqoba,a Cebisa E. Linganiso,abc Zikhona N. Tetanae

and Nosipho Moloto *a

The synthesis of heterostructures composed of transition metal dichalcogenides (TMDs) and carbon

nanostructures has garnered a lot of attention in recent years. This is due to the synergistic effects that

arise from these heterostructures that are advantageous in various applications. This includes but is not

limited to the improvement in electron conductivity of TMDs that are grown on carbon nanostructures.

This improvement in electron conductivity can increase the catalytic activity of TMDs towards the

hydrogen evolution reaction (HER). Therefore, it is crucial to understand the formation of these

heterostructures and how the interaction of the component materials can improve their performance as

electrocatalysts in the HER. This study highlights how surface chemistry affects heterostructure

formation and the catalytic performance of heterostructures in the HER. ReSe2 nanocrystals were grown

on 2D carbon nanostructures, specifically reduced graphene oxide (rGO), nitrogen doped reduced

graphene oxide (N-rGO), and graphitic carbon nitride (g-C3N4). FTIR, XPS, and TEM analyses showed that

functional groups on carbon surfaces play a key role in the formation of the heterostructures. Among

the materials tested, rGO had the highest ReSe2 loading due to the availability of oxygen containing

functional groups on the surface of rGO. However, the performance of the heterostructures as catalysts

in the HER showed that ReSe2-N-rGO had the highest catalytic activity with the lowest onset potential

(115 mV), Tafel slope (72 mV dec−1), and overpotential (218 mV). The enhanced performance of the

ReSe2-N-rGO catalyst was due to the modulation of rGO by nitrogen doping which improved the

electron transfer between ReSe2 and N-rGO, this was further confirmed using computational studies and

by ReSe2-N-rGO having the lowest Rct (65 U).
1. Introduction

Layered materials such as transition metal dichalcogenides
(TMDs) have enjoyed increasing popularity in recent years due
to their exploration in various applications such as in energy
storage and generation devices, sensors, and biological
mistry, University of the Witwatersrand,
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er Sustainability, College of Science,

of South Africa, Florida Campus,

tion (ESI) available. See DOI:

4216
applications.1–4 The interest regarding these materials arises
from the interesting properties they exhibit when in their
monolayer or few layer forms. These properties include rela-
tively high carrier mobility, chemical reactivity, high surface
area, and the transition from indirect to direct bandgaps in
some cases.5–7 These properties have been modied in certain
cases to increase performance in given applications. The
interlayer spacing of these materials has been expanded to
better accommodate cations for battery applications8 and the
morphology of the materials has also been altered to increase
the exposure of the active edge sites of these materials for
electrocatalytic production of hydrogen.9 Moreover, these
materials have been used as one of many components in het-
erostructures to improve some of their inherent properties.
TMDs have been combined with carbon nanostructures tomake
TMD/carbon heterostructures with improved performance in
the hydrogen evolution reaction (HER).10 These hetero-
structures have shown improved catalytic activity towards the
HER, this has been thought to be due to improved electron
transfer processes due to the enhanced electron conductivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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provided by the carbon nanostructures.11–13 This has led to
further exploration on the formation of heterostructures
between TMDs and various carbon nanostructures. Conse-
quently, there has also been concerted effort to form these
heterostructures with nitrogen doped carbon nanostructures
because they offer higher electron conductivity compared to
their undoped counterparts.14–16 The formation of TMD/N-
doped carbon nanostructures could signicantly increase the
catalytic activity of the heterostructures towards the HER
through the increased conductivity of the N-doped carbon
nanostructures.16 Graphitic carbon nitride has been shown to
be an excellent photocatalyst for the production of hydrogen
and has been used a support materials for various metal
nanoparticles to relative success.17,18 Although g-C3N4 is not
considered an exceptional catalyst for HER due to poor
conductivity and electrochemical activity, there have been
attempts to increase its effectiveness in the HER through
forming heterostructures with certain nanostructures.19 The
incorporation of TMDs on different carbon nanostructure
variations could open up new avenues for increasing catalytic
activity towards the HER. This work focuses on the synthesis of
ReSe2/2D carbon nanostructure heterostructures and their
catalytic activity towards the HER. ReSe2 has already been
shown to be a promising electrocatalyst for the HER.20,21 The 2D
carbon nanostructures selected were reduced graphene oxide
(rGO), nitrogen doped reduced graphene oxide (N-rGO),
graphitic carbon nitride (g-C3N4). ReSe2 nanocrystals were
grown on the surface of the surface of the 2D carbon nano-
structures and the catalytic activity of the formed hetero-
structures towards the HER was evaluated.
2. Experimental section
2.1 Chemicals

Ammonium perrhenate (NH4ReO4, 99.98%), selenium powder
(Se, 99.99%), oleic acid (90%), reduced graphene oxide (90%),
and melamine (99%). All reagents were purchased from Sigma-
Aldrich and used as received without purication.
2.2 Synthesis of nanostructures

2.2.1 Reduced graphene oxide. The reduced graphene
oxide was purchased from Sigma-Aldrich.

2.2.2 Doping of rGO. A quartz tube was purged with Ar for
60 min while the temperature was increased to 800 °C at a rate
of 10 °C min−1. The rGO was doped using ammonia gas as the
nitrogen source, with Ar as the carrier gas at a ow-rate of 50
ml min−1. The temperature was held at 800 °C for 3 h then
cooled to room temperature.

2.2.3 Synthesis of g-C3N4. Melamine (5 g) was placed in
a quartz boat and heated in a quartz tube to 600 °C for 2 h with
an initial heating rate of 20 °C min−1. Aer that, the deam-
monization was performed at 600 °C for another 2 h. The yellow
product obtained was sonicated in isopropanol for 1 h.

2.2.4 Synthesis of ReSe2-rGO, ReSe2-N-rGO, and ReSe2-
gC3N4 heterostructures. The selenium powder (Se, 0.559 mmol)
was added into a three-neck round bottom ask containing
© 2025 The Author(s). Published by the Royal Society of Chemistry
20 ml of oleic acid at room temperature. The temperature was
increased to 220 °C to thermally reduce the Se to Se2− with the
help of the solvent, which also acted as a reducing agent. A
sample vial containing 30 mg of rGO/N-rGO/g-C3N4, ammo-
nium perrhenate (NH4ReO4, 0.186 mmol), and 5ml of oleic acid
was sonicated for 30 minutes. The vial was then heated to
dissolve the ammonium perrhenate and injected into the Se–
oleic acid mixture at 220 °C. The temperature was then raised to
330 °C and the reaction was run for 120 min. The nanoparticles
formed were then washed with ethanol and toluene using
a centrifuge and then le to dry.

2.3 Characterization techniques

The phase purity, crystallinity, and preferred crystal orientation
of the products were examined using powder X-ray diffraction
(PXRD) on a Bruker MeasSrv D2-205530 diffractometer using
secondary graphite monochromated CuKa radiation (l 1.5406
Å) at 30 kV/10 mA. Measurements were taken using a glancing
angle of incidence detector at an angle of 2°, for 2q values over
10–70° in steps of 0.026° with a step time of 37 s and at
a temperature of 25 °C. The Raman spectroscopy was conducted
using the Horiba MacroRam spectrophotometer with a 785 nm
wavelength at 5% laser power. The XPS measurements of the
powder samples were obtained using a Thermo ESCAlab 250Xi
with Al Ka photon source (1486.7 eV), X-ray power of 300 W, X-
ray spot size of 900 mm, pass energy (survey) of 100 eV, pass
energy (20 eV), and pressure of <10−8 mbar. The sample
morphologies were determined using transmission electron
microscopy (TEM) carried out on an FEI Tecnai T12 TEM
microscope operated at an acceleration voltage of 120 kV. The
TEM samples were prepared by sonicating a spatula tip of the
sample in ethanol and drop-casting that dispersion on a lacey
carbon Cu grid. The total surface area and pore volume of the
nanostructures were ascertained using a Micromeritics TriStar
3000 Surface Area and Porosity Analyzer. Thermal analysis was
done using a PerkinElmer TGA 6000 thermogravimetric
analyzer using high purity nitrogen and air at a heating rate of
10 °C min−1 and gas ow rate of 20 ml min−1. The morphology
of the synthesized materials were characterized by using scan-
ning electron microscopy (SEM) measurements (LEO, Zeiss
SEM).

2.4 Electrochemical characterization

The electrochemical measurements were carried out on a BASi
epsilon E2. All measurements were carried out in 0.5 M H2SO4

using a three-electrode system. An Ag/AgCl electrode was used
as the reference electrode, a platinum wire was used as the
counter electrode. A modied glassy carbon electrode with
a 3 mm diameter was used as the working electrode. The ink or
fresh dispersion of the sample was prepared by dispersing
5.0 mg of the ReSe2 or the ReSe2 and rGO/N-rGO/g-C3N4 heter-
ostructures with 0.5 mg carbon black and 40 ml of Naon
solution (5 wt%) in a 1 ml mixture of water and isopropanol at
a 3 : 1 ratio. The solution was then sonicated for 30 min and ∼5
ml of the ink was drop-casted onto the glassy carbon electrode.
The electrode was allowed to dry at room temperature. The
RSC Adv., 2025, 15, 14200–14216 | 14201
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linear sweep voltammograms were obtained at a scan rate of
2 mV s−1 and the cyclic voltammograms were obtained at
a potential range of 0.2–0.6 V vs. RHE at 100 mV s−1 scan rate.
The measured potentials vs. Ag/AgCl were converted to the
reversible hydrogen electrode (RHE) scale according to the
Nernst equation:

ERHE = EAg/AgCl + 00059 pH + E0
Ag/AgCl (1)

where ERHE is the converted potential vs. RHE, E0Ag/AgCl = 0.210 V
at 25 °C. The impedance spectroscopy studies were conducted
on a Biologic SP 300, themeasurements were done at a potential
of −200 mV vs. RHE and a frequency range between 0.1 Hz and
100 kHz.
2.5 Computational analysis

The parameter calculations in this study were conducted using
CASTEP in the BIOVIA Material Studio package of the density
functional theory (DFT) method.22 Geometrical optimization
calculations were performed at 2 × 2 × 1 k-points, with non-
polarized effects consideration. The exchange correlation
between electrons was treated with the Perdew–Burke–Ernzer-
hof (PBE) function within the generalized gradient approxima-
tion (GGA).23,24 Considering the convergence criteria for
structural geometric optimization, the energy of tolerance of 2.0
10−6 eV per atom was adopted, together with 600 eV plane wave
energy cut off. The vacuum layer thickness is xed at 15 Å to
avoid interlayer interactions. The k-points used to optimise the
ReSe2 sheet were heterostructure a = 6.651 Å, b = 6.750 Å and c
= 43.012 Å. To avoid the lattice constraints mismatch of GO-
graphiticN/ReSe2 heterostructure and GO-pyridinicN/ReSe2
heterostructure a = 6.814 Å, b = 6.863 Å and c = 12.468 Å and
a = 6.597 Å, b = 6.765 Å and c = 11.574 Å were used for both 2D
heterostructures respectively. To describe the stability of the
formed 2D heterostructures, the binding energies are dened
as:25

Eb = (EGO/ReSe2
− EGO − EReSe2

)/S (2)

Eb = (EGO-graphiticN/ReSe2
− EGO-graphiticN − EReSe2

)/S (3)

where Eb, EGO, EGO-graphiticN, EReSe2, EGO-graphiticN/ReSe2 and
represents the total binding energies of GO sheet, GO-
graphiticN, ReSe2 structure, and GO-graphiticN/ReSe2 hetero-
structure, respectively. S represents the interface area in the
plane.26
3. Results and discussion

Powder X-ray diffraction (PXRD) was used to characterize the
phase, composition, and crystallinity of the nanostructures. The
PXRD patterns of reduced graphene oxide (rGO) and nitrogen-
doped reduced graphene oxide (N-rGO) are shown in Fig. 1(a).

The (002) peak is observed for both the rGO and N-rGO at
26.6° and 26.8° respectively (JCPDS card no: 75-2078). This peak
is indicates a high degree of graphitization, which alludes to the
formation of a well-arranged layer structure.27 The appearance
14202 | RSC Adv., 2025, 15, 14200–14216
of the (100), (004), and (110) peaks at 43.8°, 54.7°, and 77.8°
degrees respectively indicates that the rGO nanosheets are not
monolayer.27,28 There is an observable shi to the right in the
(002) peak in the N-rGO sample as shown in Fig. 1(b), this has
been attributed to the doping of nitrogen in the graphene oxide
lattice structure.28 Sherrer's equation can be used to determine
crystallite size along the (002) plane which can be used as an
estimate for the thickness of the rGO nanosheets, the thickness
was determines to be 16.34 nm for rGO and 14.4 nm for N-rGO.
The thickness is reduced in N-rGO because of the removal of
oxygen containing functional groups during the doping
process. The PXRD pattern of g-C3N4 is shown in Fig. 1(c), the
characteristic diffraction peaks of g-C3N4 were observed (JCPDS:
87-1526).29 Themain peak at 2q= 27.8° corresponds to the (002)
plane, which is ascribed to the distance between the layers of
the graphitic material with an interlayer spacing of 0.323 nm.
The peak at 2q = 13.7° corresponds to the (001) diffraction
plane, this peak is attributed to the intra-layer d-spacing (0.651
nm). The g-C3N4 synthesized through poly-condensation is
typically considered to have low crystallinity, as is the case in
this study. This is due to the incomplete deamination of the
precursors which results in the formation of a tri-s-triazine-
based melon structure which consists of in-plane innite one-
dimensional chains of NH-bridged melem oligomers. The dif-
fractogram for the graphitic carbon nitride synthesized in this
study is similar to that of bulk g-C3N4 also signifying the
formation of the tri-s-triazine melon structure.29 The powder
patterns of the ReSe2 and carbon heterostructures is shown in
Fig. 1(d). The diffraction peaks as shown in Fig. 1(d) are
observed at 13.7°, 31.9°, 35.2°, 42.6°, 47.1°, and 55.2°. These
diffraction peaks correspond to the lattice planes (001), (1−22),
(−220), (012), (003) and (1−42) of ReSe2. The broad diffraction
peak between 2q = 30–40° is attributed to the overlap of smaller
peaks in that region, this has been observed in nanosized ReSe2
materials.21 The PXRD conrms that the ReSe2 nanostructures
have crystallized in the distorted 1T phase triclinic system with
the P�1 space group (JCPDS card no: 01-065-4275). The (002) peak
of the rGO, N-rGO, and g-C3N4 can still be observed in the
powder patterns of the heterostructures which alludes to the
incorporation of the ReSe2 nanostructures on the 2D carbon
nanostructures. Raman spectroscopy was also used to charac-
terize the rGO and N-rGO. This was done by analyzing the
characteristic D, G, and 2D bands of the nanostructures. The
Raman spectra of the rGO and N-rGO are shown in Fig. 1(e). The
position of the G-band in rGO and N-rGO was observed at
∼1588 cm−1 and 1591 cm−1 respectively, this is in accordance
with what has been previously reported in the literature.30 The
G-band is attributed to the in-plane stretching vibrations of the
sp2 hybridized carbon–carbon bonds. The D band is associated
with the defects that exist in the structure of the materials. The
D-bands of the rGO and N-rGO were observed at 1316 cm−1 and
1307 cm−1 respectively. The broad and high-intensity D band
observed in both the undoped rGO and N doped rGO signies
a high level of lattice distortion and sp3 like defects which show
that there are functional groups on the surface of the rGO and
N-rGO.27 The rGO was further reduced in the doping process
which occurred at 800 °C. The ID/IG ratio of the N-rGOwas found
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PXRD patterns of (a) rGO and N-rGO. (b) PXRD shows the shift of the (002) in rGO and N-rGO. (c) The PXRD pattern of g-C3N4 (d) PXRD
pattern of (i) pristine ReSe2, (ii) ReSe2-rGO, (iii) ReSe2-N-rGO, and (iv) ReSe2-g-C3N4. (e) Raman spectra of rGO and N-rGO.
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to be 2.09 which was higher than that of the rGO at 1.86, this
indicates that there is an increase in the number of defects in
the structure of the N-rGO which is due to the nitrogen-
doping.31 The 2D peak occurs due to two lattice vibrational
processes, this peak can be used to assess the quality of gra-
phene because it is very sensitive to disorder. It is normally very
prominent in highly crystalline high-quality graphene. The peak
experiences a decrease in intensity when there are defects in the
structure of the materials.30 The notable decrease in the inten-
sity of the 2D peak of the N-rGO compared to the rGO is
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicative of the introduction of more disorder in the structure
through the introduction of nitrogen defects.

X-ray photoelectron spectroscopy (XPS) was used to evaluate
the bonding conguration and the elemental composition of
the nanostructures. The XPS spectra of rGO and N-rGO are
shown in Fig. S1(a) and (b).† The C1s and O1s peaks were
detected in the survey scan of the rGO nanostructures. The
survey scan of the N-rGO nanomaterials also shows the N1s
peak which conrms the doping of the rGO with nitrogen.32 The
elemental composition of rGO and N-rGO is shown in Table 1.
RSC Adv., 2025, 15, 14200–14216 | 14203
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Table 1 Summary of the elemental composition of rGO and N-rGO

Sample Element Binding energy (eV) Atomic (%)

rGO C 284.9 86.4
O 532.8 13.6
N — —

N-rGO C 284.4 97.5
O 532.7 1.6
N 399.1 0.9
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The elemental composition shows that the percentage of
oxygen is much larger in rGO compared to the N-rGO. This
shows that the rGO contains more of oxygen-containing func-
tional groups and that some of these functional groups are
removed in the doping process. The elemental composition of
the N-rGO only shows a nitrogen doping concentration of 0.9%.
The C1s spectra of the rGO and N-rGO are shown in Fig. S2(a)
and (b)† and a summary of the atomic composition is shown in
Table 2.

The peak binding energies were found to be 284.9 eV,
285.8 eV, and 288.7 for C–C, C–O, and O–C]O functional
groups respectively for rGO.33 The peak binding energies were
found to be 284.4 eV and 285.7 for C–C and C–O functional
groups respectively for N-rGO.33 Table 2 shows there is a notable
decrease in the amount of oxygen-containing functional groups
in N-rGO, this is due to the removal of the functional groups
during doping. The N1s spectrum of N-rGO is shown in Fig. 2(a),
the N1s peak can be deconvoluted into several individual peaks,
namely the pyridinic-N (398.1–399.3 eV), pyrrolic-N (399.8–401.2
eV), and graphitic-N (401.1–402.7 eV).33,34 These characteristic
peaks are observed in the N1s XPS spectrum and are shown in
Fig. 2(a), the nitrogen-doped graphene oxide seems to be
dominated by pyridinic-N sites followed by pyrrolic-N sites. The
graphitic-N sites are the least prevalent, while the peak at 405 eV
is attributed to chemisorbed nitrogen oxide. The types of
nitrogen defects introduced are shown graphically in Fig. 2(b).
The XPS survey spectra of g-C3N4 is shown in Fig. S1(c).† The
high-resolution N1s and C1s spectra are shown in Fig. 2(c) and
(d) respectively. The N1s spectrum shows the 3 characteristic
peaks of g-C3N4.35 The main peak at 398.0 eV is due to sp2

hybridized nitrogen in the triazine ring (C–C]N) (N1), the peak
Table 2 Summary of the C1s assignments and composition

Sample Assignment Binding energy (eV) Atomic (%)

rGO C–C sp2 284.2 35.5
C–C sp3 284.9 23.0
C–O 285.8 20.3
C]O 533.5 7.1
O–C]O 288.7 6.8

N-rGO C–C sp2 284.4 69.7
C–C sp3 532.7 15.6
C–O — —
C]O — —
O–C]O 399.1 0.9

14204 | RSC Adv., 2025, 15, 14200–14216
at 399.8 eV was ascribed to the tertiary nitrogen in the heptazine
unit (N2), the peak at 401.4 eV was ascribed to the amino groups
carrying hydrogen (N3), the peak at 403.8 eV was ascribed to the
NOx species (N4).35 The C1s spectra shows the three character-
istic peaks. The peak at 284.4 eV has been shown to be due to
the C–C (C1) bonds in graphitic carbon while the peak at
288.4 eV was ascribed to the sp2 bonded carbon (N–C]N) of the
triazine and heptazine rings (C2).35 The peak at 285.8 can be
attributed to a nitrile species –C]N (C3). The peak at 288.5 eV is
due to the C–O bonding which suggest that there exist some
oxygen groups on the surface of the graphene sheets (C4), this is
conrmed in the XPS survey spectrum as shown in Fig. S1(c).†
The XPS survey spectra of pristine ReSe2 is shown in Fig. S1(d).†
The XPS spectra of the Re4f and Se3d are shown in Fig. 2(e) and
(f) respectively.

The high-resolution XPS spectrum of Re4+ is shown in
Fig. 2(e), the core level peaks 4f7/2 and 4f5/2 were measured at
41.2 eV and 43.6 eV respectively.21 The Se high-resolution XPS
spectrum of the ReSe2 nanomaterials is shown in Fig. 2(f). The
deconvoluted peak at ∼54 eV shows the characteristic core level
3d5/2 and 3d3/2 peaks Se

2− at 53.7 eV and 54.7 eV respectively.21

The XPS survey spectra of the heterostructures is shown in
Fig. S3(a)–(c),† the high-resolution spectra of the Re4+ and Se2−

is also shown in Fig. S4(a)–(f).† The XPS spectra of the analysis
of the O1s spectra was used to investigate possible interactions
between the ReSe2 and the carbon nanostructures. Table 3
shows a summary of the binding energy of the O1s spectra of
the rGO, N-rGO, and the heterostructures, the O1s spectra is
shown in Fig. S5(a)–(d).†

Table 3 shows that the binding energy of the O1s spectrum of
ReSe2-rGO shied by ∼0.3 eV from the pristine rGO. The same
phenomenon was observed for the ReSe2-N-rGO, a noticeable
shi in the binding of the assigned peaks. This indicates that
the chemical environment rGO functional group had been
altered due to the growth of the ReSe2 nanostructures on the
surface of the rGO and N-rGO. Table S1† shows a summary of
the binding energy of Re4f7/2. A shi in the binding energy of
0.3 eV and 0.5 eV in the Re4f7/2 for ReSe2-rGO and ReSe2-N-rGO
further indicates an interaction between the oxygen functional
groups in rGO and N-rGO. The Re4+ XPS spectra are shown in
Fig. S4(b) and (d).† The high-resolution N1s and C1s spectrum
of ReSe2-g-C3N4 are shown in Fig. S4(g) and (h).† The charac-
teristic peaks of carbon nitride are observed in the N1s and C1s
spectra of the heterostructure. However, there is an approxi-
mately 0.5 eV shi in the characteristic N1s peaks of the ReSe2-
g-C3N4 compared to the g-C3N4. This shows a change in the
chemical environment of the nitrogen groups in the carbon
nitride structure. This indicates that there is a chemical inter-
action between the nitrogen groups in the carbon nitride cavi-
ties and the ReSe2 nanostructures. The C1s spectrum of the
heterostructures shows a slight shi and repression of the C2
peak which conrms that the ReSe2 nanostructures interact
with the nitrogen groups in the heptazine and triazine structure
of the carbon nitride. This was further explored using FTIR. The
FTIR spectra of the g-C3N4 and ReSe2-g-C3N4 are shown in
Fig. S6.† The typical characteristic peaks of g-C3N4 observed at
1318 cm−1, 1393 cm−1, 1534 cm−1, and 1621 cm−1 were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Deconvoluted XPS spectrum of the N1s peak for N-rGO. (b) Graphical representation of the types of nitrogen defects introduced. (c)
Deconvoluted N1s peak of g-C3N4. (d) Deconvoluted C1s peak of g-C3N4. (e) High-resolution XPS spectrum of Re. (f) High-resolution XPS
spectrum of Se.

Table 3 Summary of the binding energy of the O1s assignments

Sample Assignment Binding energy (eV)

rGO C–O 532.0
C]O 533.5

N-rGO C–O 531.2
C]O 532.9

ReSe2-rGO C–O 531.7
C]O 533.2

ReSe2-N-rGO C–O 532.2
C]O 533.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assigned to the stretching modes of the aromatic C–N hetero-
cycle and the peak at 805 cm−1 was assigned to the breathing
mode of the triazine units. The peak assigned to the breathing
mode of the triazine units was observed to have shied to
797 cm−1 in the heterostructure and the peak was also signi-
cantly supressed compared to the pristine g-C3N4. This suggests
an interaction between the nitrogen groups in the triazine units
and the ReSe2 nanostructures as suggested by the XPS analysis.

The TEM images of the rGO, N-rGO, g-C3N4 the 2D carbon–
ReSe2 heterostructures are shown in Fig. 3.

The TEM image of the ReSe2 nanostructures is shown in
Fig. 3(a), the image shows that the ReSe2 nanostructures form in
RSC Adv., 2025, 15, 14200–14216 | 14205
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Fig. 3 TEM images of (a) ReSe2 nanoflowers, (b) rGO, (c) N-rGO, (d) g-
C3N4, (e) ReSe2-rGO, (f) ReSe2-N-rGO, and (g) ReSe2-g-C3N4.
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a ower-like morphology. The TEM images of rGO and N-rGO are
shown in Fig. 3(b) and (c) show that they are both composed of
nanosheets that are wrinkled and folded in some regions. The
nanosheets are not single sheets, as was already conrmed by the
PXRD analysis. There are no signicant and notable changes in
the morphology of the rGO before and aer nitrogen doping as
shown in Fig. 3(b) and (c). Fig. 3(d) shows the TEM image of g-
C3N4, the image shows that the g-C3N4 nanosheets that show
some degree of folding in some regions, similar to the rGO and
N-rGO morphology. The images of ReSe2-rGO and ReSe2-N-rGO
are shown in Fig. 3(e) and (f), respectively. The images show
that few-layered ReSe2 nanostructures have grown on the surface
of the rGO and N-rGO. For the ReSe2-rGO, the ReSe2
14206 | RSC Adv., 2025, 15, 14200–14216
nanostructures seem to have completely covered the area of the
rGO nanosheets. The same is true for the ReSe2-N-rGO, with
some of the areas showing more dened nanoower structures.
The HRTEM image of the ReSe2-g-C3N4 in Fig. 3(g) shows that
ultrathin ReSe2 nanosheets were able to form on the surface of
the g-C3N4 nanosheets.

An initial study was conducted to determine the interaction
of the Re monomer with the 2D carbon nanostructures, this
study was conducted using rGO as the 2D carbon nanostructure
of interest. The reaction for the synthesis of ReSe2 was con-
ducted without selenization (introduction of selenium
precursor), this was done to specically determine the interac-
tion of the Re monomer with the rGO nanosheets. The Re
monomer – 2D carbon material was then selenized to observe
the growth of the ReSe2 nanostructures on the surface of the
rGO. A schematic representation of the process before and aer
selenizations is shown in Fig. 4.

Previous reports have shown that the ReO4
2− anion is

formed when NH2ReO4 is heated at high temperature.36 The
ReO4

2− is then able to interact with the functional groups on the
surface of the rGO, this is in line with what is reported in
literature.36 The TEM image in Fig. 5(a), shows that aer the
reaction with NH4ReO4 the sheet like structure of the rGO does
not change. The powder pattern of the rGO-ReO4

2− shows no
peaks from anything other than rGO as shown in Fig. S7(a),†
this suggests that the NH4ReO4 did not convert to any crystal-
line oxide species such as ReO3. However, EDS of the rGO-
ReO4

2− (Fig. S8†) shows that Re is indeed present which
suggests the presence of the ReO4

2− anion. The UV-vis spectrum
of the rGO-ReO4

2− (Fig. S7(b)†) shows that characteristic peak
for ReO4

2− at 291 nm, which conrms the presence of ReO4
2−.37

Elemental mapping of rGO-ReO4
2− is shown in Fig. 5(b)–(d).

The uniform distribution of the O and Re atoms on the surface
of the rGO conrms the interaction of ReO4

2− with the oxygen
functional groups on the surface of the rGO.

Aer selenization (when the selenium precursor in intro-
duced), the formation of the ReSe2 nanostructures can clearly
be observed on the surface of the rGO nanostructures. This is
shown in Fig. 6(a). An interface can be formed between the
ReSe2 nanostructures and the rGO can be clearly observed in
Fig. 6(b). A similar phenomenon is observed for the N-rGO 2D
carbon nanostructures, aer selenization the ReSe2 would grow
on the surface of the N-rGO as shown in Fig. 6(c). When g-C3N4

was used the type of interaction would involve the ReO4
2−would

interact with the nitrogen groups in the triazine ring as alluded
to by the XPS and FTIR analysis. Aer selenization the ReSe2
nanostructures were able to grow on the on the g-C3N4 nano-
structures as shown in Fig. 6(d). The growth of the ReSe2
nanostructures seems to distort the structure of g-C3N4. The
well-dened g-C3N4 nanosheets seem to form a distorted
occulate-like morphology with ReSe2 nanosheets that have
grown on the g-C3N4.

Scanning electron microscopy (SEM) was also performed on
the heterostructures. Fig. 7(a), (b), and (c) shows the ReSe2-rGO,
ReSe2-N-rGO, and ReSe2-g-C3N4 heterostructures respectively.
The images clearly show that the ReSe2 nanocrystals have grown
on the surface of the carbon nanostructures.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic representation of the synthesis process for ReSe2-rGO.
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The TEM image in Fig. 3(a) already showed that the ReSe2
nanostructures had a pseudo-spherical ower-like morphology.
The SEM images show that the ower-like ReSe2 nanostructures
have grown on the different 2D carbon nanostructures. The
SEM image of the ReSe2-rGO (Fig. 7(a)) shows that the rGO has
been completely covered by the ReSe2 nanosheets with
agglomeration of the spherical ower-like ReSe2 being
observed. This was not the case for the N-rGO (Fig. 7(b)) and g-
C3N4 (Fig. 7(c)), there are clearly visible regions where the
uncovered N-rGO and g-C3N4 can be observed, this is due to the
readily available oxygen containing functional groups on the
rGO that ensure maximal formation and growth of the ReSe2
nanostructures on its surface. Energy-dispersive X-ray spec-
troscopy (EDX) was used to investigate the elemental
Fig. 5 (a) Sheetlike structure of rGO after introduction of Remonomer. (b
rhenium.

© 2025 The Author(s). Published by the Royal Society of Chemistry
composition of the heterostructures and the distribution of the
ReSe2 nanocrystals on the surface of the 2D carbon nano-
structures. The EDX spectra of the heterostructures is shown in
Fig. S9 (a), (b), and (c)† for the ReSe2-rGO, ReSe2-N-rGO, and
ReSe2-g-C3N4 heterostructures respectively. The spectra show
the presence of Re, Se, C, N, Ag, and Pd. Ag and Pd was used to
coat the samples to prevent charging. The elemental mapping
of the heterostructures is shown in Fig. S10(a)–(c).† The
mapping shows that the Se atom distribution overlaps well with
the Re mapping, this conrms the formation of ReSe2 nano-
crystals on the surface of the 2D carbon nanostructures. The
maps also show that the carbon nanostructures are covered by
the ReSe2 nanocrystals with some areas of exposed carbon being
) Grey image of rGO-ReO4
2−. Elemental mapping of (c) oxygen and (d)

RSC Adv., 2025, 15, 14200–14216 | 14207
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Fig. 6 (a) Formation of the ReSe2-rGO after selenization. (b) Interface between the ReSe2 and the rGO. (c) Formation of ReSe2-N-rGO after
selenization. (d) Formation of ReSe2-g-C3N4 after selenization.
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observed. The maps also show the presence of oxygen from the
surface functional groups.

Thermogravimetric analysis (TGA) was used to investigate
the decomposition of the rGO, N-rGO, g-C3N4 and the hetero-
structures under an airow of 20 ml min−1. The decomposition
proles are shown in Fig. 8.

The TGA proles of the rGO and N-rGO are shown in
Fig. 8(a). The initial weight losses on both proles at ∼150 °C
are attributed to the evaporation of water molecules adsorbed
on the rGO and N-rGO.38 The second largest mass loss was
measured at 6% for rGO and 3% for N-rGO which was attributed
to the oxygen-containing functional groups.39 There is twice the
loss of these functional groups in rGO which suggests that the
doping process was able to remove functional groups on the
surface of the N-rGO beforehand. The largest weight loss
between 400–700 °C which accounted for 94% in rGO and 97%
in N-rGO was attributed to the decomposition of the carbon
skeleton of graphene.36 The decomposition temperature for this
weight loss on N-rGO was slightly higher than that of rGO which
was expected as doped carbon structures have been known to be
more stable than undoped rGO structures.40 The difference in
14208 | RSC Adv., 2025, 15, 14200–14216
decomposition temperatures can be clearly seen in the deriva-
tive decomposition prole in Fig. S11.† The decomposition
prole of g-C3N4 is shown in Fig. 8(d), the initial mass loss at
∼150 °C was due to the evaporation of water molecules on
adsorbed on the g-C3N4. The large mass loss of 96% observed at
520 °C was attributed to the decomposition of the g-C3N4 to
carbon and nitrogen containing gases. The TGA curves ReSe2-
rGO and ReSe2-N-rGO are shown in Fig. 8(b) and (c), these are
shown with the TGA curves of rGO and N-rGO for comparison.
The heterostructures show two mass losses, one between 400–
500 °C and another between 500 to 600 °C. The rst mass loss
was measured at 60% for rGO and 63% for N-rGO. The mass
loss was attributed to the decomposition of the graphene
backbone. The second mass loss was attributed to the decom-
position of the oleic acid that is bound to the ReSe2 nano-
structures which accounted for 37% and 36% of the ReSe2-rGO
and ReSe2-N-rGO respectively. The increase in the temperature
of the decomposition compared to literature was attributed to
the bound oleic acid (oleic acid interacting with the ReSe2
nanostructures) as opposed to unbound oleic acid.39 The
decomposition prole of ReSe2-g-C3N4 is shown in Fig. 8(d). The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of (a) ReSe2-rGO, (b) ReSe2-N-rGO, and (c) ReSe2-
g-C3N4.
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large mass loss accounting to 77% between 400 °C and 600 °C
was attributed to the decomposition of g-C3N4. The decompo-
sition of the bound oleic acid occurs between 500 °C and 600 °C
and accounts for 20% of the mass loss. The nal mass loss
between 700 °C and 800 °C accounting for ∼3% was attributed
to the rest of the g-C3N4 decomposition. The residues that
remained aer decomposition accounted for 2.7%, 1.7%, and
0.5% for ReSe2-rGO, ReSe2-N-rGO, and ReSe2-g-C3N4
© 2025 The Author(s). Published by the Royal Society of Chemistry
respectively. This suggests that the rGO had a larger catalyst
loading of the ReSe2 compared to the N-rGO and g-C3N4, this is
due to the higher availability of the oxygen containing func-
tional groups on the rGO. The ReSe2-g-C3N4 heterostructure had
the lowest mass loading of ReSe2, this suggest that the nitrogen
defects in the structure of the material may not be as effective at
anchoring the ReSe2 compared to the oxygen containing func-
tional groups.

The adsorption–desorption curves of all the nanostructures
show a type-IV isotherm with a distinct hysteresis loop (IUPAC
classication) as shown in Fig. S12† and 9, this suggests that the
nanostructures assume a mesoporous structure.40

The BET surface area of the rGO and N-rGO was calculated to
be 231.3 m2 g−1 and 236.3 m2 g−1 as shown in Fig. S12(a) and
(b).† The surface area of the doped and undoped area is virtually
identical which suggests that there was no signicant folding or
wrinkling of the nanosheets during the doping process which
would have reduced the surface area. The surface area of the g-
C3N4 was measured to be 7.9 m2 g−1, the surface area is quite
low as expected for g-C3N4 nanosheets. The BET surface area of
the pristine ReSe2 nanoowers was measured to be 16.6 m2 g−1

as shown in Fig. 9(a). The surface area of the ReSe2-rGO, ReSe2-
N-rGO, and ReSe2-g-C3N4 was measured to be 36.2 m2 g−1, 42.2
m2 g−1, and 26.6 m2 g−1 respectively as shown in Fig. 9(b), (c),
and (d). The boosted surface area of the pristine ReSe2 nano-
owers is due to the conned growth of vertically aligned
nanosheets on the 2D carbon nanostructures.41

Several parameters are used to evaluate the catalytic activity
of nanomaterials towards the HER. The polarization curves can
be used to determine two useful parameters, which are the
onset potential and the overpotential at 10 mA cm−2 (h10). The
polarisation curves for the pristine ReSe2 and the hetero-
structures is shown in Fig. 10(a). The onset potential is the
lowest potential at which the HER can be produced. A good HER
catalyst is characterized by a low onset potential. The onset
potential of the pristine ReSe2 nanostructures was determined
to be 159 mV. The incorporation of the ReSe2 nanostructures on
the carbon nanostructures signicantly reduces the onset
potential. The onset potential of the ReSe2-rGO, ReSe2-N-rGO,
and ReSe2-g-C3N4 was measured to be 128 mV, 115 mV, and
135 mV respectively. Forming a heterostructure with the 2D
carbon nanostructures seems to improve the catalytic activity.
The overpotential at 10 mA cm−2 (h10) is a measure of the
overpotential at a specied current density, 10 mA cm−2 is
chosen because it represents the operating current density of
a commercial cost-competitive photoelectrochemical cell (PEC).
This parameter is useful when comparing the catalytic activity
of nanomaterials, an ideal HER catalyst has the lowest possible
h10. The h10 of the pristine ReSe2 nanostructures was recorded
at 331 mV. The h10 of the ReSe2 heterostructures were recorded
at 259 mV, 218 mV, and 358 mV for the ReSe2-rGO, ReSe2-N-
rGO, and ReSe2-g-C3N4 respectively. Incorporating the ReSe2
nanostructures on rGO improves the overpotential which is
attributed to the improved electron conductivity of the hetero-
structures. The doping of the rGO with nitrogen further
improves the overpotential as expected. This is not the case
when g-C3N4 was used, which was attributed to the unsuitable
RSC Adv., 2025, 15, 14200–14216 | 14209
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Fig. 8 Decomposition profiles of (a) rGO and N-rGO, (b) rGO and ReSe2-rGO, (c) N-rGO and ReSe2-N-rGO and (d), g-C3N4 and ReSe2-g-C3N4.
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interaction between the ReSe2 and the g-C3N4. The Tafel plot
analysis is crucial in evaluating the catalytic activity of nano-
materials towards the HER. The Tafel equation (h = b log J +
a, where h is the overpotential, J is the current density and b is
the Tafel slope) tted to the Tafel plots to determine the Tafel
slope.42 The Tafel slope can be used to gain insights into the
mechanistic details of the HER on the specied catalyst. The
Tafel slope can be used to determine the rate-limiting step of
the reaction and the reaction pathway of the HER on the surface
of the nanostructures. The HER in acidic media can be
described in three steps:

(Volmer step) H3O
+ + e− + M #

M–H + H2O, (120 mV dec−1) (4)

(Heyrovsky step) M–H + H3O
+ + e− #

H2 + H2O + M, (40 mV dec−1) (5)

(Tafel step) 2M–H # H2 + 2M, (30 mV dec−1) (6)

The Volmer reaction is the primary discharge step in which
protons are adsorbed to active sites on the surface of the cata-
lysts and combine with electrons to form adsorbed hydrogen
atoms. This step is followed by either an electrochemical
desorption step (Heyrovsky reaction) or a recombination step
14210 | RSC Adv., 2025, 15, 14200–14216
(Tafel reaction).21 The Tafel plots of the pristine ReSe2 and the
heterostructure are shown in Fig. 10(b). The Tafel slopes of the
ReSe2 nanostructures and the heterostructures were deter-
mined to be 97 mV dec−1, 84 mV dec−1, 72 mV dec−1, and
142 mV dec−1 for the pristine ReSe2 nanostructures, ReSe2-rGO,
ReSe2-N-rGO, ReSe2-g-C3N4 respectively. This shows that the
HER on the surface of the ReSe2-rGO and ReSe2-N-rGO hetero-
structures proceeds under the Volmer–Heyrovsky pathway. This
pathway involves the adsorption of protons on the surface of the
catalyst which then combines with electrons to form adsorbed
hydrogen atoms (Volmer step), this is followed by the electro-
chemical desorption of the hydrogen from the surface of the
electrode (Heyrovsky step). The electrochemical desorption is
the rate-limiting step in this case. However, the Volmer step is
the rate determining step for the HER on the ReSe2-g-C3N4

heterostructure. The exchange current density is a useful
parameter to probe reaction kinetics, it represents the rate of
electron transfer at zero overpotential and is represented in the
form of current density. The exchange current density can be
determined from the Tafel plot by using the Tafel equation
(log Jo = a), where a is the intercept of the Tafel plot. The
higher the exchange current density, the better the catalytic
performance. The exchange current density was determined to
be 0.61 mA cm−2, 0.69 mA cm−2, 0.71 mA cm−2, and 0.38 mA
cm−2 for ReSe2, ReSe2-rGO, ReSe2-N-rGO, and ReSe2-g-C3N4.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Adsorption–desorption isotherms of (a) ReSe2, (b) ReSe2-rGO, (c) ReSe2-N-rGO, and (d) ReSe2-g-C3N4 .
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The exchange current density increases when the ReSe2 nano-
structures are grown on rGO and N-rGO. However, the exchange
current density decreases when ReSe2 is grown on g-C3N4. This
is in keeping with what has already been observed with the
analysis of the overpotential and the Tafel slope.

The electrochemically active surface area (ECSA) was deter-
mined using the Cdl (double layer capacitance). The Cdl has
been shown to be proportional to the ECSA, the Cdl was deter-
mined using cyclic voltammetry (CV) as shown in Fig. S13.† 37,43

The estimation is done by plotting DJ (Ja − Jc) vs. the scan rate at
0.41 V vs. RHE which is shown in Fig. 10(c), in this linear plot,
the slope is the Cdl. The Cdl of the nanostructures was deter-
mined to be 1.85 mF cm−2, 1.98 mF cm−2, 4.45 mF cm−2, 1.98
mF cm−2 for ReSe2, ReSe2-rGO, ReSe2-N-rGO, and ReSe2-g-C3N4

respectively. The rGO and N-rGO based heterostructures have
a higher ECSA which indicates that the exposure of the active
sites was enhanced when the rGO and N-rGO were introduced.
The ReSe2-g-C3N4 heterostructure had the lowest ECSA, which
was expected considering the heterostructure had the lowest
loading of the ReSe2 on the surface of g-C3N4. The ReSe2 with
the nitrogen-doped rGO had a lower ECSA than that of the
undoped rGO. This is expected considering the TGA analysis
showed that there was much less loading of the ReSe2 catalyst
on the nitrogen-doped rGO. However, by every other metric, the
ReSe2 catalyst with the nitrogen-doped rGO has better electro-
catalytic activity than the ReSe2 with the undoped rGO. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
suggests that the improved catalytic activity of the ReSe2 with
the nitrogen-doped rGO is not just due to the improved expo-
sure of the active sites. Since the determination of the ECSA is
made using the Cdl, the Cdl contribution of the 2D carbon
nanostructures must also be considered, the Cdl contribution of
the carbon nanostructures are sure to over inate the Cdl values.
There is another approach that can be used to evaluate the
ReSe2 catalyst available on the surface of the 2D carbon nano-
structures. The irreversible surface oxidation of the ReSe2
nanostructures can be used to investigate ECSA. The anodic
peaks shown in Fig. 10(d) represent the surface oxidation
process, the area under the peaks represents the amount of
charge needed to fully oxidize the surface of the nano-
structures.44 There is signicantly more charge required for the
oxidation of the ReSe2-rGO, which suggests that there is far
more available surface area to oxidize than for the ReSe2-N-rGO
and ReSe2-g-C3N4. This indicates that the higher catalyst
loading on the rGO leads to more available active sites
compared to the ReSe2-N-rGO and ReSe2-g-C3N4, this is
corroborated by the ECSA and TGA. The electrochemical
impedance spectroscopy (EIS) was used to study the electron
transfer properties of the heterostructures during the HER. The
EIS results are represented as Nyquist plots as shown in
Fig. 10(e). The equivalence circuit tted to the data is shown as
an insert in Fig. 10(e), the circuit components are shown as Rs

(solution resistance), Q2 (constant phase element), and the Rct
RSC Adv., 2025, 15, 14200–14216 | 14211
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Fig. 10 (a) Polarisation curves of the ReSe2 nanostructures and their heterostructures. (b) Tafel plots of the ReSe2 nanostructures and heter-
ostructures. (c) Cdl plots of the ReSe2 nanostructures and heterostructures. (d) Nyquist plots of the ReSe2 nanostructures and heterostructures.
(e) Irreversible surface oxidation profile of ReSe2-rGO, ReSe2-N-rGO and ReSe2-g-C3N4. (f) Stability studies of the ReSe2 nanostructures and
heterostructures.
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which is the charge transfer resistance. The charge transfer
resistance represents the ease or difficulty of charge transfer at
the interface between the electrode and the electrolyte. The
lower the Rct the better the rate of electron transfer and thus the
better the performance of the catalyst. The Rct of the ReSe2
nanostructures was measured to be 251 U. The electron transfer
processes improve when the ReSe2 is incorporated into the
doped and undoped rGO. The Rct of the ReSe2-rGO, ReSe2-N-
rGO, and ReSe2-g-C3N4 was determined to be 117 U, 65 U and
275 U respectively. The electron transfer of the HER processes is
more effective in the ReSe2-N-rGO as compared to the ReSe2-
14212 | RSC Adv., 2025, 15, 14200–14216
rGO. This is due to the improved electron conductivity of the
rGO aer nitrogen doping. This explains the superior perfor-
mance of ReSe2-N-rGO as compared to ReSe2-rGO even though
the ReSe2-rGO has been shown to have a higher ECSA. This is
further conrmed through the computational analysis of the
ReSe2-rGO and ReSe2-N-rGO. The heterostructures were con-
structed by attaching the GO sheet and N-rGO to the optimized
structure of the ReSe2 structure. The build structures are shown
in Fig. 11. Fig. 11(C) and (F) show the side view of the optimized
heterostructure, while Fig. 11(F) shows the top view.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Optimized geometries of (A) GO sheet, (B) ReSe2 structure, (C) GO/ReSe2 heterostructure, (D) N-rGO sheet, (E) top-view of N-rGO/
ReSe2 heterostructure and (F) side-view of N-rGO/ReSe2 heterostructure. The red, black, grey, blue and gold represent the following atoms,
oxygen, nitrogen, carbon, rhenium and selenium, respectively.

Fig. 12 The three-dimensional (3D) charge density differences of (A)
ReSe2-rGO heterostructure, (B) side view of ReSe2-N-rGO hetero-
structure and (C) top view of ReSe2-N-rGO heterostructure. The
yellow and blue colours represent the accumulation and depletion of
electrons, respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
20

/2
02

5 
1:

07
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The charge transfer of the N-rGO and ReSe2 heterostructures
were examined using the charge density difference, with an
isosurface value of 0.009 e Å−3 (Fig. 12).

We contend that there is clear accumulation/depletion of
electrons within both heterostructures. The gain of electrons
(shown in yellow) and the loss of electrons (shown in blue) from
the ReSe2-rGO and ReSe2-N-rGO heterostructures—demon-
strates the obvious anisotropic redistribution of electronic
charges that occurs upon the formation heterointerfaces (as
shown in Fig. 12).45 ReSe2-rGO heterostructure (Fig. 12(A)),
reveals that the more localised 4p state of the Se-atoms and the
delocalised Re-atoms in the 6s are the sources of the charge
© 2025 The Author(s). Published by the Royal Society of Chemistry
redistribution. The ReSe2 monolayer shows a very balanced
electron accumulation/depletion as electrons are equally
distributed within the system. In the upper layer (GO mono-
layer), the inuence of the O-atom shows a high localised
charge redistribution of electrons and makes C-atoms delo-
calised, this is due to the high electronegativity effect of O-atom
in the GO/ReSe2 heterostructure system. We observe a high-
intensity accumulation of electron charge density within the
sphere of O-atom. The oxygen 2p state acts as the charge
redistribution localization and the carbon 2p state acts as the
charge delocalisation. In the formed p-bonds, oxygen turns to
achieve high electron efficiencies as it shows a substantial
yellow area.46

Fig. 12(B) shows the GO-graphiticN/ReSe2 heterostructure,
where we can observe the yellow and blue areas that demon-
strate the accumulation/depletion. In the ReSe2 monolayer, the
Se-atoms illustrate the depletion of electrons in all sites of the
monolayer, this inuences Re-atoms that show the high accu-
mulation spheres.47 As expected in this system, we can observe
a high electron charge transportation around the Re-atoms,
suggesting that Re-atoms gain electrons through the electron
charge reduction of Se-atoms. In the upper layer (GO-graphitic
layer), as the N-atom is introduced into the system, we can
observe no change in the reduction of high-intensity charge
distribution within the O-atom. O-atom shows a very high
accumulation of electrons compared to N-atom, this is because
oxygen has higher electronegativity than nitrogen. Fig. 12(C)
shows the top-view of the GO-graphiticN/ReSe2 heterostructure,
although N-atom is gaining electrons as well, oxygen has more
accumulation sphere than nitrogen.47 The accumulation of
charge on the O-atom on the surface functional groups observed
in the charge difference maps facilitates the transfer of charge
(electron transfer) from the ReSe2 to the rGO. The electron
transfer is further enhanced by the incorporation on N-doping,
this is shown in the accumulation of charge on the N-atom in N-
doped rGO. This clearly shows the mechanism by which the N-
doping can improve the electron transfer from ReSe2 and N-
rGO.48,49 Coupled with the observed improvement in the Rct of
ReSe2-N-rGO, it is evident that the N-doping of the rGO can
RSC Adv., 2025, 15, 14200–14216 | 14213
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Table 4 Comparison of the catalytic activity of the as synthesized ReSe2, the hybrid nanostructures and their literature counterparts

HER catalyst Synthesis method
h10
(mV)

Tafel slope
(mV dec−1)

Onset potential
(mV) Ref.

ReSe2@rGO Hydrothermal 145 40.7 — 36
ReSe2 on carbon cloth CVD 265 69 — 20
ReSe2 on porous carbon cloth CVD 200 108 — 50
Treated ReSe2 on porous carbon cloth CVD 140 64 — 50
ReSe2-rGO Colloidal 259 84 128 This work
ReSe2-N-rGO Colloidal 218 72 115 This work
ReSe2-g-C3N4 Colloidal 385 142 135 This work
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signicantly affect the electrocatalytic activity of the hetero-
structures through the modulation of the electron transfer
characteristics of the 2D nanostructures. The ReSe2-g-C3N4

heterostructure had the highest Rct, this is due to the weak
interaction of the ReSe2 with the nitrogen groups on the g-C3N4.
The stability of the electrocatalysts was evaluated using chro-
noamperometry (CA), where the current response of the catalyst
aer an applied potential is evaluated over time as shown in
Fig. 10(f). The ReSe2 and ReSe2-g-C3N4 catalysts experience
a current drop in the rst two hours and then the current begins
to stabilize. However, the current response for ReSe2-rGO and
ReSe2-N-rGO seems to continue dropping until 4 hours. A
comparison of the catalytic activity of the as synthesized ReSe2
heterostructures and their counterparts found in literature that
are synthesized with other methods is shown in Table 4. The
electrochemical characterisation of the nanostructures
compared were conducted in 0.5 M H2SO4.

Table 4 The catalytic activity of ReSe2 grown on carbon cloth
in other studies is comparable to the catalytic activity of the
ReSe2-N-rGO heterostructure. There is currently no work that
studies the use of nitrogen doped reduced graphene oxide. The
ReSe2@rGO synthesized by Yan et al. had higher catalytic
activity than the heterostructures synthesized in this work. This
was attributed to the catalyst loading; the loading was recorded
as 9.5 wt%.36 This was much higher than the catalyst loading
recorded in this work, the catalyst loading was recorded at 2.7%
and 1.7% for ReSe2-rGO and ReSe2-N-rGO respectively. This
indicates that there is still a lot of work to be done in optimizing
the reaction conditions in order to ensure higher catalyst
loading. The work by Li et al. also showed higher catalytic
activity and this was due to heat treatment aer the ReSe2
nanostructures on the carbon cloth.50
4. Conclusions

In summary, ReSe2 nanostructures were grown on both pristine
and nitrogen-doped reduced graphene oxide, and graphitic
carbon nitride. Anchored few-layered nanosheets of ReSe2 were
shown to grow directly on the rGO, nitrogen-doped rGO, and g-
C3N4. The few-layered nanosheets tend to overlap and form
ower-like ReSe2 nanostructures on the surface of the rGO and
N-rGO. However, ultrathin nanosheets of ReSe2 were formed on
the g-C3N4. TGA and ECSA analysis showed that the undoped
rGO was more effective at anchoring the ReSe2 and thus had
14214 | RSC Adv., 2025, 15, 14200–14216
nearly double the loading of ReSe2 than the nitrogen-doped
rGO. This was attributed to the higher availability of the
oxygen functional groups on the surface of the rGO as opposed
to the N-rGO. The heptazine and triazine rings of g-C3N4 were
shown to be poor anchor sites for the ReSe2. The evaluation of
the electrocatalytic activity of the heterostructures showed that
anchoring the ReSe2 on the carbon nanostructures signicantly
increases the catalytic activity of the ReSe2 nanostructures. This
was true for the ReSe2 grown on both the nitrogen-doped and
undoped rGO nanostructures. However, the ReSe2-N-rGO had
better catalytic activity toward the HER as opposed to the ReSe2-
rGO. This work demonstrated that even though the ReSe2-rGO
had a higher loading of ReSe2 which resulted in a higher ECSA,
the inuence of the superior electron conductivity offered by the
nitrogen-doped rGO on the ReSe2-N-rGO resulted in higher
catalytic activity towards the HER. It also demonstrates that the
type of interaction between the ReSe2 and the carbon nano-
structures plays a vital role as the weak interaction between the
ReSe2 and g-C3N4 results in poor catalytic activity towards the
HER.
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