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Abstract: In this work, a coupling system consisting of bismuth vanadate (BiVO4) and cobalt-
based polyoxometalates (Co-POMs) was developed to enhance the oxygen evolution reaction.
Crystallization-driven self-assembly and the wet chemical synthesis method were deployed in syn-
thesizing Co-POMs and monoclinic–tetragonal mixed–phase BiVO4, respectively. The introduction of
Co-POMs into a BiVO4-containing mixture significantly enhanced the water oxidation reaction, with
a more than twofold increment in the total amount of oxygen evolved. For instance, 461.2 µmol of
oxygen was evolved from the system containing 20 mg of Co-POMs compared to 195 µmol of oxygen
produced from a pristine BiVO4 system. This extraordinary improvement in the oxygen evolution
reaction indicates the existence of a positive synergic effect between BiVO4 and Co-POMs, in which
Co-POMs could act as effective cocatalysts to extract photogenerated charge carriers generated by
BiVO4 and improve the charge transfer process. However, the amount of oxygen produced was
slightly reduced to 440.7 µmol with an increase in AgNO3 loading from 30 mg to 60 mg. This
unforeseen phenomenon could be elucidated by the shielding effect of silver particles, in which a
higher AgNO3 loading led to a more prominent shielding effect. The presence of silver nanoparticles
on post-reaction BiVO4 was confirmed by TEM and XPS analysis. This newly established process
scheme provides an insight into the development of an efficient photocatalytic oxygen evolution
system in realizing future commercial applications toward green energy production.

Keywords: bismuth vanadate; polyoxometalates; nanomaterials; material characterization;
photocatalytic water oxidation; oxygen evolution

1. Introduction

Solar hydrogen generation is widely considered as one of the most auspicious ap-
proaches to overcome the energy crisis. Catalysis is a common method that is deployed in
water splitting reactions; the coupled water oxidation reaction is often regarded as a kinetic
bottleneck due to its sluggish kinetic and complex multistep electron transfer process [1].
To date, a variety of semiconductors have been explored, which have the ability to oxi-
dize water under light illumination, such as TiO2 [2,3], BiVO4 [4,5], Fe2O3 [6–8], ZrO2 [9],
ZnO [10] and WO3 [11]. Among these, the inexpensive and non-toxic mixed-metal oxide
of BiVO4 has gained popularity in the field of light-induced catalytic reaction and has
been intensively researched because of its superior material properties. In contrast to most
semiconductors which are only active within the UV light range, BiVO4 is active towards
visible–light irradiation. In addition, it has with high stability and its band gap is appro-
priate for the catalyzation of water oxidation reactions [4]. However, BiVO4 often suffers
from the rapid recombination of photogenerated electron–hole pairs and sluggish water
oxidation kinetics, which negatively impact its catalytic performance and lower its overall
efficiency [12]. The introduction of a cocatalyst is one of the effective strategies that has

Catalysts 2024, 14, 236. https://doi.org/10.3390/catal14040236 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal14040236
https://doi.org/10.3390/catal14040236
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-8116-6747
https://doi.org/10.3390/catal14040236
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal14040236?type=check_update&version=2


Catalysts 2024, 14, 236 2 of 13

been deployed to improve the overall catalytic activity of BiVO4. For instance, Liu et al. [13]
and Lee et al. [14] reported the effectiveness of rhodium and gold-based cocatalysts in
boosting the photocatalytic water oxidation performance of BiVO4, but the exorbitant cost
of noble metals limits their potential in large-scale development and application.

POMs, a class of molecular metal-oxo cluster compounds, with structural diversity
and excellent redox properties are emerging materials in the field of catalysis. POMs are
made up of set of transferable building blocks, and an assortment of POMs can be produced
with the addition of appropriate precursors in a suitable reaction condition. The structural
diversity and flexibility of POMs enable them to perform well in diverse applications.
Among these, POMs are most prevalently applied in the field of catalysis due to their
ability to catalyze fast and invertible stepwise multielectron—transfer reactions. In this
regard, POMs have been proven to be able to act as robust catalysts in the simulation of
various reactions, including water oxidation [15–17], water reduction [18,19], arsenic oxi-
dation [20], alcohol oxidation [21], gasoline oxidative desulphurization [22] and pollutant
remediation [23,24]. In addition, POMs have been widely applied in dye-sensitized solar
cells [25], fuel cell [26]., rechargeable batteries [27], electrochromism [28], gas sensing [29],
membrane technology [30] and the biological sector [23]. In addition to their widespread
application, POMs are generally stable, easily accessible and non-toxic, which are favorable
characteristics for long term application, and POMs are one step closer towards future
large-scale commercialization.

In terms of photocatalytic water oxidation application, POMs are often coupled with
suitable materials, particularly semiconductors, to boost their catalytic performance. In
photocatalytic reactions, semiconductors and POMs commonly act photocatalysts and
cocatalysts, respectively. The introduction of POMs as cocatalysts contributes to an increase
in the reaction rate owing to the role of POMs in preventing the rapid recombination
of photogenerated electron–hole pairs. For example, Lauinger et al. [31] illustrated the
effectiveness of POMs in the enhancement of photoelectrocatalytic activity, in which the
introduction of ruthenium-based POMs on TiO2 film quadrupled its photocurrent density
compared to that of pristine TiO2 under UV light illumination. Although ruthenium-
based POMs were among the pioneer types of POMs to be explored, their extortionate
cost is not economically viable. The limitations of precious metals in long-term product
development result in the need to develop alternative materials. Thus, the recent discovery
of low-cost transitional metals, such as cobalt, nickel, iron and copper, as POMs building
blocks are indeed important, as they are low-priced and abundant in the Earth’s crust. Ma
et al. [18] divulged that the addition of copper-based POMs into a TiO2-based photocatalytic
system significantly increased the quantity of generated hydrogen and improved the water
reduction reaction owing to the positive synergic effect between TiO2 and POMs.

In this work, an inexpensive transition metal of cobalt was applied as a base in POMs
synthesis. Both the cobalt-based POMs, Na10[Co4(H2O)2(PW9O34)2]·28H2O and BiVO4
were fabricated under mild conditions without the involvement of a strong acid and base.
This synthesis technique was chosen owing to its simplicity and the involvement of minimal
hazard [32]. Nascent materials were utilized to catalyze the water oxidation reaction under
a visible–light illumination with the presence of sacrificial agent. This study presents
an overview of the potential of the POMs/BiVO4 coupling system in the field of solar
fuel production.

2. Materials and Methods
2.1. Materials Synthesis

All chemicals were of reagent grade obtained from Sigma-Aldrich, St. Louis, MO, USA
and used directly without further purification unless otherwise stated. Deionized water
(DI water) with resistivity of 18.2 Ω·cm was used for reagent preparation. A mild synthesis
technique was deployed for the fabrication of BiVO4 nanoparticles [5]. 8.0 g polyethylene
glycol 6000 (PEG 6000) was added into a beaker filled with 700 mL DI water. The solution
was stirred for 5 min, followed by the addition of 0.48 g bismuth (III) nitrate pentahydrate
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(Bi(NO3)3·5H2O) and 0.12 g ammonium metavanadate (NH4VO3). The beaker was then
sealed with aluminum foil and the resulting solution was stirred constantly with a magnetic
stirrer at room temperature for 4 h. The yellowish suspension was then placed in an
electronic oven at the temperature of 60 ◦C overnight. BiVO4 nanoparticles formed were
then obtained by centrifugation and dried at 70 ◦C. It was followed by annealing at the
temperature of 400 ◦C for 12 h to improve the crystallinity of BiVO4 nanoparticles.

The detailed synthesis procedure of cobalt–based POMs, Na10[Co4(H2O)2(PW9O34)2]·
28H2O was reported in our previous study [33]. Typically, 6.98 g cobalt (II) nitrate hexahy-
drate (Co(NO3)2·6H2O), 35.62 g sodium tungstate dihydrate (Na2WO4·2H2O) and 4.30 g
sodium phosphate dibasic dodecahydrate (Na2HPO4·12H2O) were dissolved in 100 mL
DI water. The solution pH was adjusted to pH 7 by dripping hydrochloric acid 37% (HCl,
Merck, Rahway, NJ, USA) into the mixture, subsequently it was heated at 100 ◦C for 2 h.
The resulting heated solution was then filtered to eliminate impurities. The filtrate was left
aside uninterrupted for few days until the emergence of dark purple crystals. Chemical
formula of the purple crystal formed is Na10[Co4(H2O)2(PW9O34)2]·28H2O and denoted
as Co-POMs.

2.2. Materials Characterization

Fourier–transform infrared spectroscopy (FTIR) spectrum was gathered using Perkin
Elmer Frontier spectrometer (PerkinElmer, Waltham, MA, USA) with the sample was
cold-pressed into a pallet by potassium bromide (KBr) mixing. Brunauer–Emmett-Teller
(BET) specific surface area test was conducted using ASAP Tristar II 3020 (Micromeritics,
Norcross, GA, USA) and analyzed by nitrogen adsorption-desorption isotherm. The
sample was degassed at 90 ◦C overnight under vacuum condition prior BET experiment.
Bruker D8 advanced diffractometer (Bruker, Billerica, MA, USA, 40 kV, 40 mA) with Cu
Kα radiation and FESEM JEOL 7600F (JEOL, Tokyo, Japan) were used to conduct X-ray
diffraction (XRD) and field emission scanning electron microscope (FESEM) experiment
respectively. Transmission electron microscopy (TEM, JEOL, Tokyo, Japan), scanning
transmission electron microscopy (STEM) and energy dispersive X-ray (EDX) analysis
were performed by TEM JOEL-2100 (JEOL, Tokyo, Japan) equipped with EDX Oxford
Instruments detector with an accelerating voltage of 200 kV. AXIS SUPRA with Al Kα

radiation was utilized to gather the X-ray photoelectron spectroscopy (XPS, Shimadzu,
Kyoto, Japan) spectrum. The obtained spectral position was corrected by using carbon as
reference with the shifting of C 1s core level position to 284.4 eV and was fitted according
to Shirley background subtraction.

2.3. Photocatalytic Test

The photocatalytic oxygen evolution experiment was performed in a sealed quartz
flask reactor with silver nitrate (AgNO3) as a sacrificial agent. Typically, 10 mg BiVO4 and
30 mg AgNO3 were dispersed in 10 mL DI water, followed by sonication to agitate the
particles homogeneously. For the BiVO4/Co-POMs coupling system, a variable quantity
of Co-POMs was introduced into the reactor prior sonication. The as-prepared reaction
mixture was deaerated by purging with Argon (Ar) gas for 20 min to drive away the
residual oxygen. The oxygen evolution reaction was stimulated by irradiating the reaction
mixture with a 300 W compact xenon lamp source (MAX-303, Asahi Spectra, Tokyo, Japan)
equipped with a 420 nm cutoff filter. In gas analysis, gas chromatograph (Agilent 7890 A,
Santa Clara, CA, USA) with a thermal conductivity detector and Ar carrier gas was utilized
to compute the amount of oxygen produced from the photocatalytic reaction. The gas
sample was taken at certain time interval and injected manually into gas chromatograph by
using a gastight syringe (500 µL, Hamilton SampleLock Syringe, Reno, NV, USA). All the
analysis were conducted at least in triplicates and displayed as mean ± standard deviation
for data precision. The potency of the designed system towards water oxidation reaction is
denoted by the amount of oxygen produced from the system.
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3. Discussion
3.1. Materials Characterization

The structure of Co-POMs has been defined and well-presented in our previous
study [33]. Thus, this section will solely focus on the characterization of BiVO4. Figure 1a
presents FTIR spectrum of BiVO4, with the occurrence of sharp peaks at 746 cm−1 and
658 cm−1, corresponding to the V-O and Bi-O stretching vibration respectively. A minor
peak at 410 cm−1 exhibits the bending mode of VO4 units. The broad peaks at 3435 cm−1

and 1632 cm−1 illustrates O-H stretching vibration of water that was adsorbed from the
atmosphere during sample analysis [34–36]. In BET surface area study, it is worth to
mention that as-fabricated BiVO4 has a relatively high BET surface area of 9.36 m2g−1 in
comparison to the BiVO4 synthesized by other reported techniques such as hydrothermal
and sonication that was with an average BET surface area of 4.5 m2g−1. Indeed, a high
BET value is beneficial towards the improvement in catalytic activity due to the abundance
of surface–active adsorption and reaction sites for photocatalysis. A larger quantity of
reactant can be adsorbed on the photocatalyst and being converted into desired product
via the catalytic reaction [37,38].
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Figure 1. (a) FTIR spectrum and (b) XRD pattern of BiVO4, showing the formation of monoclinic-
tetragonal mixed phase BiVO4.

Besides, XRD experiment was carried out with a scan rate of 1◦/min to examine
the molecular structure of BiVO4 and gather its crystallographic data. In Figure 1b, XRD
pattern with 2θ range of 10◦ and 70◦ manifests typical BiVO4 diffraction peaks which are
well accordance to International Centre of Diffraction Data, ICDD (PDF-4+ no 04-010-5711;
Space group = I2/b, a = 5.194 Å, b = 11.697 Å, c = 5.090 Å, α = 90.00◦, β = 90.39◦, γ = 90.00◦),
illustrating the monoclinic phase of BiVO4. Apart from that, several low signal peaks that
are not well-indexed to monoclinic BiVO4 is observed in Figure 1b. A further analysis was
conducted with the findings of BiVO4 second phases, in which the additional diffraction
peaks are well-matched with ICDD (PDF-4+ no 00-014-0133; Space group = I41/amd,
a = 7.300 Å, c = 6.457 Å), validating existence of tetragonal BiVO4. Thus, the nascent BiVO4
was proven to be a mixed phase compound, consisting of both monoclinic and tetragonal
phases within its pristine structure.

FESEM study was carried out to discern the surface morphology of as–synthesized
BiVO4. In Figure 2a, a unique fishbone–like structure is noticed with an approximate
dimension of 2.0 µm in length and 0.8 µm in width. The corresponded EDX spectrum in
Figure 2b signifies the appearance of signals that are indexed to the elements of Bi, V and
O, where the atomic percentages of Bi, V and O were quantified as 16%, 16% and 68%
respectively. The gathered values were approximated to the actual BiVO4 atomic ratio
of 1:1:4, suggesting the formation of BiVO4. The occurrence of additional peaks that are
well-indexed to the element of C is speculated as the signals coming from carbon tape that
is used to hold the sample during the experimental analysis.
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Figure 2. (a) FESEM image with zoomed parts presents an enlarged image at the designated spot and
(b) EDX spectrum of BiVO4, revealing the emergence of fishbone-like BiVO4 particle.

Following the observation of this distinctive structural morphology, TEM analysis
was conducted to delve into the architecture of material in more detail. TEM images in
Figure 3a,b reveal a fishbone–like structure BiVO4 that is well-matched with the micrograph
attained by FESEM. Remarkably, the high magnification TEM images disclose the presence
of small nanoparticles structure that are scattered around the main fishbone–like structure.
Based on a thorough analysis as displayed in Figure 3c, the dissimilarity in BiVO4 lattice
fringe values suggest the existence of different phases with the main body structure and
scattered nanoparticles are scrutinized as monoclinic and tetragonal phases respectively.
This finding is consistent with XRD spectrum shown in Figure 1b with the presence of
both monoclinic and tetragonal phases in as–synthesized BiVO4. Selected area electron
diffraction (SAED) pattern in Figure 3d that is taken along the zone axis of [0 0 1] confirms
the crystallization of tetragonal BiVO4.

The chemical states of fabricated materials were ascertained by XPS study. In Figure 4,
the occurrence of peaks at 164.4 eV and 159.1 eV in Bi 4f spectrum, which were corresponded
to Bi 4f5/2 and Bi 4f7/2 indicates Bi3+ species. Besides, the signals in V 2p spectrum at the
binding energy of 523.3 eV and 516.7 eV could be ascribed to V 2p1/2 and V 2p3/2 signals
respectively that corresponds to V5+ state [39,40]. The presence significant peaks in both Bi
4f and V 2p XPS spectra as presented in Figure 4 illustrate the formation of BiVO4.
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3.2. Photocatalytic Oxygen Evolution

The photocatalytic activity of nascent material in the water oxidation reaction was eval-
uated by measuring the amount of oxygen evolved from the reaction under visible–light
illumination. Oxygen gas sample was taken hourly with the analysis performed by gas
chromatograph. Figure 5 depicts that Co-POMs alone was ineffective towards water ox-
idation reaction with no noticeable oxygen is detected after prolong reaction time. On
the other hand, BiVO4 exhibited significant photocatalytic activity with 75.8 µmol oxygen
was evolved in 1 h. Moreover, a remarkable amount of 195.0 µmol oxygen was generated
at the end of 5 h reaction. The capability of nascent BiVO4 as an effective photocatalyst
to oxidize water under visible–light illumination is on-par with the findings discerned
by worldwide researchers. For instance, Thalluri et al. [41] revealed that approximately
70.0 µmol oxygen was evolved in 1 h, signifying the findings from this study was closed
to the reported one. However, the catalyst was fabricated under harsh condition with the
involvement of strong acid at pH 0 in contrast to the mild synthesis condition presented
in this study. Indeed, harsh reaction condition is not favourable due to the experimental
hazard [42,43]. The utilization of weak base instead of strong base in BiVO4 synthesis was
illustrated in a work conducted by Usai et al. [44] with as-synthesized material showed
prominent water oxidation reaction with the evolution of 53.0 µmol oxygen within the first
hour of reaction. This finding demonstrated the potential of materials fabrication under
mild conditions with the retaining of excellent catalytic activity.

For BiVO4/Co-POMs coupling system, 5 mg Co-POMs were introduced as cocatalyst
into the BiVO4–containing system. Extraordinarily, the addition of Co-POMs showed
drastic improvement towards the overall photocatalytic performance with the increases in
the quantity of generated oxygen. In the first hour of reaction, 189.7 µmol oxygen has been
collected from the BiVO4/Co-POMs coupling system. Furthermore, when the reaction was
continued for additional hour, the amount of produced oxygen continued to rise over time,
with a total of 372.0 µmol oxygen was detected at the end of 5 h. Thus, it was divulged that
the oxygen produced from the novel BiVO4/Co-POMs coupling system was approximately
twofold that of the pristine BiVO4 system. These promising results illustrated the existence
of positive synergic effect between BiVO4 and Co-POMs. It is speculated that the role of
Co-POMs as effective cocatalyst by extracting the photogenerated holes from BiVO4 before
the occurrence of charge recombination.
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Figure 5. Photocatalytic oxygen evolution activity per grams of catalyst under visible–light illumina-
tion with the presence of AgNO3 as sacrificial agent. The BiVO4/Co-POMs coupling system exhibits
the best performance in terms of the amount of oxygen production, indicating the effectiveness of the
coupling system in the water oxidation reaction.

Moreover, a further study was carried out to examine the relationship between the reac-
tion reactivity with the Co-POMs concentration. The analysed data are plotted as displayed
in Figure 6a. The decrease of Co-POMs dosage from 5 mg to 1 mg for BiVO4-containing sys-
tem resulted in the reduction of the amount of oxygen generation by 82.8 µmol within the
first hour of reaction. A total of 220.6 µmol oxygen was gathered from 1 mg Co-POMs sys-
tem towards the end of 5 h reaction, with a slight increment of 25.6 µmol oxygen compared
to the pristine system without Co-POMs. This implies that 1 mg Co-POMs was insufficient
to significantly increase the water oxidation activity. The photogenerated holes generated
from BiVO4 were not utterly extracted by Co-POMs. On the other hand, it was discovered
that the amount of produced oxygen escalated with the increase in Co-POMs concentration.
For instance, 441.9 µmol oxygen was generated from 15 mg Co-POMs system. The amount
of oxygen production was further increased to 461.2 µmol with 20 mg Co-POMs.
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activity of Co-POMs-BiVO4 system.

Apart from Co-POMs concentration, AgNO3 loading was varied with the results as de-
picted in Figure 6b. The total quantity of oxygen evolved from the 20 mg Co-POMs-BiVO4
system was slightly reduced from 461.2 µmol to 440.7 µmol oxygen with the increment
of AgNO3 dosage from 30 mg to 60 mg. In the first hour of reaction, a larger amount of
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oxygen was generated from the system with higher AgNO3 loading owing to the presence
of more electron acceptors in completing the overall water splitting reaction. However,
the water oxidation reaction rate was declined beyond 2 h reaction time. This unforeseen
phenomenon could be elucidated by shielding effects arise from the particles formed via
the sacrificial reduction reaction, the photoreduction of AgNO3, with a higher AgNO3
loading lead to a more prominent shielding effect [45].

Post–reaction BiVO4 was collected and characterized to scrutinize the effect of pho-
tocatalytic reaction towards the alteration to its catalytic property. In Figure 7a, inhomo-
geneous distribution of unknown black spots is discerned on the surface of BiVO4. EDX
analysis was conducted on several points to confirm the nature of black spots, in which
spots 1, 2 and 3 in Figure 7b–d refer to the probing of EDX detector on BiVO4 main body
structure, BiVO4 scattered nanoparticle and black spot respectively. The appearance of
distinctive silver signals in spot 3 reveals that the black spot is corresponded to the attach-
ment of silver-based particles or compounds on BiVO4. Besides, it is worth to mention that
the signals correspond to phosphorus, cobalt and tungsten are absent in the EDX spectra,
indicating that there is no bond-forming reaction between Co-POMs and BiVO4 without
the deposition of Co-POMs on BiVO4.

 
Figure 7. (a) TEM image of post-reaction BiVO4 and (b–d) EDX spectrum, demonstrating the
scattering of silver on the main body of BiVO4.

In the post–reaction XPS spectra as depicted in Figure 8, it is noticed that the catalyst’s
chemical states are identical as compared to pre-reaction BiVO4 with the appearance
of signals in both Bi 4f and V 2p spectra. This observation elucidates that the catalyst
remains intact and does not undergo transformation upon the water oxidation reaction. In
accordance with TEM EDX study, the signal corresponding to silver was detected on post-
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reaction BiVO4, in which it could be existed either as nanoparticles or ionic compounds.
In Figure 8c, the existence of metallic Ag is confirmed by the appearance of peaks in Ag
3d spectrum at the binding energy of 373.8 eV and 368.0 eV, assigning to Ag 3d3/2 orbital
and Ag 3d5/2 orbital respectively. Ag+ ions dissociated from AgNO3 was reduced into
silver nanoparticles upon the acceptance of electron generated from the water oxidation
reaction [46]. The deposition of silver nanoparticles on BiVO4 could conceivably explain the
reduction in the overall reaction rate after prolong period. Light penetration was hindered
by the suspended silver nanoparticles, causing a reduction in photocatalyst light exposure.
It was accompanied with the decline in the amount of photogenerated electron–hole pairs
and hence loss in the overall photocatalytic activity [45,47]. Although electron acceptors
such as iron chloride, FeCl3 and cerium sulfate, Ce(SO4)2 are available in solving the issue
of silver deposition, AgNO3 is still the most used sacrificial agent owing to its superior
capacity to scavenge electrons than any other alternative option [48].
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4. Conclusions

This study develops an effective water oxidation system with the coexistence of
Co-POMs and BiVO4 as photocatalyst and cocatalyst respectively. As-synthesized fishbone-
like monoclinic-tetragonal mixed phase BiVO4 displayed significant performance in the
oxygen evolution reaction with the production of 195 µmol oxygen within 5 h reaction
under visible–light irradiation. However, its photocatalytic activity was limited by the fast
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recombination rate of photogenerated electron–hole pairs. Thus, an innovative system
with the coupling of BiVO4 with Co-POMs was developed with notable enhancement in
the oxygen evolution reaction, approximately twofold that of the pristine system with the
absence of Co-POMs. The highest reaction activity was achieved by the system with 20 mg
Co-POMs towards the generation of 461.2 µmol oxygen at the end of 5 h reaction. The
presence of Co-POMs as cocatalyst has retarded the charge recombination rate with the
extraction of holes by Co-POMs prior charge recombination. These promising results prove
the effectiveness of BiVO4/Co-POMs coupling system in catalyzing the water oxidation
rection. In conclusion, this propitious finding divulges the potential of coupling system to
improve the oxygen evolution reaction and provides an insight towards innovative system
design apart from as developed BiVO4/Co-POMs system.
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