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Abstract Graphene quantum dots (GQDs) derived
from nanocellulose were prepared with and without
sulfuric acid pre-treatment, and applied in dye-sen-
sitized solar cells (DSSCs). Using nanocellulose, a
renewable carbon precursor from wood pulp, supports
the development of bio-based materials for bioenergy
and solar-to-electric energy conversion. Although
acid treatment enhanced —COOH functionalization,
excessive oxidation introduced structural defects that
increased charge recombination and reduced pho-
tovoltaic performance. Acid-free GQDs produced
higher photocurrent density than acid-treated sam-
ples, indicating better structural preservation and
charge transport. However, both systems underper-
formed relative to conventional N719-only cells due
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to limited visible-light absorption and energy-level
misalignment. Overall, acid-free synthesis offers
a more sustainable route to nanocellulose-derived
GQDs for environmentally friendly bioenergy and
solar cell applications.
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Introduction

The transition toward sustainable and low-carbon
energy technologies has accelerated research on
bioenergy-enabling materials—functional materials

F. Arith

Faculty of Electronics and Computer Technology

and Engineering, Universiti Teknikal Malaysia Melaka,
Durian Tunggal, 76100 Hang Tuah Jaya, Melaka, Malaysia

P. S. Menon

Institute of Microengineering and Nanoelectronics,
Universiti Kebangsaan Malaysia (UKM), 43600 Bangi,
Selangor, Malaysia

N. A. Romli

Faculty of Computer and Mathematical Sciences,
Universiti Teknologi MARA (UiTM) Perlis Branch,
02600 ArauPerlis, Malaysia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-026-07045-9&domain=pdf

4058

Cellulose (2026) 33:4057-4075

derived from biological resources that facilitate
renewable energy generation and storage. Energy-
related applications, such as supercapacitors, bat-
teries, and solar cells, have attracted significant
attention owing to the global demand for efficient
and sustainable energy solutions (Mahalingam et al.
2016). Among these, dye-sensitized solar cells
(DSSCs) have emerged as a promising alternative to
traditional silicon-based photovoltaics due to their
low production cost, environmental friendliness,
and ease of fabrication (Abdullah et al. 2021). How-
ever, the efficiency of DSSCs is often limited by
factors such as insufficient light absorption, charge
recombination, and inefficient electron injection. To
address these limitations, researchers have explored
various strategies, including the incorporation of
co-sensitizers (Onyemowo et al. 2024).

Co-sensitization involves the introduction of
a secondary light-absorbing material in conjunc-
tion with the primary dye. This approach aims
to broaden the spectral response of the device,
improve light harvesting, and facilitate more effi-
cient charge transfer (Li et al. 2014). Graphene
quantum dots (GQDs) have attracted significant
attention as potential co-sensitizers due to their tun-
able optical properties, high surface area, and excel-
lent electron-transport capabilities (Mahalingam
et al. 2021).

Quantum dot-sensitized solar cells have tunable
bandgaps, high absorption coefficients, and the poten-
tial for multiple-exciton generation (Zeng et al. 2024).
Chou et al. used green fluorescent GQDs (~530 nm)
as a co-sensitizer with the N719 dye (Chou et al.
2023). The DSSC efficiency increased by 20%, pri-
marily due to enhanced light absorption. In 2020,
Jahantigh et al. synthesized nitrogen-doped GQDs
with highly orange luminescence (~590 nm) and
employed them, together with the N719 dye, as co-
sensitizers in DSSCs (Jahantigh et al. 2020). They
achieved a 40% increase in efficiency, which was
attributed to enhanced light absorption. Mihalache
et al. explained the dual role of co-sensitizers-GQDs
as donors and acceptors for charge separation and
collection, realizing a cascaded type-II alignment
(Mihalache et al. 2015). However, the open-circuit
voltage (V,.) decreased by 30 mV compared to the
conventional DSSC. This event can be attributed to
GQDs’ surface defects and trap states, which can trap
electrons or facilitate recombination, thereby reducing
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Voc (Mihalache et al. 2015; Korir et al. 2024). Thus,
surface modification of GQDs is essential.

Surface modification in GQDs enhances disper-
sion, improves charge transfer, and reduces recom-
bination (John et al. 2021). GQDs tend to aggre-
gate, which can hinder their performance. Surface
modification can introduce functional groups that
enhance their dispersion in solvents, resulting in a
more uniform distribution within the DSSC (Saxena
and Aswal 2015). Surface defects on GQDs can act
as recombination centers (Rabeya et al. 2022). Sur-
face modification can passivate these defects, thereby
minimizing electron-hole recombination and enhanc-
ing photocurrent density (J.) and V. (Fu et al. 2020).
Common surface modification techniques include
functionalization with organic molecules (Qian et al.
2013), polymer coating (Gong et al. 2025), elemental
doping (Mahalingam et al. 2025), acid or base treat-
ment (Mahalingam et al. 2023), and plasma treat-
ment (Yeh et al. 2024). Acids, particularly strong
oxidizing acids such as nitric acid and sulfuric acid
(H,SO,), can introduce oxygen-containing functional
groups (carboxyl, hydroxy, epoxy) onto the GQDs’
surface (Mahalingam et al. 2021). These functional
groups enhance the hydrophilicity and dispersibility
of GQDs in polar solvents. Acid treatment can also
break down larger carbon structures into smaller
GQDs, thereby enabling some degree of size control
(Rasheed et al. 2024). However, acids such as hydro-
chloric acid and H2SO4 can cause severe oxidation,
potentially damaging the GQDs’ structure and reduc-
ing their conductivity (Bae et al. 2024).

H,S0O,, due to its strong oxidizing nature, can etch
the GQDs’ surface, leading to vacancies, edge defects,
and structural disorder (Hu 2022; Rabeya et al. 2022;
Manjubaashini et al. 2024). Missing carbon atoms
create holes in the GQDs lattice. Edge defects intro-
duce functional groups at the edges of GQDs. Rabeya
et al. reported that structural disorder in GQDs dis-
rupts the sp2 carbon network and alters their elec-
tronic properties, including conductivity and charge-
transfer behavior (Rabeya et al. 2022). They also
noted that the etching process can increase surface
area, which may be beneficial or detrimental depend-
ing on the specific application and degree of oxida-
tion. Notably, in this study, the GQDs were derived
from nanocellulose, a sustainable and abundant bio-
material. Unlike previous co-sensitization studies that
used doped (Jahantigh et al. 2020) or plasma-treated
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(Yeh et al. 2024) GQDs to enhance DSSC efficiency,
this work investigates the impact of acid-free versus
acid-treated synthesis pathways on GQDs derived
from nanocellulose. Most prior studies focused on
maximizing functionalization (e.g., via nitrogen dop-
ing) (Jahantigh et al. 2020) to improve charge trans-
fer, but did not examine how excessive oxidation may
degrade performance. The current work’s findings
reveal that while acid treatment enhances surface
—COOH groups, it also introduces structural defects
that reduce charge mobility and increase recombina-
tion. This nuanced trade-off has not been documented
in prior reports, suggesting that moderate functionali-
zation, rather than aggressive oxidation, may be more
beneficial for GQD-based co-sensitizers.

Among renewable precursors, nanocellulose offers
a sustainable pathway to produce carbon nanostruc-
tures owing to its high carbon content, nanoscale
crystallinity, and abundance from wood pulp. Using
nanocellulose as a carbon source not only reduces
reliance on fossil-derived graphitic materials but also
directly supports the bioenergy framework by valor-
izing biogenic feedstocks. Nanocellulose, extracted
from plants, exhibits remarkable properties, includ-
ing a high surface area, excellent mechanical strength,
and biodegradability (Rahighi et al. 2021). These
characteristics make it an attractive precursor for
GQD synthesis. Utilizing nanocellulose as a starting
material leverages its inherent advantages, contribut-
ing to a more environmentally friendly and sustain-
able approach to DSSC fabrication. The high surface
area of nanocellulose, in particular, facilitates the
efficient formation of GQDs with controlled size and
morphology. Furthermore, the inherent functional
groups in nanocellulose can facilitate surface modifi-
cation of the resulting GQDs, thereby enhancing their
interaction with the TiO, photoanode and the dye.

Despite increasing interest in biogenic carbons,
the transformation of nanocellulose into graphene
quantum dots and their implementation in dye-sen-
sitized solar cells remain largely unexplored. This
study bridges that gap by synthesizing nanocellulose-
derived GQDs and demonstrating their potential as
bioenergy-enabling materials for efficient solar-to-
electric energy conversion. This work extends beyond
a simple material comparison by demonstrating how
the sustainable, acid-free synthesis of nanocellulose-
derived GQDs affects not only surface chemistry
but also the underlying electronic structure, which

is critical for solar cell operation. Through system-
atic characterization, we demonstrate that strong-acid
oxidation introduces trap states and shifts the lowest
unoccupied molecular orbital (LUMO) level, thereby
impairing electron injection into TiO,. In contrast,
acid-free GQDs exhibit more favorable energy align-
ment and reduced recombination losses. These find-
ings highlight the importance of tuning both surface
functionalization and electronic levels to optimize
charge dynamics in GQDs-based DSSCs and support
the use of green synthesis pathways for advancing
next-generation photovoltaic materials.

The hypothesis is that acid treatment would
enhance —COOH functionalization, improving dis-
persion and interfacial charge transfer, but might also
introduce structural defects that promote recombina-
tion. The findings confirmed this trade-off: as func-
tionalization increased, defect-induced recombination
dominated, reducing DSSC performance. This work
emphasizes the importance of balancing function-
alization and structural integrity in GQD synthesis to
achieve optimal solar cell efficiency.

Methodology
Materials

The nanocellulose used in this work was purchased
from CelluForce (Canada). Nanocrystalline cellulose
(NCCO) is extracted from wood pulp obtained from
PEFC-certified sources. According to CelluForce, its
purity is 80-100 wt.% and contains up to 6% moisture
depending on the environment (cellulose is hygro-
scopic and will adsorb moisture from the atmos-
phere). It is prepared by acid hydrolysis, followed by
neutralization, washing, and drying.

Synthesis of acid-free GQDs

8.33 mg of nanocellulose is dissolved in 10 mL of DI
water. The mixture was then ultrasonicated for 10 min
to form a homogeneous dispersion. The nanocel-
lulose dispersion is transferred to a microwave-safe
vessel. The dispersion is microwave-irradiated at
120 °C for 2h at 600 rpm. The microwave power set-
ting is 100-120W, and the pressure is~2.1 bar during
heating. After microwave treatment, the solution is
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centrifuged at 12,000 rpm for 15 min to separate the
GQDs from the reaction mixture. The GQDs super-
natant is filtered using a 0.22 um poly (tetrafluoroeth-
ylene) membrane filter to remove larger particles or
impurities. The collected, acid-free GQDs are puri-
fied and dialyzed in a 1000-Da dialysis bag.

Synthesis of acid-treated GQDs

8.33 mg of nanocellulose is added to 5 mL of DI
water. Then, 5 mL of 30% H,SO, is added to the
nanocellulose mixture solution. Both mixtures were
sonicated for 10 min to form a homogeneous disper-
sion. The nanocellulose dispersion is transferred to a
microwave-safe vessel. The dispersion is microwave-
irradiated at 120 °C for 1h at 600 rpm. The micro-
wave power setting is 100-120W, and the pressure
is~2.1 bar during heating. The reaction time was
shorter than that for acid-free GQDs because the
reaction is slow in the absence of a catalyst (H,SO4).
Thus, acid-free GQDs and acid-treated GQDs con-
sumed 2h and 1h, respectively, under microwave
irradiation. After microwave treatment, the solution
is centrifuged three times at 12,000 rpm for 15 min
to separate the GQDs from the reaction mixture. The
GQDs supernatant is filtered using a 0.22 um poly
(tetrafluoroethylene) membrane filter to remove any
larger particles or impurities. The collected acid-
treated GQDs are further purified and dialyzed in a
1000 DA dialysis bag.

Fabrication of GQDs-based DSSCs

The photoanode was prepared using commercial TiO,
paste (Ti-Nanoxide T/SP; Solaronix S.A.; Switzer-
land). The TiO, paste was coated onto fluorine-doped
tin oxide conductive glass using the doctor-blade
technique to create an active area of 0.25 cm?, and
then annealed in a dry furnace at 300 °C for 30 min.
The annealed TiO, photoanode was post-treated
with TiCl,. Simultaneously, the synthesized GQDs
and N719 ruthenium dye (Ruthenizer 535-bisTBA;
Solaronix S.A., Switzerland) were mixed using a
magnetic stirrer for 30 min on a hot plate (Mahal-
ingam et al. 2022). Subsequently, the photoanodes
were immersed in a GQDs + N719 mixture for 24h at
60 °C. The photoanode was then sandwiched between
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two FTO glass substrates, with platinum (Platisol-T;
Solaronix S.A., Switzerland) used as the counter elec-
trode. Both electrodes are separated by a Parafilm bar-
rier, through which a drop-cast electrolyte (Iodolyte
HI-30; Solaronix S.A., Switzerland) is deposited.

Characterizations

X-ray diffraction (XRD) (D8 Advance, Bruker
AXS, Germany; 40 kV, 40 mA; Cu Kal; Universiti
Kebangsaan Malaysia, Malaysia) was used to iden-
tify the phase structure of nanocrystalline cellulose.
XRD data were analyzed using Rietveld refinement
via Materials Analysis Using Diffraction (MAUD)
software  (https://luttero.github.io/maud/).  High-
resolution transmission electron microscopy (HR-
TEM) (JEM-2100F, 200 kV FE, JEOL; Universiti
Putra Malaysia, Malaysia) was used to character-
ize the nanocellulose dispersion and the GQDs. The
optical characterization was conducted using an
ultraviolet—visible (UV-Vis) spectrometer (Perkin
Elmer Lambda 35; Universiti Kebangsaan Malaysia,
Malaysia) and a photoluminescence (PL) spectrom-
eter (Perkin Elmer Lambda 35; Universiti Kebang-
saan Malaysia, Malaysia). The structural properties of
the samples were analyzed using a confocal Raman
Microscopy system (Technospex uRaman-Ci; Nikon
Eclipse Ci L laser microscope; Universiti Kebangsaan
Malaysia, Malaysia). The chemical characterization
was carried out using Fourier transform infrared spec-
troscopy (FTIR) (Agilent Technologies Cary 630;
Universiti Kebangsaan Malaysia, Malaysia). The cur-
rent density—voltage (J-V) characteristics (AutoLab)
of the DSSC were measured under a standard illu-
mination level of 100 mW/cm? using an AAA class
solar simulator (ORIEL Sol3A, Newport; Universiti
Tenaga Nasional, Malaysia). Multiple devices (five
DSSCs per case) were prepared to ensure the reliabil-
ity of the results. Electrochemical impedance spec-
troscopy (EIS) was used to study electron transport
(Keithley instrument, Newport; Universiti Tenaga
Nasional, Malaysia). The external quantum efficiency
(EQE) was measured using a Bentham PVE300-IVT
(Universiti Kebangsaan Malaysia, Malaysia). The
density-functional theory (DFT) calculation for the
GQDs was performed using Quantum Espresso, an
open-source software package for electronic-structure
calculations and nanoscale materials modeling. The
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energy density is calculated using the generalised gra-
dient approximation with the PBE functional, a cutoff
frequency of 250 Ry, and a cutoff charge of 225 Ry.

Results and discussions
Nanocrystalline cellulose

The XRD diffractogram of NCC shows a semi-crys-
talline cellulose IP structure (Fig. 1). NCC was ana-
lyzed using Rietveld refinement in MAUD, and the
fitted profile is shown in red. The refinement was
based on the crystal structure of cellulose I reported
by Nishiyama et al. (2002), and employed standard
models suitable for anisotropic, fibrous cellulosic
materials. The refinement proceeded in a stepwise
manner to ensure stability and convergence.

A Chebyshev polynomial background function
with 3 coefficients to environmental background
correction from the blank XRD substrate holder.
The phase scale factor (or incident beam intensity)
is used to match the overall intensity level. Unit cell
parameters are refined to [a=7.735 A, b=28.346 A,
c=10.172 A, y=96.15°], remaining in close agree-
ment with the starting values from Nishiyama et al.
(2002). Preferred orientation using the March-Dollase
model with the preferred axis along the {001} family
of planes (c-axis direction). The March-Dollase coef-
ficient (0.5) is consistent with the typical fiber-like
alignment in cellulose materials that suppresses the

intensity of the (004) reflection at 20 ~34.5°. Profile
broadening parameters: An initial isotropic crystallite
size and microstrain were refined to provide a stable
baseline fit. The final weighted profile R-factor (Rwp)
was 2.93%, with a goodness-of-fit parameter of 1.887,
indicating a satisfactory fit to the experimental data
given the complexity of the microstructure and the
presence of preferred orientation. The difference plot
showed good agreement across the pattern, including
reasonable modeling of the 004 peak after inclusion
of the anisotropic size terms.

An explicit amorphous phase was tested by dupli-
cating the cellulose I phase, binding structural and
cell parameters, assigning a fixed isotropic crystal-
lite size of 1.2 nm to model short-range disorder, and
reducing the background polynomial to 1 coefficient.
However, the amorphous scale factor was refined to
effectively zero, with no meaningful improvement in
Rwp or residuals compared to the crystalline-only
model.

The d-spacing and crystallite size of (1-10), (110),
(012), (200), and (004) planes were tabulated in
Table 1 (Nishiyama et al. 2002; French 2014). The
corresponding crystallite size distribution from 5.1 to
11.2 nm indicates heterogeneous domain sizes, which
are common in acid-hydrolyzed NCC (Haouache
et al. 2022; Park et al. 2010). The dramatic differ-
ence between planes reflects anisotropy in cellu-
lose crystallites, with ordering along the chain axis
(004) plane, which tends to produce larger coherent
domains, whereas lateral planes show smaller sizes
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Fig. 1 X-ray diffraction spectra of nanocrystalline cellulose with a crystalline model, b amorphous model, and ¢ graphical represen-

tation of the cellobiose unit cell crystal
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Table 1 Crystallite size and d-spacing of nanocrystalline cel-
lulose

29 (°) d-spacing (nm) Plane (hkl) Crystal-
lite size
(nm)
14.38 0.590 (1-10) 5.10
16.03 0.532 (110) 5.51
20.43 0.434 012) 7.32
22.61 0.391 (200) 5.53
34.53 0.258 (004) 11.22

due to hydrolysis-induced fragmentation. The crystal-
line cellulose domains contribute to ordered carbon
frameworks, while amorphous regions provide oxy-
gen-rich functional groups that enhance luminescence
properties (Jin et al. 2023).

Structure of nanocellulose dispersion

Figure 2 shows the HR-TEM images and SAED
diffraction patterns of acid-free and acid-treated
nanocellulose dispersions. The HRTEM micro-
graphs clearly demonstrate the structural transfor-
mation induced by sulfuric acid hydrolysis. While
the untreated nanocellulose exhibits highly bundled
fibrous aggregates, typical of strong intermolecular
hydrogen bonding, the acid-treated sample displays
individual whisker-like nanocrystals with improved
dispersion due to electrostatic repulsion from sulfate
groups introduced during hydrolysis. This is because

acid treatment can disrupt hydrogen bonding among
nanocellulose fibers, resulting in a more dispersed
structure (Niu et al. 2017).

Structure of graphene quantum dots

Figure 3 shows the HR-TEM images and SAED dif-
fraction patterns of acid-free and acid-treated GQDs.
The acid-free GQDs were still observed with some
degree of aggregation, the same as in the dispersion
form (Fig. 2a). Meanwhile, the acid-treated GQDs
were separated individually. The absence of clumps
indicates that the acid treatment effectively disrupts
interparticle interactions, thereby improving GQD
dispersion. This could be due to the introduction of
hydrophilic functional groups (-OH, -COOH) during
the acid treatment, which enhances the solubility and
dispersibility of the GQDs.

Besides, acid-free GQDs are bigger (average size:
19.27 nm) than the acid-treated GQDs (average size:
13.64 nm). Although acid-free GQDs are bigger, all
the quantum dots’ sizes are almost similar (uniform
particles). The acid-treated GQDs exhibit a size dis-
tribution of 6.59—-19.21 nm (non-uniform particles).
The larger average size of acid-free GQDs might be
attributed to the absence of strong oxidizing agents
that could effectively break down larger graphene
structures into smaller GQDs. The broader size dis-
tribution of acid-treated ones indicates that the acid
treatment has introduced a wider range of sizes. This
could be due to the combined effects of structural

Fig. 2 HR-TEM images of a acid-free nanocellulose dispersion (aggregation is circled in yellow), and b acid-treated nanocellulose

dispersion
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Fig. 3 Acid-free graphene quantum dots of a HR-TEM image, b SAED pattern, and c lattice fringe, and acid-treated graphene quan-

tum dots of d HR-TEM image, e SAED pattern, and f lattice fringe

defects resulting from oxidative cleavage and edge
effects. The edge defects in GQDs can be observed
in Fig. 3c. Oxidative cleavage occurs when H,SO,
breaks down larger nanocellulose structures into
smaller fragments, leading to a broader size distri-
bution (Rabeya et al. 2022). The carbon edges are
more reactive and can be further oxidized by the acid,
resulting in larger, more irregular GQDs (Fig. 3c).
Furthermore, the SAED patterns indicate that both
acid-free and acid-treated GQDs are polycrystalline,
exhibiting ring-like diffraction patterns. However, the
acid-GQDs have random white spots around the ring.
Each white spot represents diffraction from a specific
crystallite within the selected area. The random distri-
bution of dots reflects the random orientation of these
crystallites. The presence of defects (vacancies, grain
boundaries) within the domains can also contribute to
the diffuse scattering and the appearance of random
dots. Acid treatment can introduce various defects
into the GQD structure, including oxygen-contain-
ing functional groups, vacancies, and edge defects

(Mahalingam et al. 2021). On the other hand, the
acid-free GQDs, with distinct hexagonal dots on the
ring, suggest the presence of small, ordered domains
within the GQDs that exhibit a graphene-like hexago-
nal lattice.

Accordingly, each individual GQD belonging
to acid-free has a single lattice fringe for acid-free
and various lattice fringes for acid-treated ones. The
acid-free GQDs exhibit lattice fringes of 0.2122
and 0.2186 nm, indicating more ordered, graphene-
like structures. The acid-treated GQDs exhibit lat-
tice fringes on a single quantum dot with lengths of
0.2516 nm, 0.2581 nm, 0.245 nm, and 0.2342 nm,
indicating structural disorder or the presence of dif-
ferent crystallographic planes.

The lattice spacing of~0.2 nm observed in both
acid and acid-free GQDs corresponds to the (100)
plane of the sp®> carbon lattice within individual
GQDs, rather than the interlayer spacing of stacked
graphene sheets. This is consistent with previous
reports on quantum-confined, single- or few-layer
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GQDs, which typically exhibit in-plane atomic
fringes of 0.21-0.24 nm. Li et al. (2012) reported a
lattice spacing of ~0.21 nm for N-GQDs from HR-
TEM, corresponding to the in-plane (100) lattice
of graphitic carbon. This differs from the interlayer
spacing of stacked graphene oxide or reduced gra-
phene oxide sheets. For example, Akhavan (2010)
reported an interlayer spacing of ~1 nm for graphene
oxide due to oxygen-containing groups and ~0.34 nm
for reduced graphene oxide after thermal reduction.
In contrast, the GQDs obtained in this work are indi-
vidual nanosized domains, and the~0.2 nm spacing
reflects their internal lattice periodicity rather than
interlayer stacking. This distinction confirms the for-
mation of crystalline GQDs rather than layered gra-
phene oxide or reduced graphene oxide sheets.

XPS
Figure 4 shows the XPS spectra of acid-free and

acid-treated GQDs. The high-resolution spectrum
of Cls of acid-free (Fig. 4a) is deconvoluted into

three surface components, corresponding to C=C
(284.5 eV), C-0 (286.2 eV), and C=0 (288.2 eV).
The strong peak at 284.5 eV corresponds to sp>
hybridized carbon atoms (C=C bonds), indicating
the graphitic nature of the GQDs (Eroglu and Metin
2023). On the other hand, acid-treated GQDs of Cls
(Fig. 4c) were deconvoluted into four surface compo-
nents, including C—C (285.0 eV), C—OH (285.7 eV),
C-0 (287.1 eV), and O=C—OH (289.2 eV). Follow-
ing the methodology of Akhavan et al. (2012), the
C 1Is XPS spectra quantify the —COOH functional
groups (~289.0 eV).

The acid-treated GQDs exhibit a —COOH peak
with~10% relative area, comparable to values
reported for chemically oxidized graphene oxide,
whereas acid-free GQDs show negligible —COOH
content (<2%). This confirms that acid treatment
induces substantial oxidation, which correlates with
observed structural defects and performance degra-
dation. The C—C bond represents sp> hybridized car-
bon atoms, which are more prevalent in disordered
regions (Nganglumpoon et al. 2024). There were

Fig. 4 XPS spectra of acid- (a) (b)
free GQDs a Cls and b ’;
Ols, and acid-treated GQDs m s
¢ Cls and d Ols, and band- &) z
gaps of e acid-free GQDs Z 2
and f acid-treated GQDs 'z e
2 =
=
283 285 287 289 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)
© 3 3
g s o
iy z
2 'z c-0
g g
5 =
282 284 286 288 290 292 528 530 532 534 536 538
Binding energy (eV) Binding energy (eV)
(e) )
i 149 eV :;:
g g 1.85eV
0 1 2 3 4 5 6 7 8 9 1 o 1/2 3 4 s 6 71 8 9 w

Binding Energy (eV)
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significantly enhanced peaks related to carbon—oxy-
gen bonds (C—0O, O=C—OH) at higher binding ener-
gies compared to acid-free GQDs. This demonstrates
the successful introduction of oxygen-containing
functional groups via acid treatment. These oxygen-
containing groups disrupt the sp® network, contribut-
ing to the disorder.

The emergence of the —COOH group (285.7 eV),
absent prior to treatment, demonstrates successful
surface functionalization of the GQDs. They make
the GQDs more hydrophilic, thereby improving their
dispersibility in water (Hsiao and Lin 2020). Theoret-
ically, —COOH groups in sensitizers are very useful
for anchoring the dye to the TiO, electrode, promot-
ing charge transfer (Zhang and Cole 2015). At the
same time, it is possible that the —COOH group is
associated with a defect site (Wang et al. 2016). The
acid is reacting at defect sites and edge sites (Wang
et al. 2016).

The high-resolution spectrum of Ols has a lower
intensity in acid-free GQDs (Fig. 4b) than in acid
(Fig. 4d) due to the lower oxygen content. There is
an additional peak in acid-free GQDs, with a weak
signal at 527.1 eV, corresponding to nanocellulose
decomposition products that may be present on the
GQDs’ surface. This may create surface states that
act as electron traps. A weak -COOH at 533.4 eV is
observed for acid-free GQDs, and a dominant peak
of -COOH is observed for acid-treated GQDs. This
observation suggests that the acid-treated GQDs con-
tain a high concentration of carboxyl groups. Moreo-
ver, the band gaps of GQDs were determined by the
XPS survey spectrum (Guo et al. (2020), Hudait et al.
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(2013), Grzadziel (2018) and found to be 1.49 eV and
1.85 eV for acid-free GQDs and acid-treated GQDs,
respectively.

UV-Vis and PL

Figure 5 shows UV-Vis and PL spectra of acid-free
and acid-treated GQDs. The acid treatment intro-
duces oxygen-containing functional groups, such as
carboxylic acids and hydroxy groups, onto the GQD
surface, as observed in the XPS results (Fig. 5). These
groups can significantly alter the electronic structure
of the GQDs, leading to a shift of the absorption edge
toward longer wavelengths (red shift) (Rani et al.
2023). However, the acid-treated GQDs exhibit only
UV absorbance, suggesting that the acid treatment
may have introduced defects or impurities that hin-
der visible-region absorption. Furthermore, the acid
treatment process can sometimes alter the size and
shape of GQDs. Smaller GQDs resulting from acid
treatment tend to exhibit a blue-shifted absorption
compared to larger ones due to quantum confinement
effects (Li et al. 2013).

Meanwhile, acid-free GQDs likely retain a higher
proportion of sp® carbon domains (aromatic struc-
tures) compared to acid-treated ones. These sp>
domains contribute to the n-n* electronic transitions,
which are responsible for the absorption in the visible
region. The absence of acid treatment might result in
fewer defects or impurities, leading to a more pristine
GQD structure with better optical properties in the
visible region.
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Fig. 5 a UV-Vis spectra, and b photoluminescence spectra of acid-free and acid-treated GQDs
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Accordingly, the blue-shifted PL emission of acid-
treated GQDs is likely due to a combination of strong
quantum confinement effects (resulting from their
smaller size) and the influence of surface functional
groups and defects introduced during acid treatment.
The smaller size of the acid-treated GQDs leads to
stronger quantum confinement. This results in a more
significant energy gap between the highest occupied
molecular orbital and the LUMO. Thus, upon excita-
tion, the electrons in acid-treated GQDs emit higher-
energy photons, resulting in blue Iuminescence
(A=432 nm). Acid treatment introduces oxygen-con-
taining functional groups that can influence electronic
transitions and emission properties.

The red-shifted PL emission of acid-free GQDs is
primarily attributed to weaker quantum confinement
effects (due to their larger size) and the electronic
properties of the more pristine sp> carbon domains
(Chen et al. 2020). Although the acid-treated GQDs
exhibit a blue-shifted emission—typically associated
with stronger confinement and smaller particle size—
their PL intensity is significantly lower, likely due to
non-radiative recombination pathways introduced by
structural defects.

Raman and FTIR

Raman spectra of acid-free and acid-treated GQDs
(Fig. 6 a) reveal distinct differences in structural
disorder. The acid-treated GQDs exhibit a higher
D band intensity and I_D/I_G ratio, indicating a
greater degree of defect formation and lattice distor-
tion due to strong oxidative treatment with H,SO,.
This is consistent with our XPS and PL results,
which show increased —COOH functionalization
and the presence of non-radiative recombination
centers. In contrast, the acid-free GQDs exhibit a
lower I_D/I_G ratio, indicating fewer defects and
improved retention of sp? carbon domains. Follow-
ing the approach of Akhavan et al. (2015), who used
Raman 2D band analysis to confirm graphene res-
toration after bioreduction, we note that our GQDs
exhibit broad and weak 2D bands. The 2D band
observed near~2700/cm in both samples is broad
and low in intensity, consistent with the presence
of disordered, multilayered graphene domains typi-
cal of functionalized GQDs. The weak 2D feature in
acid-free GQDs indicates limited graphitization. In
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Fig. 6 a Raman and b FTIR spectra of acid-free and acid-
treated GQDs

contrast, the broader 2D band in acid-treated GQDs
reflects increased disorder from oxidation, support-
ing the non-crystalline nature of the synthesized
dots.

FTIR analysis (Fig. 6 b) reveals that acid-treated
GQDs exhibit stronger absorption bands corre-
sponding to C—OH (~1400/cm), C—O-C (~ 1250/
cm), and C—H (~1100/cm) vibrations, indicating
extensive oxidation and the presence of oxygen-
ated functional groups. In contrast, acid-free GQDs
display a more pronounced C=C band at~ 1600/
cm, suggesting better preservation of sp? carbon
domains. These findings confirm that acid treatment
introduces significant structural disorder and sur-
face oxidation, consistent with Raman and PL data,
which collectively demonstrate that excessive oxi-
dation degrades charge transport and photovoltaic
performance.



Cellulose (2026) 33:4057-4075

4067

Table 2 Quantum yield of acid-free and acid-treated GQDs

Quantum dots Quantum
yield (%)

Acid-free GQDs 5.22

Acid-treated GQDs 9.67
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Fig. 7 J-V curves of conventional, acid-free, and acid-treated
GQDs-based DSSCs

Quantum yield

Quantum yield (QY) is calculated using the following
equation (Saafie et al. 2023).

I 0D5> g

Y=0Y: = )| =— || =
or=on (i) (3)(7) ®
where S and R represent the sample of GQDs and
R is the reference sample of quinine sulfate (0.1 M
H,S0,; QY =0.54; A, =350 nm). Meanwhile, I, OD,
and 7 are the photoluminescence, absorbance value,

and solvent’s refractive index (Saafie et al. 2023).

Table 2 tabulates the resulting QY of acid-free
and acid-treated GQDs. The acid-treated GQDs have
a higher QY than the acid-free ones due to the pres-
ence of surface functional groups that can influence
the electronic properties of GQDs, thereby affecting

their radiative and non-radiative decay rates (Qian
et al. 2013).

Current density—voltage analysis

Figure 7 demonstrates the J-V plots and the con-
forming photovoltaic parameters of conventional and
GQDs-based DSSCs. Table 3 records the correspond-
ing photovoltaic parameters. The V. remains nearly
the same across all DSSCs, indicating that the intro-
duction of GQDs did not alter it, whereas surface
modification (acid treatment) improved it. Although
the acid-free GQDs-based DSSC exhibited higher
power conversion efficiency () than acid-treated
ones, the 7 of both GQDs is still low compared to
conventional DSSCs. In Fig. 7, the higher photocur-
rent density observed for acid-free GQDs is attrib-
uted to their lower degree of oxidation. Without harsh
acid treatment, fewer defect states are introduced,
minimizing electron trapping and recombination with
the electrolyte or oxidized dye. This enables more
efficient charge transport, leading to superior DSSC
performance compared to acid-treated GQDs (Das
et al. 2018). Meanwhile, acid-free GQDs have fewer
defects, resulting in better performance than acid-
treated GQDs. However, recombination might still be
higher than in conventional DSSCs because co-sen-
sitization introduces additional interfaces within the
DSSC (Ashok Kumar et al. 2014). An EIS study was
conducted to further investigate electron transport
properties.

A significant change is observed in J,, where the
conventional DSSC exhibits a higher J . than the
acid-free GQDs. J,. depends on how efficiently the
dye (or co-sensitizers like GQDs) absorbs sunlight.
Theoretically, co-sensitization of GQDs with N719
was supposed to broaden the solar absorption spec-
trum and boost the J, (Chou et al. 2023). However, in
this study, the J,. of GQDs-sensitization is lower than
that of pure N719 dye sensitization. EQE was con-

ducted to explore the reason for the low J ., as J_ is
Table 3. J-vV par.ameters of DSSCs J.. (mA. Jem?) V. (V) FF (%)
conventional, acid-free, and
acid-treated GQDs-based Conventional 4.19+0.02 0.67+0.01 0.71+0.001 1.98£0.05
DSSCs Acid-free GQDs 3.94+0.005 0.65+0.01 0.7+0.01 1.79+0.06
Acid-treated GQDs 2.67+0.01 0.66+0.01 0.65+0.01 1.15+0.03
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directly proportional to the EQE spectrum integrated
over the solar spectrum (Ananda 2017).

External quantum efficiency

Figure 8 demonstrates the EQE of conventional and
GQDs-based DSSCs. The highest EQE was observed
for the conventional case, following the same trend as
n and J .. The cutoff wavelength (1., is related to
the bandgap energy (E,) using the expression wave-
length (nm)=1240/energy (eV) (Huang et al. 2021).
The E, for N719 (800 nm), acid-free GQDs+N719
(876 nm), and acid-treated GQDs+N719 (828 nm)
is 1.550 eV, 1.415 eV, and 1.497 eV, respectively.
The extended absorption into the near-infrared (NIR)
range by GQDs (at 876 nm for acid-free GQDs) may
seem beneficial. However, NIR photons have lower
energy and thus contribute less to the photocurrent.
Additionally, solar intensity in the NIR region is sig-
nificantly lower than in the visible range; therefore,
extending the absorption into the NIR may not yield
a substantial increase in J.. While GQDs absorb UV
light and potentially extend absorption into the NIR
region, their absorption cross-section is much smaller
than that of N719. As a result, their contribution to
the overall EQE and J is minimal.

Additionally, GQDs typically have a smaller band-
gap than N719. For example, the bandgap of acid-
free GQDs is ~1.415 eV, while N719’s bandgap

@ Springer
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corresponds to ~1.55 eV (as derived from the EQE
cutoff wavelength of 800 nm). When GQDs are co-
sensitized with N719, their absorption extends the
light-harvesting range into the NIR region, effec-
tively reducing the combined system’s E,. The EQE
measures the overall efficiency of electron genera-
tion across the entire spectral range of light absorp-
tion. The introduction of GQDs shifts the EQE cutoff
to longer wavelengths (lower energy), reflecting the
minor bandgap contribution of GQDs.

Although acid-free GQDs and conventional
DSSCs have similar EQEs in the UV region, the
conventional DSSC has a higher EQE in the vis-
ible region. Co-sensitization can introduce additional
recombination pathways due to the presence of mul-
tiple sensitizers with varying energy levels. Elec-
trons injected by N719 or GQDs may recombine with
holes before contributing to the photocurrent, reduc-
ing the EQE in the visible range. GQDs may create
charge-trap states, further reducing electron trans-
port efficiency in the visible range across the TiO,
photoanode.

On the other hand, the acid-treated GQDs show
low EQE even in the UV region. The acid treatment
introduces oxygen-containing functional groups
(—=COOH, —OH) on the GQDs’ surface, thereby cre-
ating trap states. These trap states may act as charge-
recombination centers, reducing electron-injection
efficiency into TiO, and lowering the overall con-
tribution of absorbed UV light to the photocurrent.
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Fig. 9 a Schematic diagram of GQDs-based DSSC, energy band diagram of b conventional DSSC (TiO,/N719), ¢ TiO,/acid-free
GQDs+N719, d TiOy/acid-treated GQDs +N719, and DFT of e acid-free GQDs, and f acid-treated GQDs

The UV region typically excites GQDs directly
(as observed in the UV-Vis spectrum, Fig. 4), so
low EQE in this region is often attributed to charge

trapping and recombination.

A detailed investigation

will be analyzed in the EIS section.
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Fig. 10 a Nyquist and fitting spectra of DSSCs and corresponding equivalent circuit models of b conventional, ¢ acid-free GQDs,

and d acid-treated GQDs

Figure 9 shows the energy band diagram of con-
ventional and GQDs-bsaed DSSCs. The conduction
band of TiO, lies at approximately — 4.8 eV, while
the excited state (LUMO) of N719 is at — 3.9 eV,
allowing efficient electron injection into TiO,. In
contrast, GQDs synthesized in this study (band gaps
determined by XPS) exhibit LUMO levels rang-
ing from — 4.5 to — 6.65 eV, depending on size and
surface state, which may be below the TiO, conduc-
tion band. This misalignment can hinder direct elec-
tron injection from N719 to GQDs. Furthermore,
the highest occupied molecular orbital of GQDs is
likely above the redox potential of the I"/I;~ electro-
lyte (~— 4.9 eV), making regeneration inefficient. As
a result, electrons excited in GQDs may recombine
before injection or contribute weakly to current gen-
eration. This supports the observation of reduced J.
and EQE in GQDs-based DSSCs compared to N719-
only cells.

The density of states of acid-free and acid-treated
GQDs is shown in Fig. 8d and e. The electron dis-
tribution in GQDs exhibits more electron delocali-
zation due to the 7m-conjugation in the sp? carbon
backbone structure. With the introduction of acid
treatment, the GQDs will have a —COOH functional
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group on their surfaces, which can induce localized
states from the non-bonding lone pairs of oxygen
atoms and the = orbitals introduced by the —COOH
groups. This causes the electron cloud to pull electron
density towards O, creating localized electronic traps
or states. The GQDs exhibit a delocalized w-electron
distribution, which is optimal for charge transport and
photoluminescence. Whereby GQDs—COOH reduce
carrier mobility but enhance redox activity and sur-
face reactivity, thereby tuning the bandgap and
improving charge-transfer interactions.

Electron transport analysis

Figure 10 represents the Nyquist and fitted Nyquist
plots of conventional, acid-free GQDs and acid-
treated GQDs-based DSSCs. The correspond-
ing equivalent circuit model is shown in the inset
of Fig. 10. The EIS constraints are tabulated in
Table 4. The electron lifetime (z,) and effective rate
constant (k,z) are determined using the following
equations (Scarabino 2020).
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where, f,,. is the maximum frequency of the
Nyquist spectra,

Series resistance, R represents the ohmic resist-
ance of the cell, including the contact resistance
between the electrodes and the electrolyte resist-
ance (Han et al. 2006). R, represents the resist-
ance to charge transfer at the TiO,/electrolyte inter-
face (Ali et al. 2018). A lower R, indicates faster
charge transfer and reduced recombination (Ali
et al. 2018). Acid-free GQDs exhibit a significantly
lower R, value than conventional DSSC, indicat-
ing improved conductivity and reduced contact
resistance. Acid-free GQDs, owing to their inher-
ent properties, may enhance the conductivity of the
TiO, film or facilitate better contact between the
electrodes and the electrolyte. However, acid-free
GQDs exhibit high Rct and a short electron lifetime,
leading to increased recombination (k,;="7692.31/s)
relative to conventional DSSCs. A higher R, indi-
cates that charge transfer is hindered, meaning elec-
trons are finding it more challenging to move from
the TiO, to the electrolyte, or that recombination
is increased (Kumar et al. 2017). Although acid-
free synthesis may avoid some defects introduced
by acid treatment, it can still introduce its own set
of surface defects or structural imperfections, as
evidenced by the XPS results. These defects can
impede electron transfer from TiO, to the elec-
trolyte. Moreover, the XPS results indicate that
the acid-free GQDs exhibit surface chemistry that
generates surface states that act as electron traps.
These trapped electrons can then recombine with
the electrolyte, increasing R_,. This is evident in the
HR-TEM image of the clumped dots of acid-free
GQDs (Fig. 3a), which provides more sites for elec-
tron-hole recombination, leading to higher R, and
a shorter electron lifetime.

Theoretically, functionalized GQDs with more
-COOH groups may enhance the efficiency of
GQDs (Mahalingam et al. 2021). However, in this
work, we found that the R is high for short 7,
in functionalized GQDs (acid-treated), thereby

reducing the overall DSSC efficiency. Acid treat-
ment, while introducing —COOH groups, can also
introduce other defects into the GQDs’ structure.
The presence of too many —COOH groups can
hinder electron transfer. They can create a dense
layer of insulating groups that impede the move-
ment of electrons (Martsinovich and Troisi 2011).
The excess of —COOH groups could also disrupt
the electron flow from the N719 dye (Martsinovich
and Troisi 2011). Furthermore, acid treatment can
alter the overall surface chemistry of the GQDs in
ways that are detrimental to DSSC performance.
As shown in the HR-TEM images, the acid-treated
GQDs are well dispersed, while the acid-free GQDs
are clumped. Even though the acid-free GQDs are
clumped, this clumping is not as detrimental as the
damage done to the GQDs by the acid treatment.

The conversion of renewable nanocellulose into
conductive and photoluminescent GQDs highlights
a sustainable route for fabricating active materi-
als in solar devices. By coupling a bio-origin car-
bon source with an efficient photoelectrochemical
process, this work advances the development of
bioenergy-enabling materials that support the inte-
gration of green feedstocks into renewable energy
technologies.

Conclusion

In summary, nanocellulose-derived graphene quan-
tum dots were successfully synthesized and demon-
strated effective performance in dye-sensitized solar
cells. Beyond their optoelectronic function, the use of
a renewable nanocellulose precursor underscores the
role of bioenergy-enabling nanomaterials in bridging
sustainable carbon sources with solar energy conver-
sion, offering a pathway toward greener photovoltaic
technologies. Although acid treatment was expected
to enhance efficiency through increased —COOH
functionalization, the results revealed the opposite.
Most notably, the acid-treated GQDs, despite the
anticipated increase in —COOH groups, exhibited
the lowest DSSC efficiency. This was attributed to
the introduction of significant defects during the acid
treatment process, which drastically reduced t, and
increased R. This highlights that while —COOH
functionalization is often associated with improved
DSSC performance, excessive acid treatment can
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Table 4 EIS parameters of conventional, acid-free, and acid-treated graphene quantum dots-based DSSCs

f;nax (HZ) Tn (ms) Ke_ﬁ (/S)

Ri(Q) R, (@) R, (Q) Ry;(Q) Cpg (Mho*s"N)  Cpp, (Mho*s"N)  Cpgs (Mho*s"N)  Kronig Kramers’ test

DSSCs
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103¢e~3
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YO
N

58.90¢~¢

N=0.78

Yy

2.59

36.00

5.00

Acid treated-GQDs

have detrimental effects that outweigh the benefits
of increased functional groups. Moreover, acid-free
GQDs appear to enhance conductivity (low R,) but
simultaneously introduce pathways for increased
charge recombination (high R, short 7,) compared
with conventional DSSCs. The increased recombina-
tion outweighs the benefit of improved conductivity,
resulting in lower overall efficiency. The GQDs may
make better electrical contact with TiO,, but they
may also create more recombination sites. The find-
ings of this study highlight the intricate relationship
between GQD morphology, surface chemistry, and
DSSC performance. Despite their lower oxidation
state and reduced defect density, acid-free GQDs may
be limited by aggregation because they lack polar
functional groups. Incorporating appropriate sur-
factants or dispersion agents may mitigate this issue
and improve photovoltaic performance. For future
work, employing milder oxidants (e.g., dilute acids or
organic acids) or controlling reaction time and tem-
perature could offer a finer balance between surface
functionalization and defect suppression.
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