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BiVO, is a promising semiconducting photoanode for photoelectrochemical (PEC) water splitting due to
its suitable bandgap. However, the dissolution of V>* and sluggish reaction kinetics at the surface in the
oxygen evolution reaction (OER) limit its applications. Herein, we report a convenient strategy to change
the microenvironment by adding Fe(IlI) into the electrolyte. During the PEC process, Fe(IlI) ions not only
improve the current density, but also show excellent stability toward BiVO4. Consequently, the current
increases by more than 1.7 times compared to that without Fe(Ill). Photoelectrochemical, morphological,
and structural characterizations reveal that the FeOOH co-catalyst produced in situ on the BiVO, photoan-
ode by cyclical formation of the intermediates at the electrode/electrolyte interface during OER acceler-
ates the OER kinetics and prevents photo-corrosion by suppressing the dissolution of V>*. The results
reveal a new strategy for the multifunctional modification of photoanodes for efficient solar conversion.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photoelectrochemical (PEC) water splitting is one of the promis-
ing strategies to convert solar light into hydrogen to meet the in-
creasing demand for clean energy from renewable sources [1-3].
Although hydrogen is produced from water by the hydrogen evo-
lution reaction (HER) on the cathode, usually a Pt-based electrode
[4], the oxygen evolution reaction (OER) on the photoanode is the
rate-determining step in PEC water splitting, but this process is
sluggish due to the multiple proton-coupled electron transfer [1,5].
Therefore, it is crucial to design and prepare efficient photoanodes
with sufficient light absorption, effective charge separation, and
fast reaction kinetics for OER [6-8]. Among the different materi-
als, nanostructured bismuth vanadate (BiVO4) has attracted much
attention due to its suitable bandgap (~2.4eV), low cost, and facile
synthesis [9-14]. Nevertheless, its low carrier mobility and short
hole diffusion length cause serious bulk and surface electron-hole
recombination [15], which causes photo-corrosion of BiVOy, loss of
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V>+, and poor long-term stability [14,16-18]. Doping [19-21], facet
tailoring [22-24], and oxygen vacancies construction [15,25-27],
have been proposed to overcome the transport limitation and en-
hance the separation of charge carriers. In addition, coatings made
of oxygen evolution catalysts (OECs) and surface passivation layers
have been suggested to inhibit the loss of V°* and improve the
OER activity [9,28-30].

Among the different types of OECs, VIII metal (Fe, Co, Ni)-based
oxides and/or (oxy)hydroxides, especially FefOOH, have attracted in-
terest in recent years [9,31-35]. The Bi-O-Fe interfacial bonds have
been observed to be the active sites for the enhanced OER activ-
ity and the suppressed dissolution of V°* in turn improves the
PEC stability [32]. For example, Zhang et al. have prepared ultra-
thin and crystalline 8-FeOOH on BiVO, photoanodes, which ex-
hibit remarkable photocurrents because the ultrathin structure of
FeOOH exposes more active sites to accelerate the reaction kinet-
ics [33]. However, it is challenging to cover BiVO, crystals com-
pletely unless a sufficiently thick layer is deposited, but a thick
OECs/protector causes unnecessary parasitic light absorption and
may compromise the PEC performance of BiVO, [2]. Moreover,
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the surface structure changes under strong alkaline conditions at
a high anodic potential consequently hurting the durability [36].
Hence, uniform and conformal deposition of FeOOH with a suitable
thickness on BiVO4 with large aspect ratios remains challenging.

The composition of electrolytes and modulation of the catalytic
environment have gained more recent attention because there is
a dynamic ion exchange process between the electrocatalysts and
electrolytes, especially in electrochemical cycling [11,37-39]. For
example, Lee and Choi have used a V>*-saturated electrolyte to
inhibit the loss of V>* from the BiVO, lattice by dissolution con-
sequently suppressing photo-corrosion during solar water splitting
and increasing the photostability of BiVO4 [11]. Nevertheless, the
addition of V°* to the electrolyte cannot boost the OER kinetics.
Our recent study reveals that Fe(Ill) ions can serve as the dynamic
sites to promote the OER activity and long-term stability by cycli-
cal formation of the intermediates on the electrode/electrolyte in-
terface and in situ growth of FeOOH on the surface of the electrode
[40,41].

Herein, a convenient strategy to simultaneously overcome
the sluggish reaction kinetics and poor stability of BiVO4 is
described by incorporating Fe(Ill) cations into the electrolyte.
During OER, the Fe(Ill)-containing electrolyte shows dynamic
changes between Fe(Ill) and FeOOH (Fe(Ill) > Fe**— Fe-OH
—Fe-0 — FeOOH — Fe(Ill)) accompanying with FeOOH co-catalyst
produced in situ on the BiVO, photoanode (Scheme 1). The
BiVO,/FeOOH photoanode shows a current density of 2.21 mA/cm?
at 1.23V (vs. RHE) under AM 15G illumination (100 mW/cm?),
which is considerably higher than that of the pristine BiVO4
(1.29mA/cm?). The excellent PEC properties stem from the in situ
generated FeOOH on the surface, which, as the active sites, ac-
celerates oxygen evolution. Furthermore, the PEC stability of the
BiVO,4/FeOOH is enhanced due to the in situ formed FeOOH that
prevents the corrosion of the photoanode by suppressing the dis-
solution of V°*. The results reveal a facile, cost-effective, and effi-
cient strategy for efficient and stable PEC systems.

The PEC water oxidation properties of the BiVO, photoanodes
are determined under AM 1.5G illumination, and the current den-
sity curves are shown in Fig. 1. Various concentrations of Fe(III)
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Scheme 1. Schematic illustration of the BiVO4 photoanodes in KBi and KBi + Fe(III).

ions are added to the KBi electrolyte to examine the effects on the
PEC activity. As shown in Fig. S1 (Supporting information), Fe(IIl)
ions in the electrolyte dramatically enhances the current densities.
The maximum current density of 2.21 mA/cm? is achieved at an
onset potential of 0.40V by adding 1 mmol/L Fe(lll) to the elec-
trolyte (KBi+ Fe(Ill)). Fig. 1a shows the instantaneous current den-
sity curves of the BiVO,4 photoanodes in the KBi and KBi+ Fe(III)
electrolytes. In both electrolytes, the dark current densities are
negligible, indicating that Fe(III) ions do not take part in the re-
dox reaction for OER at below 1.23V. To explore the stability of
the photoanodes, the i-t curves are acquired at 1.23V. As shown
in Fig. 1b, the photoanode shows a rapid decrease in the current
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Fig. 1. (a) Chopped illumination curves. (b) Photostability of BiVO,; photoanodes in KBi and KBi+ Fe(III).
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KBi + Fe(I1I). (e) LSV and (f) i-t curves of the photoanodes for different pretreatment of Fe(IlI).
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densities in the KBi electrolyte from about 1.41mA/cm? at the
beginning to 0.1 mA/cm? after 3h indicative of serious photo-
corrosion and V3t dissolution from the crystal lattice [1,11]. Re-
markably, the photoanode displays a different trend if Fe(Ill) ions
are added to the solution (KBi+ Fe(Ill)). The current densities in-
crease in the first 1h perhaps due to the redox process of Fe(Ill)
and deposition of FeOOH on the surface of the photoanode [40-
42]. After 1h, the current density plateaus at 2.21 mA/cm? and re-
mains steady for over 10h, consistent with the LSV results in Fig.
S2a (Supporting information). The i-t curves of FTO without BiVOy4
obtained from the KBi + Fe(III) solution under light illumination ex-
hibit negligible current densities (Fig. S2b in Supporting informa-
tion), indicating that the Fe species are unable to generate photo-
generated charge carriers in OER. Inductively coupled plasma (ICP)
spectroscopy was used to analyze the electrolyte after 3h of i-t
measurement. The results show the presence of V in both the KBi
and KBi+ Fe(III) electrolytes (Fig. S3 in Supporting information),
indicating the dissolution of V in both systems. However, the con-
centration of V in KBi (78.35pg/L) is significantly higher than that
of the KBi + Fe(Ill) (41.32 pug/L), suggesting the role of Fe(Ill) in sup-
pressing the dissolution of V that ultimately prevents the BiVOg4
photoanode from photo-corrosion. These results indicate that the
Fe species plays the role of a co-catalyst in the BiVO,4 photoan-
ode to improve both the PEC activity and stability. The PEC perfor-
mance of our system reaches and even outperforms most recent
photoelectrocatalysts based on OECs decorated BiVO, electrodes
(Table S1 in Supporting information), while our method is much
more convenient.

The Fe(Ill) catalytic mechanism is explored. CV is performed on
the BiVO,4 photoanode in 1.0mol/L KBi with and without Fe(III)
addition. As shown in Fig. 1c, the current densities decrease
with CV cycles in KBi, implying gradual inactivation of the BiVO4
photoanode. In contrast, the current densities increase gradually
in KBi+ Fe(Ill) as shown in Fig. 1d. During CV, the photoanode
is cycled between the PEC active and inactive states. The cata-
lyst/electrolyte interface undergoes dynamic changes during PEC,
leading to Fe incorporation into the photoanode [43]. To verify the
photocurrent of BiVO,4 photocurrent has stabilized, the different CV
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(1, 50th, 80th, and 100™") cycles has been carried out as shown
in Fig. S4 (Supporting information). The 80" and 100" photocur-
rent density indicate almost the same, suggesting that 100 cycle
is enough for supper saturation of the photocurrent. To confirm
that Fe is incorporated into the photoanode rather than absorb-
ing on the surface, we compare the PEC activity of the BiVO4 pho-
toanodes in KBi and KBi+ Fe(Ill), Fe(Ill)-chemical absorbed (acti-
vated by CV cycles in KBi+ Fe(lll)) in KBi, and Fe(Ill)-physical ab-
sorbed (immersed in KBi+ Fe(Ill) for the same time as that of CV-
activated sample) in KBi. As shown in Fig. 1e, the Fe(Ill)-chemical
absorbed and Fe(Ill)-physical absorbed photoanodes display higher
current densities than the fresh photoanode in KBi, indicating that
Fe(Ill) is vital to improving the PEC activity. Moreover, the pho-
toanode in KBi-+ Fe(Ill) shows higher current densities than the
Fe(Ill)-physical absorbed photoanode in KBi, confirming the incor-
poration of Fe(lll) into the photoanode during PEC rather than ab-
sorption. In addition, the Fe(Ill)- chemical absorbed anode in KBi
exhibited lower activity than that of the photoanode tested in
KBi + Fe(Ill), ascribing that Fe(Ill) availability is the key to main-
taining the PEC activity, which is further confirmed by the i-t
curves in Fig. 1f. To verify the advantages of the proposed strat-
egy, FeOOH is deposited on the surface of the BiVO, photoanode
(FeOOH/BiVO,4) by photo-deposition using a method reported by
Choi et al. [34] and compared its performance with the BiVO,4
photoanode. As shown in Fig. S5 (Supporting information), the
current densities of FeEOOH/BiVO, tested in KBi and BiVO, tested
in KBi+ Fe(Ill) are comparable (Fig. S5a) while the FeOOH/BiVO,
presents a poor stability (Fig. S5b).

The applied bias potential efficiency (ABPE) is measured in KBi
and KBi+ Fe(IlI) and the maximum ABPEs are calculated to be
0.18% (0.92) and 0.55% (0.82), respectively (Fig. 2a), confirming that
the addition of Fe(Ill) to the electrolyte can enhance the catalytic
ability in water oxidation [44]. Fig. 2b and Fig. S6 (Supporting in-
formation) show the interfacial charge transfer (n¢ans) efficiency
of the water oxidation reaction. In the electrolyte without Fe(III),
the photoanode exhibits a very low efficiency of 29.1% at 1.23V,
but adding Fe(Ill) increases the nans efficiency to 62.65%. Fig.
2c shows the EIS data to further elucidate the interfacial charge
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Fig. 2. (a) ABPE, (b) charge transfer efficiency, (c) Nyquist plots at 0.8V under illumination or in the dark for the BiVO4 photoanodes with or without Fe3*. (d) PL spectra,
(e) UV-vis absorption spectra, and (f) IPCE at 1.23V of BiVO, photoanodes after the i-t test in KBi or KBi + Fe(III).
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Fig. 3. XPS spectra of (a) Bi 4f, (b) V 2p, and (c) O 1s of the pristine BiVO, pho-
toanodes before and after the i-t test with or without Fe(1II). (d) Fe 2p of the pho-
toanode after the i-t test with Fe(III).

transfer and oxygen evolution kinetics. The curvature diameter of
the photoanodes in KBi+ Fe(Ill) under illumination is the smallest
among the samples, providing evidence that Fe(Ill) improves the
charge transfer between the photoanode and electrolyte [45].

Photoluminescence (PL) is monitored to determine the electron-
hole recombination rates [46]. As shown in Fig. 2d, all the pho-
toanodes show the maximum intensity at about 420 nm. The pho-
toanode after the i-t test in KBi exhibits stronger intensity than the
fresh one, demonstrating higher electron-hole recombination rates.
However, after the i-t test in KBi+ Fe(Ill), the PL peak intensity
declines, implying smaller electron-hole recombination ratios com-
pared with other photoanodes. The results demonstrate that addi-
tion of Fe(III) to the electrolyte improves the separation efficiency
of photo-generated carriers [1,47]. As revealed by the UV-vis dif-
fuse (Fig. 2e), the absorptance does not change significantly. All
the photoanodes exhibit a light absorption edge at ~500 nm, corre-
sponding to a bandgap of about 2.40eV (Fig. S7a in Supporting in-
formation). After Fe incorporation, the photoanodes show a similar
light absorption edge and bandgap compared to the fresh one, in-
dicating that the Fe species do not affect the bandgap and the light
absorption properties of the BiVO, photoanodes [48]. There is a
slight shift in absorption edges of the BiVO4 photoanodes after the
i-t test in KBi+ Fe(III) (Fig. S8 in Supporting information), attribut-
ing to the formation of FeOOH on the surface of the photoanode.
The PEC performance at different incident lights is studied using
the IPCE curves of the different photoanodes. As shown in Fig. 2f,
all the photoanodes have IPCE values of less than 500 nm, consis-
tent with the UV-vis light absorption curves. The IPCE values of
the fresh photoanode and photoanode after the i-t test in KBi and
KBi + Fe(Ill) at 420 nm are 11.27%, 8.98%, and 46.53%, respectively.
To get more insights into the electronic properties, Mott-Schottky
(MS) curves are acquired in KBi without illumination. As shown
in Fig. S7b (Supporting information), all the samples exhibit the
n-type semiconductor behavior. Therefore, the above experiments
confirm that the incorporation of Fe(Ill) improves the charge trans-
fer kinetics rather than changing the band structure.

The effects of Fe incorporation on the surface chemical states
and electronic structures of the photoanodes are examined by XPS
(Fig. 3 and Fig. S9 in Supporting information). The survey XPS
spectra of the prepared BiVO4 photoanodes reveal the existence of
Bi, V, and O elements. From the high-resolution XPS spectra, the

Chinese Chemical Letters 35 (2024) 109892

peaks at about 159.0 and 164.7 eV are attributed to Bi3*+ of Bi 4f
(Fig. 3a). The two peaks at about 516.9 and 524.5eV are ascribed
to the V 2p;, and V 2py), states, respectively, indicative of the
V3+ characteristics (Figs. 3a and b) [49]. The XPS peaks of O 1s
can be divided into lattice oxygen (O ), oxygen vacancy (Oy), and
chemically adsorbed or dissociated oxygen species (O¢) from wa-
ter molecules, respectively (Fig. 3c) [50,51]. It is worth noting that
the XPS spectra of Bi 4f and V 2p after the i-t test in KBi+ Fe(III)
show a shift toward lower binding energies, suggesting that the
interaction between Fe species and BiVO, produces excellent elec-
tron transport [29]. Furthermore, the chemical shift of O, decreases
after the i-t test in KBi-+ Fe(Ill), indicating oxygen vacancies and
bigger electron densities around the Bi and V atoms. The peaks at
711.0 and 724.3eV can be ascribed to Fe 2p3;, and Fe 2p;j;, and
those at 713.8 and 734.3 eV are typical satellite (Sat.) peaks (Fig.
3d). The XPS survey spectra corroborate successful incorporation
of Fe species into the photoanodes.

To better understand the roles of Fe species, SEM, XRD, TEM,
and Raman scattering are performed. As shown in Fig. 4a, the
SEM image exhibits irregular nanoparticles with a length of about
220nm. The initial nanopores in the films expand and are in-
terconnected with each other to form a three-dimensional (3D)
nanoporous structure, which benefits the interactions between the
photoanodes and electrolytes. The stability evaluation in KBi shows
that the BiVO, structure is destroyed and the density of nanopores
is less than that of the fresh one (Fig. 4b) reflecting dissolu-
tion of BiVO4. However, the surface of the photoanode tested in
KBi + Fe(lll) retains the original structure but becomes roughing,
indicating that the photoanodes can be protected from photo-
corrosion by the Fe species during PEC (Fig. 4c).

The XRD patterns (Fig. S10 in Supporting information) of the
BiVO,4 photoanodes show monoclinic BiVO, (JCPDS No. 14-688)
and the FTO substrate [52]. No additional diffraction peaks can be
detected after the i-t test in KBi+ Fe(IlI), maybe due to the small
concentration of the Fe(Ill) species [44]. As shown in Fig. S11 (Sup-
porting information), the main Raman peaks at 327 and 369 cm!
correspond to the asymmetric and symmetric deformation modes
of the VO43~ tetrahedron [53]. The peaks at 713 and 829 cm!
arise from the asymmetric and symmetric stretching modes of the
V-0 bond [54]. After the i-t test in KBi+ Fe(III), the photoanodes
show the typical peaks at ~447 and 609 cm~! related to the Fe-O-
Fe and Fe-O vibrational mode of FeOOH, respectively [55,56]. Com-
pared to the pristine BiVO, photoanode, the photoanode after the
i-t test in KBi+ Fe(IIT) shows a negative shift and broader peak for
the symmetric stretching of V-0 (829 cm~1!) implying that FeOOH
weakens the lattice structure of BiVO,4 [57]. Interestingly, the peak
intensity obtained after the i-t test in KBi+ Fe(Ill) decreases sub-
tly in comparison with the fresh sample, while the intensity of the
photoanode declines noticeably after the i-t test in KBi, which fur-
ther confirms that the Fe species can prevent photoanodes from
photo-corrosion. Raman scattering shows that FeOOH is loaded
onto the surface of BiVO4 photoanode during PEC. TEM conducted
on the pristine photoanode shows lattice fringes of 0.308 nm cor-
responding to the (—121) faces of BiVO, (Fig. 4d), consistent with
the XRD. The HR-TEM image after the i-t test in KBi+ Fe(III) reveals
in situ generation of ultrathin FeOOH with a thickness of ~5nm
on the monoclinic BiVO, photoanode (Fig. 4e). Fig. 4f shows a lat-
tice fringe of 0.254nm corresponding to the (101) face of FeOOH
and the EDS elemental maps disclose uniform distributions of Bi,
V, and Fe (Fig. 4g).

Based on the above data, the FeOOH/BiVO, heterostructure is
formed after the i-t test. The current densities do not change with
i-t testing time. The FeOOH/BiVO,4 heterostructure may be formed
in situ even after a short time and Fe(IIl) boosts the OER kinetics by
cyclic formation of intermediates at the photoelectrode/electrolyte
interface, so the Fe(Ill)-containing atmosphere is dynamic to
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preserve the photo-stability of the system. The PEC stability of the
BiVO,4 photoelectrodes is investigated in KBi and KBi+ Fe(Ill). As
expected, the photoanode shows obvious decline in the current
densities in KBi (Fig. 5a, red plots). After adding Fe(Ill) ions, the
current density increases and remains stable at 1.43 mA/cm? rather
than 2.21 mA/cm?, suggesting partial dissolution of BiVO, and that
the Fe species can prevent the photoanode from further photo-
corrosion. On the other hand, as shown the blue plots in Fig. 5a,
the BiVO4 photoanode is first tested for 2 h in KBi- Fe(lll) for the
growth of FeOOH/BiVOQ,, during which the OER activity decreases
in the first half hour but increase gradually to a plateau at 1.5 h. Af-

ter 2 h, the photoanode is removed from the PEC cell and cleaned
with DI water to remove Fe(III) from the surface and then tested in
KBi. The current densities decrease slowly to 1.73 mA/cm? and it is
better than that of pristine BiVO, (1.29 mA/cm?2) due to the in situ
formation of FeOOH on the surface of BiVO4 (FeOOH/BiVO,4) pho-
toanode. Owing to the dominant dissolution rate, the activity and
photo-response of FeOOH/BiVO,4 decreases subsequently leading to
deteriorated PEC performance [58].

A convenient technique to simultaneously boost the reaction ki-
netics and stability of the BiVO, photoanode is designed by adding
Fe(Ill) ions into the electrolyte. The in situ generation of the FeOOH
co-catalyst on the BiVO, (FeOOH/BiVO,4) photoanode is achieved
by the dynamic changes in KBi+ Fe(Ill) during OER. The FeOOH
overlayer on the BiVO4 photoanode turns into a hole transfer layer
on account of the hole attraction ability of Fe, which can reduce
the free energy barriers and accelerate the reaction kinetics. As a
result, the current density of the BiVO, photoanode increases to
2.21mA/cm? at 1.23V vs. RHE, which is much higher than that
of the pristine BiVO, photoanode (1.29 mA/cm?). Moreover, the
BiVO4/FeOOH photoanode shows excellent stability as a result of
the inhibition of photo-corrosion rendered by FeOOH. The results
demonstrate that changing the microenvironment by the addition
of transition metal ions is a facile and promising strategy to en-
hance the PEC performance and boost the stability of the BiVO,
photoanode. This approach opens a new avenue for the multifunc-
tional modification of photoanodes for efficient solar conversion.
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