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Photosynthetic Biomimetic System: Nickel Phthalocyanine
and Biomass-Derived Carbon Quantum Dots for Enhanced

Water Oxidation

Gabriel C. da Fonseca,! <l Fhysmélia F. de Albuquerque,’®! Rafael N. P. Colombo,®!
Rodrigo M. lost,’®! Frank N. Crespilho,®! and Joao C. P. de Souza*!“!

Efficient water oxidation is a crucial challenge for artificial pho-
tosynthesis and solar energy conversion. Here, we introduce
a biomimetic photosynthetic system that combines Nickel(ll)
phthalocyanine-tetrasulfonic acid (NiPc) with carbon quantum
dots (CQDs) derived from sugarcane biomass to enhance pho-
toelectrochemical water oxidation. The CQDs effectively absorb
UV and visible light, aiding electron transfer to NiPc, which
significantly boosts photocurrent generation and reduces the
overpotential. Electrochemical tests, including cyclic voltamme-

Achieving efficient water oxidation at low overpotentials remains
a significant challenge, particularly in the design of scalable and
practical systems for solar energy conversion. Transition metal
complexes, such as nickel phthalocyanine (NiPc), have emerged
as promising catalysts due to their tunable redox properties
and structural adaptability.™! The central nickel ion in NiPc can
undergo multiple oxidation states, allowing for fine control over
its redox potential, which is essential for catalytic applications.!
Additionally, the electronic environment of the metal center can
be further optimized by modifying peripheral ligands or axial
coordination, enabling enhanced catalytic activity and stability
in various electrochemical processes.!>-!
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try and chronoamperometry under UV and blue light, show
that the NiPc/CQD hybrid system delivers a notable increase
in photocurrent density and stability compared to bare NiPc
electrodes. By a membrane-free Clark-type electrode, molecular
oxygen generated during photoelectrochemical water oxidation
was detected. This sustainable system underscores the poten-
tial of biomass-derived CQDs as efficient, low-cost nanomaterials
for solar-driven water oxidation, advancing renewable energy
technologies.

Despite these advantages, NiPc typically requires high over-
potentials to efficiently drive the water oxidation reaction, which
limits its broader application in artificial photosynthesis. Inte-
grating nanomaterials that exhibit superior electron transfer and
light-harvesting properties is a promising strategy to address
this limitation.!*®! Such materials can enhance the overall effi-
ciency of the catalyst by facilitating charge separation and
minimizing energy losses. One such material is carbon quan-
tum dots (CQDs), which have garnered significant attention
due to their remarkable optical and electronic properties.!'?”]
In this study, we utilize CQDs derived from sugarcane biomass,
an abundant carbon source, offering a sustainable route for
nanomaterial production.®®! These CQDs exhibit strong light
absorption over a broad range of wavelengths, including the
visible spectrum (400-700 nm), making them ideal candidates
for coupling with photocatalysts.'"*" Specifically, CQDs possess
high quantum yields, excellent photostability, and the ability
to act as efficient electron donors when absorbing light. Their
absorption also extends into the UV region (<400 nm), fur-
ther enhancing their ability to capture and utilize solar energy
in photocatalytic systems effectively.”™! It is known that the
incorporation of molecular metal structures can improve the
photoelectrochemical response in hybrid systems with CQDs.!"®!

In this work, we demonstrate that the combination of NiPc
and biomass-derived CQDs results in a remarkable enhance-
ment in water oxidation under blue and UV irradiation. CQDs
absorb light efficiently across the UV and visible ranges and
facilitate energy transfer to the NiPc catalyst, promoting more
efficient charge separation and electron transfer. This leads to
significantly increased catalytic activity and lowers the overpo-
tential required for water oxidation. The energy transfer process
between CQDs and NiPc is crucial for enhanced performance,
as it boosts electron mobility and optimizes the interaction
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Figure 1. a) Raman spectra of pyrolyzed material presenting D and G bands. b) Raman spectra of CQDs. In this one, bands (green, magenta, and brown)
other than D and G appear due to increased surface defects. c) FTIR spectra of CQDs. The assignments reveal the constitution of oxygen-containing
functional groups. d) UV-vis absorption spectra of the carbon quantum dot suspension in water. Inset: photographs of the CQDs suspension under visible
and 365 nm UV light. The =-7* absorption band arises from band-to-band transitions of the sp? carbon. The n-* band is associated with the sub-band
states from COOH and C=0 edge groups. ) Mechanism for fluorescence emission induced by a laser pointer. Excitation in certain wavelengths leads to
emission at longer wavelengths, the redshift. This mechanism attributes the phenomenon to traps in the CQD structure due to surface defects and
functional groups. f) The emission spectrum shows the dependence on the excitation wavelength. Excitation wavelength varied from 410 to 510 nm, and
the maximum emission intensity was observed at 526 nm upon excitation at 470 nm. The arrow indicates the increase in excitation wavelength. g) Tauc
plot obtained from UV-vis data showing the dependence of (ehv)? on the (hv), by which we can determine the bandgap value (Eg). h) TEM image of
CQDs. i) Size distribution with the average size of 7.1 nm, obtained by counting 84 particles from different regions of images from the same sample. j)
Schematic representation of the mechanism for photogeneration of electron-hole pairs as charge carriers. The structural defects can act as traps for the

recombination of electron-hole pairs.

between the light-absorbing quantum dots and the catalytic
sites of NiPc. Our findings underscore the role of biomass-
derived CQDs in advancing sustainable photocatalysis, demon-
strating their capacity to reduce the energy input required for
catalytic reactions while improving overall efficiency. This hybrid
system, which combines the light-harvesting properties of CQDs
with the catalytic potential of NiPc, represents a significant
advancement in developing bio-inspired systems for solar fuel
production.

A detailed experimental section is provided in the Support-
ing Information. Raman spectra of the pyrolyzed material to
produce CDQs exhibited characteristic D and G bands at 1320
and 1590 cm™', respectively, indicating the presence of defects
in the carbon structure, with an Ip/Ig ratio of 1.00 (Figure 1a). This
defect density increased after the acid treatment was used to
synthesize the CQDs (Figure 1b), with the Ip/lg ratio rising to 1.97,
suggesting a significant increase in surface defects and func-
tionalization with oxygen-containing groups, such as carbonyl
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and hydroxyl, as confirmed by FTIR (Figure 1c). These func-
tional groups enhance CQDs’ solubility and electrostatic stability,
essential for efficient photoelectrocatalysis. UV-vis spectroscopy
revealed strong absorption bands at 265 nm (r-7* transitions)
and 360 nm (n-m* transitions), indicating the presence of sp?
carbon and oxygen heteroatoms (Figure 1d). The CQDs exhibited
wavelength-dependent fluorescence, with maximum emission
at 526 nm when excited at 470 nm (Figure 1f), attributed to
surface defects acting as electron-hole traps (Figure 1j). The cal-
culated bandgap of 4.66 eV correlates with the UV absorption
data (Figure 1g). TEM images of the CQDs confirmed an average
size of 7.1 nm (Figure 1h,i), and the zeta potential measurement of
—22.6 mV indicated good suspension stability. Considering the
results obtained from FTIR, the surface of the CQDs is decorated
with various functional groups, which favors the origination of
different surface defects, a result also shown by Raman spec-
troscopy; these are likely the source of multiple light emission
centers within the structure of CQDs."!
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The recombination of electron-hole pairs in the localized =
and 7* electronic levels of the sp? sites can also explain the flu-
orescence; in such a manner, sp? sites remain within the ¢ and
o* states of the sp? structure, thus resulting in weak absorption
around UV-vis region but high emissions in the visible region.!®!
The mechanism follows the excitation-dependent fluorescence
emission to the size distribution and emissive traps onto the
surface of carbon dots obtained from sugarcane molasses.! By
irradiating the suspension with a blue laser, we can observe the
redshift, emitting around the green region (Figure 1e). Further-
more, when irradiated with a green laser, the suspension emits
light around the yellow/orange region. However, when irradi-
ated with red light, the suspension only scatters it, revealing that
it does not absorb light with longer wavelengths. As observed
by fluorescence spectroscopy and laser pointer-induced fluores-
cence, a red shift phenomenon occurs in emissions. Functional
groups and surface defects can introduce trap states in the
band gap, where the photoexcited exciton can be trapped.
The recombination of the electron-hole pair leads to the emis-
sion of photons with lower energy (longer wavelengths).[202
Herewith, we do not attribute the red shift of fluorescence to
one feature, such as conjugated w-domains, surface defects, or
size effects. But, considering the FTIR results, showing several
oxygen-containing functional groups created by surface oxida-
tion, an interpretation also sustained through Raman results,
we conclude that a mechanism for this phenomenon might
be associated with surface-state-related fluorescence. The per-
formance of the CQDs in photoelectrochemical water oxidation
was evaluated by assembling working electrodes with NiPc and
CQDs on ITO substrates. The membrane-free Clark-type electrode
was used to detect molecular oxygen generated during photo-
electrochemical water oxidation (Figures S23 and S24).2%! As
expected, the sensor registered an increase in the formation of
O, at the photoanode after illumination. This confirms that the
system operates effectively. AFM and XPS analyses were per-
formed to explain the formation of layers and bilayers further
(Figures S8-S14). In summary, the AFM supports the formation
of layers in each step of the procedure and further high-
lights the role of a specific order of the film preparation. Cyclic
voltammetry (CV) and chronoamperometry measurements were
performed in both acidic (pH = 1.0) and basic (pH = 9.6)
conditions under dark, UV (365 nm), and blue (405 nm) light irra-
diation. The NiPc/CQD electrode showed a notable enhancement
in photocurrent density compared to the bare NiPc electrode
(Figure 2). In acidic conditions (pH 1.0), under UV irradiation, the
photocurrent reached 3.83 A cm™2 at 1.23 V versus RHE, which is
6.5 times higher than that of bare ITO and 1.9 times higher than
the electrode with CQDs alone (Figure 3).

This increase in photocurrent is attributed to the effective
generation and separation of electron-hole pairs in the CQDs,
which then transfer electrons to NiPc, facilitating water oxida-
tion. The increase in photocurrent density under UV light com-
pared to blue light indicates that more energetic UV photons
generate more electron-hole pairs. Electrochemical impedance
spectroscopy (EIS) further supports this enhanced photocur-
rent, which revealed that integrating CQDs with NiPc reduces
charge recombination at the electrode surface, allowing more
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efficient electron transfer and, consequently, a more effective
water oxidation reaction. The chronoamperometry experiments
further demonstrated the stability of the NiPc/CQD electrodes
under prolonged light irradiation (Figure 3). The photocurrent
remained stable throughout several on/off cycles of light expo-
sure, suggesting that the photoelectrode assembly is robust.
Interestingly, under UV light, the photocurrent continued to
increase steadily during oxidation, whereas under blue light,
it stabilized more quickly. This behavior can be attributed to
the higher energy UV photons inducing a greater number of
photogenerated carriers, which in turn sustain higher rates of
water oxidation. The mechanism for the enhanced photoelec-
trocatalytic performance of NiPc/CQD electrodes involves the
generation of electron-hole pairs in the CQDs upon light excita-
tion. The photogenerated electrons are transferred from CQDs to
the NiPc, facilitating water oxidation. In contrast, redox species in
the CQDs consume the holes in the electrolyte, maintaining the
charge balance. This process results in efficient water oxidation
with reduced overpotential compared to bare NiPc electrodes.
The enhanced separation of charge carriers and the efficient
electron transfer facilitated by CQDs are key to the improved
photocurrent response. Furthermore, integrating CQDs with NiPc
forms a p—n junction, which helps create an internal electric field
that promotes better charge separation. This feature is crucial for
suppressing charge recombination, one of the primary factors
that limit the efficiency of photoelectrocatalytic systems. The p-n
junction enhances the charge carrier collection, improving over-
all water oxidation efficiency. In alkaline conditions (pH = 9.6),
the CQD electrodes showed significant photocurrent even in the
dark, suggesting that the graphitic nature of the CQDs enhances
the conductivity of the surface. However, under UV irradiation,
the photocurrent for NiPc/CQDs at pH = 9.6 was higher than
in acidic conditions, reaching up to 60 pA cm~2 at 1.5 V versus
RHE (Figure S18). This suggests that alkaline electrolytes may pro-
mote more efficient water oxidation due to better interaction
between the CQDs and the electrolyte, potentially by facilitating
proton transfer or influencing the ionic strength of the medium.
Figure S18 also shows overlayed CVs for the assembled CQDs and
NiPc before and after blue and UV irradiation to directly com-
pare the impact of light on the photoelectrochemical response.
Electrochemical impedance spectroscopy was carried out in HCI,
pH 1.0, under dark and under blue and UV irradiation with
an applied bias of 0 V versus OCP. Figure S19 presents the
Nyquist plots and equivalent circuits, and Table S6 presents
the parameters from fitting the EIS spectra for working elec-
trodes with CQDs. In the equivalent circuit (RS{Q1[R1(R2C2)1}), R,
C, and Q are resistance, capacitance, and constant phase ele-
ment (CPE), respectively. CPE is characteristic of porous or rough
materials, representing a frequency-dependent capacitance.'*”
The assembly of CQDs and NiPc onto the ITO results in a het-
erogeneous surface with non-uniform current distribution; by
that, the capacitance of porous materials is represented by a
CPE, dependent on Y02 and n (0 < n < 1); for ideal capaci-
tors, n = 1. The capacitance values for Q; and G, increased for
measurements under irradiation, as seen in Table S6, which was
expected since, at open circuit conditions, a charge accumu-
lation arises at the electrode/electrolyte interface.l”*! From the
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Figure 2. a) Current-density profile of NiPc and CQD electrodes at dark and under blue and UV irradiation. b) The maximum current density at 1.23 V
versus RHE shows the increase under irradiation. NiPc/QCD electrode shows a higher rate of charge transfer. c) Current-density profile of CQD electrodes at
dark and under blue and UV irradiation. d) The maximum current-density at 123 V versus RHE for CQD electrodes.
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Figure 3. Chronoamperometry profiles of LbL assembled electrodes with NiPc and/or CQDs with the applied bias of 1.0 V. a) Analysis in HCl pH = 1.0 and
blue light. b) Analysis in HCl pH = 1.0 and UV light. c) Analysis in carbonate/bicarbonate buffer pH = 9.6 and blue light. d) Analysis in
carbonate/bicarbonate buffer pH = 9.6 and UV light. Note: The legend concerns all experimental data. “ON” and “OFF” mean turning the light source ON
and OFF the light source. The net increase in current density for all experiments is compared to the photocurrent of the bare ITO.
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EIS performed in the dark, the intrinsic electronic properties of
the electrodes were investigated through the Mott-Schottky (M-
S) plots (1 kHz). Figure S20 shows the M-S plots, and Table S6
shows the flat band potential (VFB) obtained from the extrap-
olation to the x-intercept. Also, the number of donors (ND)
was calculated from Equation S2. All M-S plots present posi-
tive slopes, indicating that they are n-type semiconductors, with
electrons as the majority carriers. The formation of a p-n inter-
face induces an electric field within the space charge region,
leading to a higher hole accumulation at the electrode sur-
face. This improvement in charge carrier collection could lead
to improved photoelectrochemical water oxidation due to the
higher number of holes on the electrode surface.”! The VFB val-
ues of all electrodes were lower than the bare ITO; this negative
shift strengthens the band bending at the electrode/electrolyte
interface and can also indicate a decrease in charge recombina-
tion and reduction of the overpotential for water oxidation.?®!
The open circuit potential (OCP) measured before EIS analysis
under dark and light irradiation was combined in Figure S21.
First, we should note that electrodes with CQDs in direct con-
tact with ITO have similar OCP values, which shift to negative
potentials under blue and UV light. Meanwhile, for NiPc/CQDs
electrodes, the potential shifts to more positive ones under UV
and blue irradiation, while the NiPc electrode shifts to a more
negative potential under UV light. One can note that electrodes
with CQDs have larger AOCP, showing higher photovoltages.
This indicates an increased band bending at the CQD/electrolyte
interface.[!

The photoelectrochemical performance of five working elec-
trodes assembled with NiPc and/or CQDs was presented here.
The photocurrent density observed for the CQD;s electrode
under blue and UV irradiation shows the effect of photogen-
eration of electron-hole pairs (Figure 1j). The photogenerated
electrons increase the charge transfer over the circuit; by that,
the holes in the valence band of CQDs can react with water to
generate oxygen, and the electrons flow to the counter elec-
trode where a reduction reaction can occur. Furthermore, the
assembly of CQDs over NiPc onto ITO can increase even more
the photocurrent. In the same way, the photogenerated elec-
tron holes interact with NiPc, which also presents a photocurrent
itself. The photogenerated holes in the valence band of NiPc can
transfer to the LUMO of CQDs and then oxidize water to oxygen
(Figure S22). Simultaneously, the photogenerated electrons can
transfer from CQDs to NiPc and then to the external circuit for
reduction reactions in the counter electrode, resulting in higher
measured photocurrent density

In summary, the combination of biomass-derived CQDs with
NiPc results in a significant enhancement in photoelectrochem-
ical water oxidation. The CQDs, synthesized from sugarcane
bagasse, act as effective light harvesters and charge carriers,
facilitating the separation of electron-hole pairs and improving
the photocurrent response of NiPc electrodes. The stability and
enhanced performance of the NiPc/CQD electrodes under UV
and blue light irradiation highlight the potential of this hybrid
system for solar-driven water oxidation. This work demonstrates
the viability of CQDs as low-cost, sustainable nanomaterials for
advanced photoelectrocatalytic applications.
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