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ABSTRACT

Photoanode is a crucial part of the photocatalytic fuel cell (PFC) system because of its function in degrading organic pollutants and
producing electrons for electricity generation. A facile way was used to fabricate the heterojunction graphitic carbon nitride/zinc
oxide (GCN/ZnO) composites through the combustion of urea and zinc acetate dihydrate in three different mass ratios. The
synthesised GCN/ZnO composites were then loaded on a carbon plate as a photoanode by employing ultrasonication and
immobilisation methods. The synthesised GCN/ZnO composites were characterised by using X-ray diffraction (XRD), Fourier-
transformed infrared spectroscopy (FTIR), Nz sorption-desorption isotherms and scanning electron microscopy (SEM). The GCN/ZnO
photoanode was applied in a PFC with platinum-loaded carbon paper as the cathode. Reactive Red 120 (RR120) was used as a model
pollutant in the PFC under ultraviolet light (UVA) irradiation. The findings revealed that the GCN/ZnO2 heterojunction photoanode
achieved a decolourisation efficiency of 55.24% in 10 mg/L of RR120, which was 0.9 times higher than that of the GCN photoanode,
while the maximum power density was 17.14 mW/m2, which was 13.39 times compared with that of the GCN photoanode.
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1. INTRODUCTION

The problem of water pollution has grown into a worldwide
concern due to the fast pace of urban development.
Discharging dyes into water sources contributes to
contamination issues as dye processes have led to the yearly
wastage of around 200,000 tons of dye as effluents [1].
Contaminated water with dyes has an adverse impact on the
environment. High dye load in those effluents inhibit
aquatic photosynthesis of plants and organisms under the
water due to limited light transmission [2]. It not only
degrades the visual appeal of water bodies but also raises
the levels of biochemical and chemical oxygen demand. As a
result, the dye-polluted water can endanger aquatic life [3].
Therefore, it is essential to develop an effective and
sustainable wastewater treatment process to address water
pollution and ensure the well-being of future generations.
This effort aligns with the Sustainable Development Goals
(SDGs), specifically Goal 6: Clean Water and Sanitation, and
Goal 14: Life Below Water.

Photocatalytic fuel cells (PFC) are gaining popularity as a
viable technique for wastewater treatment and electricity
production concurrently [4]. It utilises light energy to
activate photocatalysts on the surface of the photoanode,
generating electron-hole pairs that drive redox reactions for
pollutant degradation and electricity generation. The
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effectiveness of PFC is mostly determined by the
photocatalyst utilised at the anode or cathode, which should
be photoactive, stable, and capable of absorbing visible light

[5]-

Recently, graphitic carbon nitride (GCN) has become
increasingly attractive as a low-cost and benign
semiconductor material due to its environmentally friendly
and sustainable benefits. The resilience to abrasive
environments and appropriate energy band edges promote
GCN a favour for chemical transformation processes like
water splitting [6]. Unlike general semiconductor materials
such as metal oxide, GCN is a metal-free material that can
easily be accessed from carbon-based materials, such as
thiourea, melamine, urea, etc [7]. Many studies show that
GCN exhibits as a good photocatalyst for wastewater
treatment, and various methods are applied to synthesise
GCN from different precursors, for example, the direct
growth method [8], chemical vapour deposition [9] and
template-assisted synthesis [10], however, these methods
are time-consuming and costly. Furthermore, researchers
soon found that using GCN as a photocatalyst encountered
issues with the rapid recombination of photogenerated
electron holes and narrow light absorption range which
reduced the overall photocatalytic activities [11].
Consequently, the idea of synthesising GCN with metal oxide
heterojunction material is believed to improve the



photocatalytic activity of GCN by altering its band gap via a
facile method.

Zinc oxide (ZnO) has a broad direct band gap of around
3.37 eV, allowing it to absorb a large amount of UV and
visible light spectrum [12]. This feature makes it suitable for
photocatalytic applications since it can efficiently create
electron-hole pairs under light irradiation. Furthermore,
ZnO has high electron mobility, aiding the fast transfer of
charge carriers, which 1is critical for improving
photocatalytic activity and overall efficiency in energy
conversion processes [13]. It is believed that the
combination of ZnO with GCN can widen the band gap of
GCN and solve the problem of rapid charge recombination
while improving its photocatalytic activity.

In this study, we explored a facile method for producing
GCN/ZnO photoanode for application in PFC. The band gap
of the GCN was altered by incorporating varying amounts of
zinc acetate into the urea during synthesis to form
GCN/ZnOy composites, aiming to evaluate the influence of
GCN/ZnO composites at various ratios on the
decolourisation efficiency and electricity generation in the
PFC.

2. MATERIALS AND METHODS
2.1. Materials and Chemicals

The organic pollutant used in this study was azo dye
Reactive Red 120 (RR120) (C44H30Clz2N14020S6) provided by
Sigma Aldrich. Urea (CO(NHz)z) with a molecular weight of
60.06 g/mol was purchased from Bendosen and used as the
precursor of GCN. Meanwhile, zinc acetate dihydrate
(Zn(CHsCOz2)2-2H20) with a molecular weight: 219.51 g/mol
supplied by Riedel was used to synthesise ZnO. The
following chemicals were purchased from HmbG Chemicals:
ethanol (C:HsOH, 95%) was used to clean photoanodes,
ethylene glycol (C2H¢02) was used in the fabrication of
photoanode, and sodium sulphate (Na2S04) was applied as
the supporting electrolyte in the study. All the chemicals
employed were of analytical grade with no further
purification.

2.2. Synthesis of GCN

An alumina crucible (50 mL) with 20 g of urea was heated
in the muffle furnace to 520°C with a heating rate of 3°C/min
for 3 hours. Ultimately, the sample was ground in the
mortar to attain a fine powder of GCN.

2.3. Synthesis of GCN/ZnOy Heterostructures
Composites

GCN/ZnOy composites were prepared in different zinc
acetate dihydrate amounts with a fixed amount of urea
(refer to Table 1) using the calcination method. An alumina
crucible (50 mL) with 20 g of urea and 1 g of zinc acetate
was weighed and mixed homogeneously before being
heated in the muffle furnace to 520°C, with a heating rate of
3°C/min for 3 hours. Finally, the sample was ground in the
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Table 1. Amount of urea and zinc acetate for synthesis of

GCN/ZnOy composites
Sample Mass of urea Mass of zinc acetate
(g) dihydrate (g)
GCN/Zn01 20.00 1.00
GCN/Zn02 20.00 2.00
GCN/Zn03 20.00 3.00

mortar to attain a fine powder of GCN/ZnO1. Similarly,
GCN/Zn02 and GCN/Zn03 hybrid materials were produced
by adjusting the quantity of zinc acetate to 2 and 3 g while
maintaining a consistent amount of urea (20 g) and keeping
all other conditions unchanged.

2.4. Preparation of Photoanode

A carbon plate as the substrate of the photoanode was
prepared in the dimensions of 30 x 30 x 10 mm. Ultrasonic
cleaning of the carbon plate with deionised water and
ethanol was accomplished in an ultrasonic bath. The
suspension of GCN was formulated by dispersing 0.4 g of
GCN powder with a proper ratio of ethylene glycol and
deionised water. Next, the carbon plate was immobilised
with the GCN suspension. The GCN-loaded carbon plate
(GCN/C) was dried in the oven at 60°C for 2 hours and
transferred to the muffle furnace at 80°C for 10 minutes for
heat treatment. Three different photoanode types were
prepared: GCN/Zn0O1, GCN/Zn02 and GCN/ZnO3 using the
same method.

2.5. PFC Setup and Operation

The PFC was assembled with platinum-loaded carbon
(Pt/C) paper as a cathode and photoanodes in a 600 mL
beaker filled with 250 mL of 10 mg/L of RR120. The
cathode and photoanode were connected via a circuit with
a resistance of 1000 Q. The distance between the two
electrodes was 30 mm. The Ultraviolet-A (UVA) lamp and
the photoanode were set up with a distance of 50 mm, the
UVA lamp was purchased from Philips rated at 7.7 W and
emitting light at 350 to 400 nm. Then the reactor was
agitated by a magnetic stirrer and air bubbles were
introduced at a flow rate of 0.4 L/min using an airflow
meter (Model: LZB-3, China). The PFC was conducted at
room temperature for 6 hours of reaction time.

2.6. Materials Characterisation

X-ray diffraction (XRD) was used to analyse the crystal
structure and the phase compositions of the samples. The
instrument used was a Bruker D2 Phaser model with Cu-Ka
radiation (A =1.54184 A). The XRD data was gathered by
scanning from 26 = 5° to 80° at a scan rate of 0.1 s/step. The
functional groups in the synthesised samples were
examined by a Fourier transform infrared spectrometer
(FTIR) from Perkin Elmer (Model: Spectrum RX1
Spectrometer). The morphology and microstructure of the
samples were observed by utilising scanning electron
microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDX) from JEOL (Model: JSM-6460LA). The
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specific surface areas of the synthesised samples were
measured from N2z sorption-desorption isotherms at 77 K
with an instrument from (Micromeritics, TriStar 3000
V6.06A) based on Brunauer-Emmett-Teller (BET)
equation. The ultraviolet-visible diffuse reflectance spectra
(UV-Vis DRS) were examined by an ultraviolet-visible (UV-
Vis) spectrophotometer from Agilent (Model: Cary 100). For
the band gap (Eg) calculation, the photon energy equation
was used as the following Equation (1):

~ &

E, =

(1)
2.7. Measurement and Analysis of Electricity
Generation in PFC

During the polarization test, the cell voltage across the
1000 Q external resistors was measured and recorded
every hour using a digital multimeter (Model: CD800a from
Sanwa Electric Instrument, Japan) as the resistor varied
from 1 M to 10 €. The power density (P, mW/cm?2) of the
PFC was calculated by the following Equation (2):

P=— (2)

where V is the PFC's voltage output (mV), I is the current
(mA), and A is the area of the photoanode.

2.8. Measurement of Decolourisation in PFC

UV-Vis spectroscopy (Model: ME-UV1300 PC from Mesulab,
China) was utilised to determine the RR120 concentration
at Amax=536nm. The water sample was taken and
examined every 1hour of the reaction time. The colour
removal efficiency was calculated by applying Equation (3):

Co— (¢

CRg = X 100 (3)

0

where (o is the initial dye concentration and C: is the dye
concentration at a specified reaction time, ¢ (h).

The dye decolourisation rate was simulated using the
pseudo-first-order kinetics. The first-order decolourisation
kinetics constant (k) was assessed based on Equation (4):

Co

In (C—) = kt 4)

t

where k is the slope from the plot of In (Co/Ct) against
time (¢).

3. RESULTS AND DISCUSSION
3.1. Materials Characterisation
3.1.1. Phase Analysis

As depicted in Figure 1, X-ray diffraction (XRD) patterns of
GCN and GCN/ZnO1 revealed a prominent peak at
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Figure 1. XRD patterns of GCN and synthesised GCN/ZnOy
composites

20 = 27.3° and 27.1° respectively, indicating the presence of
the (002) plane. This disclosed the interlayer C-N stacking
of conjugated aromatic systems in GCN and GCN/ZnO1 in
agreement with the crystal structures of pure GCN (JCPDS
card 87-1526) [14]. This main peak slightly shifted to 0.2°
lower (27.1°) in GCN/ZnO1 compared to that of the pure
GCN (27.3°) due to the expansion of interlayer stacking
spacing which might be attributed to the introduction of
ZnO into the graphitic carbon nitride structure [15].
Besides, a lower peak also showed up at 13.1° in GCN,
representing the (100) plane and could be attributed to the
periodic arrangement of s-triazine units [14]. The hole-to-
hole distance of nitride pores in the in-plane structural
packing motif in GCN caused the 100 planes to occur [16].
Moreover, while the content of zinc acetate dihydrate in the
precursor system rose, the intensity of the (002) and (100)
peaks were found to slightly shift and decline. This
suggested that the presence of ZnO was found to inhibit the
growth of GCN crystal in the graphitic carbon nitride
structure resulting in distortion of the nitride pore
structure and changing the hole-to-hole distance,
respectively [16, 17]. Furthermore, the ZnO peak was not
observed in all the XRD patterns of the GCN/ZnOy samples
where only an amorphous phase was seen. The reason could
be the small quantity of ZnO in GCN/ZnOy composites
[16, 18].

3.1.2. Chemical
Analysis

Compound and Functional Group

As shown in Figure 2, the FTIR spectrum declared C and N
bonding in GCN and GCN/ZnOy composites. In GCN/ZnOy
composites, the peak at 525 cm-! could be assigned to Zn-0
bonding, however, the intensity of the peak being broad and
less significant, and the development of a new C=0 bond at
peak ~ 2167 cm-! took place and was noticed to be getting
more intense with rising Zn(CHsCOz)2:2H20 content which
similar as the finding of Paul et al. [16], this might be due to
the existence of COz molecules in the atmosphere when the
combustion of GCN/ZnOy composites [19]. In GCN, it was
found a sharp peak at 808 cm-! corresponding to the
breathing mode of the s-triazine ring. On the other hand, the
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Figure 2. FTIR spectra of GCN and GCN/ZnOy composites

peaks were found to be slightly shifted to 801, 798, and
796 cm ! in GCN/Zn01, GCN/Zn0O2 and GCN/ZnO3 due to
the lower conjugation of GCN and ZnO in the composite [14].
The peaks around 1228, 1314, and 1409 cm-! were
associated with the C-N stretching vibration such as C-NH-
C and C-N(-C)-C units, meanwhile, the other two peaks
around 1577 and 1638 cm-! could be assigned to the C=N
stretching vibration in GCN and GCN/ZnOy composites [20,
21]. These peaks significantly became broader when the
amount of Zn (CH3C02)2:2H20 increased. This phenomenon
could be due to the addition of ZnO into the GCN giving rise
to the extension of the C3N4 arrangement [14, 16]. In GCN
and GCN/ZnOy composites, the broad peaks between 3090
and 3500 cm-! originated from the N-H stretching
vibrations of peripheral amino groups along with the O-H
stretching vibrations of surface hydroxyl groups were
observed. However, introducing oxygen functionalities
could account for broader peaks in GCN/ZnO composites
[22].

3.1.3. Morphology and Microstructure Analysis

The morphology of the GCN and GCN/ZnOy composite was
examined by SEM under different magnifications. The GCN
in Figure 3 (a) showed irregularly stacked foil-like layered
nanostructures [21]. When ZnO was introduced to the GCN,
the abundant nanoparticles of ZnO were attached and
dispersed on the surface of a graphitic carbon nitride sheet-
like structure as could be observed in Figures 3 (c) & (d), (e)
& (f) and (g) & (h) [21, 23]. This occurrence revealed that
the introduction of ZnO to GCN could alter the
microstructure of the original graphitic carbon nitride,
which correlated to the findings of XRD analysis. From
qualitative analysis, it was evident that the synthesised
GCN/ZnOy composites consisted of zinc (Zn), oxygen (0),
carbon (C) and nitrogen (N) elements as attested in the EDX
analysis in Figure SM-1 to SM-3.

3.1.4. Surface Area and Pore Properties Analysis
The synthesised GCN and GCN/ZnOy composites depicted

type 1V isotherms with H3 hysteresis loop, as shown in
Figures SM-4 (a) to (d). These results suggested that the
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Figure 3. SEM images of (a) & (b) GCN, (c) & (d) GCN/Zn01,
(e) & (f) GCN/Zn02, and (g) & (h) GCN/Zn03 composites

samples displayed slit-shaped pore structures in the
resultant composite [24-26]. The hysteresis loops filled at
high relative pressures (P/Po) in the range of 0.6 to 1.0,
indicating the presence of mesopores and macropores
within the structure [27] and these were confirmed by the
pore size distribution analysis as shown in Figure SM-5
which proved that the samples contained both macropores
and mesopores, with the majority of the pore size falling
under the range of around 15-80 nm [28].
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Table 2 presented the BET surface area and total pore
volume of the synthesised GCN and GCN/ZnOy composites,
it depicted a decreasing trend in both surface area and the
total pore volume following the order of GCN > GCN/ZnO1
> GCN/Zn02 > GCN/ZnO03, as the zinc acetate dihydrate
content increased. This was likely due to ZnO particles
filling up the pores of GCN, inhibiting the formation of a
regular nanosheet layer structure, as observed in the SEM
(Figure 3 (c)-(h)), which in turn reduced the BET surface
area and the total pore volume of the GCN/ZnOy
composites. Notably, the surface area of GCN/ZnO3
(5 m?/g) was 13.4 times smaller than that of GCN (66 m?/g),
while the total pore volume of GCN was almost 12 times
greater than GCN/ZnO3.

3.1.5. Band Gap Analysis

The band gap of the GCN and GCN/ZnOy composites was
analysed by using UV-Vis DRS as revealed in Figure 4. All the
samples were analysed in the range of UV (200 nm) to
visible light up to 700 nm. The primary absorption edge of
the GCN was at 448 nm. When GCN combined with ZnO, the
absorption edge of GCN/ZnOy composites shifted notably to
a longer wavelength and more robust absorption than GCN
in the visible light range from 500-700 nm. Apparently, the
absorbance increased gradually when ZnO was added to the
GCN structure. Meanwhile, GCN/ZnO2 and GCN/ZnO3
possessed similar absorption capabilities around
350-400 nm, yet GCN/ZnO2 showed slightly higher
absorption capacity around 360-390 nm and strongest
absorbance especially in the visible range of 450-700 nm
compared to GCN/ZnO3. The results indicated that
GCN/Zn0O2 possessed the highest light-harvesting
properties, which could enhance photo-excited e-/h* pairs
production, thus helping to lift the photocatalytic activity
efficiency compared to other samples in this study [29]. The
band gap energy (Eg) of the samples was estimated based on
the photon energy equation. The Eg value of the samples was
approximately 2.74 eV (GCN), 2.49 eV (GCN/Zn01), 2.25 eV
(GCN/Zn02) and 2.31 eV (GCN/ZnO3), respectively. It is
noticed that the introduction of ZnO into the GCN could
narrow the band gap of the synthesised materials causing
an enrichment of photo sorption capability which was
similar to the finding of Navidpour et al. [30]. The reducing
band gap observed in GCN/ZnO3 could be attributed to the
quantum confinement effect in the smaller crystal size, this
is because the ZnO formation inhibited the crystal growth of
GCN when increased the amount of zinc acetate dihydrate
to GCN during the synthesis process [31].

3.2. Effect of GCN and GCN/ZnOy Composites as
Photoanode on RR120 Dye Removal Efficiency in PFC

As shown in Figure 5 (a), all the colour removal efficiencies
of PFCs with different types of photoanodes depicted
upward trends. The degradation efficiency of the GCN and
GCN/ZnOy composites loaded on the carbon plate for
RR120 treatment depleted the following the order of
GCN/Zn02 > GCN/ZnO1 > GCN > GCN/Zn03. The colour
removal efficiency of RR120 was 47.87% after 6 hours by
using GCN/C as a photoanode, while the decolourisation
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Table 2. Specific surface area (Sger), pore diameter (Dp) and
total pore volume (V) of GCN and GCN/ZnOy samples

Sample Seer (M2 g-1) Dp (nm) Vp (cm3 g-1)
GCN 67 10.7 0.1802
GCN/ZnO1 27 10.3 0.0697
GCN/Zn02 11 9.9 0.0282
GCN/Zn03 5 11.3 0.0154

0 385 a0 5 380 S 390 95 400
Wavelength (nm)

Absorbance (a.u.)

GCN/ZnO3
—— GCN/Zn0O2
—— GCN/ZnO1
——GCN

T T T T T T T T T T T
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Figure 4. UV-Vis diffuse spectrum of synthesised GCN,
GCN/Zn01, GCN/Zn02 and GCN/Zn03

efficiency of using GCN/ZnO2 as a photoanode was 55.24%
under the same condition. Although a larger surface area
often correlates with enhanced degradation efficiency
[32-35]. It was interesting to find that the colour removal
efficiency was not mainly dependent on the surface area of
the samples as demonstrated in Table 2, as GCN/Zn02 with
the second-smallest surface area, exhibited the highest
colour removal efficiency. The improved performance of
GCN/ZnO02 can be attributed to its unique photocatalytic
properties. Its smallest band gap of 2.25 eV compared to
other synthesised composites, exhibited the highest light
adsorption capability around 360-390nm in the
wavelength of UVA light facilitating it to absorb more light
energy for electron-hole pair generation and subsequent
RR120 degradation. The improvement of degradation
efficiency could be affected by the photocatalytic properties
of the samples, which could be attributed to the presence of
ZnO in the hybrid composites. However, the degradation
efficiency of the colour did not improve further when the
quantity of zinc acetate increased above GCN/ZnO2, as
perceived in the colour removal efficiency of GCN/Zn03/C
as a photoanode dropped to 41.03% which was lower than
that of GCN (47.87%) at 6 h under UVA light irradiation
condition. This phenomenon revealed that there was a
synergetic effect between GCN and ZnO for improving the
colour degradation efficiency by reducing the band gap
energy from 2.74eV (GCN) to 2.25eV (GCN/Zn02),
however, an extra amount of ZnO in the GCN/Zn03 surged
the recombination site in electron hole-pair which then
inhibited the transfer frequency of photo-induced charge
[16].



The kinetic rate constant was calculated according to
pseudo-first-order  kinetics using the Langmuir-
Hinshelwood model, as shown in Figure 5 (b). GCN/Zn02
exhibited the highest value for the apparent rate constant
(0.1324 h 1) resulting in an increment of 1.23 times in
comparison to that of GCN (0.10759 h-1), as demonstrated
in Table 3, while GCN/Zn0O3 with 0.08559 h-1 showed the
lowest apparent rate constant among the photoanodes. This
result was in agreement with the results of decolourisation
efficiency of RR 120 as depicted in Figure 5 (a). Hence, the
photocatalytic activity had a linear relationship with the
colour removal efficiency. This finding was also compatible
with the results of Lee et al [36] in the study of
photodegradation of different dyes in PFC.

Table 3. Pseudo-first order apparent rate constant, kapp (h-1) for
different photoanodes

Photoanode | Apparent rate constant, | Goodness-of-fit,
Kapp (h-1) R?

GCN 0.10759 0.99843
GCN/Zn0O1 0.1232 0.99607
GCN/Zn02 0.1324 0.99824
GCN/Zn03 0.08559 0.99664

(a) 6000 —=—GCN
—e— GCN/ZnO1
—d&— GCN/Zn0O2
$o°50.001 GCN/ZnO3

N

o

Q

=]
1
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Colour Removal Efficiency (%
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1

10.00

® GCN

® GCN/ZnO1

A GCN/ZnO2
GCN/ZnO3
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0.0 T T T T T
3

Time (h)

Figure 5. Colour removal efficiency and (b) Kinetic photocatalytic
degradation of PFC with various photoanodes in 10 mg L-1 of
RR120 over 6 hours irradiation time under UVA light irradiation
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3.3. Effect of GCN and GCN/ZnOy Composites as
Photoanodes on the Electricity Generation in PFC

The effects of the different photoanodes were significant on
the electricity generation in the PFC as seen in Figure 6 (a).
Generally, the trend of the voltage output of GCN and
GCN/ZnOy composites as photoanodes was similar to the
trend of the decolourisation efficiency. GCN/Zn0O2
photoanode yielded the highest voltage output (146.1 mV)
while the voltage output of GCN/ZnO3 photoanode only
generated less than 16.4 mV at the end of 6 h reaction time.
A significant disparity was observed between GCN/Zn02
and GCN/ZnO3 as photoanode: a 29% difference in
degradation efficiency and a substantial 159% difference in
voltage output. These discrepancies can be attributed to
variations in surface area and pore volume of the
synthesised photocatalysts. GCN/Zn03, with its lower pore
volume and smaller BET surface area compared to
GCN/Zn02, exhibits reduced light adsorption and catalytic
activity, hindering electron mobility [37, 38]. Furthermore,
GCN/ZnO03 displayed the lowest reaction kinetic rate in
degradation efficiency RR120 among the synthesised
photoanodes. The low rate of reaction kinetic could slow
down the photoexcited electron separation and holes idle
on the photocatalyst surface for longer periods, which may
result in an accumulation of charge carriers on the surface,
increasing the likelihood of recombination [39]. As the
formation of photogenerated holes on the surface of the
catalyst reduced, the colour removal efficiency declined,
resulting in the downturn of «OH radicals formation, thus
resulting in a reduction or saturation on electrons
formation to transport to the cathode via external circuit,
finally producing low voltage output [40]. Consequently, it
could be concluded that there was a linear relationship
between the decolourisation efficiency and the voltage
output of the PFC in this study.

Figures 6 (b) and (c) illustrate the polarisation curves and
power density curves of PFC systems under UVA light
irradiation with various photoanodes. The voltage open
circuit (Voc), short circuit current density (Jsc) and maximum
power density (Pmax) in the PFC with different photoanodes
decreased in the order of: GCN/Zn0O2 > GCN/ZnO1 > GCN >
GCN/Zn03. Specifically, GCN/Zn02 showed the highest Vqc
at 328.8 mV, which was a factor of 1.43 compared with GCN
alone (229.4 mV). Additionally, the PFC performance using
GCN/Zn02 as photoanode showed a substantial increase in
Jsc and Pmax, reaching 237.04 mA/m? and 17.14 mW/m?,
respectively, compared to 28.39 mA/mZand 1.28 mW/mZ2 in
the PFC with GCN as photoanode. On the other hand, the
lowest Vo, Jsc, and Pmax values were recorded in the PFC with
GCN/ZnO03 as the photoanode with 166.5 mV, 12.83 mA/m?
and 0.34 mW/m?, respectively. The highest performance in
Vog, Jsc and Pmaxof GCN/ZnO02 illustrates that efficient charge
separation caused by heterojunctions in the GCN/ZnO
composite results in the participation of more
photogenerated carriers. In contrast, further increasing the
amount of ZnO up to GCN induced significant particle
agglomeration and thereby enhanced the recombination
rate of electrons and holes, consequently lowering the
photocatalytic efficiency as could be observed in GCN/Zn03
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Figure 6. (a) Voltage output (b) Power density curves and
(c) Polarisation curves with different photoanodes under
UVA light irradiation

[37, 41]. This indicated an appropriate amount of ZnO to
GCN was important in influencing the rate of electron
transfer in GCN/ZnO photoanode [42]. Overall, the results
of the maximum power density, short circuit current
density and open circuit voltage were compatible with the
sequence of the colour removal efficiency.
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4. CONCLUSION

In summary, GCN/ZnO composite photoanodes were
successfully fabricated and applied in a PFC with Pt/C paper
as a cathode. The maximum voltage open circuit was
1.43 times higher in the PFC with GCN/Zn0O2 photoanode
(328.8 mV) than that of the GCN photoanode (229.4 mV).
The kinetic photocatalytic decolourisation of RR120 in the
PFC increased in the order of GCN/Zn0O3 < GCN < GCNZnO1
< GCN/ZnO2. The enhanced performance in the PFC using
GCN/ZnO composites as photoanodes could be attributed to
the heterojunction in the GCN/ZnO and the improved ability
of the charge interface carrier separation. Lastly, the
heterostructures formed between GCN and ZnO showed a
synergetic effect which improved both the transfer
efficiency of photogenerated electron-hole pairs and the
redox capability. This study provided important insights for
the synthesis and modification of GCN/ZnO composite for
application as the photoanode in PFC to degrade azo dye
and generate electricity synchronously.
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