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Electrochemical water oxidation is a cornerstone of sustainable energy technologies, yet its sluggish
kinetics demand the design of high-performance, low-cost electrocatalysts. In this study, a rationally
designed cost-effective carbon quantum dots/cadmium selenide (CQDs/CdSe) nanocomposite was
demonstrated as an efficient electrode material for integrated hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER). Furthermore, the hydrothermally synthesized nanocomposite exhibits

enhanced charge separation, strong interfacial interactions and a larger number of electroactive sites,
leading to improved ion transport and superior conductivity. The CQDs/CdSe nanocomposite revealed
low overpotentials of 95 mV and 170 mV for the HER and OER, respectively, at a current density of 10

mA cm~2,

with corresponding Tafel slopes of 43 mV dec™

1 and 63 mV dec™’. The catalyst also

demonstrated excellent stability over 50 hours at 50 mA cm™2. A proof-of-concept device with a two-

electrode electrolysis set-up was configured using CQDs/CdSe as both the anode and cathode. This
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device achieved a current density of 10 mA cm™

2 at 1.77 V, and real-time hydrogen and oxygen

evolution was successfully illustrated using a commercial 9-V battery in an H-cell setup. This work
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1. Introduction

The rapid industrialization and civilization have led to serious
energy concerns, creating the need for clean and sustainable
energy development to address the environmental challenges
significantly." Addressing this, hydrogen (H,) fuel has attracted
worldwide interest owing to its high gravimetric energy density,
renewability, high energy conversion efficiency and zero carbon
emissions, with water as a byproduct.” Nevertheless, the
commercial process of hydrogen production, which includes
coal gasification and methane reforming, emits a substantial
amount of greenhouse gases.* To mitigate the greenhouse
gases, water electrolysis (WE) is a key strategy that involves two
half-cell reactions, the oxygen evolution reaction (OER) and the
hydrogen evolution reaction (HER), occurring simultaneously at
the anode and cathode, respectively.*” WE is investigated in
both acidic and alkaline media but the acidic system enables
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highlights the potential of CQD-based hybrid nanostructures as scalable, earth-abundant, intrinsic
electrocatalysts for sustainable hydrogen generation.

faster kinetics in the presence of a high-cost catalyst, while the
alkaline system enables slower kinetics in the presence of a low-
cost catalyst. In acidic conditions, water splitting benefits from
high proton conductivity and a compact cell design but requires
expensive noble metal catalysts, such as Pt-group metals (for the
HER) and IrO, or RuO, (for the OER). Despite the faster reaction
dynamics in acidic media, poor long-term stability and the
corrosive environment limit the practical applicability.®® In
contrast, alkaline water splitting could be a promising alterna-
tive when low hydrogen cost and large, steady, industrial-scale
production are priorities.' However, the kinetics of the HER
and OER are generally slower due to the involvement of
hydroxide ions and dissociation of water molecules, which
require additional energy for bond breaking and formation.***?
In this context, semiconductor-based catalysts (known as
quantum dots (QDs)), such as CdSe, CdS, CdTe, PbS, ZnO, TiO,,
SnO,, and Fe,0;,"* ¢ have emerged due to their tunable band
structures, electronic characteristics, and surface defects, which
enable interfacial charge transfer, modulation of absorption
energies, and catalytic selectivity towards the HER and OER
processes.”””** However, conventional semiconductor systems
exhibit inherent drawbacks, such as faster charge recombina-
tion, moderate intrinsic conductivity, and insufficient surface-
active sites.’®*® Often, their true potential towards catalytic
activity is hindered in pure electrochemical conditions. This
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limitation could highlight the need to create a combination of
conductive materials to achieve synergism with increased
charge transport behaviour and better electrocatalytic activity.

Carbon quantum dots (CQDs), a new class of dimensionally
small carbon-based materials, are envisioned as an adoptable
nano-modifier, which can improve the electrocatalytic activity,
structural stability, tailored defect states, and improved inter-
mediate absorption without being constrained by ineffective
charge separation while coupled with QDs.”** CQDs have
advantages in strong interfacial connectivity with semi-
conductors and electrolytes due to the combination of a -
conjugated carbon core with an abundance of available func-
tional groups, e.g. -OH, -COOH, and -NH,, on their surface.?***
These attract the CQDs to act as efficient electron mediators,
dispersing agents, and defect modulators by electrochemically
exposing the active sites, improving the charge transfer kinetics
and catalyst stabilization. However, creating true nano-
conjugates where CQDs are coupled with QDs via chemical
bonding or electronic interactions is challenging. On the other
hand, their physical mixtures often suffer from inefficient
interfacial charge transfer, phase segregation, and poor active
site accessibility.>*® Thus, the preparation of a nanocomposite
based on CQDs-QDs could create proper heterojunctions that
can address - (a) molecular level integration, (b) favourable
charge separation, and (c) rapid carrier migration across the
interface for improved catalytic activities. Such structural and
electronic coupling could represent a significant step towards
designing active electrocatalysts that exhibit synergism in WE
performance.

Additionally, heteroatom doping in carbon nanostructures
has been also demonstrated as an efficient method to modulate
their local chemical environment and improve charge percola-
tion pathways compared to their pristine counterpart.” In
general, N, P, S, and B are the most studied atoms that are
incorporated into CQDs.*®** Especially, N-doping offers well-
defined catalytic sites, preserves the conductive sp> carbon
network, and suitable electronic structures compared to
others.*® Therefore, the combination of N-doped CQDs with
CdSe QD as an electrocatalyst could offer a better design
strategy, durable and high efficiency material towards the HER
and OER.**7*¢ Also, similar nanocomposites are well researched
in the catalysis domain in terms of their photocatalytic activi-
ties.’”*® However, intrinsic electrocatalytic behaviour, apart
from their light-driven effects, would provide us with a better
understanding of the true structure-activity relationships in
a new nanoconjugate. Thus, we have carefully excluded studies
related to complexities in photogenerated carriers, suitable
band alignment and optical corrosion. We aim to investigate
the fundamental electron transfer dynamics in the nano-
composites before introducing photon-mediated processes,
ensuring a comprehensive grasp of their catalytic potential for
overall water splitting (OWS).

Considering these advantages of QDs and CQDs, we have
introduced a facile hydrothermal synthetic method to engineer
a CQDs/CdSe nanocomposite, which was further introduced as
an excellent electrocatalyst towards OWS. Their optical charac-
teristics, improved colloidal stability, structures, morphological
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architectures, and composition analysis were thoroughly
studied via UV-Vis, TRPL, zeta potential data, XRD, HRTEM and
XPS analyses. The synthesized nanocomposite displayed supe-
rior interfacial interaction and a higher surface-to-volume ratio,
which facilitated a greater number of electroactive sites, leading
to an increase in ion transfer kinetics and electrical conductivity
within the nanocomposite. Our synthesized CQDs/CdSe nano-
composite displayed a low overpotential of 99 mV and 170 mV
for HER and OER processes, respectively, at a current density of
10 mA cm 2. Furthermore, the nanocomposite revealed low
Tafel slopes of 43 mV dec ' and 63 mV dec ', indicating its
quicker reaction dynamics for the evolution of H, and O,,
respectively, with an extended stability of 50 h at 50 mA cm 2.
Additionally, we performed overall water splitting using CQDs/
CdSe as the anode and cathode, where the two-electrode setup
required 1.77 V to attain 10 mA cm . Finally, for real-time
applicability, the evolution of H, and O, was performed in
a H-cell setup, which was powered by a commercial 9 V battery.

2. Experimental details

2.1. Chemicals and materials

Ammonium oxalate (C,HgN,0, H,0, SRL, 98% extrapure, 1.40
mmol), urea (CH4N,O, SRL, 99% extrapure, 3.4 mmol), anhy-
drous citric acid (C¢HgO;, 99% extrapure, SRL), cadmium
chloride (CdCl,-H,0, SRL, 98% pure, 0.36 mmol), mercapto-
succinic acid (C4HgO,4S: MSA, 97% pure, Sigma Aldrich, 0.56
mmol), sodium selenite anhydrous (Na,SeOj, Loba Chemie,
99% AR), sodium borohydride (NaBH,, SRL), sodium hydroxide
pellets (NaOH, Avra, 98%), potassium hydroxide pellets (KOH,
85%, SRL), ethanol (EtOH, Spectrochem Pvt. Ltd), 10% plat-
inum on carbon (10% Pt/C, 99.9% purity, Sigma Aldrich) and
ruthenium oxide (RuO,, 99.9% purity, Sigma Aldrich) were used
without any further purification. DI water was used as the
solvent for the entire experiment. Ni foam with a thickness of
1.6 mm and dimensions of 2 cm x 1 cm was used as a current
collector.

2.2. Synthesis of CQD-modified CdSe composites

The CQDs/CdSe nanocomposites were synthesized via a simple,
facile and low-cost hydrothermal method. Initially, CQDs were
prepared by grinding three different salts, which include
ammonium oxalate, urea, and anhydrous citric acid, and the
obtained solid was heated at 200 °C for 3 h. Here, urea was used
to control the grain size of the particles. Next, the selenium
precursor solution was freshly prepared by adding 0.1 g of
NaBH, and 0.2 mmol of Na,SeO; in 5 mL of DI water with
constant stirring at room temperature and kept aside for further
use. Separately, the synthesized CQDs were added to DI water
under vigorous stirring for 2-3 min in a conical flask. Next,
0.36 mmol of CdCl,-H,0 and 0.56 mmol of MSA were added to
the previous mixture under vigorous stirring, followed by
maintaining the pH at ~11 using 1 M NaOH. The MSA acts as
a stabilizing agent in the synthesis of nanocomposites. Subse-
quently, 1 mL of the prepared Se precursors was introduced into
the cadmium precursors with constant stirring for 3-5 min.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis scheme of the prepared CQDs/CdSe NCs.

Subsequently, the solution was transferred into a 100 mL
Teflon-lined hydrothermal reactor and placed at a temperature
of 140 °C, resulting in the formation of CQDs/CdSe nano-
composites. The autoclave was then cooled to ambient
temperature and the resultant product was centrifuged at
4000 rpm with an ethanol-water mixture and finally, washed
with ethanol. The precipitate was collected and vacuumed at
60 °C for 12 h and stored for further use. The synthetic proce-
dure is illustrated in Scheme 1.

2.3. Electrode preparation

Nickel foam (NF) was first cut into 2 cm x 1 cm dimensions and
cleaned with three distinct solvents. At first, the pieces of NFs
were sonicated in 1 M HCI, followed by DI water and finally with
ethanol. Then, the cleaned NFs were vacuumed for 12 hours at
60 °C to prevent aerial oxidation. A slurry of PVDF, carbon black,
and CQDs/CdSe NCs was prepared in the ratio of 1:1:8. The
prepared slurry was coated onto 1 cm x 1 cm portions of the
NFs, which were further vacuum-dried overnight at 60 °C. The
active mass loading on the NF was maintained at ~4.5 mg. The
same procedure was implemented for the preparation of Pt/C
and RuO, inks with the same amount of mass loading for
better comparison.

2.4. Electrochemical characterization

At room temperature, all the electrochemical measurements
were carried out in a three-electrode setup via the Admiral
Squidstat plus system. The catalyst-coated NFs served as the
working electrode, the counter electrode was a platinum spring
and the reference electrode used was the silver/silver chloride
electrode. The linear sweep voltammetry (LSV) curve of the
materials was determined in the range of 1.17 Vvs. RHE to 2 V
vs. RHE for the OER and 0.15 V vs. RHE to —1 V vs. RHE for the
HER in 1 M KOH. Electrochemical impedance spectroscopy
(EIS) was performed in the range of 100 kHz to 100 mHz.
Finally, to investigate the long-term durability of CQDs/CdSe,
both the HER and OER were tested for chronoamperometry
stability at a potential corresponding to 50 mA cm > for 50 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The Ag/AgCl scale was converted to the RHE scale for all the
measured potentials using eqn (1).

Ernge = Engagcr + 0.197 + 0.059pH 1)
where Egg,Agcl corresponds to the measured potential during
electrochemical analysis. For the overall water splitting (OWS),
we devised a symmetric cell configuration, in which the CQDs/
CdSe were used as both the anode and cathode as a bi-
functional electrocatalyst.

2.5. Physical characterization

The structural analyses were performed via X-ray diffraction
(XRD) analysis on an Empyrean Malvern Panalytical Ltd
diffractometer within the 26 range of 10°-90°. The crystal plane
spacing, morphology and selected area electron diffraction
(SEAD) pattern were visualized using a JEOL (Japan) JEM-2100
Plus high-resolution transmission electron microscope
(HRTEM) at a voltage of 200 kV. The chemical states of the
materials were identified using X-ray photoelectron spectros-
copy (XPS) in PHI VersaProbe III to analyse the sample surface.

3. Results and discussions

3.1. Optical characteristics

The optical characteristics of CQDs, CdSe, and CQDs/CdSe were
studied via UV-Vis absorption spectra, as depicted in Fig. 1a,
where the CQDs exhibited a broad absorption peak at 410 nm,
while the CdSe showed a sharp edge excitonic peak at 520 nm.
In the CQDs/CdSe nanocomposite, a slight red shift towards
525 nm was observed compared to the pristine materials,
indicating a strong interaction between CQDs and CdSe and
a possibility of interface formation. This facilitates charge
transfer during electrochemical processes by increasing the
density of active electrons and holes and enabling effective
photocarrier formation.** The steady-state photoluminescence
(PL) spectra at a 400 nm excitation are shown in Fig. 1b, where
the pristine CdSe and CQDs show an emission peak at ~542 nm
and ~525 nm, respectively, with a high PL intensity of the latter

RSC Adv, 2026, 16, 17905-17917 | 17907
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(a) UV-Vis absorption spectra of CQDs, CdSe, and the CQDs/CdSe nanocomposites showing a red shift (~525 nm), indicating interfacial

coupling and extended visible-light absorption. (b) Photoluminescence spectra of the CQD, CdSe, and CQDs/CdSe composite with an excitation
wavelength of 400 nm. (c) The recombination dynamics in CQDs/CdSe, compared to pure CdSe and CQDs, are displayed by the TRPL decay
profiles. (d) The zeta potential spectra showing the surface charge characteristics and colloidal stability of CdSe, GQDs, and CQDs/CdSe.

with the same optical density between these two. Interestingly,
the CQDs/CdSe nanocomposite retained its emission band at
the same wavelength as the pristine CdSe, indicating the
predominance of the CdSe percentage in the nanocomposite.
Additionally, we also observed a noticeable enhancement in the
PL intensity of the nanocomposite, which substantiates the
integration of CQDs with the CdSe matrix, thereby passivating
surface defects and quenching the non-radiative recombina-
tion, which in-turn promotes the radiative recombination of
photogenerated charge carriers in the nanocomposite.**** The
visible shift in the emission is presented in Fig. S1, where the
digital images are shown for various samples under UV light
excitation. This was further validated by the TRPL spectra, di-
splayed in Fig. 1c, in which the nanocomposite revealed
a longer lifetime of 7.9 ns than that of pristine CQDs. This
higher lifetime of the nanocomposite originates from the CdSe
material. Conversely, the decay of pristine CQDs is dominated
by an intermediate radiative channel, a modest ultrafast non-
radiative channel, and a considerable long-lived trap contribu-
tion, resulting in an average lifetime of 6.7 ns. These dynamics
vary significantly in the CQDs/CdSe nanocomposite, where the
long trap-related emission is mostly quenched, the ultrafast
trap channel is slowed, and the primary component moves to
a longer excitonic lifetime (t, = 10.90 ns, 4, = 62%), resulting
in a 7.90 ns average lifetime (presented in Table S1). Also,
a deep-trap emission present in the CdSe samples, beyond the
600 nm region, was completely cured in the nanocomposite
structures, indicating a proper interface formation. Also, the
enhancement of PL intensity and longer lifetimes can be
explained by the formation of a heterointerface, with (i)

17908 | RSC Adv, 2026, 16, 17905-17917

passivated surface trap states, (ii) suppressed non-radiative
decay pathways, and (iii) promoted intrinsic band-edge radia-
tive recombination in CdSe.*?

Furthermore, to assess the colloidal stability of the synthe-
sized nanocomposite, the zeta ({) potential values were
measured and presented in Fig. 1d, and the values are tabulated
in Table S2. This observation aligns with the findings of the zeta
potential. The negative surface charge on CQDs is originated
from the surface exposed carboxylate group of MSA with
capping ligands, which collectively ensure the stability through
electrostatic repulsion and steric hindrance.** Generally, abso-
lute {-potential values higher than £30 mV correspond to very
stable colloidal systems. As illustrated in Table S2, the ¢-
potential value of CQDs/CdSe was —31.56 & 0.35 mV, which was
more negative than the pristine CdSe and CQDs, indicating the
better stability of the nanocomposites. This improvement is
attributed to the synergetic effect of stabilization and the
increased surface functional groups obtained by CQDs, which
show better prevention of particle aggregation and better elec-
trode stability during electrocatalysis. The particles that resist
aggregation can provide a higher active surface area through the
formation of uniform films or dispersions, which can improve
the current densities for the HER and OER.* Next, the physical
traits of the synthesized CQDs/CdSe nanocomposite were
studied systematically and are presented in Fig. 2.

3.2. Physical characterizations

X-ray diffraction was performed to analyse the structural char-
acteristics of the synthesized nanocomposite, where peaks

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD pattern of the synthesized CQDs/CdSe NCs, which aligns well with the JCPDS reference of CQDs and CdSe. (b) HRTEM image of

the synthesized NCs, revealing the interfacial interaction between CQDs and CdSe. (c) Inverse fast Fourier transform of CQDs and CdSe with the

respective d-spacings. (d) Plot profiles of CQDs and CdSe and the ca

lculation of lattice spacings in CQD/CdSe. (e) SAED pattern of the as-

synthesized NCs denoting the hkl values of CdSe. (f) EDAX spectra of NCs validating the presence of Cd, Se and C. Deconvoluted XPS spectra of

(9) Cd 3d, (h) Se 3d, (i) O 1s and (j) C 1s of CQDs/CdSe.

positioned at 27.23° and 31.68° (in Fig. 2a) correspond to the
(002) and (006) planes, respectively, of the CQD matrix (JCPDS:
26-1076). Similarly, the diffraction peaks at 23.43°, 27.23°,
36.07°, 45.48°, 49.54°, and 56.59° correspond to (100), (002),
(102), (103), (112), (202) crystal planes, referring to the CdSe QDs
(JCPDS: 08-0459). An additional diffraction peak was observed
at 30.03°, which might be attributed to the structural or lattice
distortion induced by the incorporation of CQDs and contri-
butions from residual phases.***® Interestingly, we observed
a shift in peak positions, which might be due to lattice strain
induced by interfacial interactions, thereby enhancing the
electron transfer rate.””** Also, in the case of pristine CQDs and
CdSe (presented in Fig. S2), no significant diffraction peaks
were observed, which might arise due to their smaller size.
Therefore, the presence of diffraction peaks in the CQDs/CdSe
nanocomposite might be due to the formation of a crystalline
phase arising from interfacial interactions between CQDs and
CdSe. Our synthesis process followed an iz situ mechanism, in
which the promotion of nucleation or growth of CdSe would

© 2026 The Author(s). Published by the Royal Society of Chemistry

occur on the heterogeneous nucleation site of CQDs. In that
context, the interfacial interaction between CQDs and CdSe
reduces the lattice strains and may enhance the ordering by
suppressing the amorphous disorder. Furthermore, this vali-
dates the co-existence of CQDs and CdSe, which is indicative of
the successful formation of the nanocomposite, which was
further confirmed from FTIR spectra. Fig. S3 shows the char-
acteristic IR peaks of pristine CQDs, CdSe, and CQDs/CdSe NCs
to elucidate their structural changes. CQDs showed five peaks at
3100-3500, 1610, 1370, 1250, and 630 cm ™', which correspond
to O-H, combination of C=C and C=0, combination of C-O
and COO-, C-N, and C-H stretching vibrations, respectively.
The FTIR spectrum of CdSe shows four distinct peaks at 3200~
3600, 1590, 1374, and 690 cm ™ *. The broad band at 3200-3600
em~ ! corresponds to O-H, N-H. Next, 1590 cm ™" attributed to
C=0, C=C, while 1374 em ' is assigned to C-O, COO~, and
690 cm ™' arises from C-H groups. Additionally, IR spectra
revealed the presence of all significant stretching vibrations,
which suggests the formation of NCs.* In addition to this, the

RSC Adv, 2026, 16, 17905-17917 | 17909
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interfacial interaction between CQDs and CdSe and the
formation of nanoconjugates were further visualized from the
TEM images presented in Fig. 2b. We hypothesize that this
interfacial interaction introduces a larger number of catalyti-
cally active sites, which enhance the OWS efficiency. Also, the
d spacing values of CQDs and CdSe in the NCs were found to be
0.28 nm and 0.32 nm, respectively, depicted in Fig. 2¢, which
aligned well with the (002) plane of CQDs and (103) plane of
CdSe. Surprisingly, we observed a slight deviation from the
lattice spacing of pristine QDs (Fig. S4). The respective plot
profile of the CQDs and CdSe are presented in Fig. 2d. In Fig. 2e,
the selected area electron diffraction (SAED) pattern revealed
a certain extent of crystallinity in their structures, which aligned
well with the respective diffraction patterns. Finally, the EDAX
spectrum in Fig. 2f confirms the presence of Cd, Se, and C
elements, which was further verified from the survey scan XPS
spectra presented in Fig. S5 with the atomic percentage in Table
S3.

The resolved spectra of Cd 3d in Fig. 2¢g exhibit two charac-
teristic peaks at 404.96 eV, 411.76 eV, which correspond to the
Cd 3ds, and Cd 3d;, electronic states due to spin-orbit
coupling, which was also observed for pristine CdSe, as depic-
ted in Fig. S7b. Next, the Se 3d signal in Fig. 2h was further
resolved into two peaks positioned at 52.56 €V and 53.34 eV,
which corresponded to Se 3ds,, and Se 3dj/, electronic states,
respectively, and resembled the Se of pristine CdSe presented in
Fig. S7¢.* In the case of O 1s in Fig. 2i, the spectrum was
deconvoluted into two sharp peaks due to the presence of MSA
on the surface of NCs. The binding energy at 531.26 eV resem-
bled the presence of the C-O state and low intense peaks at
532.26 eV and 535.56 eV defined the C-OH and oxygen/OH*
adsorption—chemisorption species from surface water.*>*' This
promotes the adsorption-desorption of OH™ ions at the elec-
trode-electrolyte interface. We assume that the adsorbed
oxygen plays a vital role in electrocatalytic energy generation or
energy storage application. Finally, the peaks positioned at
284.56,285.17 eV and 288.25 eV in the C 1s spectrum in Fig. 2j is
due to sp® and sp? carbon moieties, corresponding to C-C, C-N
and C=0.">* The N 1s spectrum revealed four distinct signals
in Fig. S8c, which are attributed to pyridinic N at 399.62 eV,
399.02 eV, graphitic N or amide C-N at 400.11 eV and oxidized N
at401.11 eV, with peaks appearing closer to those of the pristine
CQDs. The incorporation of nitrogen species is evident due to
the use of urea, citric acid, and ammonium oxalate as CQDs
precursors. Specifically, urea contributed to pyridinic nitrogen
functionalities, citric acid confirmed the stabilization of
graphitic nitrogen in the carbon framework and ammonium
oxalate contributed to oxidized N. The coexisting nitrogen
species enhanced the electrical conductivity and active surface
area to support the electrocatalytic activity.**** Hence, the
diverse nitrogen functionalities within the CQDs framework
suggests the presence of functional moieties of CQDs to prevent
them from agglomerating to form CQDs/CdSe NCs. Interest-
ingly, we also found a significant shift of Cd 3d, Se 3d, C 1s, and
O 1s in the peak signals of CQDs/CdSe NCs from the pristine
CQDs and CdSe (presented in Fig. S6-S8), which might be due
to the successful formation of a heterojunction between CQDs
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and CdSe. This heterojunction introduces additional electro-
active sites and facilitates optimal adsorption-desorption of
reaction intermediates, thereby improving the efficiency of
overall water splitting (OWS).

3.3. Electrochemical studies

To elucidate the electrocatalytic activity of the synthesized
nanocomposite, LSV curves were determined at a potential
sweep of 10 mV s~ ' in the window of 0.15 V to —1 V vs. RHE. The
synthesized nanocomposite exhibited a minimal overpotential
of 99 mV compared to that of pristine CdSe and comparable 7,,
with the commercial Pt/C (10% Pt loading), benchmark catalyst
for the HER at 10 mA cm 2, as depicted in Fig. 3a. Also, it is
essential to eliminate solution resistance, which can lead to
inaccurate potential measurements. To counter the solution
resistance, iR compensation was performed using the after-the-
scan method by the following equation,

Ecorrcctcd = Emcasurcd — iR (2)

where i is the current response, R is the solution resistance,
Emeasurea 1S the observed potential, and Ecorrectea 1S the iR cor-
rected potential, and the corresponding iR corrected HER di-
splayed in Fig. S10a.°*® In the case of CQDs, the chemical
leaching of the electrode material was observed (as displayed in
Fig. S12), indicating the lack of stability in the CQDs-alone
nanostructures, and therefore, we did not perform any control
experiment using CQDs. Therefore, all the electrochemical
characterisations were performed only for CdSe and CQD/CdSe.
To elucidate the HER mechanism of the nanocomposite, in
general, there are 3 different kinds of well-proposed mecha-
nisms involved in alkaline media for the evolution of hydrogen,
which are (1) H,O-+e +S—S—H,;+OH  (Volmer), (2)
H,O+e” +S—H,;—H, + OH™ +S (Heyrovsky) and (3)
28 — H,,—2S +H, (Tafel).*® In context, the smallest Tafel
slope suggests the occurrence of a faster Volmer-Heyrovsky
pathway, and a relatively larger Tafel slope indicates the slower
Volmer-Tafel pathway.*® The hydrogen evolution pathway was
assessed via the Tafel slope, presented in Fig. S13 via eqn (3),

n=blog|j| +a (3)

In which b denotes the Tafel slope, n represents the over-
potential and j indicates the current density. The synthesized
nanocomposite exhibited a minimal Tafel value of 42 mV dec ™"
compared to the control CdSe (164 mV dec™) and benchmark
catalyst Pt/C (75 mV dec '), as displayed in Fig. S13a. It is
evident from the Tafel slope that the kinetics of H, production
is more favourable in the CQDs/CdSe nanocomposite than that
in CdSe and 10% Pt/C owing to the interfacial and synergistic
interactions between CQDs and CdSe, which facilitated the
rapid charge transfer. The analysis indicated that the reaction
proceeds via the Tafel mechanism, with the recombination of
adsorbed hydrogen atoms (H + H¥ — H,) serving as the
rate-determining step, thereby lowering the overpotential and
enhancing the electrocatalytic activity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Linear sweep polarization curves of CdSe, CQDs/CdSe and Pt/C for (a) HER (inset: overpotential at 10 mA cm™2), and (b) OER (inset:
overpotential at 10 mA cm™2) performed at 10 mV s~*in 1 M KOH. (c) Electrochemical impedance spectra of CdSe, CQDs/CdSe, Pt/C and RuO,
from 100 kHz to 100 mHz with the respective circuit diagram provided in the inset, where the CQDs/CdSe displayed a low charge-transfer
resistance than the control CdSe, Pt/C and RuO,. (d) Double-layer capacitance (Cy) of CdSe and CQDs/CdSe for the evaluation of electro-

chemically active surface area (ECSA). A 50-h chronoamperometric stu

dy of CQDs/CdSe compared with the benchmark catalyst Pt/C at 50 mA

cm™2 for (e) HER, and CQDs/CdSe with RuO, at 50 mA cm~2 for (f) OER in 1 M KOH.

Similarly, the oxygen evolution ability of the nanocomposite
was also studied by implementing LSV polarization in the range
of 1.17 Vto 2 V. 1t is clearly evident from Fig. 3b that the CQDs/
CdSe nanocomposite displayed a low overpotential of 170 mV
compared to that of commercial benchmark catalyst RuO, (200
mvV) and CdSe (230 mV). However, negative LSV polarization
suggests the accurate determination of overpotential at 10 mA
em~? in a similar potential range and the corresponding iR
corrected OER displayed in Fig. S10b and S11.%° The charac-
teristic lower overpotential of the nanocomposite might be due
to the larger surface area of the zero-dimensional structure that
exposes more surface atoms and catalytically active sites,
promoting optimum interfacial accumulation and depletion of
intermediates.®® Also, we hypothesize that the
successful compositing of CQDs with CdSe improves electrical
conductivity by providing an interfacial junction as the cata-
lytically active site, which accelerates the kinetics of O, evolu-
tion and the charge transfer process at the boundary of the
electrode and the electrolyte. This can be further validated by
the EIS spectra (Fig. 3c) and minimal Tafel value of 63 mV dec ™"
in the OER for the CQDs/CdSe nanocomposite, as displayed in
Fig. S13b.

The EIS spectra in Fig. 3c display a very low charge-transfer
resistance (R for CQDs/CdSe, which validates the effective
interaction between CQDs and CdSe, thereby accelerating the
charge transfer dynamics and minimizing the overpotential for
HER and OER processes.®> Interestingly, we found a constant
phase element (CPE) during the circuit fit of EIS spectra, as

reactive

© 2026 The Author(s). Published by the Royal Society of Chemistry

displayed in the inset of Fig. 3c. We presume that the presence
of CPE relates to porosity, electrochemically active surface area
(ECSA) and surface roughness, leading to uneven current
distribution, causing the deviation from ideal capacitive
behaviour.” This can be further confirmed from the ECSA
value, which substantiates the low R.. and enhanced electro-
activity of the composite. ECSA was evaluated using eqn (4),

ECSA = Ca

o (@)

where Cy; represents the capacitance due to the double layer,
calculated from the non-faradaic region of the CV curve pre-
sented in Fig. S14 and Cjs is the specific capacitance. It is clear
from eqn (3) that the ECSA « Cgqj, i.e., the ECSA increases with
the increase in the Cq4 value. The ECSA was estimated from
double-layer capacitance (Cq4;), which was measured in the HER
region and provided a clear non-faradic window free from
overlapping redox transitions presented in the OER region. As
the ECSA reflects the intrinsic accessible surface area of the
catalyst, the obtained values in the HER region are equally
relevant to both HER and OER performances.®** Surprisingly,
the nanocomposite displayed a higher Cy4; value of 11.1 mF
ecm 2 (depicted in Fig. 3d), indicating a higher ECSA value
(depicted in Table S4) compared to that of pristine CdSe (6.1 mF
ecm?) and closer to the benchmark catalyst (Fig. $15), which
corresponds to its higher surface-to-volume ratio with a large
number of electroactive sites and quicker reaction dynamics at
the electrode electrolyte interface (EEI).**%”

RSC Adv, 2026, 16, 17905-17917 | 17911


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00371k

Open Access Article. Published on 07 April 2026. Downloaded on 6/18/2026 2:03:56 PM.

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

Current density (A/cm?)

(cc)

RSC Advances

o
N

ty (A/lcm?)

o
=)
N

Cur.rent densi
o

-0.8 -0.4 1.5 2.0

Potential (V vs RHE)

Fig. 4 Linear sweep polarization curve of a physical mixture of CQDs
and CdSe for the HER and OER performed at 10 mV s in 1 M KOH.

Furthermore, to elucidate the practical applicability of the
electrocatalyst, the long-term stability was studied via a chro-
noamperometric technique, where the electrocatalyst was sub-
jected to a potential of —0.36 V vs. RHE for the HER (Fig. 3e) and
1.8 Vvs. RHE for the OER (Fig. 3f), where the current density was
achieved at 50 mA cm . Interestingly, the catalyst was found to
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be stable for 50 h, with a slight deviation in current density,
which might be due to the initial aggregation of CQDs and
surface oxidation occurring at CdSe.®® As evident from Fig. 3f,
the RuO, signal exhibits a marked decline, likely originating
from the gradual deactivation of active sites during prolonged
operation. Additionally, the observed shift could arise from the
dissolution of RuO, into the electrolyte, potentially forming
soluble RuO,>~ species. The findings have been compared with
the reported literature and presented in Table S5. In contrast, to
justify the strong interfacial interactions between CQDs and
CdSe nanocomposites, electrochemical analysis was performed
on their physical mixture (Fig. 4).

3.4. Physical mixture of bi-functional NCs

To elucidate the superior electrocatalytic activity of the nano-
composites, electrochemical analysis for a physical mixture of
the pristine CQDs and CdSe was attempted. However, it is
clearly observed from Fig. S17 that the physical mixture di-
splayed chemical leaching of the electrode, indicating insta-
bility and therefore we were not able to conduct the long-time
analysis. However, we performed LSV at 10 mV S~ for both the
HER and OER side and the corresponding overpotentials were
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Fig. 5

(a) Schematic of the overall water splitting using CQDs/CdSe as the anode and cathode with a commercial battery. (b) LSV polarization

curve of the CQDs/CdSe symmetric cell, where the cell achieved 10 mA cm™2 at 1.77 V in 1 M KOH. (c) Chronoamperometric study of the full cell,
which was found to be stable up to 32 h at 50 mA cm™2. Inset: performed electrochemical OWS set up. (d) Alkaline water splitting performed with
a commercial 9-V battery in 1 M KOH. (e) Enlarged image of the H-cell, where the evolution of hydrogen and oxygen can be seen at the cathode

and anode, respectively.
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observed as 280 mV and 290 mV for the HER and OER,
respectively. Both values were quite high compared to the
CQDs/CdSe nanocomposites. Thus, the effectiveness of creating
an interface was further established.

3.5. Overall water splitting

Additionally, to scrutinize the real-time applicability as a bi-
functional electrocatalyst, we performed overall water splitting
(OWS) in a two-electrode system with symmetric construction,
where the CQDs/CdSe nanocomposite was used as the anode as
well as the cathode, as displayed in Fig. 5a. The LSV curve of the
symmetric cell constituting CQDs/CdSe||[CQDs/CdSe in 1 M
KOH revealed a low overpotential of 1.77 V to attain a current
density of 10 mA cm ™~ (as depicted in Fig. 5b). The iR corrected
LSV plot is depicted in Fig. S10c. This low overpotential of the
CQDs/CdSe symmetric cell might be due to the electronic
synchronization interaction between CQDs and CdSe,
generating interfacial active sites, which accelerate the HER and
OER processes. This was further substantiated by the EIS
spectra presented in Fig. S16, where the CQDs/CdSe symmetric
cell displayed a low solution as well as charge-transfer resis-
tance. Furthermore, the longevity of the cell was validated using
the chronoamperometric technique, where it displayed
excellent stability for 32.5 h at 50 mA em ™2, as shown in Fig. 5c.
We attributed the initial decrease in current to an activation/
equilibration process that involves double-layer stabilization,
surface restructuring, and wetting of the electrolyte. After this
transient phase, the current stabilizes and reflects in their
catalytic activity. To demonstrate the real-world feasibility of the
symmetric cell design, we carried out electrolysis using an
alkaline electrolyte (1 M KOH solution) in a standard H-cell
setup. A Sustainion® membrane was used to ensure the
selective transport of hydroxide ions (OH ) while effectively
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blocking the migration of unwanted cations. For real-time
applicability, the cell was powered by a commercial 9 V
battery, as depicted in Fig. 5d. The evolution of H, and O, at the
cathode and anode, respectively, can be clearly visualized in
Fig. 5e. Finally, the durability of the electrocatalyst was
evaluated through post-catalytic analysis after 33 hours of
continuous operation.

3.6. Post-electrocatalysis

After the catalytic cycle, the nature of the electrode material was
characterized through XRD and XPS to elucidate the presence of
the active species during the electrolysis process, which are
further illustrated in Fig. 6a—e. The XRD pattern revealed the
preservation of all characteristic peaks of the original electro-
catalyst, which confirmed the absence of new crystalline phases
during the electrocatalytic process. Notably, we believe that the
crystalline nature of the (006) and (103) planes, indexed to
a negative shift, would mainly arise after 33 h of electrolysis due
to re-constructing.*® Further, to investigate the changes in the
oxidation states of CQDs/CdSe, XPS analysis was performed.
Fig. S9 shows the XPS survey spectrum of CQDs/CdSe (after
electrocatalysis), which shows the strong signals of Cd 3d, Se 3d,
C 1s, and O 1s. Here, the Cd 3d and Se 3d signals originated
from CdSe, and C1s and O 1s signals suggest the presence of
CQDs in the nanocomposites. Fig. 6b shows the Cd 3d spectra
with intense peaks located at 404.94 and 411.74 eV, corre-
sponding to Cd 3ds;, and Cd 3d;,, respectively. Fig. 6¢ shows
the Se 3d spectra, with peaks indexed at 52.34 and 53.64 eV
assigned as Se 3ds/, and Se 3d;/,. However, we did not observe
any change in the binding energy of Cd and Se atoms proving
their strong electronic coupling.® The XPS spectrum of O 1s, as
illustrated in Fig. 6d, was deconvoluted into three peaks, in
which the peak at 532.44 eV can be attributed to oxygen as a C-
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Fig. 6 (a) XRD pattern of the nanocomposite before and after the electrochemical process, Deconvoluted XPS spectra of (b) Cd 3d, (c) Se 3d, (d)

O 1s, and (e) C 1s after electrolysis.
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OH bond and 541.94 eV correspond to the surface-adsorbed
oxygen or adsorbed molecular water.”® Interestingly, the
binding energy shifted from 535.76 eV of the original electrode
to 541.94 eV of the post-electrode, which signified that more
catalytic active sites and more oxygen vacancies were generated
due to the formation of oxide or hydroxide derivatives during
electrocatalysis. Similarly, C 1s spectrum is deconvoluted into
three signals, corresponding to C-C, C-N, and C=O0. In which
the C-C and C-N signals show negligible change, however, the
persistence of the C=0 peak suggests the carbon framework is
largely retained and surface restructuring during the catalytic
process. Therefore, the prepared bi-functional electrocatalyst is
partially transformed into CQDs/CdSe oxides/hydroxides, which
further contributes to the excellent electrocatalytic performance
towards OWS.

4. Conclusion

In summary, the CQDs/CdSe nanocomposite was successfully
synthesized via a simple and facile hydrothermal technique
with the support of MSA as the capping agent. Due to the
existence of interfacial-wall and synergistic interactions (from
TEM images) as well as adsorbed oxygen species (from XPS
studies), the synthesized nanocomposite displayed superior bi-
functional electrochemical activity in both HER and OER
processes. Specifically, the synthesized nanocomposite di-
splayed a low solution as well as charge-transfer resistance,
owing to its excellent electrical conductivity compared to its
pristine counterpart. The electrochemical water splitting of
CQDs/CdSe revealed low overpotentials of 99 mV and 170 mV
for the HER and OER, respectively, at 10 mA cm > with excellent
stability for 50 h at 50 mA em 2. Additionally, the CQDs/CdSe-
based OWS delivered a cutrent density of 10 mA cm 2 at
1.77 V, with prolonged stability for 32.5 h. Finally, we performed
alkaline water splitting in an H-cell configuration using
a commercial 9 V battery for the production of carbon-free
hydrogen fuel. This study presents a simple and cost-effective
CQDs/CdSe nanocomposite as a highly efficient electrode
material, capable of enabling high-performance energy gener-
ation technologies. Their activities are comparable with
conventional benchmark catalysts and better than their phys-
ical mixtures, establishing a new class of materials consisting of
semiconductor-carbon-based electrocatalysts. It can create new
avenues for scalable, industrially viable alkaline electrolyzer-
based green hydrogen production through the rational design
of interfacially-engineered next-generation energy materials.
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