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Highly ordered y-Fe,Os/reduced graphene oxide (RGO) was synthesized via a facile solution technique
combined with calcination at various temperatures. The maghemite iron oxide structure was obtained on

the GO surface and improved crystallinity of y-Fe,O; was observed as the calcination temperature

increased. The prepared highly ordered maghemite structure on RGO exhibited an excellent water
splitting performance under UV light (~360 nm) illumination. The photocurrent density of RGO/y-Fe,04
calcined at 500°C was 6.74 mA/cm’® vs. RHE with high incident photon to current conversion efficiency
(IPCE) of 4.7%, was achieved. This photocurrent density and the IPCE values are 3.7 times and 4 times

higher than that of pristine iron oxide, respectively.

1. Introduction

Production of hydrogen and oxygen from photocatalytic water
splitting has attracted substantial attention as a potential means of
renewable energy production with no reliance on fossil fuels and
no carbon dioxide emission" 2. The hydrogen production from
water by the solar energy is essential to constructing clean energy
systems in order to solve the energy and environmental issues
together. Even though various photocatalysts have been explored,
efficient materials for water splitting into H, and O, have not
been found yet* * In this regard, an important part of the
scientific community is currently focusing on the synthesis of
novel nanostructured materials that are capable of absorbing the
photonic energy emitted by the sun or external source with a high
efficiency of its conversion into chemical or electrical energy.
The photocatalytic water splitting is still a challenging reaction
even if the research history is long. Usually, photolysis or photo
splitting of water into gaseous O, and H, is described by
equation®,

hv

H,0 —H,+10, (1)

The rate of water splitting by photoelectrochemical cell (PEC)
can be increased significantly when artificial UV light sources are
used °.

Recently, various metal oxides (such as TiO,, ZnO, WO;, and
CoO) and graphene based metal oxide composites have been
investigated for PEC water splitting®'2. Among them, Iron oxides
(Fes304, a- Fe,05 and y-Fe,05 etc.) have received much attention
due to their favourable optical band gap, excellent chemical
stability, natural abundance, and low material cost'>'®. The
maximum theoretical efficiency of solar-to-hydrogen (STH)
conversion is 16.8 % so far, however, the reported value of STH
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for iron oxide is much lower than the expected value due to its
very short lifetime of photo generated charge carriers (<10 ps)
and short hole diffusion length (~2-4 nm) '7.

Lately, graphene and graphene based hybrid materials have
drawn great attention due to their unique microstructures and
properties, which promote their extensive potential application in
many fields'® ', Moreover, the properties of graphene oxide
(GO) and mildly reduced graphene oxide (RGO) prepared by the
chemical method can be easily tailored compared with the
graphene grown by the chemical vapour deposition (CVD) due to
the formation of various functional groups such as the hydroxyl,
carbonyl, and carboxyl groups on the graphene surface, which
enables GO and RGO more easily modified by other materials*”-
24 Therefore, semiconductor nanoparticles assembled on the
surface of GO are believed to provide a new way to design high-
performance energy harvesting electrode materials. Even though
iron oxide/graphene composites have been extensively studied for
use as an anode material for Li-ion batteries™, super capacitors®®
77 sensors™ and catalysts®™ *°, to the best of our knowledge, no
PEC study of RGO/y-Fe,0; has been reported in the literature so
far. There are few reports available on the electrochemical
behaviour of RGO-maghemite (y-Fe,03) nanocomposites 22,
while many literatures are available for magnetite and hematite
based composites”'“’. Moreover, due to a lack of studies on
maghemite/graphene composites, the actual nature of iron oxide
is still unrevealed and most of the previous reports on iron
oxide/graphene composites have assumed that iron oxide has
magnetite phase.

Although nano-sized iron oxide and iron oxide composites
made by atmospheric pressure chemical vapor deposition
(APCVD) "*** and atomic layer deposition (ALD) ** have shown
excellent PEC performance, these techniques require special
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instruments such as atomizers or CVD or ALD. Moreover, ALD
systems need toxic and flammable metal-organic precursors. In
this paper, we report highly efficient photocatalytic materials that
exhibit high energy conversion efficiency and excellent
operational stability. We fabricated crumpled RGO/iron oxide
(maghemite) nanocomposites by a facile solution technique. In
addition, the structure of iron oxide anchored on GO was
accurately identified in this work. After calcination at 300, 400
and 500 °C for 4 h (for sample identification the as-prepared,
300, 400 and 500 °C calcined samples are denoted as RGO-M1,
RGO-M2, RGO-M3 and RGO-M4, respectively), the PEC
performances were highly improved. The overall water splitting
photocurrent density of 6.74 mA/cm® with high incident photon
to current conversion efficiency (IPCE) of 4.7% was achieved for
the RGO-M4 (under UV light ~ 360 nm), which is the highest
IPCE for RGO based Iron oxide photocatalysts under UV light.

2. Materials and Methods
2.1. Synthesis of GO and RGO/y-Fe,O3; nanocomposites

Graphene oxide (GO) was synthesized from graphite powder
using a modified Hummers’ method. Briefly, 1 g of graphite and
0.5 g of sodium nitrate were mixed, which was followed by the
addition of 23 ml of concentrated sulfuric acid under constant
stirring with a magnetic stirrer. After 1 h, 3 g of KMnO, was
gradually added to the above solution while keeping the
temperature below 20°C to prevent overheating and explosion.
The mixture was stirred at 35 °C for 8 h and the resulting solution
was diluted with 500 ml of deionized water under vigorous
stirring. To ensure the completion of the reaction with KMnOy,,
the diluted mixture was further treated with 30% H,0O, solution (5
ml). The resulting suspension was washed with HCI and H,O,
respectively, which was followed by filtration and drying to
produce GO.

To synthesize RGO/y-Fe,0; nanocomposites, 20 mg of GO
was first dispersed in deionized water (40 ml) with vigorous
stirring at 70°C to obtain a homogeneous dispersion. Then, the
GO solution was added to 0.5 mol/L of Iron (III) chloride
aqueous solution (80ml) and the mixture was stirred for 1 h. An
ammonia/ethanol solution with a 1:1 (v/v) ratio (4ml) was added
to the above solution. Finally, RGO/y-Fe,0; precipitates were
collected, washed with distilled water, and dried at 70°C for 15 h.
Then, the dried sample was further calcined at 300°C, 400°C and
500°C for 4 h. Pure iron oxide was prepared by the same
procedure without RGO.

2.2. Instrumental analysis

X-ray diffraction (XRD; Rigaku) spectroscopy with Cu-Ka
radiation was used to identify the crystalline phases. Field
emission scanning electron microscopy (FE-SEM; JSM 6500F)
was used to investigate the surface morphology of RGO/y-Fe,03
nanocomposites. Transmission electron microscopy (TEM; JEOL
JEM 2100F) was used to analyse the micrograph images of the
prepared samples. The functional groups were identified by using
a Thermo Scientific Nicolet 380 FTIR spectrometer. Optical
absorption measurements were taken on an Analytik Jena
SPECORD210 Plus UV-Vis spectrometer. The vibrational,
rotational, and other low-frequency mode in the sample was
analyzed using a Thermo Scientific DXR Raman
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spectrophotometer. Materials composition and oxidation states of
carbon and iron atoms in the RGO/y-Fe,O; nanocomposites were
analyzed using a Thermo Scientific K-alpha X-ray photoelectron
spectrometer (XPS).

2.3 Photoelectrochemical analysis

The photoelectrochemical tests were carried out using cyclic
voltammetry (CV) with a three cell system by an electrochemical
working station (Gamry instrument). The working electrodes
were prepared with the RGO/y-Fe,Oz;, carbon black and
polyvinylidene fluoride (PVDF) binder in a weight ratio of 8:1:1.
The slurry was then coated on one side of thin Cu foil with a size
of 1 x 1 cm?® and dried for 2 h at 60°C in an oven. The mass of the
electrode material was about 4 mg. The reference electrode and
counter electrode were Ag/AgCl and Pt, respectively. The other
side of the Cu foil was masked with a non-conducting tap. The
measured potential vs. Ag/AgCl was converted to the reversible
hydrogen electrode (RHE) scale using the Nernst equation,

ERHE = EAg/AgCl +0.241V + 0.0591 x pH at 25°C

The PEC water splitting performance of the photoanodes was
evaluated using 1.0 M NaOH buffer solution (pH = 13.6) in a
three electrode chemical cell under 360 nm UV light illumination.

3. Results and Discussion

The XRD patterns of graphite, RGO, pristine iron
oxide, as-prepared and calcined RGO/ y-Fe,05 are shown in Fig.
1. The XRD pattern of the pristine iron oxide agreed well with
the JCPDS file (No. 89-0951), indicating that the pristine iron
oxide nanopowder has magnetite structure. On the contrary,
RGO-M1 (as-prepared RGO/y-Fe,0;) and RGO-M2 to RGO-M4
(calcined RGO/y-Fe,03) exhibited major (111), (220), (311) and
(400) peaks, meaning that RGO induced the structural change of
iron oxide. No structural changes but the intensity increase of
iron oxide in the RGO/y-Fe,0; was observed during calcination,
which indicates the calcination process was responsible for the
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Fig 1. (a) The XRD patterns of graphite, reduced graphene oxide, iron
oxide and RGO/ y-Fe,0; samples (* indicates RGO peak). (b) Atomic
arrangement of y-Fe,O; in a unit cell and representation of (311) plane.

The presence of iron nanoparticles reduces the aggregation of
graphene sheets, which results in less stacking of GO sheets. As a

result, a weak GO related peak was observed in the XRD patterns.

Maghemite (y-Fe,Os3) and magnetite (Fe;0,), two main forms of
iron oxide, have cubic inverse spinel structure and they are very
similar in structure to each other. The distinct feature of
maghemite is the presence of iron vacancies in the sub lattice.
The cation or vacancy distribution in octahedral positions can
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give rise to several crystal symmetries in maghemite with the
corresponding differences in the XRD patterns (Fig. 1b). Usually,
disordered maghemite particles belong to the space group Fd3m®.
The spinel structure of y-Fe,O; contains cation vacancies that can
be ordered (tetragonal superstructure), partially ordered (cubic
superstructure), or completely disordered with a high probability
of the aggregated vacancies™. The precise nature of the ordering
in y-Fe,0, particles with GO is still unclear’> *®. The observed
and standard d-values for the iron oxide in the RGO/y-Fe, 05
nanocomposites fabricated in this study agree well with JCPDS
card no. 39-1346, confirming the cubic symmetry of maghemite
(y-Fey03), ie. Fe** in octahedral sites and O in close-packed
cubic arrangement (The maghemite structure was further
confirmed by SAED patterns, which will be discussed in TEM
analysis). It is well known that during the heat treatment of GO/y-
Fe,0; iron atoms can interact with the oxygen related functional
groups of GO and form Fe-O-C bonds, which results in the
formation of maghemite structure of iron oxide on the GO sheets.
Further, the functional groups on the surface of GO disappear
when GO is thermally reduced and more = electrons on C atoms
are regenerated by the restoration of sp® networks. Thus, the
unpaired © electrons are attracted to free Fe atoms, which results
in the preferred growth of y-Fe,O; on the surface of RGO. From
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the RGO/y-Fe,03 nanocomposites. The functional groups of the
crumpled RGO/y-Fe,0; were identified from FTIR spectra in Fig.
2a. Absorption peaks at 586.94, 632.06, and 793.60 cm™ can be
ascribed to the maghemite structure of iron oxide’’. The peak
around ~586 cm’' is attributed to Fe-O bonds, and the enhanced
intensity of Fe-O peak is due to iron oxide loaded to RGO,
Serna et al. *° reported that a less-ordered maghemite (y-Fe,Os)
structure is evidenced by multiple lattice absorption bands within
800 cm™. The broad peaks at around 800 and 580 cm’ is the
s characteristic of well-ordered y-Fe,05*°. No peaks appeared at
3438 and 3150 cm’', which strongly implies that a-FeOOH is
absent in the prepared iron oxides. The peaks at 1638.39 cm™ and
2357 cm™! were due to the OH bending of water and the presence
of atmospheric CO,, respectively. The stretching vibrations of
epoxy C-O (1226.92 cm™), weak aromatic C=C (1578 cm™), and
carboxyl O-C=0 (1386.11 cm) bonds were observed in
RGO/iron oxide samples, which can be ascribed to the functional
groups of GO and RGO™. As the calcination temperature
increased, some functional groups present in the RGO-MI1
disappeared due to the thermal reduction of functional groups in
GO.

Fig. 2b represents the Raman spectra of RGO/y-Fe,0;
nanocomposites. The spectral values are in good agreement with
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the Debye-Scherer formulae®', the broad diffraction peaks are the standard Raman spectrum of maghemite*" *
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Fig 2. (a) The FTIR spectra of RGO/y-Fe,O; nanocomposites. (b) The Raman spectra of RGO/y-Fe,O; nanocomposites (the inset represents the Raman
spectra of graphene oxide). (c) Band gap values of iron oxide and RGO/y-Fe,0; samples.

For maghemite structure®, the net structure is spinel symmetry
with randomly distributed vacancies in its structure. The
projected vibrational modes of the first Brillouin zone center of a
spinel structure is given as

6

iy = Ajg + Ejg + Tig +3Tpg + 2A5, + 2B, + 4T, + 2Ty,
In the above equation, excluding T, A,,, E,, T;, and T, modes
o (Raman inactive modes), all modes of vibrations are easily
observable for maghemite spinel structure in the Raman spectra.

This journal is © The Royal Society of Chemistry [year]
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The enduring symmetrical modes like A, E,, and T, are Raman
active modes. As shown in Fig. 2b, three active modes were
observed for maghemite phase, ie. ~ 263 cm’ (E; : Fe-O
symmetric bending), ~ 345 cm™ (E, : Fe-O symmetric stretching),
~395 cm’! (T : Fe~O asymmetric bending) and ~665 cm’! (Ayg:
symmetric stretching). The active modes of the Raman signal
varies with materials preparation conditions and the vacancies in
the maghemite crystal unit cell’’. The weak Raman signal is the
result of poor scattering properties of maghemite*”. Compared
10 with other samples, the RGO-M4 samples exhibited a red-shifted
peak frequency for the main A,, peak, indicating a greater degree
of maghemite crystallinity. The RGO in the RGO/y-Fe,04
nanocomposites are more amorphous than GO and the broadened
and shifted band is due to the destruction of conjugated system in
15 graphite. Compared with other samples, a smaller Ip/Ig ratio for
the RGO-M4 (1.02) implies a larger sp* domain size at higher
calcination temperature®’. The optical band gap of pristine iron
oxide (~2.13 eV) and RGO/y-Fe,O; nanocomposites was
evaluated from the UV-Vis absorption spectra using Tauc relation
0 ((0hv)"? vs. the photon energy where o is the absorption
coefficient) as shown in Fig. 2c¢ and Fig. S1. Similar to previous
results acquired for RGO-metal oxide nanocomposites, the
RGO/y-Fe,03 composites exhibited a narrower band gap after the
modification of y-Fe,O; with RGO and subsequent calcination.
25 This phenomenon can be attributed to the formation of metal-O-C
chemical bonds in the RGO/y-Fe,05 composites **.

o

Fig 3. (a) FE-SEM, (b-c) TEM images at various scales and (d) SAED
30 pattern of pristine iron oxide.

Fig. 3(a, b and c) represents the FE-SEM and TEM images of
the pure iron oxide sample. It clearly shows that the sample
consists of agglomerated spherical particles of diameter ranging
from 15 to 25 nm. Fig. 3d displays the electron diffraction

35 (SAED) pattern indexed with the cubic symmetry of the
magnetite phase, which is in good agreement with JCPDS file
(No0.89-0951) and the above XRD results. Fig. 4 illustrates the
TEM images and SAED patterns of RGO/ vy-Fe,04
nanocomposites. As shown in Fig. 4, large amounts of iron oxide

40 nanoparticles are uniformly decorated on RGO*® and the intensity
of SAED pattern evidently displays the graphene (002 plane -

Fig 4. TEM images and SAED patterns of (a-b) RGO-M1, (c-d) RGO-M2,
(e-f) RGO-M3 and (g-h) RGO-M4 samples.

45 reflection). It should be noted that the increased crystallinity of y-
Fe,0; compared with pure iron oxide denotes that GO affects the
formation of maghemite crystalline structure.

The electronic state and the chemical composition of
the samples were investigated by XPS. The XPS survey spectra

so in Fig. S2 reveal the presence of Fe, C and O in the RGO/ y-
Fe,05. As shown in Fig. 5, several XPS peaks appeared for iron
oxide. In the observed XPS spectra, the major peaks at ~711.7 eV
and ~725.1 eV associated with Fe,p, and Feyy,in core-level
binding energies of y-Fe,Os on RGO, The nature of the y-Fe, 05

ss was clearly revealed by simulating the observed spectra. It shows
that, ~710.7eV, 713.2eV and 718.7 eV (satellite peak) is ascribed
to Feyys, state. The presence of satellite peak at ~718.7 eV is
characteristic for maghemite *’. The peaks at 725.1 eV and 732.7
eV well documented to Fe,,,, state of iron oxide?. The Fe’ (709

60 €V) peak was not observed and only Fe*" and Fe®' states were
detected in the XPS spectra as the y-Fe,O; nanoparticles were
oxidized. The Ols core level XPS spectra of as prepared sample
showed two peaks at 529.96 and 531.84 eV, corresponding to Fe-
O and Fe-O-C bond formations, respectively. Further calcination,

4 | Journal Name, [year], [vol], 00—00
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the binding energy values were found to be shifted slightly in 4o To obtain a relationship between photo activity and
positive are due to the formation of coordinated oxygen in the light absorption of RGO/y-Fe,0;, we have quantitatively
composites (Fig S3 and Table S1)** %, The XPS data strongly investigated the photo activity of RGO/y-Fe,0; as a function of
support the XRD, FTIR and Raman results and confirm the high wavelength of incident light. In comparison to the photocurrent
sorder of y-Fe,O; on the surface of GO in all prepared density, the photocurrent density, the photocurrent as a function
nanocomposites. s of the wavelength and incident photon to current conversion
efficiency (IPCE) is a more appropriate parameter to characterize
the photoconversion efficiency of different photo anodes as it is
independent of the light sources. IPCE can be calculated by the
following equation:
50 IPCE (A) = 1240 J(V)/ L Ey(A) 3
where J(A) is the measured photocurrent density (mA/cm?) and
E)(A) is the incident light power density (mW/cm?) for each
wavelength (A in nm). As shown in Fig. 7b, RGO/y-Fe,0;
exhibited significantly enhanced photo activity in the UV region
ss compared with pure iron oxide. Importantly, the IPCE of the
RGO-M4 was 4.7% at 360 nm, which is ~ 4 times higher than
that of the pure iron oxide and ~2.5 times higher than that of
RGO-M1. The IPCE values obtained by this study was compared
with already reported values presented in Table 1.The highly
extended light absorption band of iron - oxide after GO
decoration in the RGO/y-Fe,03; makes more photo-induced holes
L L contribute to the oxidation current under illumination'. In
e '“e.n}if,,g éi.fs,g;’f,v,’” b 8 "°B|,,’f,'.ng’é°,,e,;;',,v',’° i addition, small-sized y-Fe,O; nanoparticles may further improve
the PEC efficiency of OER by decreasing the hole diffusion
distance and increasing the RGO/y-Fe,O;-solution interfacial area.
Applying a positive potential to the photoanode facilitates the
hole injection process and accelerates the hole diffusion to the
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725.08

2Py

®yp

B 11173
7~ 72511

2Py,

Normalized Intensity (a.u)
Normalized Intensity (a.u)

RGO - M1

708 710 TS5 720 728 730 78 708 710 78

718 s 10 728 780
Binding Energy V) Binding Energy V)

2Py,

711,40

6

S

Normalized Intensity (a.u)
Normalized Intensity (a.u)

RGO -M3 RGO - M4

6:

a5

Fig 5. XPS spectra (Fey, state) of RGO/y-Fe,03 samples.

The linear sweep voltagrams of pure iron oxide, as-prepared

10 and calcined samples are shown in Fig. 6a. In the absence of UV photoanode/solution interface where the holes oxidize water*®,
light illumination, no oxidation photocurrent was obtained, o . . : - -
indicating that all the electrodes are inactive toward OER in the = ~ = Iron Oxide without UV illumination (a)
dark condition. When the UV light was illuminated, all the NE 8 T - RGO witngut UV Mussinedon 4
electrodes exhibited a considerable oxidation photocurrent. The s e OO s i

15 maximum photocurrent density was 1.83, 3.04, 3.39, 4.65 and E il oot o oV o
6.74 mA/cm? for pristine iron oxide, RGO-M1, RGO-M2, RGO- B oy elon
M3 and RGO-M4, respectively. This result indicates that g 44 —ROO-M&with UV illumination
photocatalytic performance of iron oxide can be significantly o
improved by its hybridization with GO and calcination process. E 2+

20 As described in Fig. 6b, the RGO serves as an electron sink to £
facilitate the exciton separation and store the separated electron®’. O o P T
The saturated photocurrent density of the RGO-M4 was ca. 6.74 1.2 13 174_ 15 15 1. 1.8
mA/cm?, which is 3.7 times higher than that of the pristine iron EORSIRS VOrsUm iR
oxide and 2.3 times higher than that of the RGO-M1. An increase (b)

2:

G

in photocurrent with calcination temperature is believed to be the

result of reduced defect density (i.e. highly ordered y-Fe,O;) in

RGO/y-Fe,0; samples.

The photoconversion efficiency of the sample was calculated
using the following equation:

30 n= 1(123 - V)/Jlight (2) B 2¢
where V is the applied bias vs. RHE, I is the photocurrent density
at the measured bias, and Jjg, is the irradiance intensity of 500
mW/cm®. As shown in Fig. 7a, the optimal conversion efficiency
of the pure iron oxide was 0.21% vs. RHE. On the other hand,

3s RGO-M1, RGO-M2, RGO-M3, and RGO-M4 showed higher

efficiency of 0.31%, 0.39%, 0.53% and 0.76 %, respectively, ata 7 Fig 6. (a) Linear sweep voltamograms of pristine iron oxide and

similar applied bias. This indicates that the hybridization of y- RGO/y-Fe,O; samples at a scan rate of 20 mV/sec in 1.0 M

Fe,0; with graphene and thermal treatment substantially enhance NaOH electrolyte. (b) Schematic diagram of water splitting by

the photoconversion efficiency of y-Fe,Os. RGO/y-Fe0

GO

"\

D,

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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Tablel. The Incident Photon to Current Conversion efficiency of iron oxide-based photocatalysts (1.0 M NaOH electrolyte was used).

IPCE (%)
5 Photocatalyst Method Ref
value at 360 nm

a-Fe,0; AACVD 0.2 15

a- Fe,03 Deposition annealing 32 30

Pt-a- Fe,0; Electro deposition 4.0 52
. n- Fe,03 Spray pyrolysis 1.8 3

a- Fe,Os/graphene Spray pyrolysis 35 37

a- Fe,O3/CNT Spray pyrolysis 4.2 37

Fe;04 Solution method 1.2 Present work
» RGO-M4 (RGO/y- Fe;0; (500°C calcined))  Solution method 4.7 Present work

_10 : T T
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Fig 7. (a) Chemical energy conversion efficiency of pristine iron oxide

20 and RGO/y-Fe,O5 samples (scan rate of 20 mV/s in 1.0 M NaOH). (b)
Incident photon to current conversion efficiency of iron oxide and
RGO/y-Fe,03 nanocomposites.

The photo-induced electrons are spontaneously -injected from the
conduction band of iron oxide into that of graphene. Further, the

2s applied positive potential that provides a driving force for the
electrons to transfer to the RGO could increase the charge
separation and suppress the charge recombination, which leaves
long-lived holes in the y-Fe,O; to oxidize water increasing the
photocatalytic water splitting rate.

3 4. Conclusions
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In this work, highly ordered maghemite/RGO nanocomposites

were synthesized via a facile and cost effective solution technique.

The maghemite iron oxide structure was formed on the GO
surface due to the formation of Fe-O-C bonds between Fe and
GO, which was confirmed by the TEM, Raman, XPS, XRD and
FTIR analyses. The photocatalytic activity of RGO/y-Fe,04
nanocomposites was higher than that of pure iron oxide due to the
enhanced light absorption and accelerated charge separation when
iron oxide was anchored on GO. As the calcination temperature
increased, the photocatalytic activity of RGO/y-Fe,0,
nanocomposites was increased due to the improved iron oxide
crystallinity and decreased defect density. The out-standing water
splitting performance of the RGO/y-Fe,O; composites opens
promising prospects for a new generation of photocatalyst
exploiting the synergistic effects of the PEC cell.
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