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ABSTRACT

Bismuth vanadate (BiVO,) is a promising photoanode material for efficient photoelectrochemical (PEC) water splitting, whereas
its performance is inhibited by detrimental surface states. To solve the problem, herein, a low-cost organic molecule 1,3,5-
benzenetricarboxylic acid (BTC) is selected for surface passivation of BiVO, photoanodes (BVOs), which also provides bonding
sites for Co* to anchor, resulting in a Co-BTC-BVO photoanode. Owing to its strong coordination with metal ions, BTC not only
passivates surface states of BVO, but also provides bonding between BVO and catalytic active sites (Co*) to form a molecular
cocatalyst. Computational study and interfacial charge kinetic investigation reveal that chemical bonding formed at the interface
greatly suppresses charge recombination and accelerates charge transfer. The obtained Co-BTC-BVO photoanode exhibits a
photocurrent density of 4.82 mA/cm? at 1.23 V vs. reversible hydrogen electrode (RHE) and a low onset potential of 0.22 Vgye
under AM 1.5 G illumination, which ranks among the best photoanodes coupled with Co-based cocatalysts. This work presents a
novel selection of passivation layers and emphasizes the significance of interfacial chemical bonding for the construction of

efficient photoanodes.
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1 Introduction

Photoelectrochemical (PEC) water splitting is a sustainable solar
energy utilization strategy for hydrogen energy production [1-3].
The core of a PEC system is semiconductive photoelectrodes that
capture solar energy and drive oxidation or reduction reactions to
release O, or H, [4], therefore, the properties of semiconductors
determine the overall efficiency of a PEC system [5]. Among all
the semiconductor materials, bismuth vanadate (BiVO,) is one of
the most promising n-type semiconductors for photoanodes
because of its suitable band gap of ~ 2.4 eV and favorable band
edge position [4]. Theoretically, the maximum photocurrent
density of BiVO, is about 7.5 mA/cm’ under AM 15 G
illumination. However, the inevitable presence of surface trapping
states, which originate from surface defects, causes severe electron-
hole recombination and the unfavorable surface reaction kinetics
[6-8]. Therefore, the experimental outcomes of BiVO, are
inhibited.

As is known, loading cocatalysts is an efficient strategy to
improve performance, but additional recombination centers may
also form at the semiconductor/cocatalyst interface due to the
sharp interruption of crystal structure [9-11]. Passivation

interlayers (e.g, ALO; [9], TiO, [12], and CoO, [8]) are widely
introduced to suppress interfacial charge recombination and the
pinning of Fermi level. But their processing is highly dependent
on some costly techniques (e.g., atomic layer deposition), and
these interlayers may shade light absorption of semiconductors
[6]. Therefore, it’s quite challenging to find a novel and low-cost
strategy for photoanode surface passivation.

Passivation with small molecules has been reported for some
photoelectrodes [13, 14], which is supposed to be a potential
alternative. Small molecules can passivate surface states through
chemisorption to dangling bonds and have high transparency.
Smith et al. reported that borate species bonded with Bi atoms
alter the electronic property of semiconductor and lead to the
passivation of surface states [15], thus alleviated charge
recombination was observed. However, the studies of small
molecule passivated BiVO, photoanode are quite limited. Because
of the large ionic radius (1.31 A) and complex coordination
geometry of Bi*, only very few kinds of small molecules can
coordinate with Bi** and form stable complex [16]. Among them,
1,3,5-benzenetricarboxylic acid (BTC) is the only inexpensive
organic reagent, and BiBTC metal-organic framework (MOF) was
reported as a photocatalyst [17] and electrocatalyst [18].
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What's more, surface decoration with special chemical moieties
can also construct a transition layer without severe lattice
discontinuity. Active species for oxygen evolution reaction (OER)
(e.g., Co™) can be directly linked to BiVO, by organic molecules,
consequently reducing the thickness of cocatalysts to molecular
level and avoiding the formation of a sharp interface [19]. Sun et
al. [20] reported a molecular cocatalyst assembled with Co* and
cucurbituril, which possessed mono-molecular layer thickness and
high activity. Based on these, BTC may also act as a promising
“bridge” molecule between BiVO, and Co™ for passivated surface
states and cocatalyst loading simultaneously.

Herein, BTC is successfully coated onto BiVO, (BVO)
photoanodes through a solvothermal reaction. The BTC-
decorated BVO (BTC-BVO) exhibits enhanced performance for
both water oxidation reaction and sulfite oxidation reaction
because of the passivated surface. Upon loading Co*, BTC
molecules act as a bridge between BVO and Co™, leading to the
formation of an efficient and conformal molecular cocatalyst. As a
result of surface passivation and enhanced charge transfer induced
by the organic linker BTC, the photocurrent density of Co-BTC-
BVO can be promoted to 4.82 mA/cm’® at 123 Vi (RHE:
reversible hydrogen electrode) with a low onset potential of
0.22 Vyye under AM 1.5 G illumination, which surpasses most
BiVO, photoanodes with Co-based cocatalysts.

2 Results and discussion

2.1 Structural and compositional characterization of BTC-
decorated BiVO,

BVO electrodes were first synthesized through a previously-
reported method [21]. Then, the BVO electrodes were subjected to
solvothermal treatment in a solution of 0.05 M BTC (Fig. 1(a),
details in Section 4). The obtained samples were denoted as BTC-
BVO. Detailed investigations were carried out to figure out the
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structural and compositional changes during the treatment. After
the treatment, X-ray diffraction (XRD) pattern and Raman
spectrum of BTC-BVO show no additional peak or obvious peak
shift compared with that of untreated BVO (Fig. 1(b) and Fig. S1
in the Electronic Supplementary Material (ESM)), implying that
the crystalline phase and structure remain unchanged. As shown
in scanning electron microscopy (SEM) images, the BTC-BVO
sample remains nanoporous morphology after the solvothermal
treatment, the same as pure BVO (Fig. 1(c) and Fig.S2 in the
ESM). The Ilattice spacing of BTC-BVO in high-resolution
transmission electron microscopy (HRTEM) image is 0.46 nm,
which can be assigned to the (110) plane of monoclinic BiVO,
(Fig. 1(d)). Therefore, the BTC treatment applied here does not
result in detectable structural and morphological changes in bulk
BiVO,.

Chemical composition of BTC-BVO was then investigated.
EDS images in Fig. 1(e) prove the uniform distribution of C
element on the surface of BiVO, particles. However, no obvious
amorphous layer can be observed in HRTEM image in Fig. 1(d),
suggesting the molecular-level passivation [20]. FTIR spectrum is
more sensitive to a trace amount of organic molecules. As shown
in Fig. 1(f), several new peaks appear after BTC coating. The peaks
at 1363, 1431, and 1545 cm™ can be assigned to the symmetric and
asymmetric vibration of C-O in BTC, and the peak at 1607 cm™
corresponds to stretching vibration of C-C [22]. The Fourier
transform infrared (FTIR) spectra clearly reveal that BTC
molecules are successfully anchored onto BVO. Furthermore, high-
resolution XPS spectra of C 1s in Fig. S3 in the ESM can be
deconvoluted into three peaks at 288.0, 285.1, and 284.5 eV,
assigned to C=0, C-0, and C-C, respectively. Compared to BVO
electrode, the relative areas of both C=0 and C-O peaks increase
in BTC-BVO (Table S1 in the ESM), which is consistent with
FTIR results. Therefore, after treatment, a molecular-level BTC
layer is successfully coated onto the BiVO, surface.

The chemical interaction between BTC and BVO is proved by
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the shift to higher binding energy in the high-resolution XPS Bi 4f
peaks of BTC-BVO [23,24], as shown in Fig. 1(g). The strong
interaction was further studied by density functional theory (DFT)
calculation. Three-dimensional (3D) charge density difference in
Fig. $4 in the ESM clearly unveils that electron density increases at
the BTC side and decreases at the BVO side, which is consistent
with XPS peak shift of Bi in Fig. 1(g). Furthermore, the electron
accumulation around the carboxyl group suggests its enhanced
conjugation effect, resulting in a strong coordination between
BTC and BVO [25]. Therefore, BTC molecules are successfully
coated onto BVO through chemical bonding, which may also be
beneficial to charge transfer.

2.2 PEC performances of BTC-BVO

The water oxidation reaction (WOR) performance of BVO and
BTC-BVO electrodes was measured in 1 M potassium borate
solution (1 M KBi, pH = 9.7). Obvious performance enhancement
after BTC passivation can be observed. As the solid lines in Fig.
2(a) show, the photocurrent density of BTC-BVO at 1.23 V vs.
RHE is 249 mA/cy’, about 1.67-fold of the pristine BVO
photoanode (1.50 mA/cm’). The applied bias photon-to-current
efficiency (ABPE) is calculated as given in Fig. S5 in the ESM. The
highest ABPE of BVO is 0.20% at 0.98 Vyyg, while BTC-BVO
exhibits a maximum ABPE of 047% at a lower potential
(0.85 Vgyp). Meanwhile, the incident photon-to-current
conversion efficiency (IPCE) test also exhibits an obvious
enhancement after the BTC treatment. The IPCE values of
pristine BVO photoanode are lower than 30% within the whole
measured range. By contrast, the maximum IPCE value of BTC-
BVO is 52% at 380 nm (Fig. 2(b)). The BTC-BVO photoanode
also shows stable H, and O, gas production at 0.8 V. As shown
in Fig. 2(c), the gas evolution fits well with the calculated values,
and the Faradaic efficiency is over 90%, thus the photogenerated
charge carriers participate in water splitting reaction efficiently.

The sulfite oxidation reaction (SOR) performance was also
measured in 1 M KBi electrolyte with 0.2 M Na,SO; (dash lines in
Fig. 2(a)). The photocurrent densities of BTC-BVO and BVO are
5.51 and 3.99 mA/cm’ at 1.23 Vg, respectively. As listed in Table
S2 in the ESM, the performances of BTC-BVO are superior to
most of BiVO, photoanodes without cocatalysts for both WOR
and SOR reactions. Therefore, the performance enhancement of
BiVO, photoanodes is achieved by a low-cost and facile BTC
treatment, which may be a new strategy for photoanode design.
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The light absorption properties of two photoanodes were first
investigated. According to ultraviolet-visible (UV-Vis) spectra
and the Tauc plots in Fig. S6 in the ESM, two photoanodes show
similar absorption edge and the band gap of 2.50 eV, which is
consistent with the light absorption edge of 500 nm in IPCE
curves (Fig. 2(b)). The light absorption efficiency was calculated
accordingly, as given in Fig 2(d). It is found that BTC-BVO
photoanode only shows a slight light absorption enhancement
compared to BVO when the wavelength is larger than 500 nm,
which may result from the absorption of BTC molecules. But the
light absorption region of BiVO, is lower than 500 nm, where
BTC passivation layer has high transparency and will not block
out light harvesting of semiconductor.

Assuming that the absorbed photons are completely converted
into electrons, the theoretical maximum photocurrent densities of
BTC-BVO and BVO can be calculated by integrating the light
absorptance-wavelength curves with standard solar spectrum (Eq.
S(2) in the ESM). The J,,, of BTC-BVO and BVO photoanodes
are 6.12 and 590 mA/cny’, respectively. Subsequently, charge
separation and transfer efficiencies can also be calculated. As
shown in Fig. 2(e), 77, of BTC-BVO is about 90.0% at 1.23 Vi,
while pristine BVO only shows a 7, of 67.6%, and the charge
transfer efficiency #,,, of BTC-BVO is also higher than BVO
electrode (Fig. 2(f)). Mott-Schottky (M-S) analysis in Fig. S7 in
the ESM shows both two photoanodes have n-type characteristics
and similar carrier densities, so the bulk property is unchanged.
Therefore, we suppose that the decoration of BTC mainly has an
impact on the surface property, and the promoted charge behavior
originates from surface passivation of BiVO, because the
decoration of BTC reduces surface states [26, 27].

2.3 Passivation effect of BTC

The surface passivation effect of BTC is proven by steady-state
photoluminescence ~ (PL)  spectra  and  time-resolved
photoluminescence (TRPL) decay spectra. As shown in Fig. 3(a),
the PL intensity of BTC-BVO is lower than that of pristine BVO
photoanode, indicating the enhanced photogenerated carrier
separation and lower recombination rate. Furthermore, the TRPL
decay curves given in Fig.3(b) are fitted by a biexponential
function. As listed in Table S3 in the ESM, the fitted parameters 7,
and 7, can be attributed to electron-hole pair recombination on
the surface and in the bulk [28], which are both increased after
BTC treatment. The calculated average lifetime <7> of BTC-BVO

~~
(2)
~
=3
o

[}
2
S

80

60

IS

40}

IPCE (%)

B pmtstomty

20p\, \

N

Current density (mA/cm’

=]

~ BN
S0 .
. \O\?\*’\R“@' A

——BVO € . " 1o g
—— BTC-BVO o a/“/ <
= >
o 80 Q
g_ 40F __ calculated value _5
2 o H 3]
2 60 &
s oo, £
5 o
3 20f 40 -3
3 K]
°
0 20 5
© w
© 0

0.5 1.0 1.5 400 450

Potential (V vs. RHE)

(d)

00

Wavelength (nm)

.0 0.5 1.0 1.5 2.0 25
Time (h)

=)

500 550

()

80

60

Mus(%)

40+

20

50

300 400 500 600 0.4 0.8
Wavelength (nm)

Potential (V vs. RHE)

/ g
67.6% ! < 30
: < 20f
, 10
: 0
1.2 0.6 0.9 1.2 1.5

Potential (V vs. RHE)

Figure2 (a) Photocurrent density versus applied potential curves of BVO and BTC-BVO photoanodes in 1 M KBi electrolyte without (solid lines) and with Na,SO,
(dash lines). (b) IPCE curves of BVO and BTC-BVO photoanodes. (c) Gas evolution of BTC-BVO at 0.8 V vs. RHE. (d) Light absorption efficiency, (e) charge
separation efficiency, and (f) charge transfer efficiency of BVO and BTC-BVO photoanodes.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



3670

Nano Res. 2024, 17(5): 36673674

(a) (b)

) 0.3}
——BVO ﬁ
_ —— BTC-BVO <T>=270ns T Light
3 - BTC-BVO [
> 3 ! i . 0.6}
S & -~ o — ot g
>
£ 2 = 035V 0.50 V
< 2 a 09}
8 S 3]
£ £ <T>=175ns avo °
| o 12k Dark
500 600 700 800 0 1.0 y 3.0 4I0 50 BVO BTC-BVO
(d) (e)zo (B 25p v
1.0f T r 2.0} —-— BTC-BVO
;g /§/°—° - /// 1.5}
+ o T 15t T ol %
< 08 ——BVO g —_— & 0sp ’
= —— BTC-BVO X 10 0.0 .
£ ——BVO i —
X —— BTC-BVO 05l
0 6 i i I i i 5 L n 1 1 n 1 1 L 1 1 1
i 0.9 1.0 11 1.2 13 0.9 1.0 11 1.2 1.3 0.9 1.0 1.1 1.2 1.3

Potential (V vs. RHE)

Potential (V vs. RHE)

Potential (V vs. RHE)

Figure3 (a) PL spectra and (b) TRPL decay spectra of BVO and BTC-BVO. (c) OCP under dark and light condition. (d) Charge transfer efficiencies, (e) charge
transfer rate constants, and (f) charge recombination rate constants of BVO and BTC-BVO extracted from IMPS spectra.

photoanode is 2.70 ns, considerably longer than that of BVO
(1.75 ns), which indicates that lower recombination rate of BTC-
BVO prolongs the lifetime of charge carriers. The decreased PL
intensity and longer lifetime strongly suggest the passivation of
surface defects of BiVO, [29].

Furthermore, the passivation of BVO is confirmed by the open-
circuit potential (OCP) curves under chopped illumination, given
in Fig. S8 in the ESM. The values of OCP after reaching steady-
state equilibrium are summarized in Fig. 3(c). Mismatch between
OCP under dark condition and water oxidation potential
(1.23 Vyyp) is a result of the presence of surface defects [4], thus
higher dark OCP of BTC-BVO suggests the reduction of surface
states. The difference between OCPs under dark and illuminated
condition reflects the degree of band bending at the
semiconductor/electrolyte interface [30, 31]. The AOCP of BTC-
BVO is about 0.50 V, higher than that of pristine BVO (0.35 V),
which also indicates steeper band bending and higher
photovoltage due to the surface passivation.

The promoted interfacial charge transfer dynamics owing to the
surface passivation were investigated by intensity-modulated
photocurrent spectroscopy (IMPS). Figure S9 in the ESM
demonstrates typical IMPS responses of BVO and BTC-BVO
photoanodes at varying applied potentials from 0.9 to 1.3 V.
Each IMPS curve consists of two semicircles in the first and fourth
quadrants of the complex plane with two intercepts on the real
axis [32]. The calculated charge transfer efficiency Kin/(Kians +
K. from the IMPS curves (Fig. 3(d)) proves that charge transfer
is improved in BTC-BVO photoanode, which agrees with the
tendency of #),,, calculated from LSV curves in Fig. 2(f). Charge
transfer rate constant (Ki,,,) can also be calculated from the IMPS
spectra, as given in Fig. 3(e). BTC-BVO photoanode exhibits
higher K, than bare BVO photoanode. Electrochemical
impedance spectroscopy (EIS) spectra in Fig. S10 in the ESM also
prove the enhanced charge transfer. The semicircle of the
spectrum of BTC-BVO is much smaller than that of BVO. EIS
curves were then fitted using the equivalent circuit inset, and the
parameters are listed in Table S4 in the ESM. The charge transfer
resistance R, of BTC-BVO is only 19.563 kQ), much lower than
that of BVO (662.11 kQ)).

As is known, at the low-frequency region in the first quadrant,
IMPS process is dominated by minor carriers, representing the
hole recombination process [33]. As shown in Fig. S9 in the ESM,
smaller semicircles can be observed in the first quadrant for BTC-
BVO photoanode, and the calculated charge recombination rate
constant (K..) of BTC-BVO in Fig. 3(f) is obviously lower than

that of BVO, which indicates that charge recombination is
effectively inhibited. Therefore, all the spectroscopic results from
IMPS and EIS verify that after the BTC passivation,
photogenerated holes transfer across the
semiconductor/electrolyte interface more easily with the charge
recombination suppressed.

Based on the above analysis, it can be stated that BTC can
passivate surface states of BiVO, without blocking its light
absorption. As a result, the charge recombination is suppressed,
and charge transfers across the semiconductor/electrolyte interface
more easily. Therefore, enhanced WOR and SOR performances of
BTC-BVO are observed due to the promoted interfacial charge
behavior.

24 Enhanced performance of BTC-BVO with Co*

To further improve the surface OER kinetics, reaction-active
species cobalt ions were introduced onto the photoanodes. The as-
prepared BTC-BVO photoanodes were soaked in the Co*
solution, denoted as Co-BTC-BVO. The immersion time was
optimized to obtain the best performance (Fig. S11 in the ESM).
As previously reported, transition metal ions can chelate with
carboxyl groups easily [23], thus BTC molecules can assist in the
uniform distribution of Co* and serve as a “bridge” between BVO
and Co ions. As shown in Fig. S11 in the ESM, the photocurrent
density reaches the maximum after 10 min immersion and shows
no further improvement with longer immersion, suggesting that
the coordination is saturated. What’s more, the formed cocatalyst
Co-BTC with the molecular-level thickness is supposed to have
high atomic utilization and ultrashort carrier diffusion distance.
To verify our hypothesis, photoanodes without BTC transition
layer were prepared (denoted as Co-BVO). BVO photoanodes
coupled with bulk CoBTC cocatalyst (denoted as (CoBTC)-BVO)
were also prepared by a modified solvothermal method, in which
the precursors of Co™ and BTC were added in the meantime
(details in Section 4). The preparation procedures for three
samples are sketched in Fig. 4(a).

High-resolution Co 2p XPS spectrum of Co-BTC-BVO (Fig.
S12(a) in the ESM) is composed of two main peaks and two
satellite peaks. The Co 2ps;, peak at 780.8 eV can be assigned to
Co™. Moreover, compared to BTC-BVO, the C=O and C-O
peaks in XPS C 1s spectra of Co-BTC-BVO shift close to each
other by 0.10 eV (Fig.S12(b) in the ESM). Therefore, Co™ is
adsorbed by carboxyl groups instead of forming oxides or
(oxy)hydroxides [20]. The morphology of these samples was
examined by SEM. As shown in Figs. 4(b) and 4(c), both Co-BTC-
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Figure4 (a) Schematic illustration of the preparation and chemical bonding nature of Co-BTC-BVO, Co-BVO and (CoBTC)-BVO. SEM images of (b) Co-BTC-

BVO, (c) Co-BVO, and (d) (CoBTC)-BVO.

BVO and Co-BVO remain in the nanoporous structure of the
original BVO photoanodes without obvious aggregation of
nanoparticles, indicating that Co ions distribute uniformly on the
nanoparticles. By contrast, as shown in Fig. 4(d), BiVO, is covered
by irregular nanosheets in (CoBTC)-BVO, which should be bulk
CoBTC MOF. Since the precursors of Co* and BTC are added
together, CoBTC MOF tends to form first through the
solvothermal reaction and then attach onto BiVO,. However, due
to the low content, the XRD patterns of all three photoanodes in
Fig. S13 in the ESM only show diffraction peaks of monoclinic
BiVO, and the FTO substrate.

The Co species greatly enhances the OER performance of BTC-
BVO. As shown in Fig. 5(a), the photocurrent density of Co-BTC-
BVO reaches 4.82 mA/cm® at 1.23 Vg under AM 15 G
illumination. Both Co-BVO and (CoBTC)-BVO show lower
performance than Co-BTC-BVO. As shown in Fig 5(a), the
photocurrent density at 123 Vg of Co-BVO is about
3.49 mA/ci’, while that of (CoBTC)-BVO is merely 3.08 mA/cm’.
The J-V curve of Co-BTC-BVO has a more convex shape with an
onset potential of about 0.22 V. Compared to BTC-BVO and bare
BVO (Fig.2(a)), there are negative shifts of about 270 and

390 mV, respectively. The low onset potential exhibits the
outstanding activity of the novel molecular cocatalyst, thus
endowing Co-BTC-BVO photoanode a maximum ABPE of
1.61% at 0.64 Vyyp (Fig. 5(b)). As listed in Table S5 in the ESM,
combined photocurrent density and onset potential, the
performance of molecular-cocatalyst coupled Co-BTC-BVO is
superior to most reported BiVO, photoanodes coupled with Co-
based cocatalysts. Our Co-BTC molecular cocatalyst has better
performance than that of bulk cocatalysts, such as CoO, [34] and
CoBi [35], attributing to interfacial chemical bonds formed and
the suppressed charge recombination. Since a PEC cell prefers
photoanodes with more convex J-V curves [36], the Co-BTC-
BVO photoanode reported here may be a promising candidate for
device assembly.

IPCE curves in Fig. 5(c) also prove the excellent performance of
Co-BTC-BVO. The highest IPCE value of Co-BTC-BVO is
approaching 90%, while (CoBTC)-BVO shows the lowest IPCE
value below 60%. What’s more, the IPCE curves demonstrate that
three photoanodes have similar absorption edges of 500 nm,
consistent to the band gap of 2.50 eV. UV-Vis spectra in Fig. S14
in the ESM also show that they possess similar light absorption
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Figure5 (a) Photocurrent density versus applied potential curves of Co-BTC-BVO, (CoBTC)-BVO, and Co-BVO photoanodes in 1 M KBi electrolyte. (b) ABPE
curves, (c) IPCE curves, and (d) EIS spectra of Co-BTC-BVO, (CoBTC)-BVO, and Co-BVO photoanodes. (e) Schematic diagram of interfacial model and equivalent
circuit model for Co-BTC-BVO, Co-BVO, and (f) (CoBTC)-BVO. (g) Charge transfer efficiency curves.
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property. Therefore, different cocatalyst coating methods do not
result in the change of light absorption.

Charge behavior at the semiconductor/cocatalyst interface is the
main reason for this performance difference, which is investigated
by EIS. As shown in Fig.5(d), (CoBTC)-BVO photoanode
exhibits the largest semicircle, corresponding to the highest charge
transfer resistance, while Co-BTC-BVO has the smallest semicircle
and charge transfer resistance. The EIS spectra are quantitatively
analyzed by equivalent circuit models that describe the charge
movement and accumulation in the system [37]. In these models,
the resistor R; is series resistance, and the interface where charge
accumulation occurs can be represented by RC element with
resistor and constant phase element (CPE) in parallel [38]. The
impedance of a CPE is expressed as Zeps = 777 [39,40]. If CPE-P
is close to 1, then its behavior is more similar with a capacitor [41].

According to the fitting results, both Co-BTC-BVO and Co-
BVO can be well-fitted by a typical Randles circuit (Fig. 5(e)).
Nevertheless, the Randles circuit is not suitable for the EIS
spectrum of (CoBTC)-BVO, therefore another circuit model with
two RC elements is applied instead to decrease error, as given in
Fig. 5(f). The fitted results are listed in Table S6 in the ESM.
Because of the branched nanostructure of BiVO,, CoBTC cannot
fully cover its surface. Large resistance inhibits charge transfer
across the interface between CoBTC and BVO, so the additional
R-C pair is required. The highest CPE-P values of (CoBTC)-BVO
imply the resulting charge accumulation and slow charge transfer
at both BVO/cocatalyst interface and cocatalyst/electrolyte
interface (Fig. 4(a)). What's more, due to long diffusion distance
of the thick CoBTC cocatalyst layer, the photogenerated holes are
more likely to recombine with electrons before reaching the
surface for reaction, which is indicated by the largest R, of
(CoBTC)-BVO. By contrast, in Co-BTC-BVO and Co-BVO,
chemical bonds at the interface and the molecular-level thickness
are beneficial to charge transfer without severe accumulation.

On the other hand, Co-BVO photoanodes possess moderate
performance that is also lower than that of Co-BTC-BVO. EIS
spectra in Fig. 5(d) imply that the BTC molecules can greatly
improve charge transfer between Co* and BVO. As given in Table
S6 in the ESM, the value of interfacial charge transfer resistance R
of Co-BTC-BVO is about 10.851 kQ, much smaller than that of
Co-BVO (10024 k(). Charge transfer efficiencies calculated
according to J-V curves in the electrolytes without and with hole
scavenger (Fig. S15 in the ESM) are shown in Fig. 5(g). Co-BTC-
BVO exhibits a high charge transfer efficiency of 91.9% at
1.23 Vg

Stability test at 0.8 Vg (Fig. S16 in the ESM) demonstrates
that the photocurrent density of (CoBTC)-BVO decays rapidly in
15 min, possibly resulting from the drop of CoBTC nanoparticles.
The gradual decrease of photocurrent of Co-BTC-BVO and Co-
BVO may result from the dissolution of surface Co™ species. As
shown in Fig. S17 in the ESM, after 3 h test, the intensity of high-
resolution XPS Co peaks is apparently weakened. However, Co-
BTC-BVO exhibits better stability than Co-BVO, therefore the
BTC molecules not only bind between Co** and BVO as a bridge
for charge transfer, but also tightly chelate with Co* to improve
the stability.

3 Conclusions

In summary, we demonstrated the feasibility of an organic ligand,
BTC, as a passivation layer for BVO photoanodes, as well as
anchor for a molecular cocatalyst. Detailed investigations revealed
that BTC forms strong coordination with Bi atoms and modulates
surrounding electron distribution. After adding Co™ ions, a
molecular cocatalyst forms, and the charge transfer efficiency can
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also be promoted to over 90%. By taking advantage of the
chemical bonding between the functional groups of BTC, BVO,
and surface Co*, the Co-BTC-BVO photoanode exhibits an
excellent photocurrent of 4.82 mA/cm’ at 1.23 Vg and a low
onset potential of 022 Vypyy under AM 1.5 G illumination.
Compared to bulk cocatalyst, the molecular cocatalyst Co-BTC
possesses more conformal coverage and higher OER activity due
to more favorable charge kinetics. Our results emphasize the
significance of interfacial chemical bonding for charge transfer.
The strategy developed here may provide a novel selection for
photoanode surface passivation and cocatalyst loading for
photoelectrochemical ~ water  splitting ~ with  outstanding
performance.

4 Experimental section

4.1 Materials

Bi(NO;);-5H,0 (99%, analytial reagent (AR)), methanol (99.5%,
AR), and Co(NO;),,6H,0O (99%, AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. KI (99%, AR), ethanol
(99.5%, AR), p-benzoquinone (98%, chemically pure (CP)),
dimethyl sulfoxide (99.5%, AR), vanadyl acetylacetonate (99%,
AR), NaOH (96%, AR), N,N-dimethylformamide (99.5%, AR),
and 1,3,5-benzenetricarboxylic acid (99%, AR) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. All
chemicals were used without further purification.

4.2 Preparation of BVO electrodes

Before synthesis, the fluorine-doped tin oxide (FTO) pieces were
ultrasonic cleaned in water, acetone, and ethanol in sequence for
20 min. The electrodeposition process was carried out according
to Ref. [21] with the electrodeposition of BiOI and subsequent
calcination with vanadyl acetylacetonate (VO(acac),).

4.3 Preparation of BTC-BVO, Co-BTC-BVO, Co-BVO,
and (CoBTC)-BVO electrodes

For BTC-BVO electrodes, 0.05 M BTC was dissolved into 15 mL
of DMF and 5 mL of methanol, stirred for 30 min, and transferred
to a 50-mL Teflon-lined stainless-steel autoclave. A piece of BVO
electrode was put into the autoclave. The solvothermal reaction
was held at 120 °C for 20 h. The obtained BTC-BVO electrode
was rinsed by deionized (D.1.) water and dried in the air.

Co-BTC-BVO and Co-BVO electrodes were obtained by
immersing BTC-BVO or BVO films into 10 mM Co(NO;),-6H,0
solution for 10 min.

For (CoBTC)-BVO electrodes, 10 mM Co(NO,),-6H,0 and
0.05 M BTC were dissolved into 15 mL of DMF and 5 mL of
methanol. The subsequent solvothermal process was the same as
that of BTC-BVO.

44 Photoelectrochemical measurement

All the PEC measurements were performed on an electrochemical
workstation (CHI660E, CH Instruments, Inc.) using a three-
electrode configuration with 1 M potassium borate solution (1 M
KBi, pH = 9.7) as the electrolyte, unless otherwise noted. An
Ag/AgCl (saturated KCI) electrode and a Pt foil were used as
reference electrode and counter electrode. All the potentials
reported versus RHE were converted from potentials vs. Ag/AgCl
according to the following equation Egue = Epg/aecr +0.059%
PH+ E}, jner (Eng/aea = 0197 V at 25 °C) [42]. A 300 W Xe lamp
(CEL-HXUV300, CEAULIGHT Co. Ltd.) equipped with an AM
1.5 G filter was illuminated from the back side of the samples as
the light source. The light intensity on the samples was adjusted to
100 mW/cm’.

IMPS was performed using an electrochemical workstation

i:f %/; "‘é Hj#{ﬂi @ Springer | www.editorialmanager.com/nare/default.asp
SV singhua University Press — ——



Nano Res. 2024, 17(5): 3667-3674

(Zahner Instrument, Germany) equipped with an illumination
intensity-modulated  photospectroscope  that allowed the
superimposition of sinusoidal modulation on DC illumination at
varying potentials from 0.9 to 1.3 V. The modulation frequency
ranged from 0.1 Hz to 100 kHz, and the illumination intensity was
set at 100 mW/cm?. The gas evolution of H, and O, was measured
by a gas chromatograph (Shimadzu GC-2014C) in an air-tight cell
at 0.8 Vg under AM 1.5 G illumination.

4.5 Material characterization

The morphology of the electrodes was characterized by SEM (JSM-
6360LV) and TEM (Talos F200X G2). The crystalline structures of
the samples were recorded on a Rigaku D/max 2550VL/PC
system, using Cu Ka radiation. Raman spectra were recorded at
room temperature using a Renishaw inVia spectrometer. A
532 nm He-Ne laser was used as the excitation source. FTIR
spectra were obtained by a Thermo Scientific Nicolet 6700
spectrometer. UV-Vis absorption spectra were measured by a
PerkinElmer Lambda 750S UV-Vis-NIR (NIR: near infrared)
spectrophotometer. XPS spectra were collected on a Thermo
Scientific Ko X-ray photoelectron spectrometer with an Al Ko (hv
= 1486.6 V) radiation source. All the binding energy was referred
to the C 1s peak (284.8 eV) from adventitious carbon. PL spectra
were acquired at room temperature on a Shimadzu RF-5301PC
fluorescence spectrophotometer with an excitation wavelength of
400 nm. The TRPL test was carried out on an Edinburgh
Instruments FLS1000 Fluorescence Spectrofluorometer. The
average lifetimes of different photoanodes were calculated as
(1) = (A1’ + A1) /(A + Ayy) [13].

4.6 Computational details

All the calculations were conducted by DFT methods in the
Vienna ab initio simulation package (VASP) [43]. The generalized
gradient approximation (GGA) of the Perdew—Burke-Ernzerhof
(PBE) functional was applied to describe the exchange-correlation
potential. The energy cutoff for plane-wave expansion was
400 eV. The geometry configurations were optimized by the
convergence criteria of 1 x 10* eV and 0.05 eV/A for the
electronic energy and force. The vacuum space was set to be 30 A
to avoid interactions between periodic slabs. BiVO, slab was
established by cutting the (001) surface of bulk BiVO,, which
contains 96 atoms. In the calculations, the electronic spin
polarization was always considered, and all calculations were
performed at the I-point. The charge difference was calculated
using package VASPKIT [44].
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