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New Fe-doped two-dimensional BiVO4

nanosheets for direct methane conversion
to methyl oxygenates†

Catherine Afriyie *ab and Xingwang Zhang a

Photocatalytic methane conversion is a sustainable approach to transform methane under mild

conditions into its value-added derivatives for the petrochemical industry. However, obtaining high

productivity and selectivity of desired products still remains a great challenge. In this work, high-

efficiency Fe-doped two-dimensional BiVO4 nanosheets have been synthesized and evaluated for

photocatalytic methane conversion with H2O, O2 or H2O2 as the oxidizer. The Fe-doped and undoped

samples were obtained by hydrothermal synthesis using 3-dodecylbenzenesulfonate (SDBS) as

the morphology-directing agent, and examined by XRD, SEM, EDS, TEM, XPS, UV-DRS and BET

characterization techniques. The replacement of some Bi3+ with Fe3+ was a successful approach to

enhance the photoexcitation process and the adsorption properties of BiVO4, resulting in an

improvement in the yield of methyl oxygenates. Complete selectivity of methyl oxygenates (CH3OH and

CH3OOH) was achieved, and the yield reached 217.6 mmol gcat
�1 h�1 in 2 h under visible light irradiation

under mild conditions over 1.0 wt% Fe-doped BiVO4 nanosheets in the presence of H2O2,

outperforming most reported studies on this reaction. This work provides new insight into the choice of

a suitable oxidizer for methane conversion in the BiVO4 photocatalyst system by projecting H2O2 as the

relevant oxidant.

1. Introduction

As the simplest hydrocarbon molecule, methane (CH4) has
abundant natural reserves with an increased production from
shale gas and tight oil, which has resulted in the reduction of
the cost of methane-rich natural gas compared to crude oil.
Meanwhile, CH4 is the second most relevant greenhouse gas, as
its global warming potential is 25 times higher than CO2.1,2

Also, it is inconvenient to liquefy methane gas for transporta-
tion due to its low boiling-point (109 K) at atmospheric
pressure.2–4 Hence, it is highly desired to develop efficient
techniques for on-site upgrading of methane to easily transpor-
table and storable value-added liquid oxygenated products,
especially methanol. However, the direct partial oxidation of
methane remains a major challenge because of the extremely
high dissociation energy of methane’s C–H bond (439.3 kJ mol�1),
negligible electron affinity (�1.9 eV), and low polarizability

(2.8 � 10�40 C2 m2 J�1).3,5–8 In classical thermal catalysis,
activation of the C–H bond in the methane molecule requires
high temperature (4500 1C) which makes it energy intensive,
leads to poor selectivity of useful oxygenates, and puts high
requirements on the stability of the catalyst whereby the
catalyst can be easily coked and sintered.2–7 Photocatalysis is
one of the green alternative techniques and a promising
approach for direct methane conversion where the energy of
photons provides an alternative energy source for methane
activation, which may occur under irradiation even at room
temperature.1–9 Hence, it is worth developing stable photoca-
talytic systems in a cost-effective, novel, and eco-friendly
approach for highly selective conversion of methane to useful
oxygenates.

To drive methane photocatalytic conversion, oxide semi-
conductors which are abundant in nature are widely used.10

Most reported studies on these photocatalytic systems for this
reaction employed binary oxides loaded with noble-metal
cocatalysts.11–14 These systems can activate O2 conversion into
highly reactive oxygen species which sometimes result in the
overoxidation of desired products. In addition, the high cost of
precious metals impedes their practical application. Bismuth
vanadate (BiVO4) with its low cost, nontoxicity, and narrow
band gap (2.4 eV) presents a promising alternative to binary
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oxide semiconductors such as TiO2, ZnO and WO3 for visible
light photocatalytic applications.15,16 Theoretically, the conduc-
tion band edge of BiVO4 is positioned at a more negative
potential (E = B�0.7 V vs. NHE at pH = 7) than the reduction
potential of O2 to produce �O2

� (O2/�O2
� = �0.33 V) or H2O2 to

produce �OH (H2O2/�OH = 0.06 V) through interaction with
photogenerated electrons to activate CH4 to undergo
oxidation.5,8 There are three crystal structures of BiVO4, the
tetragonal zircon phase with a band gap (2.9 eV), the mono-
clinic scheelite phase with a band gap of 2.4 eV, and the
tetragonal scheelite phase.15,17 Among these crystalline struc-
tures, monoclinic scheelite phase BiVO4 exhibits greater photo-
catalytic performance under visible-light illumination owing to
the Bi–O polyhedron distortion by a 6s2 lone pair of Bi3+.15,18,19

Murcia-Lopez et al.20 were the first to report on Bi2WO6,
BiVO4 and Bi2WO6/TiO2–P25 for the partial photo-oxidation of
methane using pure water as the sole oxidant. Their experi-
mental results suggested that BiVO4, in spite of its lower
specific surface area as compared to Bi2WO6 and Bi2WO6/
TiO2–P25, is the most promising photocatalyst for this reaction,
displaying higher CH3OH selectivity with C2H6 and CO2 as the
by-products, being more stable than the others. Their group
also reported on evaluating the activity of BiVO4 for partial
oxidation of methane in the presence of low concentration of
nitrite.21 Furthermore, CH4 transformation with water over a
V2O5/BiVO4/beta zeolite has been studied by their group.22

Quite recently, Zhu et al.23 fabricated BiVO4 microcrystals with
bipyramidal and platelet morphologies for the transformation
of methane with water. The most recent studies reported
aerobic conversion of CH4 using quantum-sized BiVO4

(q-BiVO4) nanoparticles in the presence of water.24

Some previous studies on BiVO4 highlight that the photo-
catalyst can activate the C–H bond and implement CH4 trans-
formation with only H2O as the oxidizer.20,22,23 However,
theoretical deductions suggest that the top of the valence band
of BiVO4 is positioned less positively in energy (E = B+2.4 V vs.
NHE at pH = 7) than the oxidation potential of water (H2O/
�OH = 2.8 V) to activate CH4 through �OH produced by the
interaction of photogenerated holes with H2O.5,8 Chen et al.25

in their preliminary studies on finding a suitable single com-
ponent semiconductor photocatalyst fabricated a range of
semiconductors including SrTiO3, KNbO3, CdS, Cu2O, BiVO4,
g-C3N4, Ag3PO4, and TiO2–P25, for oxidative methane conver-
sion through the production of �OH from water cleavage under
light irradiation by photogenerated holes. Upon examining
their performance on driving methane photo-oxidation, none
of the aforementioned semiconductors including BiVO4

showed any activity for CH4 photo-oxidation with H2O, except
TiO2–P25 which showed a moderate photoactivity. These
conflicting findings inspired the need for further study on
BiVO4 semiconductor photocatalysts for the partial oxidation
of methane. Furthermore, a single component BiVO4 photo-
catalyst suffers from low charge separation efficiency and
fast recombination of photoinduced electron–hole pairs, as
well as weak surface adsorption due to low specific surface
area.15–20,26,27

Doping with metal plays a role in introducing a new energy
level into the band structure to extend the light absorption of
photocatalysts and help trap electrons or holes, leading to
reduced recombination of photogenerated charge carriers.8,28

It is speculated that there is a shift in the Fermi level of doped
BiVO4 towards the conduction band, thus accelerating the
charge separation by increasing the band bending.15,17,29

Zhang et al.30 proposed the synthesis of monoclinic BiVO4

nanosheets by means of a hydrothermal method assisted by a
morphology-directing agent. This nanosheet shape material
exhibited much higher photocatalytic activity than the bulk
material. Motivated by these findings, this work aims to inves-
tigate for the first time the performance of Fe-doped two-
dimensional BiVO4 nanosheets for photocatalytic partial
methane selective oxidation by utilizing green oxidants (H2O,
O2 or H2O2). Complete selectivity of methyl oxygenates was
achieved with the nanosheet morphology, and Fe3+ doping of
BiVO4 nanosheets led to enhancement in the yield of methyl
oxygenates in the presence of H2O2 at 40 1C within 2 h. The
increase in productivity of methyl oxygenates was attributed to
improved charge separation, optical and surface adsorption
properties of the Fe-doped BiVO4 nanosheets as compared to
the undoped sample. This work represents the rational design
of a high-efficiency, low-cost 2-dimensional semiconductor
photocatalyst for visible light photocatalytic application in the
selective oxidative conversion of methane into its primary
oxygenated derivatives.

2. Experimental section
2.1. Materials

Bismuth(III) nitrate pentahydrate (Bi(NO3)3�5H2O), ammonium
metavanadate (NH4VO3), sodium 3-dodecylbenzenesulfonate
(SDBS) (C18H29NaO3S), nitric acid (HNO3), sodium hydroxide
(NaOH), iron(III) nitrate nonahydrate (Fe(NO3)3�9H2O), absolute
ethanol (C2H5OH) and hydrogen peroxide (H2O2) 30% (w/w)
were purchased from Sinopharm Chemical Reagent Co., Ltd,
Shanghai Aladdin Biochem. Tech. Co., Ltd, and Shanghai
Macklin Biochemical Co., Ltd. All other reagents and chemi-
cals were commercially obtained and used without further
purification.

2.2. Preparation of Fe doped and undoped BiVO4 nanosheets

The catalysts were synthesized using a facile hydrothermal
method with sodium 3-dodecylbenzenesulfonate (SDBS) as
the structure-directing agent, and calcination. The undoped
BiVO4 nanosheets were synthesized by following a procedure
reported by Zhang et al.,30 with modification of hydrothermal
conditions. Firstly, the Fe doped BiVO4 nanosheets were pre-
pared by dissolving 3.0 mmol Bi(NO3)3�5H2O and 2.16 mmol
C18H29NaO3S (SDBS) in 30.0 mL (4.0 mol L�1) HNO3 solution
and the resultant solution was denoted as solution A.
In another beaker, 3.0 mmol NH4VO3 was added to 30.0 mL
(2.0 mol L�1) NaOH solution, and the resultant solution was
denoted as solution B. The solutions were stirred for 30 min in
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order to ensure the complete dissolution of the chemicals.
Then, solution B was added to solution A under vigorous
stirring. 70 mg of Fe(NO3)3�9H2O was added to the mixture to
give a solution with theoretical Fe doping of 1.0 wt%. The pH of
the mixed solution was adjusted to about 8 with 2 M NaOH
solution and stirred for 2 h. The mixture was poured into three
different 50 mL Teflon-lined stainless-steel autoclaves until
80% of the volume of each autoclave was occupied. The
Teflon-lined stainless-steel autoclaves were sealed and heated
in an oven at 180 1C for 3 h. After the hydrothermal treatment,
the autoclaves were cooled naturally to room temperature. After
cooling, each sample was transferred to a centrifuge tube,
centrifuged at 10 000 rpm for 5 min during each centrifugation
cycle, and washed with deionized water three times and once
with absolute ethanol. The brownish-yellow precipitate was
dried in an oven at 80 1C overnight before collecting the
powder. The dried sample was calcined at 200 1C for 2 h in a
muffle furnace. 0.5, 1.5 and 2.0 wt% theoretical Fe doping
amounts were also prepared by changing the amount of
Fe(NO3)3�9H2O. The vivid-yellow undoped BiVO4 powder was
prepared by the same procedure except for the addition of
Fe(NO3)3�9H2O.

2.3. Characterization

The crystalline structure of the Fe doped and undoped BiVO4

was characterized using an X-ray diffraction technique on a
Bruker D8 advance with Cu Ka radiation (l = 1.5406 Å) over a 2y
range of 101–431 and 101–801 respectively. The morphology and
microstructure of the samples were characterized using a
scanning electron microscope (SEM, Hitachi SU8010) equipped
with an energy dispersive X-ray spectrometer (EDS) to determine
the elemental composition and distribution of the elements in the
1.0 wt% Fe-doped sample. A field emission transmission electron
microscope (FE-TEM) model JEM-2100F (JEOL) with an accelerat-
ing voltage of 200 kV was used for better observation of morpho-
logy of the undoped BiVO4. A high-resolution transmission
electron microscope (HR-TEM) was used to measure the lattice
spacing of the sample. Before testing, the sample was dispersed in
ethanol under sonication for 2 h. The resulting suspended powder
was dropped on a thin copper grid covered with a carbon film.
In order to better understand the chemical state of the Bi, V, and
O present in undoped BiVO4 and Bi, V, O, and Fe elements
present in 1.0 wt% Fe-doped BiVO4, the samples were analyzed
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha) with an Al Ka X-ray source. All binding energies of the
elements in the Fe-doped and undoped samples were calibrated
with respect to C 1s spectral peak at 284.8 eV, corresponding to
surface adventitious carbon which was used as a reference. The
light harvesting ability of Fe–BiVO4 and BiVO4 was measured
by UV-Vis diffuse reflectance spectroscopy (Agilent Cray 5000) in
the wavelength range of 200–800 nm, with BaSO4 as the reference.
The textural properties of Fe doped and undoped BiVO4 were
analyzed by means of N2 sorption–desorption curves by using a
Quantachrome Autosorb IQ3 instrument. The surface areas and
pore-size distributions were determined via N2 adsorption at
77.35 K. Prior to measurements, the catalysts were degassed at

200 1C for 8 h. The specific surface area was calculated according
to the Brunauer–Emmett–Teller method and the pore size dis-
tribution was derived from the desorption branch of the isotherm
with the Barrett–Joyner–Halenda (BJH) model.

2.4. Photocatalytic reaction

The photocatalytic partial methane oxidation tests were con-
ducted in a 50 mL batch-type reactor (IKA RCT basic, CHEMN)
equipped with a quartz window to allow light irradiation as shown
in Fig. S1, ESI.† The photocatalytic activity tests with O2 proceeded
by dispersing 20 mg of the photocatalyst powder into 20 mL of
deionized water. Then the mixture was added to the reaction cell,
and the reaction cell was placed in the batch-reactor. Prior to
illumination, the reactor suspension was purged with oxygen gas
at a partial pressure of 2 bar for 5 min to remove air. Then CH4

was introduced into the reactor at a total pressure of 20 bar
(CH4 : O2 = 9 : 1), and the photocatalytic reaction proceeded at
temperatures of 40, 50, and 65 1C for 2 h. UV-vis light, Xe lamp
(MC-XS500, Testmart) 300 W (l Z 420 nm) was used to provide
incident light at an intensity of 100 mW cm�2. A temperature
probe was connected to the reactor to directly detect the tempera-
ture of the liquid solution. The solution was constantly stirred at a
rotation of 800 rpm during the reaction to maintain homogeneity.
For the reaction involving H2O2, the photocatalytic activity tests
proceeded by dispersing 20 mg of the photocatalyst powder in
20 mL of deionized water and 100 mL of H2O2 30% (w/w) was
added. Then the mixture was added to the reaction cell, and the
reaction cell was placed in the batch-reactor. Prior to illumination,
the reactor suspension was purged with CH4 gas at a pressure of
2 bar for 5 min to remove air, and the CH4 pressure was increased
to 20 bar afterward. The photocatalytic reaction was conducted at
a temperature of 40 1C for 1, 2, and 3 h with the same light source
and intensity as the reaction with O2. Higher reaction tempera-
tures of 60 and 80 1C were also tested. After each reaction, the
reactor was subjected to cooling to room temperature, and
centrifugation of the reaction mixture at 10 000 rpm was carried
out for 5 min. 400 mL of the reaction liquid, 150 mL of D2O and
1 mL of DMSO were collected in an NMR tube for quantitative
1H-NMR analysis (Agilent DD2 600). During the NMR measure-
ments, a solvent suppression program was run in order to
minimize the signal originating from H2O. The gaseous compo-
nents were injected and examined with a gas chromatography
system (GC-2014, Shimadzu) equipped with a BID detector.
Furthermore, control tests were conducted without light irradia-
tion, and without the catalyst while maintaining every other
reaction condition. It should be noted that before testing the
photocatalytic activity of the catalysts in the presence of O2 or
H2O2, preliminary anaerobic experiments were conducted with
water as the sole oxidant.

The productivity of products was calculated according to the
following equation:

Productivity mmol g�1 h�1
� �

¼ mol specific productð Þ
Weight of catalyst gð Þ � reaction time hð Þ

(1)
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3. Results and discussion

The XRD patterns of undoped BiVO4 and Fe–BiVO4 are shown
in Fig. 1. With reference to the XRD patterns of the standard
BiVO4 (JCPDS PDF card no. 14-0688), it can be deduced that
undoped BiVO4 has a single-phase monoclinic scheelite struc-
ture. As shown in Fig. 1a, the main diffraction peaks at 2y
values for BiVO4 of 15.11, 18.91, 28.81, 30.51, 34.41, 35.21, 39.71,
42.41, 46.01, 47.31, 50.31, 53.21, 54.5, 58.51, and 59.21 could be
well indexed to (020), (011), (�121), (040), (200), (002), (211),
and (051), (132), (042), (202), (�161), (013), (321), and (123)
which match the planes of pure monoclinic BiVO4 (JCPDS card
no. 14-0688). From Fig. 1b, the addition of the Fe3+ dopant
resulted in the appearance of characteristic peaks for the
tetragonal zircon phase of BiVO4 at 2y = 24.31 and 32.61 that
matched the standard JCPDS card no. 14-0133. This result
suggests that the presence of Fe3+ ions might induce the
formation of a monoclinic–tetragonal heterostructure. As the
Fe doping content was increased from 0.5 wt%, it was observed
that the highest peak of the monoclinic phase at 2y = 28.81
assigned to the lattice (�121) decreased gradually in intensity.
Meanwhile, the intensity of the tetragonal phase peak at 2y =
24.31 increased with increasing Fe doping content. This demon-
strates that, as the Fe doping amount increases, the monoclinic
phase decreases with a rising tetragonal phase. No charac-
teristic peaks for iron or iron oxides were observed. This result
may be attributed to the lower concentration of Fe3+ ions in the
catalyst. The peaks at 2y = 18.61 and 18.91 are assigned to the
(110) and (011) lattices of the monoclinic scheelite phase, these

peaks distorted in the presence of the Fe3+ dopant. Also, the
peaks at 34.41 and 35.21, which are indexed to the lattices (200)
and (002) of the monoclinic scheelite phase shifted closer to
each other in the presence of 0.5 and 1.0 wt% Fe3+ dopant, and
they completely merged into a single peak when the concen-
tration of the Fe3+ dopant reaching 1.5 and 2.0 wt%. These
deformations might be caused by a substitutional defect, where
Fe3+ ions (r = 0.064 nm) replace Bi3+ ions (r = 0.103 nm),
consistent with the literature.31

The surface morphology and microstructure of the undoped
and 1.0 wt% Fe doped BiVO4 samples were studied using SEM,
and the representative micrographs are displayed in Fig. 2a and
b. The Fe doped BiVO4 exhibited a smoother surface nanosheet
morphology as compared to the rough surface nanosheet
morphology of the undoped BiVO4. The particle size of the Fe
doped BiVO4 ranges from 180–350 nm, which is smaller than
the undoped (250–400 nm). These results indicate that the iron
doping did not significantly affect the morphology of BiVO4,
because both doped and undoped samples maintained the
nanosheet structure. However, the nanosheets are more well
defined in the Fe doped sample with a decrease in particle size.
Studies have demonstrated that the larger the particle size, the
greater the surface recombination of photogenerated charge
carriers.15,32 Hence, the smaller particle size distribution of the
Fe doped sample as compared to the undoped signifies less
surface charge recombination. For better observation of mor-
phology of the undoped BiVO4, TEM analysis was performed
and the monographs are displayed in Fig. 2c and d, which
confirmed the nanosheet morphology observed in the SEM.

Fig. 1 XRD patterns of (a) undoped BiVO4 nanosheets compared with the JCPDS PDF standard card of monoclinic scheelite BiVO4, and (b) undoped
BiVO4 and Fe doped BiVO4 nanosheets compared with JCPDS PDF standard cards of monoclinic scheelite and tetragonal zircon BiVO4.
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The diameter of the single BiVO4 nanosheet in the TEM micro-
graphs is 280 nm, which falls within the range and is consistent
with SEM observation. The selective area electron diffraction
(SAED) pattern of a single nanosheet in Fig. 2e shows well-
defined bright dotted ED rings indicating the single-crystalline
nature of the nanosheet. The ED pattern can be indexed to the
diffraction patterns of (121) which represents the highest and
sharpest peak in the XRD of monoclinic scheelite BiVO4, and
(321) which is another characteristic peak of monoclinic schee-
lite BiVO4. The HR-TEM image of the nanosheet shown in
Fig. 2f also confirms the single-crystalline nature. The lattice
distances of 0.1714 nm (161), and 0.1683 nm (013) are char-
acteristic planes identified in the XRD of monoclinic BiVO4.
Fig. 3 shows the EDS mapping of the 1.0 wt% Fe–BiVO4 and the
elemental distribution of Bi, V, O, and Fe in the sample. The
EDS analysis of the percent content of the elements revealed
that Bi, V, O and Fe are 44.090, 13.680, 41.092 and 1.138 wt%,
respectively. Furthermore, the SEM-EDS mapping confirms the

presence of Bi, V, O, and Fe in the 1.0-Fe–BiVO4 sample, and
indicates that these elements are distributed uniformly in the
sample which implies a successful synthesis of Fe-doped BiVO4

nanosheets.
The chemical states and binding energies of elements pre-

sent in the undoped and 1.0 wt% Fe doped BiVO4 were analyzed
by X-ray photoelectron spectroscopy (XPS). The survey spectra
shown in Fig. 4a demonstrate the coexistence of Bi, O, and V
elements in BiVO4, and Bi, O, V and Fe elements in 1.0-Fe–
BiVO4. It can clearly be seen with the appearance of twelve
peaks corresponding to Bi 5d, Bi 4f, Bi 4f5, C 1s, Bi 4d5, Bi 4d3,
V 2p, O 1s, V 2s, Bi 4p3, Bi 4p1, and Bi 4s of the undoped BiVO4.
Thirteen peaks including Fe 2p were observed with the survey
spectra of the Fe doped BiVO4, though the Fe 2p peak is not very
intense due to the low doping amount of Fe. In terms of both
peak position and shape, the XPS peaks of O 1s and V 2p
remained unchanged between undoped BiVO4 and the 1.0 wt%
Fe doped sample. However, the peak for Bi 4f is more intense

Fig. 2 (a) Low-magnification SEM images of BiVO4 nanosheets, and (b) 1.0-Fe–BiVO4 nanosheets; (c) low-magnification and (d) high-magnification
TEM images (e) SAED pattern of a single nanosheet; and (f) HR-TEM image, inset is FFT image of BiVO4 nanosheet.

Fig. 3 Elemental mapping EDS composition of 1.0-Fe–BiVO4 nanosheets (a) 1.0-Fe–BiVO4 (b) Bi, (c) V, (d) O, (e) Fe, and (f) elemental composition.
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and sharper at the edge in the XPS survey spectra of the Fe
doped BiVO4 sample than the undoped one. This may also be
attributed to substitutional defect of Fe3+ ions (r = 0.064 nm)
replacing Bi3+ ions (r = 0.103 nm). For 1.0-Fe–BiVO4, it is
observed from Fig. 4b that the Bi 4f spectrum exhibited two
symmetric peaks at BE = 158.38 and 163.68 eV, assignable to
the spin–orbit splitting of Bi 4f7/2 and 4f5/2 of Bi3+, respectively,
which indicate that all bismuth ions in the sample existed in
tri-valency.17,33 The asymmetrical V 2p spectrum shown in
Fig. 4c could be decomposed into two components at BE =
515.98 and 523.58 eV, assignable to the spin–orbit splitting of V
2p3/2 and V 2p1/2 of V5+ and V4+, respectively. The asymmetrical

O 1s spectrum shown in Fig. 4d could be fitted to two peaks
centered at 530.42 and 529.08 eV. The component with the
lower value of binding energy was assigned to the lattice oxygen
species, while the one with the higher binding energy value was
ascribed to the surface-adsorbed oxygen species. Similarly, as
shown in Fig. 4e, the XPS spectrum of Fe 2p revealed two
dominant peaks: Fe 2p3/2 at 710.18 eV and Fe 2p1/2 at 724.18 eV.
Moreover, the fitted Fe 2p3/2 peak showed an additional peak at
713.28 eV, which was assigned to the Fe3+ state.31 The binding
energies of Bi 4f, V 2p and O 1s of the undoped BiVO4 showed a
negligible difference between the Fe doped sample because of
the same valency of Fe3+ and Bi3+. The quantity of chemisorbed

Fig. 4 (a) XPS survey spectra of undoped BiVO4 and 1.0-Fe–BiVO4; XPS spectra of (b) Bi 4f, (c) V 2p, and (d) O 1s of undoped BiVO4 compared with
1.0-Fe–BiVO4; (e) Fe 2p XPS spectrum of 1.0-Fe–BiVO4.
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oxygen in 1.0-Fe–BiVO4 and undoped BiVO4 was found to be
nearly identical, which implies that doping with Fe has no
effect on the formation of surface defects. Hence, the formation
of oxygen vacancies could not be confirmed from XPS data.

Fig. 5 shows the UV-vis diffuse reflectance spectra of Fe
doped and undoped BiVO4. All samples showed an absorption
band from the UV range up to the visible range. The absorption
edge shifted from 520 to 600 nm with the addition of 1.0 wt% of
the Fe dopant. The 1.0 wt% Fe-doped BiVO4 showed the highest
absorption in the visible region, while the 2.0 wt% Fe doped
sample followed by the 1.5 wt% showed the least absorption
in the visible range, which may be due to the presence of a
significant amount of the tetragonal phase in the higher
Fe-doped samples as confirmed by XRD. The band gap energy
(Eg) value was calculated from UV-vis DRS using the equation
Eg = 1240/l, where l is the wavelength of the absorption onset.
The band gap energy was determined from Fig. 5b by the
extrapolation of the linear part of (ahv)2 versus (hv). The Eg

values of Fe–BiVO4 samples were narrower; 2.34, 2.28, 2.30 and
2.36 eV for 0.5, 1.0, 1.5 and 2.0 wt% Fe-doped samples,
respectively, than the undoped BiVO4, 2.4 eV.

The textural properties of Fe doped and undoped BiVO4 were
analyzed by means of N2 sorption–desorption. The N2 adsorp-
tion isotherms plot and the plot of pore size distribution of Fe
doped BiVO4 samples are illustrated and compared with those
of undoped BiVO4 in Fig. 6. From Fig. 6a, all the Fe-doped and
undoped BiVO4 samples exhibited a typical type III isotherm
sorption curve according to the division method of the Inter-
national Union of Pure and Applied Chemistry (IUPAC). The
BET specific surface areas of the Fe-doped samples is 10.366,
10.420, 21.228, and 15.621 m2 g�1 for 0.5, 1.0, 1.5 and 2.0 wt%
Fe doping, respectively, which are significantly higher than that
of undoped BiVO4 (3.556 m2 g�1). This signifies that the
presence of the Fe dopant in the Bi and V precursor mixture
may have influenced the formation of crystalline particles
through a characteristic nucleation–dissolution–recrystallization
effect during the hydrothermal treatment process.31 It was
observed that the specific surface areas of 0.5 and 1.0 wt% Fe
doped samples are almost the same. Interestingly, the specific

surface area increased greatly with an Fe doing content of
1.5 wt%. However, an Fe doping content exceeding 1.5 wt%
resulted in a significant decrease in the specific surface area,
but still much higher than that of the 0.5 and 1.0 wt% Fe doped
samples. These results indicate that the right Fe doping content
is an important factor for optimized control of the specific
surface area of Fe–BiVO4. Generally, the larger specific surface
area means better dispersion of catalyst particles and exposure
of active sites. The pore size distribution curves of Fe doped
and undoped BiVO4 in Fig. 6b–f, were derived by the Barrett–
Joyner–Halenda (BJH) method with average pore volumes of
0.038, 0.021, 0.096, and 0.069 cm3 g�1 for 0.5, 1.0, 1.5 and
2.0 wt% Fe doping, respectively, and pore diameters of 14.0777,
13.819, 17.776, and 19.397 nm for 0.5, 1.0, 1.5 and 2.0 wt% Fe
doping, respectively, indicative of the characteristics of meso-
pores. The larger pore volume and diameter of the Fe-doped
samples as compared to the undoped (0.009 cm3 g�1 and
4.294 nm) signifies better adsorption capacity of reactants.

The performance of Fe-doped and undoped BiVO4 nano-
sheets for the partial oxidation of methane with O2 in the
presence of water was tested. The quantitative 1H-NMR spectra
collected for the reaction liquid after 2 h of light irradiation at
40, 50 and 65 1C suggested the absence of oxygenated products.
The anaerobic reaction involving H2O as the sole oxidant did
not produce any oxygenated product as well. The result of the
BiVO4 photocatalyst being inactive for methane conversion
with H2O is expected because of its theoretical valence band
maximum position, and in agreement with the result of Chen
et al.25 In contrast, our experimental observations suggested
that the photogenerated electrons of BiVO4 are not capable of
reducing O2 to produce �O2

� which could attack the strong C–H
bond to activate methane to selectively produce useful oxyge-
nates. In addition, the mechanism of photocatalytic methane
conversion to methanol and formaldehyde as reported by Fan
et al.24 over q-BiVO4 nanoparticles in an aqueous medium by
using O2 followed the path of �OH radical generation. Their
report suggested that the photo holes of q-BiVO4 were capable
of oxidizing H2O to produce �OH. The photogenerated elec-
trons then reacted with O2 and H+ to generate hydroxyl radicals

Fig. 5 (a) UV-Vis DRS of undoped BiVO4 and Fe–BiVO4 and (b) plot with the corresponding band gap energy.
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which facilitated methane conversion. Hence, the mechanism
for oxygenate formation over q-BiVO4 in the presence of O2 did
not follow the path of CH4 activation by �O2

�.
As a comparative study, we synthesized monoclinic phase

BiVO4 microcrystals according to the procedure reported by
Zhu et al.,23 (see the ESI†). Microcrystals of BiVO4 have been
previously used to photo-catalytically oxidize CH4 when dis-
persed in water, which produced methanol and CO2.23 Photo-
catalytic tests of methane with H2O and O2 over BiVO4

microcrystals after 2 h of irradiation at 40, 50 and 65 1C did
not yield any oxygenated product. The photocatalytic activation
of CH4 to oxygenates is a complex process, which is affected by
many factors, including reaction conditions, oxidants, and light
source.5,28 The reaction temperatures employed in this study
were 40, 50 and 65 1C, and the reported reaction temperature of
the BiVO4 photocatalyst producing oxygenates from methane
conversion via �OH generated from H2O oxidation by photo-
generated holes ranges from 25 to 70 1C. Therefore, the reaction
temperature can be ruled out from being the cause of the
current result. 20 mL of water containing 20 mg of the catalyst
was used in this study, which corresponds to 1 g L�1 used in
other studies on BiVO4 for this reaction.20–22 Indicating that the
current result may not be due to insufficient amount of water or
catalyst. Furthermore, a 450 W mercury lamp with UVC-vis
radiation, a 350 W xenon lamp (l = 350–800 nm), and visible
light (l = 400–780 nm) were employed as the source of light
irradiation in all the reported studies on BiVO4 for methane
conversion.20–24 The UV-vis 300 W xenon lamp light source
(l Z 420 nm at an intensity of 100 mW cm�2) employed in this
study is relatively comparable to that of the other studies.
Hence, the current results may not be attributed to the light
source as well. Also, the molar ratio used for the partial

pressures of CH4 to O2 (9 : 1) is rational because O2 possess
relatively higher solubility in water than CH4, and the current
result may not have been affected by insufficient proportional
amount of the reactants. Since one of the major factors that
affect methane conversion to oxygenates is the oxidant, the
reactivity of the Fe-doped and undoped BiVO4 nanosheets
toward partial oxidation of methane was further investigated
with H2O2 as the oxidizer.

The photocatalytic reaction was conducted as illustrated in
Fig. S3, ESI.† Typical 1H-NMR spectra (Fig. S4a and b, ESI†) at
40 1C for 2 h of irradiation in the presence of H2O2 indicated
methanol (d = 3.25 ppm) and methyl hydroperoxide (d =
3.75 ppm) as the identified oxygenated products. No COx

products were observed for all the Fe-doped and undoped
BiVO4 nanosheets, and therefore 100% selectivity of primary
liquid oxygenates (CH3OH and CH3OOH) was obtained. The
1.0 wt% Fe-doped sample showed the highest productivity,
whereby the total yield of the primary products reached
217.6 mmol gcat

�1 h�1, followed by 188.8, 176.4, 169.2 and
149.6 mmol gcat

�1 h�1 for 1.5-Fe–BiVO4, 0.5-Fe–BiVO4, 2.0-
Fe–BiVO4, and undoped BiVO4, respectively. Therefore, an
enhancement in the photocatalytic activity of the Fe-doped
BiVO4 was confirmed relative to that determined for the
undoped BiVO4 as presented in Fig. 7. The lower total produc-
tivity of the primary products below 1.0 wt% Fe doping amount
may be attributed to the lack of maximum separation of charge
carriers at lower Fe doping concentrations. The total produc-
tivity of primary products gradually reduced with an Fe content
higher than 1.0 wt% because excessive Fe doping resulted in
the appearance of a significant amount of the tetragonal phase
of BiVO4 according to the XRD data, which has less photo-
catalytic activity compared to the monoclinic phase, and this is

Fig. 6 (a) BET N2 adsorption isotherms of Fe-doped and undoped BiVO4 nanosheets; BJH pore size distribution curve of (b) undoped BiVO4; (c) 0.5;
(d) 1.0; (e) 1.5; and (f) 2.0 wt% Fe–BiVO4 nanosheets.
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also reflected in their lower visible-light absorption capacity
according to the UV-DRS data.

To confirm that methane conversion is from the photocata-
lytic process by 1.0-Fe–BiVO4, control experiments were con-
ducted in the absence of light. The IH-NMR spectra (Fig. S4c,
ESI†) revealed that CH3OOH was mainly produced with
negligible traces of CH3OH, and a productivity of about
43.5 mmol gcat

�1 h�1 in 2 h. Implying that more than five times

the amount of methyl oxygenates were produced over 1.0-Fe–
BiVO4 in the presence of light as compared to the results in
darkness. This shows that, CH4 conversion was mainly photo-
driven, and some amount of CH4 was converted by the catalytic
decomposition of H2O2 at a reaction temperature of 40 1C
in darkness. Furthermore, control experiments without the
catalyst while maintaining all other reaction conditions con-
stant did not yield any oxygenated product.

Our study of the effect of the reaction time with 1.0-Fe–BiVO4

nanosheets showed that the productivity of methyl oxygenates
increased steadily with increasing reaction time up to 2 h, while
their total productivity dropped slightly at a reaction duration of
3 h with increased CH3OH content but a drop in the CH3OOH
content as shown in Fig. 8a. This is an indication that a longer
reaction period may affect the product distribution. Evaluation
of 1.0-Fe–BiVO4 nanosheets at higher reaction temperatures of
60 and 80 1C for 2 h resulted to an increase in the total yield of
methyl oxygenates, while the selectivity dropped with CO2 produc-
tion accompanying the rising temperature as shown in Fig. 8b.
Hence, methanol experienced further oxidation which resulted in
the formation of CO2 but at low yields. It should be noted that,
reactions at temperatures such as 20 or 30 1C were difficult to
control in this study since there was no means to circulate cooling
water with the type of batch reactor design employed. To evaluate
the stability of 1.0-Fe–BiVO4 nanosheets, recycling tests were
conducted for 1 and 2 h in a run, after each run the catalyst
was dried at 80 1C overnight to evaporate all absorbed reactants

Fig. 7 Productivity of methyl oxygenates over 20 mg of Fe–BiVO4 or
BiVO4 nanosheets, and 20 mL of H2O in the presence of 100 mL 30% (w/w)
H2O2 at 2 h of irradiation at 40 1C.

Fig. 8 (a) Effect of the reaction time at 40 1C with 1.0-Fe–BiVO4; (b) effect of the reaction temperature on methane oxidation products for 2 h with
1.0-Fe–BiVO4; and (c) stability evaluation with 1.0-Fe–BiVO4 nanosheets at 40 1C.
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and products. The productivity of methyl oxygenates remained
almost unchanged after three runs as presented in Fig. 8c,
demonstrating the good durability of 1.0-Fe–BiVO4 nanosheets
for methane conversion with H2O2. Furthermore, there was no
change in coloration of the spent catalyst after the recycling tests.

It has been demonstrated in the previous experiments of
this study that the photo holes generated by BiVO4 upon
photon excitation do not have the ability to directly attack the
C–H bond of methane. Therefore, it can be deduced that the
possible mechanism of methane activation in the presence of
H2O2 was mainly by the production of �OH from H2O2 inter-
action with photo-electrons upon light irradiation, and partly
from H2O2 catalytic decomposition at the reaction temperature.
The reaction pathway of methane to form oxygenated products
via semiconductor photocatalysis in the presence of H2O2 has
been previously reported.4,34,35 The generation of methyl radi-
cals (�CH3) is realized when highly active �OH species oxidize
CH4 by the abstraction of a hydrogen atom. Further reaction
of undissociated H2O2 in solution with �OH results in the
formation of hydroperoxyl radicals (�OOH) which couple with
�CH3 to produce CH3OOH. The methyl radical can react
with water or another hydroxyl radical, resulting in CH3OH
formation. Photogenerated electrons can reduce CH3OOH to
produce CH3OH. Meanwhile, at room temperature, the facile
reduction of CH3OOH with NaBH4 can proceed to form
CH3OH.36 CH3OH can undergo further oxidation with �OH to
form formaldehyde, formic acid, CO, and CO2. However, the
mild oxidative environment of the Fe-doped and undoped
BiVO4 nanosheet photocatalyst system prevented overoxidation
of CH3OH at a lower reaction temperature of 40 1C.

The enhancement in the photocatalytic activity of Fe-doped
BiVO4 as compared to undoped may be attributed to the
formation of a monoclinic-tetragonal heterostructure which
promoted the interfacial charge transfer between phases and
slowed down the internal recombination of the photoinduced
charge carriers.15,31 Also, the increased specific surface area,
larger pore volume and diameter of Fe–BiVO4 signifies better
dispersion of catalyst particles and exposure of active sites, as
well as better adsorption capacity of reactants. The smaller
particle size distribution of the 1.0-Fe doped sample as com-
pared to the undoped sample signifies less surface charge
recombination.15,32 Furthermore, the enhanced light absorp-
tion in the visible range beyond the optical response of
undoped BiVO4 and other Fe doping amounts may have con-
tributed to the higher photocatalytic performance of 1.0-Fe–
BiVO4 nanosheets. A comprehensive summary from the litera-
ture of the photocatalytic conversion of methane to primary
oxygenated products in BiVO4 and other photocatalyst systems
in comparison to this work is presented (Table S1, ESI†).

4. Conclusions

In summary, this work explored the synthesis of the BiVO4

nanosheet morphology in a cost-effective manner by doping
with Fe, and testing the photocatalytic performance in selective

partial oxidation of methane alternatingly with H2O, O2, or
H2O2 as the oxidizer. Although some reported studies suggest
that BiVO4 is active for methane conversion with H2O, theore-
tical deductions of the valence band maximum position of
BiVO4, and the experimental observations of this study suggest
otherwise. The conduction band minimum position of BiVO4

projects O2 and H2O2 as the possible oxidizers in the BiVO4

photocatalyst system for methane conversion. However, the
experimental findings of this study indicate that the synthe-
sized catalysts showed no conversion of methane in the
presence of O2. It was concluded that this result may not have
been affected by the reaction conditions and light source. The
possible reason may be due to the position of the conduction
band edge of BiVO4 being very close to the reduction potential
of O2 to produce �O2

� through interaction with photo-electrons.
Methane conversion was achieved when H2O2 was used as the
oxidant under mild conditions, with complete selectivity of
methyl oxygenates, and Fe doping of BiVO4 nanosheets was a
successful approach to enhance the photocatalytic and adsorp-
tion properties of BiVO4, which resulted in improvement in the
yield of methyl oxygenates. The Fe–BiVO4 nanosheets also
demonstrated good stability for this reaction after three runs
of recycling tests. Hence, the experimental observations of this
study project H2O2 as the relevant oxidant for the generation of
oxidative species for methane conversion in the BiVO4 photo-
catalyst system. For economic reasons regarding the large scale
applicability of this system, modification of BiVO4 for in situ
generation of H2O2 from H2 and O2 should be considered in
future work.
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