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hanced photoelectrochemical and
photocatalytic properties of reduced graphene
oxide for photodegradation of methylene blue dye†
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and Chin Wei Lai *

Graphene oxide (GO) and reduced graphene oxide (rGO) can act as metal-free photocatalysts to remove

aqueous dye pollutants under light illumination. However, there is some disparity in past reports on the

origin of the photoactivity of GO and rGO for photodegradation of dye pollutants. In this work, the

photoactivity of GO and rGO for methylene blue (MB) dye photodegradation were investigated with

photoelectrochemical (PEC) measurements. The optimized rGO sample (G-2) exhibited a stable

photocatalytic rate, which was 2.5 times higher than that of pure GO. PEC measurements revealed that

the photocatalytic activity of G-2 was elevated due to higher photocurrent density, higher charge carrier

density, and better charge separation. The changes in band gap and band positions of rGO were

determined through optical characterization and Mott–Schottky (M–S) plots. Finally, the photocatalytic

degradation mechanism of GO and rGO on MB dye was determined.
1. Introduction

Effluent wastewaters consisting of dye pollutants from the
printing industry raise much concern due to their negative
effects on the environment and ecological systems.1,2 To reme-
diate the water dye pollutant issue, several techniques such as
adsorption, occulation, ultraltration, etc. have been
employed in the past.3 Among these techniques, photocatalytic
degradation is a clean and cost-effective method for water
purication. In a typical photocatalytic degradation process, dye
molecules are photodegraded into harmless compounds via
photogenerated holes (h+), superoxide radicals (cO2

�), and
hydroxyl radicals (cOH) on the surface of a photocatalyst.4

Carbon-based materials are frequently studied as a support-
ing component in various photocatalytic applications.5–8 Among
the carbon-based materials, graphene oxide (GO) and reduced
graphene oxide (rGO) have shown promising results as stand-
alone photocatalysts in photocatalytic dye degradation. For
example, the photodegradation of resazurin, reactive black 5,
congo red, methyl orange, rhodamine B, and methylene blue
(MB) by GO, rGO, and heteroatom-doped GO.9–21 In addition,
our earlier work had shown that rGO synthesized via facile
solvothermal method can completely photodegrade MB dye
under UV illumination aer process optimizations.22 However,
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f Chemistry 2020
there are some contradicting past reports on the origin of
photoactivity of GO and rGO for dye photodegradation. For
instance, Guardia et al. stated that GO under UV illumination
degraded RhB via photoinduced heating of localized GO sheets
and not photocatalytic degradation.23 Moreover, there were
studies which claimed that GO materials were not photoactive
enough to photodegrade MO and orange II dyes.24,25 The
disparity in the literature suggests that a more detailed study on
the dye photodegradation mechanism of GO and rGO as pho-
tocatalysts is needed.

To conrm and measure the ability of a photocatalyst to
carry out photocatalytic degradation of dye, a series of photo-
electrochemical (PEC) measurements were oen deployed.26–29

Nevertheless, to the best of our knowledge, the PEC measure-
ment techniques have not been used to examine the photo-
catalytic degradation ability of GO/rGO photocatalysts for dye
photodegradation yet. In this study, rGO was synthesized via
autoclave solvothermal reduction from GO to photodegrade MB
dye under UV light illumination. The physicochemical and PEC
properties of the synthesized samples were conducted to unveil
the origin of their photoactivity on dye photodegradation.
2. Experimental section
2.1. Materials

Synthetic graphite powder (<20.0 mm) was purchased from
Sigma-Aldrich. Potassium peroxodisulphate ($99%), di-
phosphorus pentoxide ($99%), and ethanol ($99.9%) were
obtained from Merck & Co. H2SO4 $ 95–97%, KMnO4 $ 99%,
RSC Adv., 2020, 10, 37905–37915 | 37905
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Fig. 1 XRD patterns of bare graphite powder and G-0 to G-8.
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H2O2 $ 30%, HCl $ 37%, and methylene blue (MB, C.I. 52015,
$99%) were acquired from Friendemann Schmidt.

2.2. Preparation of rGO

GO was produced according to our previous work.22 Then,
200 mg of synthesized GO powder was suspended in a solvent of
2 : 1 (volume) ethanol/deionized water mixture. The suspension
was sonicated in ultrasonic bath for 30 min to produce a stable
dispersion. Subsequently, the stable GO suspension was poured
into autoclave and heated in oven (160 �C) for a certain dura-
tion. The autoclaved mixture was then subjected to vacuum
ltration, and the resulting rGO was rinsed with deionized
water. Finally, the rGO was dried in oven at 60 �C and grinded
into powder. The as prepared rGO samples are indicated as G-X,
where X representing the autoclave duration of 0, 1, 2, 4, and 8 h
respectively.

2.3. Methods of characterization

Field emissions scanning electron microscope (FEI Quanta FEG
650) with attached energy dispersive X-ray spectrometer (EDX)
was used to nd out the morphology and elemental composi-
tion of selected samples. Raman spectroscopy was conducted
with a Renishaw inVia Raman Microscope (514 nm Ar-ion laser,
500–3200 cm�1) to measure the degree of rGO reduction. Pho-
toluminescence (PL) analysis was performed on selected
samples using a Renishaw inVia Raman (325 nm Ar-ion laser,
400–900 nm). The crystalline phases of the samples were ana-
lysed by a PANalytical X-ray Diffractometer (XRD) (Cu Ka, l ¼
0.154 nm) under 40 kV and 30 mA. The specic surface area
(SSA), pore size, and pore volume were analysed in N2 atmo-
sphere at 77 K by a Micromeritics ASAP 2020 Surface Area and
Porosity Analyzer. The light absorbance (200–600 nm) of the
samples were measured by a Perkin Elmer Lambda 35 UV-Vis
spectrophotometer. X-ray photoelectron spectroscopy (XPS)
was scanned via a JEOL JPS9030 with MgKa X-ray source to
investigate the chemical bonding of the samples.

2.4. Adsorption and photocatalytic activity measurements

20 mg of G-X sample was dispersed in 100 ml of 50 ppm MB
solution. Dark adsorption was carried out to determine the
adsorption and desorption equilibrium point. Aer reaching
the adsorption–desorption equilibrium point, the MB solution
was irradiated with 95 W UV-C light (light intensity of 2.4 mW
cm�2 measured by Newport power meter 843-R) in a custom-
made photoreactor22 for 6 h. The light spectrum of the UV-C
light is shown in Fig. S1.† At certain intervals, aliquots were
analysed with UV-Vis for peak intensity at 664 nm. The
adsorption removal% (% Rads) and the photodegradation
removal% (% Rpho) were calculated according to the following
equations:

% Rads ¼ Cinitial � C0

Cinitial

� 100% (1)

% Rpho ¼ C0 � Ct

C0

� 100%; 0# t# 6 (2)
37906 | RSC Adv., 2020, 10, 37905–37915
where Cinitial, C0, and Ct are the MB dye concentrations (ppm) at
initial introduction, at adsorption and desorption equilibrium,
and at time (t). Then, pseudo-rst order kinetic equation was
used to t the photocatalytic degradation data as below:

�ln
�
Ct

C0

�
¼ kt (3)

The symbol k (h�1) is the pseudo-rst order rate constant.
The best G-X sample was tested for ve photodegradation cycles
with the same reaction conditions to determine the stability and
reusability of the photocatalyst.
2.5. Photoelectrochemical measurements

Photoelectrochemical measurements of the selected samples
were conducted with a Metrohm Autolab (PGSTAT302N) elec-
trochemical workstation. A three-electrode cell setup was used,
where the reference electrode was Ag/AgCl, counter electrode
was Pt, and working electrode was uorine-doped tin oxide
(FTO) glass slides. Photocatalyst samples (1 cm2) were deposited
on the FTO glass via a doctor-blade coating method, where
adhesive tape and glass rod were used as the spacer and frame.
The electrolyte used for all analyses was aqueous 0.5 M Na2SO4

at pH 6.5. The light source for photocurrent was supplied by
a 150W xenon lamp with 0.2 V bias. Electrochemical impedance
spectroscopy (EIS) was obtained with AC amplitude of 5 mV
(frequency: 0.1 Hz to 100 kHz). Mott Schottky (M–S) plots were
measured in the potential range of +1.2 to +1.8 V (vs. Ag/AgCl),
using a potential step at 200 Hz frequency.
3. Results and discussion
3.1. Characterization of samples

XRD. In Fig. 1, XRD pattern is shown to determine the effect
of solvothermal reduction duration on the crystalline changes
of the samples. Bare graphite powder showed a (002) peak at the
diffraction angle of 26.6�, together with a smaller (101) peak at
54.7�. This result conrmed the structure of graphite.30 Aer
oxidizing, the (002) peak of pure GO (G-0) was shied to 11.0�,
and a (100) peak appeared at 2q ¼ 42.6�. This is due to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Raman analysis of G-0 to G-8.
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intercalation of oxygenated functional groups (OFGs) into the
graphitic layers.31 Aer 1 h of reduction, G-1 had a broad peak
that appeared at 24.8�, which indicated the occurrence of GO
reduction.32 However, a dispersed peak at 11.3� was also seen in
G-1, this suggested that G-1 was only mildly reduced.32 Aer 2 h
of reduction, G-2 only showed a single (002) peak at 24.9�,
suggesting that G-2 was successfully reduced to rGO.33 As the
reduction time was extended to 4 and 8 h, the (002) peak of G-4
and G-8 remained at the same position of 24.9�, this indicated
the preservation of the rGO crystalline phase aer >2 h of
reduction.
Fig. 3 (a) UV-Vis absorbance patterns of G-0 to G-8. (b) Tauc plot for
direct band gap of G-0 to G-8.

Fig. 4 (a) N2 adsorption–desorption isotherms and (b) pore size plots
of G-0 to G-8.

This journal is © The Royal Society of Chemistry 2020
Raman. Fig. 2 shows the Raman spectra of the samples to
examine the order of their graphitic structures. Four signature
peaks of graphitic material were detected, namely D band
(�1353 cm�1) the structural disorderliness of graphene, G band
(�1591 cm�1) the scattering of the E2g vibration mode of sp2 C
atoms, 2D band (�2693 cm�1) the second-order of D band, and
S3 band (�2936 cm�1) the second-order of D–G peak combi-
nation.34 The peak intensity ratio of D/G (ID/IG) represents the
degree of disorder in the graphitic samples.35 By increasing the
reduction time, the ID/IG was increased from 0.75 (G-0) to 0.89
(G-8). The increment of ID/IG ratio indicated a greater degree of
reduction.36 Meanwhile, the peak intensity ratio of 2D/G (I2D/IG)
Table 1 BET/BJH textural parameters of G-0 to G-8

Sample
Surface area
(m2 g�1)

Pore size
(nm)

Pore volume
(cm3 g�1)

G-0 15.03 59.42 0.085
G-1 8.20 76.86 0.029
G-2 94.81 3.89 0.118
G-4 89.13 3.89 0.101
G-8 75.20 3.90 0.090

RSC Adv., 2020, 10, 37905–37915 | 37907
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Fig. 5 FESEM images of (a) G-0 and (b) G-2. (c) XPS C 1s and (d) EDX of G-0 and G-2.
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can be used to estimate the relative amount of restored sp2

fraction in rGO.37 The I2D/IG ratio increased aer reduction from
0.04 (G-0) to 0.15 (G-2), indicating the increment of sp2 domain.
However, the ratio then decreased upon longer reduction from
37908 | RSC Adv., 2020, 10, 37905–37915
0.15 (G-2) to 0.08 (G-8). This suggested that prolonged reduction
duration might have caused excessive graphitic defects, hence
lesser sp2 domains on the rGO surface.38
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Photodegradation of 50 ppmMB dye by G-0 to G-8 after 4 h of dark adsorptions. (b) Pseudo-first order kinetic plots. (c) Recycle test with
G-2 for 6 h photodegradation of 50 ppm MB. (d) XRD of fresh and recycled G-2.
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UV-Vis. Fig. 3a shows the UV-Vis absorption spectra of the
samples. G-0 displayed a typical GO pattern with a 231 nm peak
(p–p* transition of C]C) and a �300 nm shoulder (n–p*
This journal is © The Royal Society of Chemistry 2020
transition of C]O).39 Aer solvothermal reduction, the 231 nm
peak was red shied to a higher wavelength of 267 nm, indicating
the partial restoration of the conjugated sp2 network.40 Fig. 3b and
RSC Adv., 2020, 10, 37905–37915 | 37909
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Fig. 7 (a) Photoluminescence (PL) patterns, (b) electrochemical impedance spectroscopy (EIS), and (c) transient photocurrent of G-0 to G-8.
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S2† show the direct and indirect band gaps (EBG) of G-0 to G-8,
extrapolated by the linear ts of the Tauc plots. The direct band
gap value was narrowed from 3.75 eV (G-0) to 3.10–3.20 eV (G-2 to
G-8). The reduction of band gap was probably due to the partial
37910 | RSC Adv., 2020, 10, 37905–37915
removal of OFGs aer solvothermal reduction. This is in concor-
dance with previous studies, in which the quantity of OFGs is the
main factor determining the band gap of a rGO.41,42
This journal is © The Royal Society of Chemistry 2020
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Specic surface area (SSA) and pore size distribution. Fig. 4a
and Table 1 show the N2 adsorption–desorption isotherms of G-
0 to G-8. Based on the latest IUPAC classication,43 the N2

adsorption–desorption isotherms of all samples were type II
with type H3 hysteresis loops. At P/P0 < 0.1, the adsorption of N2

increased gradually for all samples, this indicated the lling of
micropores. For G-2, G-4, and G-8, the amount of N2 adsorbed
increased with increasing P/P0 (0.1–0.8), indicating the conver-
sion of monolayer to multilayer adsorption. Moreover, the
hysteresis loops of G-2, G-4, and G-8 stopped at P/P0 z 0.45,
suggesting the existence of higher amount of micropores.44 The
adsorption of N2 greatly increased at P/P0 > 0.9 for all samples,
owing to the presence of macropores.

From Fig. 4b and Table 1, the SSA of G-0 was 15.03 m2 g�1,
pore size was 59.42 nm, and pore volume was 0.085 cm3 g�1.
Aer solvothermal reduction of 2 h in G-2, the SSA was
increased, pore size was reduced, and pore volume was
increased. This could be due to the removal of OFGs, hence
causing the changes on the G-2 surface morphology.45 However,
both G-4 and G-8 have lower SSA and pore volume than G-2, this
was probably due to the agglomeration of the G-4 and G-8 rGO
sheets aer longer period of reduction.46

Morphology and surface bonding. The morphologies of G-
0 and G-2 were investigated by FESEM. Fig. 5a shows that G-
0 contained stacked sheets with at surface. In contrast,
sample G-2 had a sheet-like structure with wrinkled surface
(Fig. 5b). The changes of surface morphology were possibly due
to the removal of OFGs aer solvothermal reduction.

To conrm that OFGs were removed from the GO sheets, XPS
and EDX were conducted. In Fig. 5c, XPS C 1s results demon-
strate that from G-0 to G-2, the C–O (epoxide and hydroxyl),
C]O (carboxyl), and C(O)(OH) (carboxylic) groups were all
partially reduced. In additional, EDX elemental mapping
(Fig. 5d) shows that the O/C ratio was reduced from 0.56 (G-0) to
0.25 (G-2). Therefore, it is conrmed that OFGs were reduced by
solvothermal reduction.
Fig. 8 Mott–Schottky plot of G-0 and G-2.
3.2. Photodegradation of MB dye

The dark adsorption–desorption equilibrium was reached aer
4 h for all samples as shown in Fig. S3.† G-2 had the highest
adsorption removal% at 29.3%, attributed to its highest SSA and
pore volume. Meanwhile, only a small amount of MB was
photodegraded by photolysis. All MB photodegradation tests
were carried out aer 4 h of dark adsorption. As shown in Fig. 6a
and S4,† the efficiency of 6 h MB dye photodegradation was
found to follow the order of G-2 > G-4 > G-8 > G-0 > G-1. From
Fig. 6b, the pseudo-rst order rate constant of G-2 (0.070 h�1)
was remarkably 2.5 times higher than the pristine GO sample G-
0 (0.028 h�1). Five cycles of 50 ppm MB dye photodegradation
experiment were conducted by recycling the same G-2 photo-
catalyst, and no signicant drop of photoactivity was noticed
(Fig. 6c). Furthermore, Fig. 6d shows that the XRD of the recy-
cled G-2 photocatalyst exhibited the same peaks as fresh G-2.
This suggested that G-2 was still stable aer consecutive pho-
todegradation reactions.
This journal is © The Royal Society of Chemistry 2020
3.3. Photoelectrochemical (PEC) measurements and
photodegradation mechanism

PL, EIS, photocurrent. To conrm that the improvement of
MB removal rate of G-2 during light reaction was due to
enhanced photodegradation performance, a series of PEC
measurements were conducted. The recombination rate of the
photoinduced charge carriers is compared by photo-
luminescence (PL) emission spectra.40 In Fig. 7a, all samples
exhibited a broad peak between 400–800 nm. The G-2 sample had
the lowest PL peak intensity, hence suggesting that G-2 had the
lowest rate of recombination.

Next, the electrochemical impedance spectroscopy (EIS) of
the samples were contrasted with Nyquist plot (Fig. 7b). In the
Nyquist plot, the arc radius of the semi-circle implies the
resistance of charge transportation of the photo-induced
charges.47 It was observed that G-2 had the smallest arc
radius, hence the lowest charge transfer resistance. This was
possibly due to the restoration of the conducting sp2 fractions,
as discussed in Raman analysis.

In Fig. 7c, transient photocurrent-time experiment with
three on–off cycles of light illumination was performed to
evaluate the photoinduced charge density of the samples. All
samples displayed photocurrent values instantly upon light
illumination, then the photocurrent diminished immediately
with light off. The photocurrent density of G-2 was around ve-
fold of the original G-0. Moreover, the photocurrent densities
were stable aer 3 cycles, indicating good stability. By
combining the results of PL, EIS, and photocurrent, it was
determined that G-2 had enhanced ability to produce and
separate photogenerated charges. Therefore G-2 exhibited
a better performance in MB dye photodegradation rate than the
other samples.

M–S. Fig. 8 shows the Mott–Schottky (M–S) plot of G-0 and G-
2. Both samples exhibited negative slopes, suggesting that they
were p-type semiconductors.48 The atband potential value (EFB)
can be determined from the x-axis interception of the linear line
of the M–S curve.49 The EFB (vs. Ag/AgCl, pH 6.5) of G-0 and G-2
were +1.75 V and +1.69 V, respectively. Generally, the valence
band potential (EVB) of a p-type semiconductor is approximately
+0.3 V from the corresponding at band potential,50 thus the
RSC Adv., 2020, 10, 37905–37915 | 37911
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EVB of G-0 and G-2 were +2.05 V and +1.99 V (vs. Ag/AgCl, pH
6.5). Aer converting the EVB versus Ag/AgCl, pH 6.5 to versus
normal hydrogen electrode (NHE), pH 7 (eqn (S1)†), the EVB of
G-0 was +2.23 V and G-2 was +2.17 V. In addition, the acceptor
(hole) mobile carrier concentrations of the p-type G-0 and G-2
can be quantied as shown in eqn (S2).† The acceptor charge
density of G-0 was 9.28 � 1015 cm�3 and for G-2 was 1.16 � 1016

cm�3. The enhancement of charge density is in agreement with
Fig. 9 (a) Proposed mechanism for MB photodegradation by G-0 and
agents.

37912 | RSC Adv., 2020, 10, 37905–37915
a past study, in which a rGO with greater reduction degree has
a higher charge density than another rGO with lesser reduc-
tion.51 This is because rGO with a greater reduction degree has
a higher concentration of p electron, hence resulting in an
increase of charge density.52 The higher charge density of G-2
could have been benecial to the efficiency of MB dye
photodegradation.
G-2. (b) Photoactivity of G-2 in the presence of different scavenging
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3.4. Mechanism

The conduction band potential (ECB) of G-0 and G-2 were
computed to be �1.52 V and �0.93 V (vs. NHE, pH 7) by eqn
(S3).† Therefore, the electronic band structures of G-0 and G-2
can be illustrated as Fig. 9. From G-0 to G-2, the band gap was
reduced from 3.75 eV to 3.10 eV, the EVB was shied negatively
for 0.06 V, and the ECB was shied positively for 0.59 V. Similar
observation was also observed in a previous study, in which the
EVB and ECB of GO were shied aer partial reduction.53 The
shiing of band locations is due to the changes of the relative
ratios of OFGs.54 The ECB of G-0 and G-2 were negative enough to
carry out the reduction O2 to cO2

� radical (�0.28 V vs.NHE, pH 7
(ref. 55)), however their EVB were not positive enough to oxidize
H2O to H+ and cOH radical (+2.27 V vs. NHE, pH 7 (ref. 55)).
Hence, it was proposed that the mainmechanism for G-0 and G-
2 to photodegrade MB dye were through the photogenerated h+

and cO2
� radical.

To verify the proposed mechanism, three reactive species
trapping tests were conducted on G-2 photodegradation of MB
dye. In the trapping tests, cO2

� radical was removed by bubbling
pure nitrogen (N2) gas into the MB dye solution, h+ species was
scavenged by 10 mM of ammonium oxalate (AO), and cOH
radical was trapped by 10 mM of isopropyl alcohol (IPA). Based
on Fig. 9b, 33% of dye was removed via photodegradation when
no scavenger was added. In the presence of N2 and AO, the
photodegradation performance dropped to 24% and 20%
respectively. In contrast, the presence of IPA did not signi-
cantly affect the photodegradation activity. Thus, the results
conrmed that h+ and cO2

� radical were the major reactive
species in the photoactivity of G-2.
Conclusion

The 2 h solvothermally reduced rGO sample (G-2) had an
improved performance to photodegrade MB dye in contrast to
pristine GO (G-0). Through systematic characterizations and
PECmeasurements, it was conrmed that the improved MB dye
removal rate of G-2 was due to enhanced photoactivity. The
enhanced photoactivity of G-2 was mainly attributed to its
higher charge carrier density, better ability to separate charge
carriers, and higher photocurrent density. By using radical
scavenger tests and constructing the electronic band structures
of G-0 and G-2, it was determined that the photogenerated h+

and cO2
� radical played major roles in GO/rGO MB dye

photodegradation.
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