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Beyond CoOx: a versatile amorphous cobalt
species as an efficient cocatalyst for visible-light-
driven photocatalytic water oxidation†

Hongyuan Zhang,‡a Changfa Guo,‡a Jiabin Ren,a Jiqiang Ning,b Yijun Zhong,a

Ziyang Zhangb and Yong Hu *a

Cocatalysts play an important role in converting solar energy into

chemical energy for photocatalytic water splitting. Herein, a versatile

and efficient cocatalyst based on amorphous Co species (a-Co-E) is

synthesized through thermal treatment of a Co–ethylene diamine

tetraacetic acid complex in air at 300 8C. Various Bi-based semicon-

ductors loaded with the a-Co-E cocatalyst exhibit an impressively

higher photocatalytic O2 evolution rate than their CoOx-loaded

counterparts.

Photocatalytic water splitting to hydrogen (H2) and oxygen (O2)
is an attractive strategy to address the ever-increasing energy
crisis and environmental issues.1 Compared with the H2 evolu-
tion reaction, the O2 evolution reaction (OER) is a multistep,
four-electron and four-proton process, which requires relatively
high activation energy.2 Therefore, the key to actualize highly
available overall water splitting is to boost the OER activity of
the as-prepared photocatalysts. Loading semiconductor photo-
catalysts with cocatalysts has been found to be one of the most
effective approaches to enhance the photocatalytic water oxida-
tion activity due to three important roles the cocatalysts play in
the photocatalytic process:3 (1) providing active sites for the
surface reaction; (2) lowering the activation energy of the OER;
and (3) producing trapping sites for charge carriers, which
facilitates efficient separation of photoexcited electron (e�)
and hole (h+) pairs accordingly.

Currently, noble metal oxides, such as RuO2 and IrO2, are
the most active OER cocatalysts, but they mainly suffer from the
problem of high cost which hinders their practical application.4

Tremendous efforts were devoted to synthesize earth-abundant,

highly efficient yet robust cocatalysts for photocatalytic water
oxidation. Transition metal oxide (such as FeOx, CoOx, and
NiOx), cobalt-oxide-phosphate (Co-Pi) and metal-free (B2O3�xNx

clusters) cocatalysts have been exploited to function as cocata-
lysts for O2 production.5,6 Among them, CoOx has been widely
accepted as one of the most efficient cocatalysts to promote O2

evolution. For example, CoOx loaded on a porous single crystal
LaTiO2N exhibits even higher photocatalytic activity than the
IrO2-loaded counterpart.6 However, the previously reported CoOx

generally exists in the form of nanoparticles, which would result
in inadequate exposure of the active sites, or might even serve as
recombination centers of photogenerated charge carriers.7

In this study, a versatile Co species (a-Co-E) as an efficient
cocatalyst anchored on various Bi-based semiconductor photo-
catalysts was synthesized through heating the mixture of an
ethylenediaminetetraacetic acid (EDTA)–Co(II) complex and the
corresponding semiconductors in air at 300 1C. The selection of
Bi-based semiconductors as model supports is motivated by
their unique chemical and physical properties. For instance,
Bi2WO6 and Bi2Fe4O9 exhibit advantage over TiO2 in visible-light
response, making them promising candidates for visible-light-
driven photocatalysts.8 Different from particular CoOx, the
a-Co-E cocatalyst in the amorphous state is wrapped on the
surface of semiconductors, which enables high dispersion of
the catalytic particles, and tight contact with the semiconduc-
tors can induce strong chemical coupling between them. The
a-Co-E cocatalyst loaded on various Bi-based semiconductors
including Bi2WO6, BiFeO3 and Bi2Fe4O9 exhibits impressively
higher photocatalytic OER activity than the CoOx-loaded coun-
terparts, indicating the universality of the a-Co-E species as an
efficient water oxidation cocatalyst over CoOx.

Fig. S1 (ESI†) presents the XRD patterns of the as-prepared
Bi2WO6 and Bi2WO6/a-Co-E samples. As shown by the black line,
we can see that all the peaks are well indexed to the orthorhombic
Bi2WO6 phase (JCPDS no. 39-0256), and no peaks from impurities
are detected, suggesting that the Bi2WO6 crystal has been formed
successfully. The intensity ratio of the diffraction peaks between
(002) and other planes becomes larger than that in the standard
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card, suggesting that Bi2WO6 nanocrystals grew somewhat pre-
ferentially along the (002) plane. Such preferential growth may
lead to more exposure of the {002} facets and even a sheet or plate-
like morphology accordingly.9

The SEM images of the as-prepared Bi2WO6 are presented in Fig.
S2a (ESI†), which exhibits well dispersed particles with a flower-like
microstructure ranging from 1 to 1.5 mm in diameter. The high-
magnification SEM image (Fig. S2b, ESI†) reveals that the flower-
like morphology results from the self-assembly of nanosheets. The
XRD pattern of the Bi2WO6/a-Co-E sample shows the existence of
the orthorhombic phase of Bi2WO6, and no peaks from the a-Co-E
species or impurities (blue line in Fig. S1, ESI†) can be observed,
implying that the a-Co-E may be in the amorphous state.

From the TEM images of the as-prepared Bi2WO6/a-Co-E
(Fig. 1a), it can be observed that the flower-like Bi2WO6 micro-
structure is insufficiently assembled at the center, resulting in the
shape of a swim ring, which therefore enables more exposure of
surface area. The high-resolution TEM image (Fig. 1b) reveals that
Bi2WO6 is wrapped by a thin layered structure with a fluctuant edge
profile, which also increases the surface area of the a-Co-E layer
somewhat. Besides, the a-Co-E species is amorphous with a thick-
ness of 3–10 nm, and in tight contact with Bi2WO6 at the interface,
which would enhance the coupling interaction between them and
facilitate the charge transfer across the interface. The typical lattice
fringes within the material exhibit a spacing of 0.27 nm corres-
ponding to the d value of the (002) plane of rhombic Bi2WO6. In
addition, the STEM-EDS elemental maps of the Bi2WO6/a-Co-E
sample in Fig. 1c–h signify that Bi, W, Co, O, and N elements are
evenly distributed, proving the whole wrapping of Bi2WO6 by the
amorphous a-Co-E layer rather than simple aggregation to parti-
cles. According to inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis, the Bi, W, and Co contents in
the Bi2WO6/a-Co-E sample are determined to be 54.29, 25.31, and
1.73 wt%, respectively.

In order to further determine the chemical compositions
and electron structures of the Bi2WO6/a-Co-E composite, X-ray
photoelectron spectroscopy (XPS) measurement was executed.
The full survey spectrum of the Bi2WO6/a-Co-E sample (Fig. S3a,
ESI†) verifies the presence of Bi, W, Co, O, C, and N elements in
the composite. The high-resolution XPS spectrum of the Bi 4f
region in pristine Bi2WO6 (Fig. 2a) displays the binding ener-
gies of Bi 4f5/2 and Bi 4f7/2 of 164.4 and 159.1 eV, respectively,
corresponding to the Bi3+ oxidation state.10 The binding ener-
gies of W 4f5/2 and W 4f7/2 in Bi2WO6 in Fig. 2b are observed to
be 37.6 and 35.4 eV, respectively, in good agreement with the
reference value of W6+ in Bi2WO6.11 After loading the a-Co-E
species onto the semiconductor, the XPS peaks of Bi 4f and W
4f in Bi2WO6/a-Co-E shift to lower binding energy compared to
the pristine Bi2WO6, signifying increased electronic density
around both Bi and W atoms. Fig. 2c shows that the Co 2p3/2

and 2p1/2 XPS peaks in bulk a-Co-E are located at about 780 and
795 eV with an asymmetry profile, respectively. The Co 2p3/2

peak can exhibit two chemical states, Co3+ 2p3/2 at 780.2 eV and
Co2+ 2p3/2 at 781.7 eV, and the Co 2p1/2 peak can be assigned to
Co3+ 2p1/2 at 795.2 eV and Co2+ 2p1/2 at 797.1 eV. The splitting
energy of ca. 15 eV between the Co 2p3/2 and Co 2p1/2 peaks is in
good agreement with the reference value of divalent and
trivalent Co.12 The valence of 2+ represents the initial Co state,
while the 3+ valence may be due to the partial oxidation of
divalent Co under the conditions of in-air heating. After loading
a-Co-E on Bi2WO6, it can be observed clearly that all the peaks
of Co 2p are shifted obviously (ca. 0.6 eV) towards higher
binding energy, indicating reduced electron density around
Co atoms. The high-resolution XPS spectrum of O1s in
Bi2WO6/a-Co-E is shown in Fig. S3b (ESI†), in which the peak
at 530.2 eV can be assigned to the typical metal–oxygen bond13

and the other peak at 531.3 eV, corresponding to the CQO
bond,14 is related to the formation of a-Co-E from the Co–EDTA
complex. The signals of C 1s in bulk a-Co-E can be attributed to
three components, 284.8 eV for the C–C bond, 286.4 eV for
CQO,15 and 289.3 eV for O–CQO.16 According to C 1s in
Bi2WO6/a-Co-E, the presence of Bi2WO6 can expedite the

Fig. 1 (a) TEM and (b) HRTEM images of the as-prepared Bi2WO6/a-Co-E
nanocomposite. (c–h) STEM-EDX elemental mapping of Bi, W, Co, O, and
N elements in the Bi2WO6/a-Co-E sample.

Fig. 2 High-resolution XPS spectra: (a) Bi 4f, (b) W 4f, (c) Co 2p and (d)
C 1s in the Bi2WO6/a-Co-E, bare Bi2WO6 and bulk a-Co-E samples.
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decarboxylation reaction as evidenced by the reduced O–CQO
percentage (from 40.2% to 14.3%) in the composite (Fig. 2d).
Taken together with the analysis above, it is concluded that the
strong coupling interaction between a-Co-E and Bi2WO6 occurs
through the common oxygen atoms. That is, upon irradiation,
electrons would be excited from the valence band (VB) to the
conduction band (VB) of Bi2WO6, leaving holes in the VB. Due
to the coupling interaction, the photoexcited hole is transferred
further to the a-Co-E from Bi2WO6 for the oxidation reaction,17

while the electron is consumed by the sacrificial agents (Fig. S4,
ESI†). As a result, the separation efficiency of photogenerated
charge carriers is improved, which is conducive for the water
oxidation process on the surface of a-Co-E species.

The photocatalytic water oxidation activity of the as-prepared
Bi2WO6/a-Co-E with 3.0 wt% a-Co-E loading was studied in a
NaOH aqueous solution using Na2S2O8 as a sacrificial agent under
visible-light irradiation (l 4 420 nm) (Fig. 3). 3.0 wt% CoOx is
loaded on Bi2WO6 (Bi2WO6/CoOx) for comparison. Fig. 3a shows a
typical time course of O2 evolution catalyzed by bare Bi2WO6,
Bi2WO6/a-Co-E and Bi2WO6/CoOx, respectively. As expected, bare
Bi2WO6 shows low catalytic activity with an O2 production rate of
67 mmol h�1 g�1 due to fast recombination of charge carriers. The
O2 amount generated over Bi2WO6/CoOx in 1 h is 250 mmol. After
1 h, the generation rate gradually decreases and reaches an average
value of 97.2 mmol h�1 g�1 in 6 h. By contrast, the photocatalytic
O2 production activity of Bi2WO6/a-Co-E is impressively improved
to 352.3 mmol h�1 g�1 with no obvious decrease in 6 h, 3.6 times
higher than that of Bi2WO6/CoOx, demonstrating the excellent
capability of a-Co-E to function as the cocatalyst over CoOx.
Besides, the high O2 production rate can be well maintained
during four cyclic tests with each run of 5 h (Fig. 3c), indicating
that the a-Co-E cocatalyst is stable, reusable, and highly efficient.
Additionally, the control experiments reveal that bulk a-Co-E,
a-Co-E loaded SiO2, and the mixture of a-Co-E and Bi2WO6 show
obviously low catalytic activity compared to Bi2WO6/a-Co-E (Fig. S5,
ESI†), indicating that a-Co-E plays the role of a cocatalyst rather

than a photocatalyst in the catalytic process, and the important
effect of coupling interaction on high catalytic activity. Moreover,
for the Bi2WO6/a-Co-E sample obtained with the absence of cobalt
salt, the catalytic activity is also reduced significantly, implying that
the Co species are the main active sites. To evaluate the light
utilization efficiency, the wavelength-dependent apparent quantum
efficiency (AQE) of Bi2WO6/a-Co-E is determined by measuring the
amount of O2 generated under various monochromatic light
irradiation (Fig. 3d). The AQE of Bi2WO6/a-Co-E well matches the
absorption capabilities in the adsorption region of 400–500 nm.
Specifically, the AQE at 500 nm is determined to be 2.04%. The
results above suggest that the a-Co-E species hold great potential to
replace CoOx as a high-performance cocatalyst for water oxidation.

To explore the effect of heating temperature on the perfor-
mance of Bi2WO6/a-Co-E, the loading amount of a-Co-E was fixed
to 1.5%, and a series of Bi2WO6/a-Co-E catalysts were fabricated in
air at 250 1C, 300 1C and 350 1C, denoted as Bi2WO6/a-Co-E-250,
Bi2WO6/a-Co-E-300, and Bi2WO6/a-Co-E-350, respectively. Fig. S6a
and b (ESI†) display their photocatalytic O2 evolution activities.
The O2 production rate of Bi2WO6/a-Co-E-300 is significantly
higher than the other two, indicating an optimal temperature of
300 1C for the a-Co-E cocatalyst.

The loading amount of cocatalyst could also affect the activity of
the photocatalyst, due to factors such as dispersion, light absorp-
tion, and contact with water molecules and sacrificial agents. In
this case, the cocatalyst prepared at 300 1C was employed to study
the photocatalytic performance of Bi2WO6/a-Co-E with different
a-Co-E loadings (Fig. S6c and d, ESI†). As the content increases, the
photocatalytic activity of Bi2WO6/a-Co-E is increased rapidly, reach-
ing 352.3 mmol h�1 g�1 at 3.0 wt% loading. Higher or lower loading
would result in reduction of the photocatalytic activity.

To further inspect the a-Co-E cocatalyst for high activity, its
main properties involved in the photocatalytic water splitting
process, including light response, charge carrier separation and
transfer, and interfacial redox reactions, were thoroughly char-
acterized in comparison with CoOx. Firstly, the light-harvesting
abilities of bare Bi2WO6, Bi2WO6/a-Co-E, and Bi2WO6/CoOx were
evaluated by the UV-vis DRS technique. As illustrated in Fig. 4a,
all the samples show strong absorption in the ultraviolet region
(l o 400 nm). However, in the visible region, Bi2WO6/a-Co-E
exhibits higher and more stable light-harvesting ability than
Bi2WO6/CoOx and bare Bi2WO6. Therefore, the a-Co-E cocatalyst
has better capability to improve visible-light response than CoOx.
The improved utilization of sunlight would contribute to high
photocatalytic performance. To study the separation and transfer
of the photoexcited charge carriers, a series of measurements
including photocurrent response, photoluminescence (PL) spec-
tra, and electrochemical impedance spectra (EIS) were carried
out. Fig. 4b shows that Bi2WO6/a-Co-E has an impressively
higher photocurrent density than Bi2WO6/CoOx, illustrating
obviously enhanced interfacial charge transfer and highly efficient
photoelectric conversion capability. This is confirmed further by
their PL spectra as shown in Fig. 4c. The emission intensity of
Bi2WO6/a-Co-E is evidently weaker than those of Bi2WO6/CoOx

and bare Bi2WO6, suggesting that the a-Co-E species is more
effective in improving charge carrier transfer and separation than

Fig. 3 (a and b) Typical time course of O2 evolution catalysed by the
Bi2WO6/a-Co-E, Bi2WO6/CoOx and bare Bi2WO6 photocatalysts under
visible-light irradiation and the corresponding average O2 evolution rate
in 6 h. (c) Recyclability of the Bi2WO6/a-Co-E and Bi2WO6/CoOx samples
in the O2 evolution reaction. (d) The wavelength-dependent AQE of
photocatalytic O2 evolution over the Bi2WO6/a-Co-E sample.
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CoOx. Fig. 4d shows the EIS spectra of the two samples, where
Bi2WO6/a-Co-E exhibits a smaller Nyquist plot diameter compared
to Bi2WO6/CoOx. Particularly, the corresponding fitting results
show that the charge transfer resistance (Rct) is smaller for
Bi2WO6/a-Co-E (inset, Table S1, ESI†), implying a faster electron
transfer rate. Taken together, a-Co-E-loaded Bi2WO6 exhibits
relatively higher photocatalytic activity compared with its CoOx-
loaded counterpart. Therefore, these results further confirm that
the a-Co-E cocatalyst has great potential to substitute CoOx,
achieving much more efficient OER performance.

Inspired by the outstanding performance of the a-Co-E cocatalyst
with Bi2WO6, we further investigated its universality for other
Bi-based semiconductors including BiFeO3 nanofibers and Bi2Fe4O9

nanoplates. The photocatalytic O2 evolution activities of BiFeO3 and
Bi2Fe4O9 loaded with a-Co-E and CoOx are displayed in Fig. S7
(ESI†). Interestingly, the O2 production rate of Bi2Fe4O9/a-Co-E is
remarkably higher than that of Bi2Fe4O9/CoOx, achieving 602.7
mmol g�1 h�1 with no obvious decrease in 6 h (Fig. S7a and b,
ESI†), which is higher than that of previously reported Bi-based
photocatalysts (Table S2, ESI†). When Bi2Fe4O9 is replaced with
BiFeO3, the similar comparable results are also obtained (Fig. S7c
and d, ESI†), demonstrating the university of the a-Co-E cocatalyst
for photocatalytic water oxidation. The control experiments reveal
that the photocatalytic activity of both Bi2Fe4O9/a-Co-E and BiFeO3/
a-Co-E reaches the maximum value when the temperature for
loading a-Co-E is also 300 1C (Fig. S8, ESI†), verifying that the
decomposition degree of the Co-EDTA precursor has a significant
impact on the photocatalytic activity indeed. The UV-vis DRS
spectra, photocurrent response and EIS measurements on Bi2Fe4O9

and BiFeO3 loaded with a-Co-E and CoOx, respectively (Fig. S9 and
Table S1, ESI†), suggest that the enhancing mechanism of a-Co-E
versus CoOx with Bi2WO6 is still adopted to the two cases, further
verifying the superior validity and stability of the a-Co-E cocatalyst
for the water oxidation reaction to CoOx.

In summary, a versatile and efficient a-Co-E cocatalyst for
photocatalytic water oxidation has been successfully synthesized

through heating the EDTA–Co complex and Bi-based semicon-
ductors in air at 300 1C. The a-Co-E cocatalyst wraps the
semiconductors and enables sufficient dispersion of the active
Co sites, leading to tight contact at the interface and strong
coupling interaction with the semiconductors. As a result, the a-
Co-E cocatalyst loaded on various Bi-based semiconductors dis-
plays impressively higher photocatalytic O2 production activity
than the CoOx-loaded counterparts, demonstrating the univers-
ality of the a-Co-E species as an efficient cocatalyst over CoOx.
The present work can provide new insights into the development
of noble-metal-free cocatalysts with high catalytic activity and
general applicability.
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