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aracterisation of heteroatom-
doped reduced graphene oxide/bismuth oxide
nanocomposites and their application as
photoanodes in DSSCs†

Nonjabulo P. D. Ngidi, Edigar Muchuweni ‡ and Vincent O. Nyamori *

Semiconductor materials have been recently employed in photovoltaic devices, particularly dye-sensitized

solar cells (DSSCs), to solve numerous global issues, especially the current energy crisis emanating from the

depletion and hazardous nature of conventional energy sources, such as fossil fuels and nuclear energy.

However, progress for the past years has been mainly limited by poor electron injection and charge

carrier recombination experienced by DSSCs at the photoanode. Thus, novel semiconductor materials

such as bismuth oxide (Bi2O3) have been investigated as an alternative photoanode material. In this

study, Bi2O3 was integrated with nitrogen- or boron-doped reduced graphene oxide (N-rGO or B-rGO,

respectively) via a hydrothermal approach at a temperature of 200 �C. Various instrumental techniques

were used to investigate the morphology, phase structure, thermal stability, and surface area of the

resulting nanocomposites. The incorporation of N-rGO or B-rGO into Bi2O3 influenced the morphology

and structure of the nanocomposite, thereby affecting the conductivity and electrochemical properties

of the nanocomposite. B-rGO/Bi2O3 exhibited a relatively large surface area (65.5 m2 g�1), lower charge

transfer resistance (108.4 U), higher charge carrier mobility (0.368 cm2 V�1 s�1), and higher electrical

conductivity (6.31 S cm�1) than N-rGO/Bi2O3. This led to the fabrication of B-rGO/Bi2O3 photoanode-

based DSSCs with superior photovoltaic performance, as revealed by their relatively high power

conversion efficiency (PCE) of 2.97%, which outperformed the devices based on N-rGO/Bi2O3, rGO/

Bi2O3, and Bi2O3 photoanodes. Therefore, these results demonstrate the promising potential of

heteroatom-doped rGO/Bi2O3-based nanocomposites as photoanode materials of choice for future

DSSCs.
1 Introduction

Recent developments in technology have led to a tremendous
demand for energy. Thus, renewable energy sources, especially
solar energy, which can be converted to electrical energy by
photovoltaic devices, particularly dye-sensitized solar cells
(DSSCs), have been favoured by many researchers.1–5 The main
component of DSSCs is the photoanode, which is responsible
for transferring photogenerated electrons from the excited dye
molecules to the collecting electrode. Thus, a high electron-
transport rate reduces the charge recombination rate and
improves the power conversion efficiency (PCE). The
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development of DSSCs by means of tailoring the properties of
semiconductor nanomaterials to suit photoanode applications
has attracted a lot of attention in solar energy research. This is
because semiconductor nanomaterials have unique physical,
chemical, electronic and optical properties. Semiconductor
photoanode nanomaterials with a high surface area can facili-
tate more dye absorption, effective photon harvesting, and fast
charge transport, thereby improving the PCE of DSSCs. Various
approaches, such as doping,6 surface modication,7 and the use
of hybrid semiconducting nanomaterials,8–12 have been
proposed to improve the properties of semiconductor materials.
Semiconductor nanomaterials such as metal oxides, including
titanium dioxide (TiO2),13 zinc oxide (ZnO),14 zirconium dioxide
(ZrO2),15 tungsten trioxide (WO3),16 and tin(IV) oxide (SnO2),17

have been extensively explored as photoanode materials in
DSSCs.

To date, there are few studies based on the application of
bismuth oxide (Bi2O3) as a photoanode in DSSCs, yet Bi2O3 has
attracted great interest in photocatalysis18 and supercapacitors19

due to its unique crystal structure,20 non-toxicity,21 and wide
© 2022 The Author(s). Published by the Royal Society of Chemistry
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bandgap, ranging from 2.47 to 3.55 eV.22 Bi2O3 also exhibits
a high dielectric permittivity, refractive index, photoconduc-
tivity, and oxygen ion conductivity. There are four polymorphs
of Bi2O3, namely, body-centred cubic (g), face-centred cubic (d),
tetragonal (b) andmonoclinic (a).23 Among these, a-Bi2O3 and d-
Bi2O3 are thermodynamically stable at ambient conditions,
whereas b-Bi2O3 and g-Bi2O3 are metastable, and are stabilised
by the addition of impurities or by controlling the reaction
conditions.24 An investigation on the effect of b-Bi2O3 as a pho-
toanode in DSSCs has been reported by Shaikh et al.25 and
resulted in a PCE of 0.078%. However, a slight improvement in
the PCE to 1.5% was observed when b-Bi2O3 was incorporated
with ZnO. Fatima et al.26 reported a PCE of 0.05% for DSSCs with
a-Bi2O3-based photoanodes. The low PCE was attributed to the
presence of trapping states at the interfaces within the photo-
anode. Thus, more research on Bi2O3 nanomaterials for pho-
toanode applications in DSSCs is still required.

Recently, metal oxides have been integrated with an allo-
trope of carbon, especially graphene, and used as positive
electrode material in energy storage devices.27,28 Graphene has
attracted signicant interest due to its high charge carrier
mobility, large specic surface area, high mechanical strength,
high electrical conductivity, and chemical resilience. Also, gra-
phene is reported to display predominant energy storage
performance compared with other carbon nanostructures, such
as carbon nanotubes and graphite.29,30 Graphene oxide (GO) is
dened as a cutting edge of graphene functionalised with
carbonyl and carboxyl groups at the edges; and epoxy and
hydroxyl groups in the basal plane.31 The oxygen-based func-
tional groups on the surface of GO are responsible for inte-
grating GO withmetal oxides, resulting in GO-basedmetal oxide
nanocomposites.

The main focus in the reported studies of Bi2O3 was to
integrate Bi2O3 with reduced graphene oxide (rGO) due to the
distinctive mechanical, electrical, and electrochemical proper-
ties of rGO.32–34 This is envisaged to help overcome the draw-
backs of pristine rGO, such as its usual tendency to agglomerate
or restack to form graphite due to p–p stacking and van der
Waals forces when the rGO nanosheets are close to each other,35

resulting in poor electrochemical properties. Nitrogen-doped
reduced graphene oxide (N-rGO) and boron-doped reduced
graphene oxide (B-rGO) have been reported to have improved
electrochemical properties than rGO;36 thus, integrating Bi2O3

with N-rGO or B-rGO is expected to yield favourable device
performance. However, to the best of our knowledge, no
detailed studies have reported the electrochemical properties of
heteroatom-doped rGO (N-rGO or B-rGO) integrated with Bi2O3

and their application as photoanodes in DSSCs. Hence, in this
study, the effect of nitrogen or boron on the physicochemical
and electrochemical properties of heteroatom-doped rGO/Bi2O3

nanocomposites was investigated for the rst time by means of
various instrumental techniques, so as to enhance the electro-
chemical properties of Bi2O3, reduce the aggregation of rGO,
and subsequently improve the performance of DSSCs.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2 Experimental
2.1 Materials

Bismuth oxide (Bi2O3, 99.99%), 4-nitro-o-phenylenediamine
($99%), boric anhydride ($98%), boron standard solution
(999.5 mg L�1 � 20 mg L�1), bismuth standard for ICP trace-
Cert® (1000 mg L�1 Bi in nitric acid), potassium hydroxide
(KOH,$85%, pellets), Naon (#100%), lithium iodide (99.9%),
4-tert-butylpyridine (98%), guanidinium thiocyanate (99%), 1-
methyl-3-propylimidazolium iodide (99.99%), acetonitrile
($99.9%), poly(vinyl acetate) (99.9%), absolute ethanol (99.5%),
eosin B (97%) and indium tin oxide (ITO) coated glass slides (15
U, 30 � 30 � 0.7 mm) were purchased from Sigma-Aldrich,
South Africa.
2.2 Synthesis of the nanocomposite

rGO was synthesised via thermal annealing of GO at a temper-
ature of 600 �C under 10% H2 in argon,37 while N-rGO or B-rGO
was synthesised by thermal treatment of GO and a precursor of
4-nitro-o-phenylenediamine or boric anhydride, respectively, at
a temperature of 600 �C.38,39 Bi2O3 (0.2 g) and rGO, N-rGO, or B-
rGO (0.5 g) were dispersed in absolute ethanol (60 mL) and
sonicated for 2 h (Scheme 1). Aer sonication, themixtures were
transferred into a Teon-lined stainless-steel autoclave and
thermally treated at a temperature of 200 �C for 24 h. The
nanocomposites were puried by washing them with double-
distilled water, followed by drying the samples in an oven for
24 h at 60 �C before characterisation.
2.3 Device fabrication

The Bi2O3-based nanocomposite (100 mg) was dispersed in
absolute ethanol (0.3 mL), sonicated, and deposited onto an
ITO glass of the photoanode by using the Doctor Blade method.
The photoanode was then annealed at 300 �C for 30 min. Aer
thermal annealing, 0.3 mM eosin B dye (150 mL) was loaded
onto the photoanode. The iodide/triiodide gel state electrolyte
was stained onto the dye-coated photoanode, followed by
assembling the aluminium-coated cathode in a sandwich-like
fashion. The iodide/triiodide gel state electrolyte was prepared
by rstly synthesizing the liquid electrolyte. The liquid electro-
lyte was synthesised by mixing lithium iodide (0.3348 g), 4-tert-
butylpyridine (1.6900 g), guanidinium thiocyanate (0.2954 g)
and 1-methyl-3-propylimidazolium iodide (0.3173 g) and dis-
solved in acetonitrile (5 mL). The synthesised liquid electrolyte
(1.2484) wasmixed with poly(vinyl acetate) (0.6022 g) and stirred
using a glass rod until a gel state electrolyte was formed, and
further kept in a refrigerator at 0 �C.
2.4 Characterisation

Field emission-scanning electron microscopy (FE-SEM, Carl
Zeiss Ultra Plus) was used to investigate the surface morphology
of the nanocomposites. Transmission electron microscopy
(TEM, JEOL JEM, 1010 model) was used to investigate the
microstructure of the nanocomposites. The presence of various
elements in the nanocomposites was investigated by elemental
RSC Adv., 2022, 12, 2462–2472 | 2463
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Scheme 1 Schematic diagram of the conversion of rGO, N-rGO and B-rGO to Bi2O3-based nanocomposites.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

24
/2

02
5 

5:
34

:1
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analysis (Elementar vario EL cube CHNSO elemental analyser),
and Bi2O3 was quantied via inductively coupled plasma-optical
emission spectrometry (ICP-OES, PerkinElmer Optima 5300
DV). The presence of various functional groups was determined
by Fourier transform infrared spectroscopy (PerkinElmer
Spectrum 100, FTIR spectrophotometer, with an attenuated
total reectance (ATR) accessory).

The phase compositions present in the nanocomposites
were evaluated by means of powder X-ray diffraction (XRD,
Bruker AXS, Cu Ka radiation source, l ¼ 0.154 nm). The
graphitic nature of the nanocomposites was investigated by
a Renishaw inVia Raman microscope at an excitation wave-
length of 488 nm. The thermal stability was analysed with a TA
Instruments Q series™ thermal analyser DSC/TGA (Q600)
instrument. The textural characteristics were determined using
a Micromeritics Tristar II 3020 surface area and porosity ana-
lyser. The electrical conductivity of the nanocomposites was
investigated by a four-point probe (Keithley 2400 source-meter).
Hall effect measurements were carried out using an Ecopia Hall
effect measurements system, model HMS 3000, equipped with
HMS3000 VER 3.15.5 soware.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were carried out on a VersaSTAT3F
potentiostat/galvanostat electrochemical workstation, with
ZSimpWin soware utilised for EIS data analysis. A counter
electrode (platinum wire (Pt)), a reference electrode (Ag/AgCl),
and a working electrode (mixture of nanocomposite) were
used. A mixture of the nanocomposite and a binder (Naon)
were dispersed in absolute ethanol and cast onto the electrode.
The potassium hydroxide redox couple was used as the
2464 | RSC Adv., 2022, 12, 2462–2472
electrolyte. CV was carried out at scan rates of 5, 25, 50, 75, and
100 mV s�1 in the potential range (�1.0 to 1.0 V). The photo-
voltaic measurements of the fabricated DSSCs with a photo-
anode active area of 0.96 cm2 were performed with an Oriel
Instruments LCS-100 solar simulator accompanied by a Keith-
ley 2420 source meter under one sun illumination (AM 1.5 G,
100 mW cm�2).
3 Results and discussion

The subsequent sections elucidate the physicochemical, elec-
trical conductivity, electrochemical properties, and photovoltaic
performance of the nanocomposites.
3.1 Elemental analysis

The incorporation of Bi2O3 into rGO or heteroatom-doped rGO
is evident from the presence of bismuth peaks in the EDX
spectrum (Fig. 1). ESI† – Fig. S1(a–f) also shows the EDX
elemental mapping of the N-rGO/Bi2O3 nanocomposite, which
conrms that all the constituent elements (carbon, oxygen,
nitrogen, and bismuth) were distributed homogeneously in the
N-rGO/Bi2O3 nanocomposite. This was also observed in rGO/
Bi2O3 and B-rGO/Bi2O3 nanocomposites. The presence of
carbon, nitrogen, oxygen, boron, and bismuth in nano-
composites was further conrmed by elemental analysis and
ICP-OES (ESI† – Table S1). The Bi2O3 content in rGO/Bi2O3, N-
rGO/Bi2O3, and B-rGO/Bi2O3 was found to be 20.8, 28.5, and
25.0%, respectively. N-rGO/Bi2O3 had a nitrogen content of
3.76%, while B-rGO/Bi2O3 had a boron content of 2.56%. ATR-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 EDX spectrum of a measurement conducted at the selected area of N-rGO/Bi2O3.
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FTIR was further used to investigate the various functional
groups present in the nanocomposites.
3.2 Surface functional groups

The ATR-FTIR spectrum of Bi2O3 is shown in Fig. 2 (a), where
a peak at 850 cm�1 is attributed to the symmetrical stretching of
Bi–O–Bi, while a peak at 1401 cm�1 is due to the presence of the
metal–oxygen vibration (Bi–O).40 The heteroatom-doped rGO-
Bi2O3-based nanocomposites exhibited peaks at around 800–
850 cm�1 and 1402 cm�1, associated with the Bi–O–Bi and Bi–O
vibrations, respectively. The spectra exhibited a broader peak at
around 3000–3400 cm�1 due to the Bi–OH bonds and hydrogen-
bonded molecular water species. A weak peak observed at
1665 cm�1 and 1250 cm�1 was assigned to N–H bending and
C–N stretching in N-rGO/Bi2O3, respectively. The presence of
boron in B-rGO/Bi2O3 was indicated by a peak at around
1180 cm�1, which is due to the B–C stretching vibration.
Quantitative analysis and ATR-FTIR spectroscopy conrmed the
incorporation of Bi2O3 into heteroatom-doped rGO. Thus, to
further study the structures of the nanocomposites, TEM and
FE-SEM analyses were conducted.
3.3 Microstructure and surface morphology

The TEM images in Fig. 3(a)–(c) show wrinkled graphene sheets
with Bi2O3 that is uniformly dispersed, indicating the existence
of a strong interaction between rGO, N-rGO or B-rGO, and Bi2O3.
Moreover, the interface between Bi2O3 and rGO, N-rGO, or B-
rGO shows that the Bi2O3 was well anchored on the sheets.
This conrms that Bi2O3 was successfully incorporated into
heteroatom-doped rGO as indicated in the EDX spectrum
(Fig. 1). Fig. 3(d) and (e) show SEM images, where agglomera-
tion of Bi2O3 is observed in the graphene sheets. N-rGO/Bi2O3

exhibited a high degree of agglomeration due to the high Bi2O3

content.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Consistent with SEM and TEM results, the HRTEM analysis
also indicated the successful formation of Bi2O3-based nano-
composites. Fig. 3(g) to (i) revealed a decrease in interlayer
spacing of the Bi2O3-based nanocomposites compared with
rGO, N-rGO, or B-rGO (ESI† – Fig. S2) due to the distortion
introduced by the inclusion of Bi2O3 and the reduction of
oxygen functional groups, such as carboxyl, epoxy and hydroxyl
groups.

3.4 Phase composition and defects on the graphitic
structure

Fig. 2(b) shows the diffractograms of pure Bi2O3 and the Bi2O3-
based nanocomposites. The P-XRD pattern of pure Bi2O3 shows
ve intense peaks at 2q values of 24.7�, 26.8�, 33.5�, 42.0�, and
52.5�, which correspond to the (102), (120), (121), (122), and
(321) planes, respectively, conrming the formation of an
a phase. These characteristic peaks are conrmed by the re-
ported standard JCPDS le number 76-1730, which is associated
with the monoclinic phase with space group P21/c.41 When
comparing the diffractograms of Bi2O3 and heteroatom-doped
rGO-Bi2O3-based nanocomposites, the diffraction peak repre-
senting the carbon species expected at 25� was not observed in
all nanocomposites because the diffraction peak was obscured
by the stronger diffraction peak of a-Bi2O3, and due to the low
content of rGO, which was below the detection limit.34,42

The sharp diffraction peak at 26.8� indicates that Bi2O3 is in
a crystalline state, but this peak was reduced aer integrating
heteroatom-doped rGO with Bi2O3. Bi2O3 exhibited a relatively
high 2q peak intensity due to the presence of larger nano-
particles with few grain boundaries and low defect density.
Theoretically, larger particles have sharp diffraction peaks,
while the diffraction peak width increases as the particle sizes
are reduced.43 Themost intense diffraction peak (120) was tted
with a Lorentzian distribution function to determine the full-
width at half-maximum (FWHM), and the value obtained was
RSC Adv., 2022, 12, 2462–2472 | 2465
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Fig. 2 (a) ATR-FTIR spectra, (b) powder X-ray diffractograms, (c) Raman spectra and (d) N2 adsorption–desorption isotherms of the Bi2O3-based
nanocomposites.
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employed to calculate the crystallite size of the nanocomposites
with Scherrer's formula. The crystallite sizes of Bi2O3, rGO/
Bi2O3, N-rGO/Bi2O3, and B-rGO/Bi2O3 were 29.2, 20.9, 19.5, and
16.8 nm, respectively. The boron content in B-rGO/Bi2O3 caused
an increase in structural strain, thus leading to enhanced
surface defects. An interlayer spacing of 0.33 nm was obtained
for Bi2O3, which was comparable to previously reported
values.44,45 The decrease in interlayer spacing aer integrating
Bi2O3 with heteroatom-doped rGO was caused by lattice
distortions, attributed to the incorporation of boron or nitrogen
and the decrease in oxygen content during the reduction
process.
2466 | RSC Adv., 2022, 12, 2462–2472
The crystallite size and graphitic nature of the nano-
composites were further investigated by Raman spectroscopy.
The crystallite size (La) was calculated using eqn (1) reported by
Mallet-Ladeira et al.:46

HWHM ¼ 71 � 5.2La (1)

where HWHM is the half-width at a half maximum, which is the
half of the full width at half maximum (FWHM) when the
function is symmetric. The crystallite sizes of Bi2O3-based
nanocomposites were smaller than that of Bi2O3, indicating that
thermal treatment and the type of heteroatom-doping in rGO
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of (a) rGO/Bi2O3, (b) N-rGO/Bi2O3, and (c) B-rGO/Bi2O3. SEM images of (d) rGO/Bi2O3, (e) N-rGO/Bi2O3, and (f) B-rGO/Bi2O3.
HR-TEM images of (g) rGO/Bi2O3, (h) N-rGO/Bi2O3, and (i) B-rGO/Bi2O3.
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affected the crystallite size due to the formation of small crys-
tals. The crystallite sizes from Raman analysis are slightly larger
than those from P-XRD analysis; however, they displayed
a similar decreasing trend (Table 1).

The graphitic nature of rGO, heteroatom-doped rGO, and
Bi2O3-based nanocomposites was further investigated by
Raman spectroscopy. The Raman spectrum of rGO (ESI† –

Fig. S3 and Table S2) reveals a D-band at 1350 cm�1 and a G-
band at 1594 cm�1, whereby the peak area ratio (ID/IG) shows
Table 1 P-XRD parameters and crystallinity analysis of the
nanocomposites

Sample

P-XRD Raman

2q/degree
Crystallite
size/nm

Interlayer
spacing/nm ID/IG

Crystallite
size/nm

Bi2O3 26.8 29.2 0.33 — 34.4
rGO/Bi2O3 27.1 20.9 0.32 1.50 29.6
N-rGO/Bi2O3 27.9 19.5 0.30 1.79 28.1
B-rGO/Bi2O3 28.0 16.8 0.30 1.82 27.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
the disorder and the GO structure's graphitic symmetry,
respectively. Aer nitrogen- or boron-doping, the G-bands
revealed a minimal shi in the wavenumber. This shi indi-
cated that incorporating nitrogen or boron atoms into the GO
lattice prompted an increase in the disordered structure relative
to rGO. According to Nanda et al.,47 the shi in the G-band of
graphene represents the vibrational mode of sp2-hybridized
carbon atoms. Thus, the change in the G-band position
suggests the change in the number of layers in graphene. The G-
band shi towards a higher wavenumber indicates a decrease in
the number of graphene layers.

Fig. 2(c) shows that the intensity of the G-band of rGO/Bi2O3

is highest, corresponding to the sp2 structure of the graphite
sheet.48 The low intensities of the D- and G-band of N-rGO/Bi2O3

suggest a strong interaction between N-rGO and Bi2O3. This has
also been evidenced by the presence of the highest Bi2O3

content in N-rGO/Bi2O3 (ESI† – Table S1) compared with rGO/
Bi2O3 and B-rGO/Bi2O3. Thus, Raman analysis demonstrated
the chemical bonding between Bi2O3 and rGO, N-rGO, or B-rGO
sheets, in agreement with elemental analysis.
RSC Adv., 2022, 12, 2462–2472 | 2467
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The ID/IG ratio of rGO was lower (0.71 – ESI† (Table S2)) due
to the reduction of the oxygen functionalities and the recovery
of sp2-hybridized C–C bonds. However, the ID/IG ratios of N-rGO
and B-rGO were higher than for rGO due to structural defects
introduced by nitrogen or boron atoms implanted at the radi-
calized graphene sites. B-rGO displayed an ID/IG ratio of 1.18,
which was higher than that of N-rGO (1.09), revealing the
presence of a higher degree of disorder in B-rGO than N-rGO.
Bi2O3-based nanocomposites showed higher ID/IG ratios than
rGO, N-rGO and B-rGO, demonstrating that these nano-
composites possess more defects, with B-rGO/Bi2O3 exhibiting
the highest ID/IG ratio (1.82).
3.5 Surface area and porosity

The specic surface area and pore size of the Bi2O3-based
nanocomposites were investigated by the nitrogen adsorption/
desorption method (Table 2). The B-rGO/Bi2O3 nanocomposite
was found to have the largest specic surface area of 65.5 m2

g�1. The relatively low surface area of 53.7 m2 g�1 for rGO/Bi2O3

was attributed to the blockage of the rGO lattice by the Bi2O3

particles. The larger surface area of nanomaterials is benecial
for enhancing dye loading in the photoanode of DSSCs.
Therefore, nanomaterials with a small surface area result in low
dye loading, thereby reducing the short-circuit current density
(Jsc) value and the PCE of DSSCs.49 Thus, to enhance the PCE of
DSSCs, the photoanode nanomaterials ought to have a larger
surface area. All the nanocomposites exhibited pore sizes below
23 nm, which belong to mesoporous material. Such meso-
porous materials with pore sizes between 2 and 50 nm have
been widely reported to improve the inltration of materials in
electrolytes.50,51

Fig. 2(d) exhibited type IV adsorption–desorption isotherms
with an H3 hysteresis loop in the range of 0.45 � 1.0 P/P0. The
H3 hysteresis loop indicates the presence of narrower pores,
channel-like pores, and a pore network-linking effect.52 This
again suggests that the synthesised nanocomposites are meso-
porous materials. The relative pressure tends to increase (P/P0 >
0.85), and the shape of the adsorption isotherm rises, indicating
an increase in the amount of N2-adsorption and the presence of
capillary condensation in the mesoporous material. This is
attributed to the rGO nanomaterial having a larger pore size and
being capable of adsorbing a large amount of N2.
3.6 Thermal stability

The TGA analysis in Fig. 4(a) shows the thermal stability studies
represented as TGA thermograms, and ESI† (Table S3) shows
the decomposition temperatures and residual content of the
Table 2 Textural characterisation of the nanocomposites

Sample Surface area/m2 g�1 Pore size/nm

Bi2O3 4.6 33.52
rGO/Bi2O3 53.7 20.37
N-rGO/Bi2O3 58.2 22.15
B-rGO/Bi2O3 65.5 17.80

2468 | RSC Adv., 2022, 12, 2462–2472
nanocomposites. All the nanocomposites exhibited few weight
losses around the decomposition temperature of 100 �C, which
was attributed to the removal of moisture adsorbed in the
interlayers of the nanocomposites. Furthermore, the weight loss
that occurred at 200–400 �C is due to the loss of amorphous
carbon and other functional groups with the release of COx

species. Such decrease in weight in the 200–400 �C range
correlates with TEM and SEM analysis (Fig. 3), inferring the
presence of amorphous materials. The thermograms indicated
that the order of the nanocomposites' tolerance to heat is B-
rGO/Bi2O3 < N-rGO/Bi2O3 < rGO/Bi2O3, i.e., with decomposition
temperatures of 437, 490, and 518 �C, respectively. The thermal
stability trends agree with the graphitic nature (lower crystal-
linity) (Raman analysis – Table 1) of the nanocomposites. B-
rGO/Bi2O3, with the highest fraction of layered graphene,
exhibited the lowest thermal stability of 437 �C and the lowest
residual content of Bi2O3 of 38%. The highest amount of
residue (57%) for N-rGO/Bi2O3 could be attributed to some
remnant Bi2O3 that remains entrapped in the nanocomposite.
The elemental analysis also indicates a high Bi2O3 content in N-
rGO/Bi2O3 (ESI† – Table S1).

3.7 Electrical properties

Four-probe and Hall measurements were used to investigate the
electrical conductivity and charge carrier mobility, respectively.
Hall effect studies showed that Bi2O3, rGO/Bi2O3, and N-rGO/
Bi2O3 have n-type charge carriers, while B-rGO/Bi2O3 has p-type
charge carriers. Such n- and p-type charge carrier characteristics
are due to the change in the electronic structure of the nano-
composite. This suggests that N-rGO-Bi2O3 is a good material
for electron transport, while B-rGO/Bi2O3 is a good hole trans-
porter. The I–V characteristics (Fig. 4(b) and Table 3) revealed
that the maximum conductivity (6.31 S cm�1) was obtained
from B-rGO/Bi2O3 with an improved charge carrier mobility
(0.368 cm2 V�1 s�1). The improvement in charge carrier mobility
is attributed to the decrease in the scattering probability of the
charge carriers. The size of boron ions is smaller than that of
bismuth ions (the ionic radius of B3+ is 0.23 Å and Bi3+ is 1.17 Å).
Thus, there is less scattering of electrons, thereby increasing the
charge carrier mobility. B-rGO/Bi2O3 had signicantly improved
electrical conductivity, and this is attributed to its relatively
large surface area and high charge carrier mobility.

3.8 Electrochemical properties

3.8.1 Electrode potential characteristics. The cyclic vol-
tammograms of the samples are shown in Fig. 4(c), where
a comparison of Bi2O3 and the nanocomposites was obtained at
a scanning rate of 100 mV s�1. The variation of scan rate, i.e., 5,
25, 50, 75, and 100 mV s�1 in the �1.0 to 1.0 V potential range
(ESI† – Fig. S4), showed that the cyclic voltammograms main-
tained certain curve stability,48,53 indicating that the nano-
composites were mainly electric double layer capacitive. Bi2O3

exhibited a small rectangular area, indicating a small capaci-
tance, whereas the Bi2O3-based nanocomposites exhibited
extensive background and peak currents. This shows that the
effective area of the electrodes was improved, and the electron
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Thermal stability studies represented as TGA thermograms, (b) current–voltage characteristics, (c) cyclic voltammograms and (d)
Nyquist plots of the Bi2O3-based nanocomposites.

Table 3 Electrical properties of the Bi2O3-based nanocomposites

Sample Conductivity/S cm�1 Carrier mobility/cm2 V�1 s�1

Bi2O3 2.10 � 10�2 0.080
rGO/Bi2O3 3.09 0.267
N-rGO/Bi2O3 3.84 0.295
B-rGO/Bi2O3 6.31 0.368
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exchange rate was accelerated by the conductive properties of
the Bi2O3-based nanocomposites.

The presence of oxygen-functional groups in Bi2O3 decreases
its electrical conductivity and deteriorates in the aqueous elec-
trolyte. During the integration of Bi2O3 with rGO or heteroatom-
doped rGO, the oxygen-functional groups were reduced during
thermal treatment and the high-pressure environment of the
hydrothermal system. Therefore, reducing oxygen-functional
groups increased the degree of wetting between the electrode
and the electrolyte, thus resulting in an enhanced electrical
conductivity, consequently improving the capacitance. A similar
observation has been reported by Yang et al.,54 who reported an
© 2022 The Author(s). Published by the Royal Society of Chemistry
increase in the capacitance of highly orientated Bi2O3/rGO
nanocomposites. The electrochemical activity and electro-
chemical reversibility are also enhanced due to the introduction
of defects and heteroatom-containing groups at the electrode
surface, which accelerates the charge transfer rate across the
electrode. This also indicates that Bi2O3-based nanocomposites
have ideal capacitor characteristics. The reversible charge–
discharge characteristics in Bi2O3-based nanocomposites can
probably be attributed to the electrical conductivity of the
randomly distributed b-Bi2O3 that is among the a- and d-pha-
ses.55 Thus, the nanocomposites were further investigated with
EIS.

3.8.2 Interfacial charger transfer characteristics. For
impedance measurements, the Bi2O3 and Bi2O3-based nano-
composite electrodes were characterised via Nyquist plots
(Fig. 4(d)). The Nyquist plots showed a semicircle correspond-
ing to the faradaic charge transfer resistance (Rct) (Table 4) and
a linear region, indicating a pure capacitive behaviour and
a diffusion-limited process, respectively.56,57 The Bi2O3 electrode
exhibited a small semicircle in the high-frequency region due to
lower resistance. A lower impedance, observed for rGO/Bi2O3
RSC Adv., 2022, 12, 2462–2472 | 2469
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Table 4 Resistance values for the nanocomposites

Sample Rct/U

Bi2O3 201.1
rGO/Bi2O3 169.8
N-rGO/Bi2O3 125.7
B-rGO/Bi2O3 108.4

Table 5 Photovoltaic performance of DSSCs with Bi2O3-based
nanocomposite photoanodes

Photoanode Voc/V Jsc/mA cm�2 FF/% PCE

Bi2O3 0.53 6.0 20.63 0.42 � 0.04
rGO/Bi2O3 0.48 9.8 43.9 1.68 � 0.01
N-rGO/Bi2O3 0.55 9.2 47.4 1.97 � 0.02
B-rGO/Bi2O3 0.59 10.0 50.2 2.79 � 0.01
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compared to Bi2O3, led to an improved electron transfer rate. All
the heteroatom-doped rGO/Bi2O3-based nanocomposites
exhibited no semicircle, indicating that the resistance is negli-
gible, thus, suggesting a remarkable charge reversal with
a change in voltage. This was attributed to the high electrical
conductivity, large specic surface areas, and high nitrogen/
boron-doping of the nanocomposites, which provided more
sites for enhanced catalytic activity. For instance, in the case of
B-rGO/Bi2O3, the lack of semicircle was attributed to the largest
surface area of B-rGO and its sp3 network, which behaves as an
electron transport medium from the conduction band of Bi2O3

to B-rGO. Therefore, the presence of B-rGO in the nano-
composite decreases the charge recombination rate, thus
resulting in an enhanced lifetime of the charge carriers.58

The series resistance is different for different electrodes used
in Fig. 4(d) due to the presence of various oxygen-functional
groups in the Bi2O3-based nanocomposites. This could also be
attributed to the constriction phenomenon of the thick porous
lm, which had a lm thickness of 2 mm that might not be thick
enough for electrodes to allow better current collection. Similar
observations have been previously reported by Tezyk et al.59

The Rct values (Table 4) were calculated from the EIS data.
The Rct values of the Bi2O3-based nanocomposites were lower
than that of Bi2O3 due to the free charge transfer in the nano-
composites. The relatively small Rct values for the nano-
composites indicate that the modication of Bi2O3 with
heteroatom-doped rGO drastically reduces the electrode–elec-
trolyte interfacial resistance. The introduction of heteroatom-
doped rGO into Bi2O3 lowered the Rct value, which indicates
the efficient separation of photogenerated electron–hole pairs
and faster interfacial charge transfer. Therefore, heteroatom-
doped rGO acts as the conducting channels inside the Bi2O3

matrix. These results affirm that the effective incorporation of
heteroatom-doped rGO sheets improves the electron transport
and electrical conductivity of the nanocomposites, resulting in
a signicant enhancement in electrochemical performance.
Fig. 5 J–V characteristics of the Bi2O3-based nanocomposites.
3.9 Photovoltaic performance of the fabricated DSSCs

DSSCs were fabricated using pure Bi2O3, rGO/Bi2O3, N-rGO/
Bi2O3, and B-rGO/Bi2O3 as photoanodes; and the open-circuit
voltage (Voc), Jsc, ll factor (FF) and PCE were determined. The
photovoltaic properties of DSSCs are listed in Table 5, and the J–
V curves are shown in Fig. 5. Bi2O3-based DSSCs exhibited
a higher Voc than rGO/Bi2O3-based DSSCs due to back electron
transfer (from Bi2O3 to the redox couple in the electrolyte),
which is associated with electrons located in a shallow
conduction band edge, thus resulting in a short lifetime. The
2470 | RSC Adv., 2022, 12, 2462–2472
low PCE in the Bi2O3-based DSSC is due to poor dye absorption
and back recombination at the photoanode–electrolyte inter-
face. A similar observation was reported by Fatima et al.,26 who
obtained a PCE of 0.05% for the Bi2O3-based DSSC. Poor dye
absorption causes a decrease in light absorption, which reduces
the photogeneration of charge carriers, and hence, lowers the
current density, resulting in poor device performance. Thus,
optimisation by surface modication of Bi2O3 has been used to
increase dye absorption and reduce back recombination,
thereby improving the performance of DSSCs.

When Bi2O3-based nanocomposites were used as a photo-
anode, the DSSCs exhibited a higher PCE than the Bi2O3-based
DSSCs. From the EIS analysis and electrical properties of Bi2O3-
based nanocomposites, it can be suggested that the improve-
ment in PCE is attributed to the low charge transfer resistance
and high electrical conductivity of these nanocomposites.
When carbon atoms in the graphene lattice are substituted by
nitrogen or boron atoms, the conductivity of N-rGO/Bi2O3 or B-
rGO/Bi2O3 increases remarkably, and the excited electrons are
transferred faster in the delocalized p structure of N-rGO/Bi2O3-
based photoanodes or B-rGO/Bi2O3-based photoanodes than
rGO/Bi2O3-based photoanodes.

B-rGO/Bi2O3-based DSSCs exhibited the highest PCE due to
enhanced transportation and collection of photogenerated
charge carriers. The high PCE is attributed to the hole (h+)
leaving the valence band of B-rGO and quickly moving to the
valence band of Bi2O3, which facilitates electron and hole (e�/
h+) separation. B-rGO has been reported to have a lower
bandgap;60 thus, the lower bandgap of B-rGO is responsible for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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providing a photovoltaic effect in Bi2O3 with a high bandgap,61

enhancing charge separation and extending the energy of
photoexcitation in DSSCs. Moreover, the electron mobility rate
in B-rGO/Bi2O3 is higher than in rGO/Bi2O3 and N-rGO/Bi2O3,
enabling the efficient transportation of electrons and reducing
charge recombination. Less charge recombination means more
electron density and a shi of the Fermi level, resulting in an
increased Voc. This is consistent with EIS data, in which the B-
rGO/Bi2O3 nanocomposite exhibited the lowest Rct value. This
results in fast electron collection and low charge carrier
recombination, leading to the fabrication of a B-rGO/Bi2O3-
based DSSC with the highest PCE of 2.79%.

The introduction of rGO or heteroatom-doped rGO into
Bi2O3 did not only improve the PCE, but also enhanced the Jsc
and Voc values. In the case of the rGO/Bi2O3-based DSSC and N-
rGO/Bi2O3-based DSSC, low Voc values of 0.48 and 0.55 V,
respectively (Table 5 and Fig. 5), were attributed to faster dye
regeneration, which reduces the lifetime of the oxidised dye
molecule to suppress charge recombination, thus reducing the
Voc. The presence of a low Bi2O3 content in rGO/Bi2O3 increased
the Jsc but lowered the Voc, which substantially reduced the PCE
of DSSCs. Although N-rGO/Bi2O3 showed a higher electrical
conductivity and charge carrier mobility than rGO/Bi2O3, its
performance in DSSCs as a photoanode resulted in a low Jsc due
to charge recombination, which is attributed to various bonding
congurations of nitrogen (pyrrolic-N, pyridinic-N, and
graphitic-N) present on the GO surface.

The Jsc is simultaneously affected by electron transfer effi-
ciency, light scattering, and dye absorption. Thus, the
improvement of Jsc is due to the increase in the absorption of
dye molecules in DSSCs. The large surface area of the nano-
composite is benecial for enhancing dye loading in the pho-
toanode of DSSCs. Therefore, the dye molecules are capable of
harvesting more light energy for the effective photogeneration
of charge carriers. B-rGO/Bi2O3 had the largest surface area for
efficient dye-loading, which increased the Jsc and promoted
a higher PCE in DSSCs.
4 Conclusion

In summary, heteroatom-doped rGO/Bi2O3-based nano-
composites were successfully synthesised and applied as pho-
toanodes in DSSCs. P-XRD analysis showed that pristine Bi2O3

is in the monoclinic (a) form, and this polymorph was main-
tained even aer introducing heteroatom-doped rGO. The
heteroatom-doped rGO/Bi2O3-based nanocomposites exhibited
better catalytic activity than pure Bi2O3. Favourable properties,
such as large surface area, small pore size, low charge transfer
resistance, high charge carrier mobility, and high electrical
conductivity, were observed in the heteroatom-doped rGO/
Bi2O3-based nanocomposites. This demonstrated the suitability
of the prepared Bi2O3-based nanocomposites as potential pho-
toanode materials for DSSCs. The highest PCE of 2.79% was
achieved for the B-rGO/Bi2O3-based DSSC, which was attributed
to the enhanced channels for electron transfer and electrolyte
diffusion. Therefore, the synthesised heteroatom-doped rGO/
© 2022 The Author(s). Published by the Royal Society of Chemistry
Bi2O3-based nanocomposites are ideal materials for the photo-
anode in DSSCs.
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