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ZnO photoanodes in photoelectrochemical (PEC) water splitting for green-hydrogen production are
limited due to the large bandgap that is only confined to UV light. One of the strategies for broadening
the photo absorption range and improving light harvesting is to modify a one-dimensional (1D)
nanostructure to a three-dimensional (3D) ZnO superstructure coupling with a narrow-bandgap
material, in this case, a graphene quantum dot photosensitizer. Herein, we studied the effect of sulfur
and nitrogen co-doped graphene quantum dot (S,N-GQD) sensitization on the surface of ZnO
nanopencil (ZnO NPc) to give a photoanode in the visible light spectrum. In addition, the photo energy
harvesting between the 3D-ZnO and 1D-ZnO, as represented by neat ZnO NPc and ZnO nanorods (ZnO
NRs), was also compared. Several instruments, including SEM-EDS, FTIR, and XRD revealed the
successful loading of S,N-GQDs on the ZnO NPc surfaces through the layer-by-layer assembly
technique. The advantages are S,N-GQDs's band gap energy (2.92 eV) decreasing ZnO NPc's band gap
value from 3.169 eV to 3.155 eV after being composited with S,N-GQDs and facilitating the generation of
electron—hole pairs for PEC activity under visible light irradiation. Furthermore, the electronic properties
of ZnO NPc/S,N-GQDs were improved significantly over those of bare ZnO NPc and ZnO NR. The PEC
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mA cm~2 at +1.2 V (vs. Ag/AgCl), representing a 153% and 357% improvement over the bare ZnO NPc

(1.19 mA cm™2) and the ZnO NR (0.51 mA cm™2), respectively. These results suggest that ZnO NPc/S,N-
GQDs could have potential for water splitting applications.
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ZnO is considered as an essential semiconductor for PEC
water splitting because of its high efficiency and inexpensive
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Human energy demands have risen dramatically in recent years.
As a result, the development of novel energy conversion and
storage strategies based on renewable and sustainable energy
sources has been prioritized."”® Particularly, allowing the solar
cell to effectively capture approximately 43% of the sun's visible
light reaching the ground. In the same context, PEC water
splitting for green-hydrogen generation utilizing semi-
conductors has gained popularity due to its environmental
friendliness.>*”
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cost. Due to their remarkable physicochemical features, ZnO
superstructures have produced astounding achievements in
PEC.*' “Superstructures” are 3D geometries composed of
controlled morphology and crystal orientation 1D and 2D
nanostructures. Superstructures provide exceptional key
features such as high crystallinity, ordered and integrated
arrangement with recurring regularity, high surface area, good
electrical conductivity, high optical absorption, and so on,
which overcome the drawbacks of 1D and 2D
nanostructures.”** Consequently, superstructures of various
semiconductors have demonstrated remarkable photocatalytic
efficacy, gas sensing, energy conversion and storage devices,
and other applications.'***

Lv et al. informed the outstanding PEC water splitting
performance of ZnO NPc superstructure.” The photocurrent
density produced by the ZnO NPc arrays is approximately 1.3
mA cm ? at 1 V against Ag/AgCl under 100 mW cm ™ > (AM 1.5)
visible light illumination, which is double that of the ZnO NR
arrays. According to previous reports, the existence of long-tip
on the top ZnO NR could enhance the electrical properties

© 2023 The Author(s). Published by the Royal Society of Chemistry
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due to a high oxygen-vacancy concentration.'** However,
constructing a photoanode with high stability and efficiency is
difficult due to the fact that most ZnO materials have a large
band gap and suffer from severe electron-hole pair
recombination.?

Graphene quantum dots (GQDs) as zero-dimensional (0D)
graphene derivatives with sp® hybridization are a strong
candidate for sensitizing the photoelectrochemical perfor-
mance of ZnO under visible light irradiation.>* Subsequent to
the energy absorption, the high electron density of quantum
dots material will cause electron transfer from its LUMO
(Lowest Unoccupied Molecular Orbital) level to the semi-
conductor acceptor's conduction band (CB) to carry out the
water-to-hydrogen reduction process.”?* After being compos-
ited with nitrogen co-doped GQDs, Zeng et al. found that the
ZnO nanowires IPCE (Incident Photon-to-current Conversion
Efficiency) increased from 0.017% to 0.29%.>°

Recently, S,N-GQDs have also received attention due to their
visible photo absorption, strong carrier transport mobility, and
outstanding chemical stability.>® Xie et al. and Cai et al. have
successfully combined S,N-GQDS with TiO, and ZnO nano-
particles, and they found an improvement in the visible light
absorption and photogenerated e /h" separation.***? Given its
potential to enhance photocatalytic activity, further exploring
this material to sensitize high-active-surface 3D ZnO nano-
structures for water splitting application becomes interesting.
Herein, we successfully synthesized ZnO NPc/S,N-GQDs heter-
ostructure composite electrodes through Layer-by-Layer (LbL)
assembly technique. ZnO NPc superstructure arrays and S,N-
GQDs with citric acid as a carbon source and thiourea as
a sulfur and nitrogen atom precursor were prepared by hydro-
thermal method. In this study, we examined and compared the
optical and photoelectrochemical performance of this novel
sensitization material of ZnO NPc/S,N-GQDs with the bare ZnO
NR and ZnO NPc arrays. Furthermore, the possible mechanism
of the photocatalytic process driven by ZnO NPc/S,N-GQDs was
also proposed.

Experimental

Materials

All analytical-grade sodium hydroxide (97%), ethanol (>99%),
citric acid (C¢HgO-), thiourea (CH4N,S), zinc acetate dihydrate
(zAD), zinc nitrate hexahydrate (ZNH), hexamethylenetetramine
(HMTA), polyethylenimine (PEI), sodium sulphate (Na,SO.,),
and the fluorine-doped tin oxide (FTO) conductive glass
substrates having sheet resistance around 10-14 Q cm™> were
purchased from Sigma-Aldrich, Merck, KGaA, Darmstadt, Ger-
many. All solutions were made with deionized water that had
been doubly distilled.

Fabrication of ZnO NPc/S,N-GQDs composite

Firstly, S,N-GQDs was prepared by applying the hydrothermal
method. Briefly, citric acid (2.5168 g, 1 mmol) and thiourea
(4.9859 g, 5 mmol) were dissolved in 60 mL of water, followed by
stirring until a clear solution was observed. Afterward, the clear
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solution was sealed in a 50 mL Teflon-lined autoclave and
heated hydrothermally at 160 °C for 8 hours. Then, the auto-
clave was taken out and cooled to room temperature. Finally,
the obtained yellow solution of S,N-GQDs was purified by
centrifugation at 6500 rpm for 15 min to get a dark green
precipitate (S,N-GQDs).

Secondly, ZnO NPc superstructure was made by starting the
seed preparation on FTO glass substrate through Ultrasonic
Spray Pyrolysis (USP) technique. A seed solution (0.2 M of ZAD
solution) was put into the atomic nebulizer chamber, and the
USP process was conducted for about 15 minutes and continued
with the annealing process (1 hour). The FTO glass substrate
with the ZnO seed on top of it was then grown to a nanorod
array by hydrothermal method. About 10 mL of a 0.1 M ZNH
and 0.1 M HMTA mix solution (1 : 1 v/v) was poured into a mini
vial and then put into an oven with a 95 °C hydrothermal
temperature for 6 h. The obtained ZnO NR was then thoroughly
rinsed with deionized water and dried in air. To develop the
desired ZnO NPc superstructures, a ZnO NR was placed down-
ward near the surface of the reaction solution (vial) filled with
a mixture solution (9 mL of 5 mM ZNH & HMTA and 0.1875 mM
of ascorbic acid) and heated to T = 90 °C for 8 h. After the
reaction, the samples were cleaned with deionized water and
dried at 80 °C.

Finally, ZnO NPc/S,N-GQDs was fabricated using LbL technique.
The ZnO NPc was dipped into PEI aqueous solution (1.0 mg mL ™",
0.5 M NaCl, pH = 7.23) for 10 min and washed three times with
deionized water, followed by drying with a gentle stream of N,.
Subsequently, the resultant substrate was immersed in S,N-GQDs
aqueous suspension (1.0 mg mL ™", pH = 6.89) for 10 min, rinsed
with deionized water and dried by a stream of N,. ZnO NPc/
S,N-GQDs heterostructure was then calcined in a nitrogen atmo-

sphere at 400 °C for 1 h at a heating rate of 5 min .

Characterization

The structure and morphology of the samples were character-
ized by a wide range of instruments. The crystal phase purity of
various ZnO structures were investigated by X-ray diffraction
(XRD) analyses using Bruker D8 Advance (Germany), with Cu-Ka.
(A =154 108) X-ray source. Raman spectra were recorded on
iHR320 HORIBA. The optical properties of all samples were
investigated by Lambda 950 UV/Vis/NIR (PerkinElmer) and
Diffuse Reflectance Spectroscopy (DRS) instrument Jena Spe-
cord 210 Plus 190. Morphological analyses of the samples were
investigated by Scanning Electron Microscopic (SEM) analysis
using JEOL JSM IT-300LV (Japan), combined with Energy
Dispersive X-ray (EDX) spectroscopy. The functional group of
materials were scanned by Fourier Transform Infra-Red (FTIR)
Nicolet 6700 Thermo Fisher. The fluorescence emission spectra
of all samples were carried out using Hitachi F-2700 fluo-
rophotometer spectroscopy to identify charge recombination
and crystal defects on the samples.

Photoelectrochemical (PEC) measurement

PEC measurements for water splitting were performed in
a standard three-electrode electrochemical cell configuration,
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using the as-prepared ZnO NR, ZnO NPc, and ZnO NPc/S,N-
GQDs composites on FTO glass as the working electrode,
a platinum wire as the counter electrode, and Ag/AgCl as the
reference electrode. A 0.5 M Na,SO, solution buffered to pH
~7.0 with phosphate buffer solution was employed as the
electrolyte and purged with N, for 5-10 min before the
measurements. The PEC measurements (linear sweep voltam-
metry and chronoamperometry) were recorded under AM 1.5 G
illumination from a solar simulator (100 mV cm 2, Iwasaki
Solar Simulation Evaluation Systems equipped with EYE/
Iwasaki electronic ballast system). The potential measured
against an Ag/AgCl reference electrode.

Result and discussion

Characterization of ZnO NPc/S,N-GQDs heterostructure
composite

In this study, the ZnO NPc structures with a long rod as a “pencil
holder” and a cone-like tip was effectively synthesized by
a hydrothermal approach following the previous work by Lv
et al. with some modification at the ZnO seed layer deposition
process on top of an FTO glass substrate using the USP tech-
nique.*® The schematic diagram of the construction of ZnO NPc
arrays from ZnO NR is shown in Fig. 1a. One dimensional-ZnO
NRs grow along the c-axis of a wurtzite crystal, but the existence
of ascorbic acid was effectively utilized to inhibits the crystal
growth in the edge of the ZnO NR [100] direction. This
phenomenon is crucial for the creation of the tip of the ZnO
NPc.”

The Scanning electron microscopy (SEM) was used to
examine the morphology of the as-prepared ZnO NPc arrays.
Highly homogeneous and dense ZnO NR and NPc arrays were
almost perpendicular to the surface of the FTO substrate, as
illustrated in Fig. 1b and c. The pencil tip was growing atop each
nanorod with an average width of 70.85 nm and an average
length of 150 nm provided in Fig. S1a and b.T The average width
(163.13 nm) and height (319.95 nm) of ZnO NR as a pencil
holder, as estimated by the Image] program also depicted in
Fig. Sic and d.f

a) L-ascorbic acid ZnO
NPc

ffﬁ \

= )
-

ZnONR

Fig. 1 (a) Schematic illustration of ZnO NPc construction, SEM image
of (b) ZnO NPc, and (c) cross-sectional view of ZnO NPc.

18398 | RSC Adv, 2023, 13, 18396-18403

Paper
Fit Peak 1 ———Fit Peak 2

——FitPeak 3 ——Fit Peak 4

——Fit Peak 5 Cummulative Fit Peak
= G Band
© D Band
-
> [T}
= 3 8
» © -
c -
(]
-
£

T T T T T T
1200 1280 1360 1440 1520 1600 1680

Raman Shift (cm'1)

Fig. 2 Raman spectra of S,N-GQDs.

S,N-GQDs were successfully synthesized using the hydro-
thermal method. Based on Qu et al. studies, there are three
steps involved in S,N-GQDs formation. The citric acid molecules
initially self-assemble, and nanosheet structures develop as
a result of intermolecular H-bonding. The GQDs and various
carboxyl also hydroxyl groups are created during the de-
hydrolysis step. During the hydrothermal process, S and N
atoms are covalently bound with carbon atoms by the interac-
tion of thiourea molecules, and S, N co-doped GQDs (S,N-GQDs)
are produced.®

As shown in the Fig. 2, the Raman spectra demonstrate the
high quality of the as-prepared co-doped sulfur and nitrogen
GQDs. S,N-GQDs exhibit the disordered (D) band at 1333 ecm ™,
which is attributed to the existence of sp® defects, and the
crystalline (G) band at 1565 cm ™", which is associated with sp*
carbon in-plane vibration. These distinctive bands' intensity
ratio (Ip/Ig) can be utilized to correlate the carbon's structural
features. In this study, the Ip/Ig ratio of the S,N-GQDs is
around 0.77.

The optical properties of S,N-GQDs were characterized by
UV/Vis spectroscopy as depicted in Fig. 3a, which displays broad
absorption bands centered at 625 nm. The wide bands between
450-700 nm may be attributed to the n — 7* transition of the
conjugated C=N and C=S bonds and to the w — =* of S=0
bond.** These are in accordance with the product’s color, where
a dark green solution was observed.

The optical direct band gap value of S,N-GQDs could be
determined using the Tauc's formula (ahv)* = ao(hv — E4) where

a) b)
|

3 2 £
& Normal light UV-lamp T
3 illumination L
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8 g
S =
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Fig. 3 (a) UV/Vis spectra of S,N-GQDs (the left inset is S,N-GQDs

suspension in normal light while the right inset is under UV-lamp
illumination), and (b) Tauc plot of S,N-GQDs.
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h, ay, and E; denote photon energy, a constant, and optical band
gap, respectively.® The use of linear extrapolation makes it
straightforward to arrive at a gap energy of 2.92 eV for the S,N-
GQDs' direct band gap, as shown in Fig. 3b. The S,N-GQDs have
a lower E, than well-known ZnO (3.4 eV),* resulting in
a bandgap difference of 0.48 eV, allowing S,N-GQDs to be able as
a potential sensitizer for ZnO.%¢

To evaluate the success of the LbL process for producing ZnO
NPc/S,N-GQDs heterostructure composites, all samples were
characterized by FTIR, XRD, XPS, and SEM-EDX. FTIR spectra
(Fig. 4a) reveal the O-H bending vibration, the stretching peak
of S-CN, the stretching C=C=C, and the bending mode of
C=C at 3463, 2156, 1974, and 961 cm ", respectively, which
confirmed the success of loaded S,N-GQDs onto ZnO NPc. In
addition, the following characteristic ZnO NPc/S,N-GQDs FTIR
peaks originated from ZnO NPc, H-O-H vibration and Zn-O
bending at 2358 and 664 cm ™, respectively, were detected.

The crystalline characteristics of ZnO NPc/S,N-GQDs
produced on FTO substrates were studied using X-ray diffrac-
tion techniques, as shown in Fig. 4b. The XRD results show that
our as-grown ZnO NPc is highly crystalline. The hexagonal
wurtzite structure of ZnO is thought to be responsible for the
dominating diffraction peaks at the (100), (002), (101), (102),
(110), (103), and (102) planes based on JCPDS card no. 00-036-
1451 (space group: P6;mc with lattice constants a and b = 3.249
A and ¢ = 5.206 A). Tt should be noted that the crystal structure
did not significantly change following the attachment of S,N-
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Fig. 4 (a) FTIR spectra, (b) XRD pattern, high resolution XPS spectra of
(c) C1s, (d) S 2p, and (e) N 1s core elements.
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GQDs. It aligns with the clean SEM image of the final ZnO
NPc/S,N-GQDs (Fig. S2at) showing that the nanopencil struc-
ture still exists after sensitization process. The components of
S,N-GQDs and ZnO NPc in a composite heterostructure can be
identified using an SEM instrument, and elemental mapping
(Fig. S21) showed that C, S, and N atoms were present on the
ZnO NPc matrix in a uniform distribution. The specific atomic
percent of each atom is listed in Table S1.t

To study the possible interaction between ZnO NPc and S,N-
GQDs, XPS characterization was carried out for ZnO NPc/S,N-
GQDs heterostructure composites. The survey XPS spectrum
(Fig. S3af) of the ZnO NPc/S,N-GQDs heterostructure is
primarily composed of Zn 2p, O 1s, C 1s, S 2p, and N 1s, indi-
cating that the S,N-GQDs were successfully deposited on the
ZnO NPc. The Zn 2p spectrum (Fig. S3bt) has one doublet peak
at 1022.4 eV (Zn 2p;p,) and 1045.4 eV (Zn 2p,s,). The high-
resolution O 1s, C 1s, S 2p, and N 1s spectra of the ZnO NPc/
S,N-GQDs heterostructure can be deconvoluted into several
Gaussian peaks that correspond to various types of functional
groups. Two peaks at 530.6 and 532.1 eV are visible in the high-
resolution O 1s spectrum (Fig. S3ct), and they are attributed to
Zn-O binding and adsorbed hydroxyl species, respectively.’?”
The C 1s spectrum has three peaks, as shown in Fig. 4c:
285.4 eV, 287.5 eV, and 289.5 eV. The peak at 285.4 eV corre-
sponds to sp C in graphene, the peak at 287.5 eV to sp® C in C-
N, C-S, and C-OH, and the peak at 289.5 eV to carbonyls and
carboxylates.*® As presented in Fig. 4d, the S 2p XPS spectrum
shows four peaks at 165.2, 162.1, 160.2, and 159.3 eV, which are
assigned to thiophene 2p;,,, thiophene 2p,, Zn-S 2p;/,, and
Zn-S 2p4,, respectively.*® The N 1s peak XPS spectrum shows
three peaks at 397.3, 399.5, and 401.4 eV (Fig. 4e), which
correspond to the pyridinic N, pyrrolic N (C-N-C), and
graphitic N or N-H bands, respectively.*

Based on XPS result, the LbL technique successfully works to
incorporate S,N-GQDs on the ZnO NPc. This is strongly achieved
by the existence of amine groups on PEI, which affords a posi-
tively charged surface on the ZnO NPc.” As a result of signifi-
cant electrostatic interaction, negatively charged S,N-GQDs can

ZnO NPc Zn

©

NPc/PEL

N Negatively charged
S,N-GQDs

. [ d

- AT L Ay - L

- T -
.~ - - AN . ¢,
v, i [ 1L o Bl
Wi & v . . .
ot |} M ete o
g TEIEI N e2® TEIs®
e

"N U E
Zn0O NPc/S,N-GQDs

. e ¢ ‘e ¢ .

ZnO NP¢/PEI/S,N-GQDs

Fig. 5 Schematic illustration for manufacturing ZnO NPc/S,N-GQDs
heterostructure composites through LbL technique.
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be autonomously and uniformly assembled on the ZnO NPc
substrate, resulting in a well-defined ZnO NPc/S,NGQDs heter-
ostructure with one S,N-GQDs deposition cycle. This whole
process of LbL assembly is depicted in Fig. 5. To further
investigate the longitudinal distribution of S,N-GQDs on ZnO
NPc surfaces, the SEM-EDS of ZnO NPc¢/S,N-GQDs cross-section
position was successfully characterized. The result (Fig. S57)
shows that S,N-GQDs were attached from the top to the bottom
of ZnO NPc, though the further S,N-GQDs were incorporated
from the tip of ZnO NPc, the lower the carbon, sulfur, and
nitrogen concentration identified by SEM-EDS instrument.

The optical properties of all studied samples were investi-
gated using UV-Vis diffuse reflectance spectra (DRS). As shown
in Fig. 6a, a significant absorption peak in the UV area was
identified for several samples, which is attributed to the band
gap excitation of ZnO. Furthermore, it was discovered that ZnO
NPc and ZnO NPc/S,N-GQDs heterostructures composites have
a broad and higher absorption peak when compared to blank
ZnO NR, particularly in the visible area extending from 400 nm
to 800 nm. Notably, the DRS measurement of ZnO NR indicates
weak absorption above 400 nm, which fits with its bandgap
energy value of 3.187 eV (Fig. 6b). ZnO NPc/S,N-GQDs hetero-
structures exhibited strong absorption in the same wavelength
range, highlighting the importance of SN-GQDs as photo-
sensitizers in ZnO NPc/S,N-GQDs heterostructure composite,
which has a lower bandgap energy compared to the bare of ZnO
NPc.

g
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Fig. 6 Optical characterization of ZnO NR, ZnO NPc, and ZnO NPc/
S,N-GQDs grew on FTO glass: (a) absorbance plus scattering, (b) Tauc
plot, (c) transmittance, and (d) reflectance spectra. (e) Photo-
luminescence spectra of ZnO NR, ZnO NPc, and ZnO NPc/S,N-GQDs.
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The transmittance and reflectance spectra in Fig. 6¢c and
d show that when the energy of excitation photons surpasses
the ZnO band gap (4 < ~390 nm), the optical characteristics of
the three samples are quite comparable. The most remarkable
changes from these three ZnO samples occur in the visible light
band (400-800 nm) and may be mainly attributed to scattering
between primary and secondary ZnO nanostructures.* The
transmittance at a wavelength of 650 nm through the ZnO NR,
ZnO NPc, and ZnO/S,N-GQDs composite are 43.29, 22, and
14.96%, respectively (Fig. 6¢). The increase in surface coverage
of the corresponding ZnO nanostructures on FTO substrates
may result in a decrease in transmittance percent from these
three samples. The reflectance of the ZnO NR, ZnO NPc, and
ZnO NPc/S,N-GQDs at 650 nm is 43.34, 21.99, and 14.99%,
respectively (Fig. 6d). This suggests that as multi-dimensional
complexity evolves, more incident light is reflected among the
dense secondary branches in a scattering mode.*® Thus, it is
reasonable that the sum of transmittance and reflectance of our
samples might not reach 100% because the rest of the light is
considered to be scattered and absorbed by its sample
regarding to a equation (4 + S) = 100 — R — T.* Fig. S4a and
bt illustrate how light could be scattered by the complexity of
ZnO superstructure. When it comes to ZnO NPc morphology,
the multiple reflection effect rises dramatically, increasing light
absorption and decreasing light surface reflection. The nano-
pencil many reflections prolong the light absorption route,
allowing additional interaction sites to engage with the light.
Subsequently, the energy harvesting of ZnO NPc outweigh the
ZnO NR.

The photoluminescence (PL) spectra of three samples
excited at a photon energy of 3.81 eV (325 nm) are presented in
Fig. 6e. The blue emission peak centered at 320 nm is assigned
to the radiative recombination of an electron occupying
a shallow donor level and a hole in the top of the valence band.*
The intensity of ZnO NPc and ZnO NPc/S,N-GQDs's blue emis-
sion peak, are lower than ZnO NR, indicating that the two
samples lack electron recombination. The green emission
centered at 523 nm is assigned to the oxygen vacancies (Vp),*"*>
while the red emission centered at 648 nm is designated to the
zinc interstitial defects (Zn;).**

Both Zn; and Vo, trap charge carriers, which delays the elec-
tron recombination process; however, the inherent nature of Vg
allows them to reside in both the grain borders (V) and the
bulk of the grain (Vy). Due to a trapped hole at V& and
a delayed hole at VB, as a result, an electron is delayed at CB and
can participate in the photocatalytic activity in addition to the
trapped hole at V. This twofold impact is not seen in zinc
interstitial defects (Zn;), making them less efficient when
compared to Vo.** Surprisingly, ZnO NPc/S,N-GQDs have an
oxygen vacancies defect, indicating they are more beneficial for
water-splitting applications compared to others.

Analysis of PEC water splitting performance

PEC water splitting performance of the prepared samples was
carried out in a three-electrode system. Na,SO, aqueous solu-
tion (0.5 M, pH 7.0) was used as the electrolyte. The effect of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PEC performances (a) photocurrent density vs. applied voltage
curves and (b) transient photocurrent responses of three samples with
zero bias (0 V) vs. Ag/AgCl collected every 20 seconds.

ZnO dimension complexity and S,N-GQDs sensitization on ZnO
through PEC water splitting performances were studied. Fig. 7a
shows the comparison linear sweep voltammogram curves of
the bare ZnO as a representative of 1D-ZnO, bare ZnO NPc as
a representative of 3D-ZnO, and ZnO NPc/S,N-GQDs under solar
simulator illumination (AM 1.5 G, 100 mW cm ™ ?) in a potential
window from —0.2 to +1.2 V vs. Ag/AgCl.

It was found that a little current density (0.001 mA cm™>) was
seen during the scan for the three samples in the dark.
However, when illuminated by simulated solar light, the ZnO
NPc/S,N-GQDs stood out with a maximum current density of
1.82 mA cm 2 at +1.2 V (vs. Ag/AgCl), representing a 153% and
357% improvement over the ZnO NPc (1.19 mA cm ™) and the
ZnO NR (0.51 mA cm ™ ?), respectively. It is in line with the result
of photoluminescence characterization (Fig. 6e) where the
oxygen vacancy defects lie on ZnO NPc/S,N-GQDs which will
enhance its electrical properties and leading to the good water
splitting performance. On all three samples, it was notable that
no photocurrent density saturation was seen at the maximum
recorded potential, ie., +1.2 V (vs. Ag/AgCl in this research),
indicating effective charge separation and collection in these
special ZnO nano-architectures under visible light irradiation.

The periodic on/off transient photocurrent responses of
several samples to intermittent simulated solar light irradiation
are shown in Fig. 7b. Obviously, the consistent decorating of
S,N-GQDs significantly enhanced the photocurrent of ZnO NPc.
In contrast to bare ZnO NR (1D-ZnO) and ZnO NPc (3D-ZnO),
the photocurrent enhancement in the ZnO NPc/S,N-GQDs het-
erostructure is about six times and one times more (1.3 times),
respectively. Under the same experimental settings, ZnO NPc/
S,N-GQDs heterostructures outperformed their competitors in
terms of photocurrent, suggesting that these heterostructures
had the highest photosensitization efficiency for photoexcited
electron-hole pairs. A comparative result study based on the
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Fig. 8 Schematic representation of the PEC water splitting mecha-
nism over the heterostructure of ZnO NPc/S,N-GQDs under sun
simulator light irradiation.

PEC performance of similar heterostructure
composites was listed in Table 1.

By putting forth a PEC water splitting mechanism, Fig. 8
shows how significantly PEC performances may be enhanced
utilizing the existing ZnO NPc/S,N-GQDs heterostructure.
According to the Kohn-Sham molecular orbitals (MOs) theory,
numerous electron transitions in S,N-GQDs can be initiated
from the occupied levels (i.e., highest occupied molecular
orbital, HOMO) to the unoccupied levels (i.e., lowest unoccu-
pied molecular orbital, LUMO) under light irradiation.*”*® Due
to the advantageous bandgap of the ZnO NPc/S,N-GQDs heter-
ostructure (3.155 eV), S,N-GQDs in our reaction system may be
photoexcited in this manner under simulated sunlight, result-
ing in the generation of electron-hole pairs.

Furthermore, since the LUMO potential of S,N-GQDs is more
negative than the conduction band (CB) edge of ZnO, and an
intimate S,N-GQDs to ZnO NPc interfacial connection devel-
oped from the LbL approach, photoexcited electrons created in
situ from S,N-GQDs under light irradiation may be spontane-
ously transported to the CB of ZnO.” As a result, photo-
generated electrons and holes are efficiently separated over S,N-
GQDs, and the lifespan of electron-hole charge carriers is
greatly extended.

The photocurrent produced by the simultaneous passage of
photoelectrons from the LUMO of S,N-GQDs to the CB of ZnO
NPc and external circuit finally causes the reduction of water to
hydrogen on the counter electrode (Pt wires). Both S,N-GQDs
and ZnO NPc may be photoexcited and produce photoelec-
trons on the LUMO and CB under visible light irradiation (1 >
400 nm) of the ZnO NPc¢/S,N-GQDs heterostructure. Following
that, the electrons move to the CB of ZnO NPc, reduce water to
hydrogen, and the hole on the VB of the ZnO NPc or S,N-GQDs
oxidize water to oxygen.*

ZnO/QDs

Table 1 Summary of recent reports on carbon/graphene-based decorated ZnO photoanodes

ZnO morphology Sensitizer Photocurrent density Ref.

ZnO nanowires (1D) N-GQDs 0.6 mA cm > at 1.0 V vs. Ag/AgCl (0.5 Na,SO,) 29
3D-ZnO hierarchical nanostructures C-dots 0.72 mA cm™ 2 at 1.23 V vs. RHE (0.5 Na,SO,) 15

ZnO nanoflake (3D) CQDs 0.54 mA cm ™2 at 1.23 V vs. RHE (0.5 Na,S0,) 45

ZnO nanosheets C-dots 0.831 mA cm ™2 at 0 V vs. Ag/AgCl (0.5 Na,SO,) 46

ZnO nanopencil (3D) S,N-GQDs 1.82 mA cm ? at 1.2 V vs. Ag/AgCl (0.5 Na,S0,) Our work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

Sensitization of 3D ZnO NPc heterostructure with S,N/GQDs was
successfully achieved by a simple LbL technique based on
strong electrostatic interaction. The PEC water splitting
performance of the ZnO NPc/S,N-GQDs heterostructure
composites outperform the bare ZnO NR and ZnO NPc (the
photocurrent density of composites 6 times and 1.3 times
higher than bare ZnO NR and bare ZnO NPc) because of its
optimum energy harvesting and minimum charge recombina-
tion. The most probable reaction mechanisms are suggested,
and the increased photocatalytic activity can be attributed to
two things. First, the highly effective charge separation of
electron-hole pairs in composites caused by the presence of
oxygen vacancies and zinc interstitial defects. The second one is
the lower bandgap energy on ZnO NPc/S,N-GQDs (3.155 €V)
absorb more effectively visible light.
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