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f quantum dots to enhance charge
transfer and photocatalytic CO2 reduction
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Coupling graphene oxide (GO) with functionalized CdS quantum dots (QDs) can form a promising assembly

for the photocatalytic reduction of CO2. The functionalizing ligand mercaptoacetic acid (MAA) controls the

size of theQDs as well as assists in linking to the surface of GO through the polar groups present on both the

QDs and GO. Steady-state photoluminescence (SSPL) and time-resolved photoluminescence (TRPL)

analyses reveal photoluminescence (PL) quenching of QDs and suggest the photoexcited charge transfer

from QDs to GO. Ultrafast femtosecond transient absorption (TA) spectroscopy corroborates the

process of charge transfer in the QDs and GO assembly. Cyclic voltammetry (CV) analysis reveals the

difference in the energy levels of QDs and GO, which favors the photoexcited electron transfer from the

QDs to GO in the assembly. Electrochemical impedance spectroscopy (EIS) also provides evidence for

electron transfer and suppression of electron–hole pair recombination in the assembly. It is found that,

among the various QDs-GO assemblies, those with the smallest QDs exhibit the highest charge-transfer

efficiency (∼36%) and charge-transfer rate (1.83 × 107 s−1). It is further found that the photocatalytic

conversion of CO2 into formaldehyde strongly depends on the size of the QDs in the QDs-GO assembly.

The small QDs assembly exhibits higher photocatalytic performance towards CO2 reduction than the

large QDs assembly. These findings suggest that QDs-GO assemblies with small QDs facilitate the

charge-carrier separation and enable carriers to be available for CO2 reduction.
1. Introduction

Concerns over climate change have grown over the past few
decades due to continuous increase in atmospheric CO2

brought about by human activities and industries.1,2 One
promising strategy to address both the energy issues and the
greenhouse effect is photocatalytic CO2 reduction.3–6 A potential
solution to the fossil fuel dilemma is the conversion of CO2 into
high-value products.7–10 Colloidal semiconductor quantum dots
(QDs) have great potential for photocatalytic CO2 reduction11–14

due to their size-dependent tunable characteristics, such as
prolonged lifetime emission,15 strong luminescence, high
uorescence quantum yield,16 and broad absorption and
narrow emission spectra. Charge separation, migration, and
surface reaction are basic steps in photocatalysis reactions,
which depend on the structural and electronic properties of the
photocatalyst.17 Colloidal QDs are considered potential candi-
dates that can fulll this series of processes in photocatalysis.
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CdS QDs, which are composed of elements cadmium and
sulfur from groups II and VI of the periodic table, have a band
gap of 2.42 eV (bulk form).18,19 As a result of the quantum
connement effect, the CdS QDs exhibit size-dependent elec-
trical, optical, thermal, and PL properties.20 Due to their unique
optoelectronic characteristics,21 CdS QDs have recently gained
more attention for applications in a wide range of uses,
including solar cells,22 LEDs,23 photocatalysis,24 photodetec-
tors,25,26 biolabeling,27 uorescent biological and chemical
sensors,28 lasers,29 optical strain gauges,29 and photocatalytic
CO2 reduction.30–35 CdS QDs are considered an attractive pho-
tocatalyst for CO2 reduction because their conduction band
edge position provides electrons with a higher reduction
potential under visible-light irradiation.36–38 However, when
exposed to light and air, the CdS QDs may exhibit unstable
luminescence due to photo-oxidation at their surface, resulting
in low PL emission intensity via trap states that promote non-
radiative transitions.29 They also exhibit aggregation in solu-
tion, which restricts their performance in practical applications
due to the fast recombination of photoinduced charge
carriers.37,39,40 The surface states can be controlled by using
surface ligands that passivate the surface of the QDs. For this
purpose, many researchers have used thiol group-containing
capping ligands such as MAA and 3-mercaptoperpionic acid
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(MPA).32,41 By using “capping” molecules, the emission wave-
length may also be adjusted. The optical, chemical, and pho-
tophysical properties, such as enhancement of emission
intensity and improvement in the photostability of CdS QDs,
may be changed due to surface modication. This modication
causes the generation of new trap states on the surface of the
QDs, resulting in the appearance of new emission bands and
enhancing the stability and selectivity of the QDs. The addition
of organic ligands to their surface results in both the stabili-
zation of the QDs in various solvents and the desired surface
functionality. In addition to the surface functionalization
strategy of CdS QDs, the best way to minimize charge recom-
bination is to construct the heterostructure/assembly with two-
dimensional (2D) materials. In this scenario, CdS QDs have
been decorated on various 2D materials, especially carbon-
based materials such as carbon nitrides,42 graphene,43,44 gra-
phene oxide45 and reduced graphene oxide,46–48 to construct
heterojunctions that separate charge carriers for longer times.35

Ultrathin 2D nanosheets frequently exhibit unique physico-
chemical properties and provide a exible framework for
assembling various nanocomposites with desirable optical,
electrical,49 and catalytic properties, among other advan-
tages.50,51 For example, graphene, an atomic sheet made up of
sp2-bonded carbon atoms organized in a honeycomb pattern,
has been intensively studied for use in energy devices.52–54 Due
to its high surface area, unique electron reserves and electron-
transfer features, superior mechanical properties, high elec-
trical conductivity, as well as excellent electrochemical stability,
graphene is a promising candidate for a wide range of appli-
cations, such as solar cells, photocatalysis, sensors, light-to-
energy conversion, and storage devices.55,56 Pure graphene
exhibits semi-metal behavior due to its zero-band gap.57,58

However, it has poor dispersion in common solvents and
aggregates readily. To overcome these challenges, researchers
are exploring strategies to functionalize graphene or develop its
derivatives, such as GO and rGO. Their size and chemical
surface groups need to be carefully governed to render these
materials luminous.59 GO is a better candidate as an electron
acceptor than rGO or even pure graphene, but there are also two
drawbacks to using GO: its low absorption coefficient and the
fast recombination rate of the charge carrier.60 To address these
issues, QDs can be deposited on the surface of GO to construct
QDs-GO assemblies. Charge-carrier separation takes place at
the junction of the assemblies and is essential for effective solar
energy conversion. When the assemblies have the appropriate
band energy alignment,61 charge separation is most
effective.62–64

In this study, we present the photocatalytic reduction of CO2

to formaldehyde mediated by charge transfer in CdS QDs-GO
assemblies capped with different concentrations of the MAA
ligand. Formaldehyde is a useful industrial intermediate and is
used extensively in resin and polymer manufacturing, adhesives
and chemical feed. Thus, the photocatalysis of CO2 to generate
formaldehyde can be viewed as a desirable approach to not only
mitigating carbon but also producing value-added chemicals
via solar energy. MAA not only controls the size but also
passivates the surface of CdS QDs and incorporates different
© 2026 The Author(s). Published by the Royal Society of Chemistry
surface functionalities that facilitate attachment to GO. The
functionalizing ligand MAA coordinates to the surface of CdS
QDs through the thiol functional group and changes both the
electronic structure and reactivity of the QDs. The charge-
transfer process is improved by selecting differently sized CdS
QDs functionalized with MAA in the QDs-GO assemblies. The
GO-supported QD assemblies enhance photoexcited charge-
carrier separation and charge-transfer processes as well as
suppress charge recombination. The as-prepared QDs-GO
assemblies exhibit high photocatalytic performance for the
conversion of CO2 into formaldehyde.

2. Experimental
2.1. Chemicals

The chemicals used for chemical reactions were CdCl2$H2O
(99%), Na2S$9H2O (99%), NaOH (99.5%), KOH (95%), KMnO4

(99%), NaNO3 (97%), H2O2 (30% weight in H2O), HCl (98%),
CH3CO2NH4 (98%), HCHO (37%) and C2H4O2S (98%). All
chemicals were purchased from Sigma-Aldrich and used
without any further treatment.

2.2. Synthesis of GO, CdS QDs, and QDs-GO assemblies

A modied Hummer's method was used to synthesize GO from
graphite powder, as reported in our previous work,65 and the
CdS QDs were also prepared by following the procedure given in
our previous works.65–67 Briey, 10 mL (0.1 mM) of CdCl2$5H2O
and 0.25 M of MAA solutions were prepared in deionized water.
The mixture was poured into a three-neck ask and heated to
80 °C, with constant stirring at 300 rpm. The pH of the reaction
mixture was adjusted by dropwise addition of freshly prepared
0.1 M aqueous NaOH. Aer 30 minutes of stirring under an N2

atmosphere, 10 mL (0.1 mM) of Na2S$9H2O was added to the
three-neck ask. The reaction mixture was heated and stirred in
the same manner for one hour. The resultant CdS QDs were
extracted by adding acetone, followed by centrifugation to give
the isolated QDs, which was named CdS1. The same procedure
was repeated for 0.5 M, 0.75 M, 1 M, and 1.25 M concentrations
of MAA, with the same concentration of cadmium precursor, to
obtain different-sized QDs named CdS2, CdS3, CdS4 and CdS5,
respectively.

To fabricate the CdS QDs-GO assemblies, CdS QDs (1 mg)
were dispersed in deionized water (10 mL) andmixed separately
with an aqueous suspension of GO (1 mg/10 mL) and stirred for
30 minutes at 60 °C. The resultant mixtures were used for the
optical measurements.

2.3. Preparation of the photocatalyst for CO2

A 0.1 M solution of Na2CO3 (0.265 g in 25mL of deionized water)
was prepared in a beaker. Aerward, 5 mL of 2-propanol
(sacricial agent) and 25 mL of acetonitrile were added to a 3-
neck round-bottom ask sealed with a rubber septum. The as-
prepared Na2CO3 solution was added to the above solution,
followed by addition of 0.07 g of the photocatalyst (CdS QDs or
CdS QDs-GO). The solution was bubbled with CO2 for almost 30
minutes to saturate the solution with CO2 completely. The
RSC Adv., 2026, 16, 19242–19254 | 19243
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mixture was then illuminated under sunlight for three hours
with a solar intensity of ∼200 W m−2 and a UV-index of 8.5–8.6
for 3 hours.68 A 3 mL sample was taken and added to a glass vial
every hour and then treated with freshly prepared Nash's
reagent to estimate the amount of formaldehyde produced.
2.4. Preparation of Nash's reagent

The amount of formaldehyde produced during CO2 photore-
duction was determined by treating it with Nash's reagent,69

which was prepared by dissolving 0.2 mL of acetylacetone (0.02
M), 0.3 mL of acetic acid (0.05 M), and 1.5 g of ammonium
acetate (2 M) in 10 mL of deionized water. The reagent was
placed in the dark to avoid any photochemical reaction. The
samples (3 mL), which were collected during CO2 reduction,
were treated with 3 mL of Nash's reagent and heated at 60 °C
under constant stirring of 400 rpm for about 10–15 minutes.
Consequently, a bright-yellow color developed in the reaction
mixture due to the formation of the diacetyldihydrolutidine
(DDL) complex. To design a calibration curve for the reference
formaldehyde, 10 solutions of known molarities (0.05 mM,
0.10 mM, 0.15 mM, 0.20 mM, 0.25 mM, 0.30 mM, 0.35 mM,
0.40 mM, 0.45 mM, and 0.50 mM) were also prepared and
treated with Nash's reagent in the same way. The optical density
was measured at lmax = 412 nm using a UV-Vis spectrometer.
The formaldehyde concentration was then calculated using the
constructed calibration curve.
2.5. Characterization techniques

Fourier-transform infrared (FTIR) analysis was performed using
a Bruker Tensor II spectrophotometer. X-ray diffraction (XRD)
(PANalytical X-ray diffractometer) analysis was used to estimate
the phase of the QDs and GO. A Shimadzu UV-1601 spectro-
photometer was used to measure the absorption spectra of the
QDs and their assemblies. A JEM-1200 EX MKII was used to
perform energy-dispersive X-ray (EDX) analysis and for trans-
mission electron microscopy (TEM). The photoinduced charge
separation and recombination process in QDs and their
assemblies were measured by using a PicoQuant FluoTime 300
spectrophotometer, as described in our previous work,70–74 and
a homebuilt TA spectrometer, as described by Dobryakov et al.75
Fig. 1 (a) FTIR spectra of MAA and MAA-functionalized CdS5 QDs, and

19244 | RSC Adv., 2026, 16, 19242–19254
The excitation pulse for transient measurements was generated
by using an optical parametric amplier and frequency
quadrupling its output (light conversion, TOPAS prime with
NIRUVIS). The probe spectrum was generated by super-
continuum generation in a calcium uoride plate driven at
400 nm. TA spectra were measured in the spectral range 275–
690 nm with a 0.4-mm thick ow cell. The magic-angle signal
DA(l, t) was obtained from parallel and perpendicular pump-
probe polarization measurements as DA = (2DAt + DAk)/3.
The temporal instrument response was 0.1 ps broad. Multiple
10–20 pump-probe scans were applied to improve the signal-to-
noise ratio. Measurements were carried out using 360 nm and
420 nm excitation wavelengths, yielding consistent results. A
Gamry Instruments Interface 1010E was used for cyclic vol-
tammetry (CV) analysis. To fabricate the working electrode,
approximately 1 mg of each material was deposited onto nickel
foam. Ag/AgCl and Pt foil were utilized as the reference and
counter electrodes, respectively. The CV experiments are con-
ducted within a working potential range of −0.2 V to +0.6 V,
employing a 3 M KOH aqueous electrolyte at a scan rate of
10 mV s−1.
3. Results and discussion

FTIR analysis was employed to verify the anchoring of MAA to
the surface of the CdS QDs, as depicted in Fig. 1(a). The
distinctive signals at 668 cm−1, 1658 cm−1, and 3350 cm−1 are
attributed to the presence of the Cd–S, C]O, and O–H bonds,
respectively.18,76–78 The absence of any characteristic peak in the
region between 2500–2650 cm−1 and the presence of a broad
peak in the region between 3100 and 3400 cm−1 indicate that
there is no S–H stretching band present, which indicates the
attachment of MAA to the surface of QDs via the thiol moiety. In
the XRD pattern of the CdS QDs (Fig. 1(b)), three distinct peaks
appear at 2q values of 27°, 43°, and 52°, corresponding to the
(111), (220), and (311) reection planes, respectively.79 The face-
centered cubic crystal structure of the synthesized CdS QDs is
conrmed by comparison with the JCPDS card no. 00-010-
0454.67 The peak broadening of the (111) plane indicates that
the size of the synthesized QDs is approximately 2.5 nm,
(b) XRD patterns of GO and CdS5 QDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) EDX of CdS5 QDs. (b) TEM micrograph of CdS5 QDs. (c) TEM micrograph of the assembly. (d) HRTEM micrograph of CdS5 QDs. (e)
HRTEM micrograph of the assembly.
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estimated from Scherrer's formula.80 The diffraction peak at
10.8° corresponds to the (001) plane of GO.81

The elemental purity of the synthesized CdS QDs was
demonstrated by EDX analysis. The Cd and S peaks are domi-
nant (Fig. 2(a)). The carbon and oxygen peaks are attributed to
the existence of the functionalizing ligand MAA used during the
synthesis of CdS QDs. As seen in the TEM image (Fig. 2(b)), the
Fig. 3 (a) UV-Vis spectra of the CdS QDs. (b) Tauc plots of the CdS QDs
CdS-GO assemblies.

© 2026 The Author(s). Published by the Royal Society of Chemistry
QDs are spherical and have sizes of less than 5 nm. The TEM
image of the assembly shows the existence of both QDs and GO
(Fig. 2(c)). The image clearly shows the porosity and the size
homogeneity. An inter-planar lattice fringe spacing of 0.30 nm
is shown in a high-resolution TEM micrograph (Fig. 2(c) and
(d)), which correlates to the (111) plane of the CdS QDs.
. (c) UV-Vis spectra of the CdS-GO assemblies, and (d) Tauc plot of the

RSC Adv., 2026, 16, 19242–19254 | 19245
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Table 1 CdS QD size estimated using the Peng and Brus equations

Sample
QD size (nm)
Peng equation

QD size (nm)
Brus equation

CdS1 3.19 3.56
CdS2 2.89 3.46
CdS3 2.68 3.44
CdS4 2.57 3.40
CdS5 2.47 3.34
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The UV-Vis analysis depicted in Fig. 3(a) shows the rst
excitonic peak of CdS QDs at 394 nm, 384 nm, 376 nm, 372 nm,
and 368 nm for CdS1, CdS2, CdS3, CdS4, and CdS5 samples,
respectively, where suffixes 1–5 denote the sizes in decreasing
order. The band gap estimated by Tauc plot corresponds to
these absorption edges of 2.85 eV, 2.88 eV, 2.89 eV, 2.90 eV, and
2.92 eV, respectively (Fig. 3(b)). The blue shi in absorption
wavelength and high band gap values of the CdS QDs indicate
the existence of quantum connement due to the capping
ability of the functionalizing ligand. By increasing the concen-
tration of MAA, the QDs exhibit absorptions at shorter wave-
lengths, suggesting the size distribution of QDs estimated by
Peng's equation,67,82–84 as shown in Table 1. An effective mass
model approximation (Brus equation)80 was also used to deter-
mine the average particle size based on the estimated band gap
values obtained from the UV-Vis absorption spectra of the CdS
QDs (Table 1). The calculated size based on the Brus equation is
different from that based on the Peng equation because the two
equations have different approximation models and involve
different numbers of factors. However, the size calculated by the
Peng equation shows good agreement with the XRD analysis
results.
Fig. 4 (a) Normalized PL of QDs and absorption spectrum of GO. (b) PL q
(f) CdS5 QDs in the absence and presence of GO.

19246 | RSC Adv., 2026, 16, 19242–19254
The UV-Vis spectra (Fig. 3(c)) of CdS1-GO, CdS2-GO, CdS3-
GO, CdS4-GO, and CdS5-GO assemblies display absorption
edges at 413 nm, 396 nm, 388 nm, 375 nm, and 372 nm,
respectively. GO shows the rst excitonic peak around 235 nm
(Fig. 4(a)) along with a weaker shoulder peak at 305 nm. In
comparison to the pristine CdS QDs, the absorption spectra of
the CdS-GO assemblies are redshied. The redshi in assem-
blies is due to the addition of GO, the carbon content of which
absorbs the light and alters the surface of the CdS QDs.82,85 GO
not only has high electron mobility but also suppresses the
recovery of electrons and holes.86 The addition of graphene
changed the electron-transport ability of CdS QDs. The band
gaps of the assemblies estimated by Tauc's method are 2.71–
2.85 eV (Fig. 3(d)).

The PL spectra were recorded aer pulsed excitation at
306 nm of MAA functionalized CdS QDs and their assemblies
with GO (Fig. 4). The PL emission spectra shi toward shorter
wavelengths (from 555 nm to 480 nm) with increasing concen-
tration of capping ligand (Fig. 4(a)). These results are consistent
with the UV-Vis measurements (Fig. 3) and show the successful
capping ability of the capping ligands. The assemblies of these
QDs with GO show a decline in their PL intensity. This steady
decline in the PL intensity indicates a reduction in the radiative
recombination of electrons and holes in the assemblies. This
suggests the occurrence of charge transfer from the CdS QDs to
GO. It means the addition of GO to the CdS QDs enhances the
electron transport in the assemblies and helps to reduce the
charge recombination process, which leads to a higher photo-
catalysis rate.87

Following excitation at 306 nm, PL decay kinetics measure-
ments were recorded, as shown in Fig. 5. The PL decay kinetics
are shown in different color traces, with red indicating the best
uenching of CdS1 QDs, (c) CdS2 QDs, (d) CdS3 QDs, (e) CdS4 QDs and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) PL decay kinetics of CdS1 QDs, (b) CdS2 QDs, (c) CdS3 QDs, (d) CdS4 QDs, and (e) CdS5 QDs in the absence and presence of GO.

Table 2 Average PL lifetime, kCT, and ECT of CdS QDs and their
assemblies

Samples saverage (ns) kCT (s−1) ECT (%)

CdS1 QDs 19.89 — —
CdS1-GO 18.10 4.97 × 106 9.00
CdS2 QDs 21.81 — —
CdS2-GO 19.31 5.93 × 106 11.46
CdS3 QDs 22.05 — —
CdS3-GO 18.27 9.38 × 106 17.14
CdS4 QDs 23.07 — —
CdS4-GO 17.76 1.29 × 107 23.01
CdS5 QDs 30.99 — —
CdS5-GO 19.77 1.83 × 107 36.20
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t achieved by the bi-exponential decay model. The average
measured PL lifetimes determined using eqn (1)60 of CdS1,
CdS2, CdS3, CdS4, and CdS5 QDs are 19.89 ns, 21.81 ns, 22.05
ns, 23.01 ns, and 30.99 ns, respectively. Aer the addition of GO,
the decline in the PL lifetime of CdS1-GO, CdS2-GO, CdS3-GO,
CdS4-GO, and CdS5-GO assemblies is also observed, with the
corresponding values of 18.10 ns, 19.31 ns, 18.27 ns, 17.76 ns,
and 19.77 ns, respectively. This shortening of the PL lifetime of
the assemblies indicates the electron transfer from the QDs to
GO, as evidenced by cyclovoltammetry measurements discussed
in the next section. The CdS5 QDs and their assemblies, which
are functionalized with a higher concentration of capping
ligand MAA and have a small size, show a longer lifetime as
compared to the other QDs and their assemblies. This can be
attributed to the small QDs having relatively large band-gap
values, enhanced surface area, and improved charge-carrier
separation. The higher band gap of the small QDs means the
conduction band is higher than the lowest unoccupied molec-
ular orbital (LUMO) of GO, and electron transfer is faster.88 The
PL kinetics results further support the strong inuence of
surface ligands on charge-carrier dynamics. The longer PL
lifetime observed for smaller QDs may arise from ligand-
induced hole trapping, consistent with reports that surface-
thiol and carboxylates can introduce mid-gap states. Such
traps enforce charge separation, thereby modulating the effi-
ciency of CO2 photoreduction, as discussed below. The corre-
lation between spectroscopic signatures and catalytic
performance indicates that the electronic structure is not only
size-dependent but also strongly inuenced by the surface
functionalization.89,90 The calculated electron-transfer rate (kCT)
© 2026 The Author(s). Published by the Royal Society of Chemistry
and electron-transfer efficiency (ECT), using eqn (2) and (3),70,71,73

are given in Table 2.

saverage ¼
Pn
i¼1

Aisi

Pn
i¼1

Ai

(1)

kCT ¼ 1

sDA

� 1

sD
(2)

ECT ¼ 1� sDA

sD
(3)

where the sD and sDA are the PL lifetimes of the CdS QDs and
their assemblies with GO, respectively. The CdS5 QDs and their
assemblies show the maximum values of electron-transfer rate
RSC Adv., 2026, 16, 19242–19254 | 19247
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Fig. 6 fs-TA spectra of CdS5 QDs (a) and the CdS5-GO assembly (b) with selected time delays, and (c) TA decay kinetics of CdS QD in the
absence and presence of GO at lpump = 360 nm.
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(1.83 × 107 s−1) and electron-transfer efficiency ∼36% (see
Table 2). This means that the charge-transfer efficiency is
dependent upon the size of the donor QDs.

We further studied the electron-transfer dynamics in CdS
QDs and CdS-GO assemblies using femtosecond transient
absorption (fs-TA) spectroscopy. The TA spectra of the CdS5
QDs and CdS5-GO assembly for selected time delays are shown
in Fig. 6(a) and (b), respectively. The negative peak around
420 nm is due to the ground-state bleach (GSB) signals of the
CdS QDs. The GSB signal is due to the presence of a core exciton
in the QD. Similar GSB signals to CdS QDs are seen in the CdS-
GO assembly spectrum. The positive signal for CdS around 480–
660 nm is due to excited-state absorption (ESA) signals. A
similar ESA continuum at longer wavelengths than the exciton
peak has been assigned to trapped charges at the surface in CdS
QDs. The surface charges polarize the QDs and relax the selec-
tion rules, thereby allowing the transition from the core exciton
to the continuum of states.91 This signal is absent in CdS-GO,
suggesting that the material does not contain trapped charge
carriers.92,93

This observation shows GO is coupled to these surface states
and acts either statically, by passivating surface traps, or
dynamically, by accepting carriers. In either case, the TA spectra
conrm an interaction between CdS and GO. To quantify the
kinetics, we computed the band integral of the TA spectrum
over the GSB peak (BOUNDS) and tted the resulting transients
with a bi-exponential model. The band integral is dened as:94

IðtÞ ¼ 1

lnðl2=l1Þ
ðl2
l1

DAðlÞ
l

dl (4)

The band integral over the GSB of the exciton peak quanties
the dynamics of the core exciton population. The band integrals
and t results are shown in Fig. 6(c). The lifetimes of CdS5 QDs
and CdS5-GO assembly are acquired by the best t achieved by
the bi-exponential decay model. In the case of CdS QDs, the s1
(60.63 ps) and s2 (680.98 ps) describe the recombination of
electrons due to trap states and band-to-band transitions,
respectively. For the CdS-GO assembly, the s1 (34.23 ps) and s2
(338.59 ps) were shorter compared to those of the CdS QDs.95,96

The shortening of the lifetime of the CdS QDs in the assembly
indicates the ultrafast electron transfer from the QDs to GO.
19248 | RSC Adv., 2026, 16, 19242–19254
The ground-state bleach signal does not disappear entirely,
indicating the charge transfer is only available to part of the
sample. The TA measurements conrm that CdS-GO has an
effect on the exciton dynamics by accepting carriers. In the
assembly, GO acts as an acceptor for carriers and suppresses the
charge-recombination process. For CdS5-GO, fs-TA yields s1 =

34.23 ps, which is associated with an electron transfer rate of
approximately ∼2.9 × 1010 s−1. This is an ultrafast factor
attributed to the interfacial electron injection of photoexcited
CdS to GO. In Marcus theory, this high rate means that there is
good electronic coupling and a positive charge-transfer driving
force. By contrast, TRPL gives a value of kCT = 1.83 × 107 s−1,
which is the ensemble-average depopulation of emissive states
on the nanosecond scale. TRPL does not measure the inherent
injection event but the competition of radiative recombination,
nonradiative decay, and charge transfer. The apparent rate
difference is therefore physically justied; fs-TA measures the
microscopic rate of electron injection, whereas TRPL measures
its macroscopic effect of recombination. The combination of
the two methods validates the effective interfacial charge
separation of the CdS-GO hybrid system.

In order to assess the exact position of the band edges of the
QDs and GO, CV techniques were utilized. CV analysis was
carried out to evaluate the conduction band (CB) and valence
band (VB) energy level edges of the CdS QDs,97 along with the
lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) of GO.

Eqn (5) and (6) were utilized to calculate the CB and VB
energy levels, as well as the LUMO and HOMO levels of the CdS
QDs and GO:

E (LUMO) = −e[Eonset
red + 4.44] (5)

E (HOMO) = E (LUMO) − E0–0 (6)

The term E0–0 corresponds to the lowest-energy transition,
specically the 0–0 energy, which is deduced from absorption
and emission spectra. Two prominent peaks in the UV-Vis
absorption spectra of GO are ascribed to transitions. One is
thep/p* transition, manifesting as a peak at 235 nm, and the
other is the n–p* transition, peaking at 305 nm. These transi-
tions correspond to the electronic shis within the C]O and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 CV profile of (a) CdSQDs and (b) GO, recorded at scan rates of 10mV s−1 in 3 M KOH. (c) Band energies of CdSQDs and GO. (d) Bode plots
and (e) Nyquist plots.
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the C]C groups present in GO. The onset reduction potentials
of the QDs and GO are determined using the CV (V vs. NHE
scale) data presented in Fig. 7(a) and (b), resulting in values of
0.47 V and 0.57 V, respectively. The E0–0 value of QDs obtained
from the Tauc plot is 2.92 eV. For QDs, the equation can be
modied as:

E (CB) = −e[Eonset
red + 4.44]

E (VB) = E (CB) − E0–0

E (CB) = −e[0.47 + 4.44] eV = −4.91 eV

E (VB) = [−4.91 − 2.92] eV = −7.83 eV

The obtained values of E0–0 corresponding to n–p* and p–p*

transitions for GO are 3.75 eV and 5.25 eV, respectively.

Ep* (LUMO) = −e[0.57 + 4.44] eV = −5.01 eV

EnC]O (HOMO−1) = [−5.01 − 3.75] eV = −8.76 eV

Ep (HOMO−2) = [−5.01 − 5.25] eV = −10.26 eV

The VB and CB levels of the QDs are positioned at −7.83 eV
and −4.91 eV, respectively. In the case of GO, the HOMOs are
located at −8.76 eV (associated with nC]O) and −10.32 eV
(related to p orbitals), while the LUMO resides at −5.01 eV (p*
orbital), as indicated in Fig. 7(c). Upon evaluating the band edge
values of both the QDs and GO, it becomes evident that in the
assemblies, an electron transfer process is viable from photo-
excited CdS QDs to GO. This electron transfer quenches the PL
of the QDs in the assemblies. Fig. 7(d) depicts the Bode plots of
the GO and CdS QD electrodes. The phase angles observed in
these plots suggest the charge-transfer characteristics of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
materials. Nyquist plots illustrate the EIS spectra of the CdS
QDs, GO, and CdS-GO assembly, as shown in Fig. 7(e). These
plots reveal distinctive features: a depressed arc noticeable at
high-frequency regions, and a pronounced steep line at lower
frequencies. These characteristics are attributed to charge-
transfer processes in the materials at the electrode interface.
The point of intersection with the real axis of the plot signies
the bulk resistance, with a downward shi indicating a reduc-
tion in the electrode's bulk resistance. In comparison, the bulk
resistance of GO is notably higher than that of the corre-
sponding CdS QDs. Within the low-frequency range, a steeper
line with the imaginary axis suggested a faster rate of charge
transfer. Notably, the QDs exhibit higher slope values than the
GO electrodes, which also indicates a rapid transfer of electrons
from CdS QDs to GO. The smaller arc of the CdS-GO assembly
shows a lower charge-transfer resistance of 26.18 ohms. The
signicant reduction in charge-transfer resistance by deco-
rating the CdS QDs (29.58 ohms) on the surface of GO (34.20
ohms) indicates the good transport ability of the assembly. The
assembly's smaller EIS curve radius than those of pristine CdS
and GO results in fewer electron and hole recombination
events.55,98,99

The CdS QDs and their assemblies were used as photo-
catalysts for CO2 reduction to formaldehyde. The CdS QDs and
GO energy bands are aligned (Fig. 7(c)) on a single vacuum and
Normal Hydrogen Electrode (NHE) scale, along with the redox
potential of CO2/HCHO and 2-propanol (as a sacricial agent).
CdS and GO have onset reduction potentials of −0.47 V and
−0.57 V vs. NHE, which are equal to −4.87 eV and −4.97 eV vs.
vacuum, respectively. Since the LUMO of GO is lower than the
CB of CdS QDs, it is possible to allow photogenerated electrons
to relocate between CdS and GO, thus facilitating charge sepa-
ration and electron accumulation. Even though the potential of
the CO2 to HCHO (−0.48 V vs. NHE) reduction is near the CdS
RSC Adv., 2026, 16, 19242–19254 | 19249
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Fig. 8 (a) Absorption spectra for known concentrations of formaldehyde, (b) calibration curve for formaldehyde and (c) a comparative study of
the photoreduction efficiency of CdS QDs and their assemblies.

Table 3 Activity of CdS QDs and their assemblies with GO

Sample
Activity (CdS)
(mmol g−1 h−1)

Activity (CdS-GO)
(mmol g−1 h−1)

CdS1 1222 1844
CdS2 1300 1866
CdS3 1588 1927
CdS4 1738 2067
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CB edge, several factors support the reaction. Firstly, these
potentials are standard thermodynamic values at equilibrium
electrochemical conditions, and photocatalytic reactions take
place under non-equilibrium conditions in which photogene-
rated electrons have additional kinetic energy. Secondly, GO
enhances the removal of electrons and their transfer, prevent-
ing the recombination process and providing a driving force for
CO2 reduction. Thirdly, CO2 reduction proceeds through
a multi-step proton-coupled electron transfer mechanism, in
which sequential electron transfer stabilizes high-energy inter-
mediates, thereby lowering the effective activation barrier rela-
tive to a direct electron transfer pathway. Moreover, CdS VB
(+2.45 V vs. NHE) has an overpotential that is high enough to
oxidize 2-propanol (+0.47 V vs. NHE), and thus, the holes are
easily scavenged, so that recombination is effectively inhibited.
The formaldehyde is detected by using Nash's reagent. Nash's
reagent test is a simple, rapid, economical and convenient
method for conrming the presence of formaldehyde forma-
tion. No formaldehyde was formed when the experiment was
performed in the absence of light or a catalyst (Fig. 8(a)).
Product quantication was carried out using the Nash reagent
assay, which selectively detects formaldehyde through the
formation of a yellow chromophore with maximum absorbance
at 412 nm. Owing to the specicity of this method, formalde-
hyde was identied and quantied as the major reduction
product, whereas other possible CO2 reduction products were
below the detection limit under the present conditions.100,101 A
calibration curve was constructed by taking known concentra-
tions of formaldehyde to determine the absorptivity coefficient
(3) of DDL, and the amount of produced formaldehyde. “3” was
found to be 1.1 × 104 M−1 cm−1 as shown in the absorbance vs.
wavelength graph of DDL (formed as a result of reaction
between known concentrations of formaldehyde and Nash
reagent). Similarly, the absorbance vs. concentration of the
formaldehyde (known) graph was plotted to calculate the
amount of formaldehyde (unknown) produced, as shown in
Fig. 8(b) and (c). The DDL produced from each sample (with-
drawn aer regular intervals of 1 hour) was compared at the
corresponding time.102,103 It is observed that, with increasing
irradiation time, the peak of the DDL complex also increases
19250 | RSC Adv., 2026, 16, 19242–19254
due to the effective production of formaldehyde. By comparing
the data in Fig. 8(c), it is seen that the maximum increase in
DDL complex peak within 3 hours is shown by the CdS5-GO
assembly.

Several notable ndings emerged from photoreduction
experiments of CO2 utilizing CdS QDs. First, we observe a clear
trend: as the size of the CdS QDs decreases, the photocatalytic
efficiency of the CO2 reduction increases due to enhanced
surface area and improved charge-carrier separation. The link
between QD size and band gap can explain this process because
smaller QDs have larger band gaps, and hence, they are more
efficient catalysts for converting CO2 into formaldehyde. The
formation of DDL from formaldehyde produced by each sample
is compared at the corresponding time, as shown in the series
in Fig. 8(c). In addition, we investigated the effect of the size of
the QDs in the assemblies on the photocatalytic reduction of
CO2.

There are two factors that can be identied as the primary
causes of the improved activity of our materials (as summarized
in Table 3). The size of the CdS QDs is small enough to increase
the surface-to-volume ratio and reduce the diffusion pathways
that the charge-carriers follow, thus increasing light absorption
and further separating the electron–hole pairs that arise on
photogeneration. Moreover, the incorporation of GO creates
a conductive interface that facilitates quick electron transfer
between CdS and GO, in effect, inhibiting charge recombina-
tion. This interfacial charge transfer enhances the accessibility
of electrons that can reduce CO2, resulting in high photo-
catalytic activity. Finally, our ndings highlight the importance
of the impact of the size of the QDs in the QDs-GO assemblies
CdS5 1816 2224

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the activity of CdS QDs and their assemblies in the photocatalytic CO2 reduction with reported photocatalysts

Catalyst

Product yield (mmol g−1 h−1)

HCOOH ReferenceCO HCHO CH4 CH3OH

3DOMCdSQD/NC 5210 30
ZnCdSe-CdS 240 105
Mg2+-doped CdS 45.8 106
FeOOH/CdS 12.55 5.88 107
g-C3N4/Cu/TiO2 5069 2574 108
Co3O4-TiO2/CdS-CuOx heterojunction 124 109
0.4CDs/CdS QDs (bio) composites 439.51 110
CdS-InP composites 216 111
MAA capped CdS QDs 2124 112
MAA capped CdS QDs 1816 This work
CdS-GO composite 2224 This work
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for optimizing CO2 reduction efficiency. Efficiency is calculated
in terms of activity104 by using eqn (7), and is given in Table 3.

Activity ¼ nðCO2 reduction productÞ
t�mðcatalystÞ (7)

where n (CO2 reduction product) is the number of moles of
formaldehyde produced, m is the mass of the catalyst in grams,
and t is the time in hours.

Some of the recent reported photocatalysts for CO2 reduction
make use of expensive, precious-metal-based complexes, others
use the metal-doped QDs, QD composites and bare QDs, which
involve multiple synthesis steps before the desired product is
achieved. Formaldehyde (HCHO), formic acid (HCOOH),
methanol (CH3OH), carbon monoxide (CO) and methane (CH4)
are photoproducts in the works, and the photocatalytic effi-
ciency was examined. In comparison to those photocatalysts,
the photocatalysts composed of MAA-functionalized CdS QDs
and their assemblies with GO, discussed in the present work,
were obtained through a simple colloidal synthesis strategy
based on the use of usual inexpensive precursors, and they
exhibited much better photocatalytic CO2 reduction efficiency.
A comparison is provided in Table 4. The activities of assem-
blies with small CdS QDs are highest, which shows that QD size
as well as GO addition can have a signicant impact on the
photocatalytic properties of CdS QDs. It is evident from Table 3
that QDs in the form of assemblies are more efficient photo-
catalysts compared to bare QDs, and this photocatalytic
behavior of QDs is a function of their sizes; i.e., small QDs are
more efficient photocatalysts, as evident from their turnover
number.
4. Conclusion

The functionalizing ligand MAA controlled the size of the QDs
as well as facilitated their attachment to the surface of GO
through the interaction of polar groups present on the surface
of both QDs and GO. The SSPL and TRPL analyses determine
the PL quenching and electron transfer from the QDs to GO in
the CdS-GO assemblies. Furthermore, the fs-TA measurements
also revealed the ultrafast electron transfer from CdS QDs to GO
© 2026 The Author(s). Published by the Royal Society of Chemistry
in the assembly. CV analysis suggested the alignment of CdS
QDs and GO energy levels, which favors photoexcited electron
transfer from the CdS QDs to GO. The EIS also supports the
faster charge transfer and suppression of electron–hole pair
recombination in the assemblies. The QDs-GO assemblies with
smaller QDs showed higher charge-transfer efficiency compared
to other assemblies. These assemblies also exhibited the high-
est photocatalytic performance for the conversion of CO2 into
formaldehyde. Our study should inspire future investigations
into photoexcited charge transfer and photocatalytic CO2

reduction in functionalized QD donors and GO acceptor
assemblies.
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