
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 4

:4
7:

52
 P

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
View Journal  | View Issue
Catalytic perform
aDepartment of Chemistry, University of

renuka@uoc.ac.in
bDepartment of Chemistry, CHRIST (Deemed

560029, India
cDepartment of Applied Chemistry, Cochin

Kerala 682022, India

Cite this: RSC Adv., 2026, 16, 14535

Received 25th October 2025
Accepted 8th March 2026

DOI: 10.1039/d5ra08190d

rsc.li/rsc-advances

© 2026 The Author(s). Published by
ance and SERS substrate
efficiency of PdNPs@GOQDs

T. P. Amrutha,a T. P. Arathi,a Ritu Gopal,a P. B. Arya,a V. Nidhisha,a C. Anjali,a T. D. Suja,a

K. R. Sunaja Devi, b Suja Haridas c and Renuka Neeroli Kizhakayil *a

Graphene Oxide Quantum Dots (GOQDs) have received significant attention for diverse applications owing

to their unique physical and chemical properties. Herein, yellow luminescent graphene oxide quantum dots

are achieved via hydrothermal pathway and are characterized using different analytical methods. GOQDs,

noted for their reducing character, are utilized for the synthesis of palladium nanoparticles (PdNPs).

PdNPs@GOQDs obtained are explored for their catalytic efficiency and SERS substrate performance. The

combined effect of electromagnetic enhancement and chemical enhancement factors make the

composite a good SERS substrate, as exemplied using Rhodamine B molecule. PdNPs@GOQDs exhibited

catalytic activity that effectively promoted the reduction of several functionalized aromatic nitroarenes.

Notably, sensitive groups like nitrile and ester were well-tolerant under the reaction conditions,

warranting the potential of the system in synthesising amines of industrial and environmental significance

with high selectivity.
1 Introduction

Graphene quantum dots (GQDs), and its oxidized analogues,
Graphene Oxide Quantum Dots (GOQDs) have captured signi-
cant attention of the researchers for their multifaceted applica-
tions. The quantum connement, along with variations in size,
shape and edge structure, signicantly impact their electrical and
optical properties. Consequently, GQDs and GOQDs hold great
potential for optical and electrochemical sensing, photovoltaics,
photocatalysis, bioimaging, biosensing, LEDs and plasmonics.1,2

Additionally, the presence of surface oxygen functionalities and
electron exchange properties make them excellent catalysts and
reducing agents.3,4 In the present study, Graphene Oxide
Quantum Dots are explored for their potential as Surface
Enhanced Raman Spectroscopy (SERS) substrate and reductant.

SERS stands out as a promising analytical tool that enables
the detection of analyte molecules with chemical specicity.5–7

Typically, SERS-active substrates are created using “roughened”
nanostructured patterned surfaces. Noble metals and transition
metals are widely studied in this direction.8–10 For further signal
enhancement, oen metals have been combined with semi-
conductors, piezoelectric polymers and carbon-based materials
to create hybrid nanomaterials.6,11–13 Graphene and its deriva-
tives are much explored SERS platforms among the carbon
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species.14–16 Compared to the conventional graphene sheets,
GQDs/GOQDs with larger specic surface areas and more
accessible edges facilitate more efficient adsorption of target
molecules.17,18 Liu et al., have reported the SERS substrate
activity of GQDs achieved using plasma chemical vapour
deposition.19 It was noted that the SERS signal is facilitated by
the electron charge transfer between the hydrogen bonding
sites on the edge of GQDs and hydroxyl molecules of the ana-
lyte. Heteroatom doping, particularly, ‘N’ atom incorporation, is
identied as an attractive solution to tune the material prop-
erties of the GQDs. Das et al., have synthesized nitrogen GQDs
(N-GQDs), which exhibited high sensitivity for rhodamine
detection, operating via a charge transfer process between N-
GQDs and rhodamine molecules.20 Laser induced ionization
processing21 and electrochemical methods22 are also used for
achieving GQDs that are active as SERS substrates. GQDs
assembled nanotubes were achieved by Cheng et al. as SERS
substrate using template assisted electrodeposition process.17

Mary et al. have conducted a computational investigation on
duphaston (DPH) detection using undoped and doped GQDs,
and concluded that DPH works on the electrophilic site of
nanoclusters as donor of electrons.23 Theoretical investigation
was also conducted in ultrasensitive detection of melamine on
sulphur and oxygen doped GQDs.15

The second application of GOQDs probed here, vis., the
reducing nature, is based on the electron exchange capability of
these particles. GQDs and GOQDs, falling under the broad
category of carbon dots, have also been recognized for their
reducing properties, especially for the synthesis of metal
nanoparticles from metal salt precursors. Metal nanoparticles
RSC Adv., 2026, 16, 14535–14546 | 14535
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are typically synthesized by reducing metal salt solutions,
a process that involves reducing agents like sodium borohy-
dride and citrate under harsh reaction conditions. Additionally,
capping agents are commonly used to stabilize the nano-
particles.24 Previous studies have shown that GQDs are effective
electron donors and can serve as reducing agents for noble
metal ions, resulting in the formation of GQDs@noble metal
nanoparticle composite material, that has drawn immense
attention from the researchers.25 Here GOQDs are identied as
an excellent reductant for achieving palladium nanoparticles
(PdNPs) from Pd(II) precursor. GOQDs and carbon dots have
been explored for the synthesis of PdNPs previously. Photo-
chemical method has been utilized for the synthesis of Pd/
carbon dots by Dhenadhayalan et al.26 Selim et al. have
prepared a polyamide cross linked carbon dot and used it for
the subsequent deposition of PdNPs by treatment with PdCl2
under reuxing in ethanol.27 The obtained Pd NP-carbon dot
systems have established themselves as excellent catalysts for
various organic reactions. It is proven that carbon dot-palla-
dium-nanoparticle composite exhibits high catalytic activity for
the Heck and Suzuki coupling reactions.28 Keshipour et al.
synthesized Pd(0) supported on N-doped graphene quantum
dot (N-GQD) modied cellulose from PdCl2 using NaBH4 as
reducing agent and employed for catalytic reduction of nitro-
aromatics.29 Thermolytic reduction of PdCl2 in the presence of
GQDs also yielded GQDs-supported palladium nanoparticles.30

In the present work, yellow luminescent nitrogen doped
graphene oxide quantum dots (GOQDs) are synthesized from
ortho-phenylenediamine via hydrothermal route, and are well
characterized using various analytical tools. GOQDs performed
as a SERS active material, as exemplied by the signal
enhancement of Rhodamine B (RhB). The system also served as
a reducing and capping agent in the synthesis of palladium
nanoparticles (PdNPs) from Pd(II) precursor under ambient
conditions. PdNPs@GOQDs are examined for their SERS
substrate performance as well as catalytic efficiency towards
nitroarene reduction.
2 Experimental
2.1 Materials

Analytical grade reagents were used for the study and was used
as-received. Ortho phenylenediamine was purchased from
Scheme 1 Schematic illustration of synthesis of GOQDS by hydrotherm

14536 | RSC Adv., 2026, 16, 14535–14546
Thermo Scientic. Palladium(II) acetate was received from BLD
Pharmatech Pvt. Ltd. Sodium borohydride and silica were ob-
tained from Spectrochem Pvt. Ltd. Rhodamine B, nitrobenzene,
4-nitrobenzonitrile, 3-nitroacetophenone, 1-nitronaphthalene
and methyl 4-nitrobenzoate were supplied by HiMedia Labora-
tories Pvt. Ltd. Ethyl acetate and magnesium sulphate were
purchased from Merck Ltd. Hexane and dichloromethane were
obtained from Qualigens. Deionized (DI) water was used to
make the solutions for the studies and used as a solvent for the
reduction reaction.

2.2 Synthesis of GOQDs and PdNPs@GOQDs

200 mg of ortho-phenylenediamine was dissolved in 60 mL of
water and was subjected to hydrothermal treatment at 200 °C
for 6 hours in a Teon-lined autoclave. Aer cooling to room
temperature, the insoluble fraction was ltered out. The GOQDs
were then separated by centrifugation at 3500 rpm for 30
minutes, followed by dialysis, and stored at 4 °C for subsequent
studies (Scheme 1).

100 mL of GOQDs and 300 mL of 0.05 M palladium(II) acetate
solutions were added to 5 mL DI water at laboratory conditions.
The orange solution turned into brown within ∼10 minutes,
indicating the formation of palladium nanoparticles. The solid
separated was then dried at 60 °C to obtain PdNPs@GOQDs.

2.3 SERS measurement

The SERS substrate was fabricated by dipping the glass plate in
10 mL of the as-prepared GOQDs/PdNPs@GOQDs and drying in
an oven at 60 °C. 20 mL of RhB solution of different concen-
trations were dropped on the top of substrate coated glass plate
and dried under room temperature for the SERS analysis. Aer
the analyte detection, the substrate is exposed to photons using
Xenon lamp. This leads to photodegradation of the dye, reg-
enerating the SERS platform.

2.4 Nitrophenol reduction reaction

Nitrophenol reduction was conducted to examine the catalytic
efficiency of PdNPs@GOQDs, which was monitored using UV
visible spectroscopy. 100 mM solution (1.7 mL) of 4-nitrophenol
(4-NP) solution was treated with 100 mL of NaBH4 (10 mM)
solution for affecting the conversion of nitro phenol into
nitrophenolate ion, which affected the colour change of the
al treatment.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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solution to bright yellow, with characteristic absorbance at
400 nm. 100 mL of PdNPs@GOQDs were introduced to the said
solution. Decrease in the absorbance at this wavelength
concomitant with the formation of a new peak around 292 nm
indicating the formation of 4-amino phenol (4-AP).
2.5 Hydrogenation of nitroarenes using PdNPs@GOQDs

The objective was to explore the catalytic ability of the
PdNPs@GOQDs catalyst for the reduction of nitroarenes under
eco-friendly conditions. Therefore, the feasibility of the reduc-
tion in aqueous medium was explored. The amount of NaBH4

typically required was 2 molar equivalents and the same was
used throughout the study. TLC analysis of the reaction mixture
revealed that the reduction is fast and typically went to
completion in 30 minutes. Nitroarene (0.25 mmol) and sodium
borohydride (0.5 mmol) were suspended in de-ionized water (2
mL) in a 25 mL round bottom ask. 10 mg of PdNPs@GOQDs
was added and the reaction mixture was stirred on a magnetic
stirrer at room temperature. The optimized catalyst loading was
10 mg of PdNPs@GOQDs for 0.25 mmol of the nitroarene. At
a lower catalyst loading (5 mg/0.25 mmol), the efficiency of the
reduction was reduced to 75% of the value obtained when 10mg
loading was done.

When the reaction was complete (TLC analysis), the reaction
mixture was partitioned between water and dichloromethane
(10 mL). The organic layer was separated and the aqueous layer
was extracted with dichloromethane. The combined organic
layer was dried over anhydrous magnesium sulphate, ltered
and evaporated to dryness on a rotavapor. The residue was as
puried by column chromatography on alumina using hexane–
ethyl acetate mixture as eluent to afford analytically pure
samples of the aniline derivatives.
2.6 Characterisations

The morphology and particle size were analyzed by JEOL JEM
2100 transmission electron microscopy (TEM) running at an
accelerating voltage of 200 kV. The average particle size was
determined from TEM image by assessing particle size distri-
bution determined using image J soware. Fluorescence of the
material under UV illumination was monitored using LZC-4X
photoreactor. Raman spectra were recorded using WITec
alpha 300RRA (WITec GmbH, Ulm, Germany) having 532 nm
DPSS laser. Omicron spectrometer was used to perform X-ray
photoelectron spectroscopy (XPS) analysis with Mg Ka radia-
tion having an energy of 1253 eV. The UV-vis absorption spec-
trum was measured with a JASCO V-550 spectrometer. The
uorescence spectrometer Cary Eclipse (Agilent Technology)
was used to record the uorescence spectra of GOQDs solution.
HORIBA time-correlated single-photon-counting (TCSPC) with
370 nm wavelength excitation light source was used to measure
uorescence lifetime decay. X-ray diffraction (XRD) pattern of
the systems was recorded using a Rigaku Miniex-II diffrac-
tometer with Cu Ka radiation in the scan range of 2q 5–90°.
JASCO FTIR-4100 spectrometer was used to obtain the Fourier
transformn infrared (FTIR) spectrum using the KBr pellet
© 2026 The Author(s). Published by the Royal Society of Chemistry
technique. Proton Nuclear Magnetic Resonance (1HNMR)
spectra were measured using Jeol@400 Spectrometer.

3 Results and discussion
3.1 Characterisation of GOQDs

Hydrothermal treatment of ortho phenylenediamine resulted in
yellow luminescent GOQDs (Scheme 1). The possible mecha-
nism of formation of GOQDs are given in Fig. S1, SI.31 XRD
analysis conrms the crystalline structure of the sample
(Fig. 1a). The most intense peak appears at 2q value of 8.5°,
indicating the (001) lattice plane with d-spacing of 1.03 nm.
Another peak is observed at 17.5°, corresponding to d-spacing
0.51 nm, which represents the (002) plane. These peaks are in
accordance with the peaks of GOQDs reported previously.32,33

The sharp nature of peaks when compared to the previous ones
shows the signicant ordering of carbon planes. Additionally,
a peak at 44.5° is seen in the XRD pattern of GOQDs, corre-
sponding to d-spacing of 0.2 nm indicating the (100) lattice
plane. The morphology and size of the GOQDs were examined
using TEM (Fig. 1b–d). The HR-TEM image provided in Fig. 1b
conrms the spherical shape of the sample, while the poly-
crystalline nature is demonstrated by the Selective Area
Diffraction (SAED) pattern (Fig. 1c). The d-spacing value derived
from the SAED pattern aligns well with the (100) interplanar
distance obtained from the XRD analysis of the system. The
inset of Fig. 1b shows lattice fringes with d-spacing value of
0.19 nm. Fig. 1d shows an average particle size of 2.2 nm, as
indicated by the particle size distribution histogram.
Figure (Fig. S2, SI) shows the AFM image of the system, which
justied the lateral size and the height prole (<2 nm) indicated
mono layer nature of GOQDs.

The FTIR spectrum of GOQDs (Fig. 1e) displays a broad band
between 3100 and 3800 cm−1, indicating the presence of oxygen
functional groups within the carbon matrix, which accounts for
the hydrophilicity of particles. The peak at 2339 cm−1 is
attributed to the C^N stretching vibrations.34 The broad band
centered at 2084 cm−1 represents the weak stretching vibration
of C^C groups.35 The band at 1439 cm−1 is due to the
symmetrical deformations of CH3 and in-plane deformations of
O–H. The band observed at 1383 cm−1 corresponds to the
stretching modes of C]N/C–N bonds.36 The band around
1636 cm−1 corresponds to C]C vibrations in the aromatic
carbon framework. Other functional groups also contribute to
the absorption in this range, including C]O vibrations of
amide groups (imide bands), non-aromatic double bonds,
hydrogen bonds involving C]O groups in ketones and
quinones, and symmetrical stretching of the COO− group. The
spectral band at 620 cm−1 results from the angular deforma-
tions outside C–H aromatic rings, and the peak at 1032 cm−1 is
assigned to C–O vibrations within C–O–C groups.35,37 Substan-
tial functionalization of GOQDs is further supported by these
ndings.

Fig. 1f displays the Raman spectrum of GOQDs, revealing
information about the conjugated carbon–carbon double bonds
that produce intense peaks. The G band, located at 1516 cm−1,
corresponds to the E2g phonon of sp2 carbon atoms, while the D
RSC Adv., 2026, 16, 14535–14546 | 14537
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Fig. 1 (a) XRD pattern of GOQDs. (b) HR-TEM image; inset shows lattice fringes. (c) SAED pattern. (d) Size distribution histogram obtained from
the TEM image. (e) FTIR spectrum of GOQDs. (f) Raman spectrum of GOQDs.
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band positioned at 1391 cm−1, indicates the breathing mode of
k-point phonons with A1g symmetry. These D and G bands
represent vibrations in sp3 and sp2 carbon atoms, respectively.
The G band is associated with the vibration of sp2 carbon atoms
in the two-dimensional hexagonal graphitic lattice, while the D
band indicates disorder due to defects The intensity ratio of
these bands, ID/IG, is crucial for assessing the factors such as
vacancies, grain boundaries and amorphous carbon species
Fig. 2 (a) Characterisation of GOQDs. UV-vis spectrum. (b) Excitation a
GOQDs. (d) Time-dependent luminescence intensity. (e) PL decay curve

14538 | RSC Adv., 2026, 16, 14535–14546
disorder in carbon matrix. Here, the intensity ratio is 0.82,
suggesting a predominance of sp2 carbon domains over sp3

carbon structures.4,38 An additional band at 1239 cm−1, labelled
D*, arises from the vibrations of carbon atoms constrained by
oxygen-containing groups.39

Fig. 2a shows the UV-vis absorption spectrum of the GOQDs.
The peaks at 205 and 235 nm represent the p–p* transitions of
aromatic C]C bonds, while the peak at 288 nm corresponds to
nd emission spectrum. (c) Excitation independent emission spectra of
of GOQDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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n–p* transitions of C]O bonds.40,41 The broad absorption
around 413 nm is attributed to the n–p* transition of C]O
bonds and also indicates the presence of lone pair containing
functional groups. These distinct absorption states arise from
the variations in the p-conjugated electron system.42,43

Furthermore, this observation conrms the presence of
oxygenated groups within the GOQDs. Fig. 2b shows the exci-
tation and emission spectra, with characteristic wavelengths of
370 and 562 nm, respectively. A detailed photoluminescence
(PL) examination using several excitation wavelengths is shown
in Fig. 2c. The emission peak at 562 nm remains unchanged
when the excitation wavelength is increased from 370 to
420 nm. This excitation-independent PL behavior is associated
with smaller surface aws and more uniform sizes of N-doped
GOQDs.44 These observations align with the TEM results. The
system also demonstrated signicant photostability (Fig. 2d),
with the luminescence intensity exhibiting only a marginal
change aer 3 hours of continuous UV irradiation. The uo-
rescence lifetime of GOQDs was measured at room temperature
using the TCSPC method, yielding an average lifetime (sav) of
2.35 ns, as determined from the uorescence decay curve shown
in Fig. 2e.

XPS analysis results (Fig. 3a–d) provide further evidence of
the carbon core and functional groups in the particles. The XPS
survey spectrum of the GOQDs display three peaks at 300.8,
414.1 and 547.3 eV, corresponding to the C 1s, N 1s and O 1s
signals, respectively.

Detailed analysis shows that the synthesized GOQDs consist
of C, N and O with relative molar concentrations of 79.24, 12.57
and 8.19%, respectively. The C 1s spectrum (Fig. 3b) features
Fig. 3 (a) XPS survey scan of GOQDs. XPS fitting spectra for C 1s (b), N

© 2026 The Author(s). Published by the Royal Society of Chemistry
four distinct peaks at 284.1 eV (C]C/–CH), 285.2 eV (C–N
bond), 286.1 eV (–C–O bond) and 287.5 eV (–C]O bond). The N
1s spectrum (Fig. 3c) reveals two distinct peaks at 396.6 eV
(pyridinic Ns) and 397.9 eV (pyrrolic N).45 The O 1s spectrum
(Fig. 3d) shows three peaks at 529.9 eV, 531.2 eV and 532.5 eV,
attributed to C]O, C–OH, C–O–C functional groups, respec-
tively.46 Thus, the structure of the synthesized GOQDs is
conrmed to be a carbon core substituted with pyridinic and
pyrrolic nitrogen and anchored with hydroxyl, carboxyl and
epoxy groups. The elemental mapping of the composite is
provided in Fig. S3, SI.
3.2 GOQDs as SERS substrate

The performance of GOQDs as SERS substrate was examined for
the detection of RhB. The SERS enhancement effects of GOQDs
substrate is measured with 785 nm laser excitation in the
presence of 1 mM RhB, as shown in Fig. 4. Interestingly,
a signicant enhancement in Raman peaks of RhB at
1648 cm−1, 1508 cm−1, 1364 cm−1, 1194 cm−1, 762 cm−1 and
634 cm−1 is observed on GOQDs substrate. The enhancement
response is probably facilitated by the reduction of non-
radiative oxygen-containing functional groups in GOQDs.20

The SERS enhancement mechanisms are primarily attributed to
the electromagnetic enhancement (EM) and chemical
enhancement (CM) factors. EM arises from the localized elec-
tromagnetic eld, mainly in the presence of metallic compo-
nents, while CM involves charge transfer phenomena. Ling et al.
reported that p–p stacking between graphene and absorbed
molecules can reduce the distance between the molecules and
the substrate, promoting efficient charge transfer from the
1s (c), O 1s (d) of GOQDs respectively.

RSC Adv., 2026, 16, 14535–14546 | 14539
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Fig. 4 Raman spectra of 1 mM RhB using GOQDs as SERS substrate.
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substrate to the target molecules.47 In the case of GOQDs, their
larger surface areas with more accessible edges and dangling
bonds enhance the adsorption of target molecules. Liu et al.
described the dangling bonds in GOQDs as hot spots that can
adsorb or trap RhB molecules.19 In the current study, the
effectiveness of GOQDs as a SERS substrate can be attributed to
the following reasons. The sp2 domains in GOQDs have higher
electronic charge content, facilitating maximum charge transfer
to the target molecules via p–p interaction.17,20 Due to the high
absorption of RhB, strong SERS signal was observed.
3.3 GOQDs as green reducing agent

The inherent reducing capability of GOQDs is oen checked for
the reduction of metal salts leading to the growth of metallic
nanoparticles. The system served as an environmentally benign
Fig. 5 (a) Photograph of PdNPs@GOQDs. (b) TEM image of PdNPs@GOQ
XRD of PdNPs@GOQDs. (f) Comparison of XPS spectra of GOQDs and Pd
(h) UV-vis absorption spectrum of PdNPs@GOQDs. (i) Comparison of FT

14540 | RSC Adv., 2026, 16, 14535–14546
reducing agent for Pd(II) reduction reaction. The synthesized
PdNPs@GOQDs is characterized using XRD analysis, TEM
analysis, UV-vis spectroscopy and FT-IR spectroscopy. Digital
image showing the brown coloured solution of PdNPs@GOQDs
is displayed in Fig. 5a. TEM image of PdNPs@GOQDs given in
Fig. 5b–d shows the SAED pattern of the system. The average
particles size of PdNPs determined from the HR-TEM analysis
was ∼2.8 nm. The bare GOQDs were formed as spherical
particles with an average size of 2.2 nm as evident from Fig. 1b.
In contrast, the PdNPs@GOQDs exhibit a micro sized sheet
structure in which the PdNPs with spherical shape were
encapsulated by GOQDs (Fig. 5b), revealing that the GOQDs
have aggregated and transformed to a sheet during the forma-
tion of PdNPs@GOQDs. It is noted that homogeneous disper-
sion of ultrane smaller size PdNPs are formed on the surface of
GOQDs sheets. Fig. 5c identied the lattice fringes to be
0.22 nm, matching with the previous reports on PdNPs.26,48,49

The d-spacing value calculated from the SAED pattern (Fig. 5d)
matches with that of (111) and (311) planes of PdNPs, as derived
from the XRD pattern. Fig. 5e shows the XRD pattern of
PdNPs@GOQDs, which reveals high crystalline nature of the
system. When the peaks characteristic for carbon material are
analysed, a striking feature noted was the lower intensity of
peaks at 8.5° and 17.5° in comparison with the starting GOQD
system, while new peaks are present at 21.9°, 25.7°, 33.4°, 39.7°,
42.5°, 60.2° and 71.6°.50 Thus it is clear that the addition of
Pd(II) changes the structural features of GOQDs. The decrease in
the intensity of the rst two peaks are likely due to the reduced
number of functional groups present. Four Bragg's peaks were
obtained at 2q values 41.2°, 47°, 68.9° and 81.7°, corresponding
to (111), (200), (220) and (311) lattice planes of face centered
cubic crystal structure for PdNPs. The peak at 2q = 41.2° is
originated due to the f.c.c crystal structure of PdNPs.48,51,52 XRD
analysis and TEM studies thus conrm the formation of PdNPs
on GOQDs microsheets. Along with the usual peaks on carbon
Ds (c) zoomed TEM image and the lattice fringes. (d) SAED pattern. (e)
NPs@GOQDs. (g) Deconvoluted Pd 3d XPS spectra of PdNPs@GOQDs.
-IR spectra of GOQDs and PdNPs@GOQDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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core, oxygen and nitrogen, peak originating from Pd (0) is noted
at 341.8, 535.7 and 566 eV signifying Pd(3d), Pd(3p3/2) and
Pd(3p1/2) states in the XPS plot (Fig. 5f and g).53,54 The peak at
535.7 eV of Pd(3p3/2) overlaps with binding energy of O 1s. The
splitting of Pd(3d) yielded peaks at 336.4 and 341.6 eV corre-
sponding to Pd(0) state (Fig. 5g), assigned respectively to
Pd(3d5/2) and Pd(3d3/2).55,56 The additional pair of peaks found
at 337.7 and 342.8 eV are indicative of the presence of Pd2+ in
the solution. UV-vis spectroscopy is extensively used to conrm
the synthesis of nanocomposites and nanoparticles, by the
corresponding surface plasmon resonance (SPR) peaks. The
broadness, intensity and specic position of SPR peak is
changed with the change in size and morphology of the nano-
particles. The peak appeared at 280 nm (Fig. 5h) indicates the
formation of PdNPs. It is known that the surface plasmon
resonance peak of small PdNPs is located in the UV region,
resulting in a dark brown color as obtained in the present case
(Fig. 5a). These matches with previous results.52,57,58 A compar-
ison of the FTIR spectra of GOQDs and the PdNPs@GOQDs
system is shown in Fig. 5i. Though the spectral patterns are
closely similar, the intensities of the bands corresponding to
functional groups, particularly oxygen functionalities, have
decreased. This decrease in intensity may be attributed to their
involvement in the reduction process, vis., to the conversion of
Pd(II) to Pd(0).
3.4 Applications of PdNPs@GOQDs

3.4.1 PdNPs@GOQDs as SERS substrate. Metal nano-
particles as well as graphene matrix are well established SERS
substrates. To estimate the SERS activity of their combination,
vis., the PdNPs@GOQDs, RhB molecule was chosen as the
analyte. A signicant enhancement in the Raman peaks of RhB
at 1648 cm−1, 1508 cm−1, 1364 cm−1, 1194 cm−1 and 634 cm−1

are observed on PdNPs@GOQDs substrate (Fig. 6a). Compared
to GOQDs the signal intensity of the PdNPs@GOQDs substrate
is many fold higher, indicating the involvement of PdNPs also
in the process. From the perspective of the electromagnetic
enhancement mechanism (EM), the enhancement of Raman
signal is mainly due to the local electromagnetic elds which is
Fig. 6 (a) Comparison of SERS enhancement of analyte signal on GOQ
PdNPs@GOQDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
amplied because of the excitation of localized free electrons
causing collective oscillation (surface-plasmon resonance) in
the metal. The electromagnetic eld is highly localized in
narrow regions (interparticle or particle–substrate nanogaps),
which is called ‘SERS hotspots’. These hotspots occupy less than
1% of the total area, but contribute almost 50% of the SERS
intensity.59 From the perspective of chemical enhancement
mechanism (CM), the enhancement effect is linked to the
degree of contact between the substrate and the target
molecules.

GOQDs, with their intrinsic p–p layer structure, allow for
closer contact with RhB molecules through p–p stacking.
Additionally, while many oxygen functional groups on the
surface of the GOQDs are consumed during the formation of
PdNPs@GOQDs compounds, some remain on the surface.
These groups contribute to the electronegativity and hydro-
philicity of GOQDs, improving their ability to adsorb RhB
molecules through electrostatic interactions, because RhB is
a cationic dye. These two enhancement factors facilitate
adsorption of RhB molecules, facilitating charge transfer
between PdNPs@GOQDs compounds and RhB molecules,
guiding the RhB molecules precisely to the “hot spot” sites,
resulting in a higher SERS signal compared to GOQDs alone.60

Fig. 6b shows the concentration dependent SERS enhancement.
The limit of detection of the analyte is found to be 5 mM. The
SERS enhancement factor for the composite is found to be 3 ×

106. A comparison of the performance with GOQD/metal based
systems is given in Table S1, SI. Enhanced performance of
PdNPs@GOQDs in SERS activity is evident from a comparison
of the system with pure palladium nanoparticles and physically
mixed palladium nanoparticles and GOQDs (Fig. S4a, SI). SERS
activity of the system is further conrmed using an aromatic
nitro compound and pesticide (Fig. S4b and c, SI).

3.4.2 Catalytic activity of PdNPs@GOQDs in reduction
reaction. PdNPs@GOQDs system was also examined for their
catalytic activity in reduction reactions, for which aromatic
nitro compounds were selected as the reactants. To assess this,
hydrogenation of 4-nitro phenol (4-NP) was attempted,
following the procedure described in Section 2.4. The
Ds & PdNPs@GOQDs for RhB. (b) Different concentrations of RhB on

RSC Adv., 2026, 16, 14535–14546 | 14541
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Table 1 Results of Nitro compounds reduction using PdNPs@GOQDs
as catalysts

Entry Substrate Product Isolated yield

1 99%

2 98%

3 88%
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concentration of NaBH4 was maintained 100 fold excess than
that of 4-NP during the reaction, so that pseudo-rst-order
kinetics for the catalysis was ensured. The above-mentioned
conversion was indicated by the change in colour of the pale
yellow solution to bright yellow. Nitrophenolate ion shows
characteristic absorbance at 400 nm, which remained
unchanged till the addition of 100 mL PdNPs@GOQDs solution
into it. With the introduction of PdNPs@GOQDs, a decrease in
the absorbance at the said value was observed, denoting the
reduction of 4-NP. Concomitant formation of a new peak
around 292 nm was also noticed (Fig. 7), signifying the forma-
tion of 4-amino phenol (4-AP), the desired product of hydroge-
nation of 4-NP, demonstrating the catalytic activity of
PdNPs@GOQDs. The possible mechanistic pathway to the
product is represented in Fig. S5, SI.

3.4.3 Hydrogenation of nitroarenes using PdNPs@GOQDs.
PdNPs@GOQDs are further administered for reducing other
signicant nitroarenes, to corresponding aminoarenes. Aniline
and its derivatives have found widespread applications in the
design and synthesis of pharmaceuticals, dyes, polymers,
functional materials and supramolecules.61 As the direct intro-
duction of an amino group onto readily available aromatic
feedstock chemicals is impractical, their nitration and subse-
quent reduction is the most popular approach towards the
synthesis of aromatic amines. The reduction of nitroarenes to
corresponding anilines are generally carried out via homoge-
nous and heterogenous reduction using catalysts based on
metals such as Pd, Pt, Rh, Ir, etc. Among such methods, Pd-
based heterogenous catalysis is especially attractive due to the
high levels of selectivity, efficiency and options for catalyst
recovery and reuse.

R-NO2 �����������!PdNPs@GOQDs

NaBH4 ; H2O 25 �C; 30 min
R-NH2

The use of Pd-based nano catalysts enhance the above-
mentioned advantages due to the favourable virtues of
nanoparticles.67–71 In view of the above, it appeared attractive to
test the utility and efficiency of the developed PdNPs@GOQDs
nanocatalyst in the reduction reaction of nitroarenes. The
experimental aspects concerned are provided in Section 2.5.
Fig. 7 Change in UV absorbance of 4-NP during the catalytic
hydrogenation to 4-AP using PdNPs@GOQDs.

14542 | RSC Adv., 2026, 16, 14535–14546
The results of the study are given in Table 1. The NMR data and
spectra of the synthesized aniline and its derivatives are
provided in Table S2 and Fig. S8, SI. The UV-vis spectral data of
the reactants and the products obtained aer the reaction are
provided in Fig. S6, SI.

As a pilot reaction, the reduction of nitrobenzene to aniline
was investigated using the PdNPs@GOQDs as the catalyst,
sodium borohydride as hydrogen source in deionised water at
room temperature. Pleasingly, in just 30 minutes, nearly
quantitative yield of aniline was obtained aer work up and
isolation of the reactionmixture. Moreover, the PdNPs@GOQDs
catalyst was effective in promoting the reduction of a few
functionalised nitroarenes as shown in Table 1. Importantly,
sensitive functionalities such as nitrile and ester groups were
tolerant under the reaction conditions to generate the corre-
sponding anilines in 98% and 70% isolated yields (entries 2 and
5). However, the treatment of 3-nitroacetophenone under
identical reaction conditions resulted in global reduction
leading to the formation of a secondary alcohol-bearing aniline
in 88% yield. At this context, it is reasonable to compare the
catalytic activity of PdNPs@GOQDs with other reported
4 99%

5 70%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of catalytic activity of various palladium catalysts for the reduction of nitrobenzene

Sl. no. Catalyst Solvent Time (h) Temperature (°C) Yield (%) Ref.

1 Pd-gCN EtOH 4 70 99 62
2 PdNPs@Cell-N-GQD H2O 2 Room temperature 95 29
3 Pd-NPs@Oak Gum EtOH/H2O 1 50 96 63
4 PdNPs/RGO EtOH/H2O 1.5 50 98 64
5 PdCu/graphene EtOH/H2O 1.5 50 95 65
6 Pd/PEG4000 EtOH 1.5 Room temperature 100 66
7 PdNPs@GOQDs H2O 0.5 Room temperature 99 Present work
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systems. Nitrobenzene reduction is selected as the test reaction.
A comparison of reaction conditions, in terms of time,
temperature as well as solvent, is presented here (Table 2). It is
evident that the present system is denitely a preferable one
among the series. The catalyst is reusable up to 5 cycles, as
evident from the study conducted using nitrobenzene as reac-
tant (Fig. S7, SI). Aer ve cycles the yield is observed to be 90%.
4 Conclusion

Here, nitrogen doped Graphene Oxide Quantum Dots with
yellow luminescence are synthesized from ortho phenyl-
enediamine through hydrothermal method. The system is
explored as SERS substrate, using Rhodamine B as analyte. The
enhancement in the Raman signal is attributed to the signi-
cant charge transfer to the target molecules via p–p interaction.
The reduction capability of GOQDs, made them strong
contenders for metal nanoparticle synthesis, as exemplied by
the formation of Pd(0) from Pd(II). The presence of oxygen-
containing surface functional groups initiates the reduction
process, allowing these carbon particles to act as both reducing
and stabilizing agents in noble metal nanoparticle synthesis.
The SERS effect of PdNPs@GOQDs was analyzed and compared
with GOQDs, showing that PdNPs@GOQDs have enhanced
SERS effect. The excellent catalytic activity of PdNPs@GOQDs
was established using hydrogenation reaction of 4-nitrophenol.
Then PdNPs@GOQDs catalyst was further used for the reduc-
tion of various functionalized nitroarenes. Sensitive groups
such as nitrile and ester were well-tolerant, yielding the corre-
sponding anilines with isolated yields of 98% and 70%,
respectively, showing excellent catalytic activity of the system.
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