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ABSTRACT: The integration of the glycerol oxidation reaction
(GOR) with the hydrogen evolution reaction in photoelectro-
chemical (PEC) cells is a desirable alternative to PEC water
splitting since a large quantity of glycerol is easily accessible as the
byproduct from the biodiesel industry. However, the PEC
valorization of glycerol to the value-added products suffers from
low Faradaic efficiency and selectivity, especially in acidic
conditions, which is beneficial for hydrogen production. Herein,
by loading bismuth vanadate (BVO) with a robust catalyst
composed of phenolic ligands (tannic acid) coordinated with Ni
and Fe ions (TANF), we demonstrate a modified BVO/TANF
photoanode for the GOR with a remarkable Faradaic efficiency of
over 94% to value-added molecules in a 0.1 M Na2SO4/H2SO4 (pH
= 2) electrolyte. The BVO/TANF photoanode achieved a high photocurrent of 5.26 mA·cm−2 at 1.23 V versus reversible hydrogen
electrode under 100 mW/cm2 white light irradiation for formic acid production with 85% selectivity, equivalent to 573 mmol/(m2·
h). Transient photocurrent and transient photovoltage techniques and electrochemical impedance spectroscopy along with intensity-
modulated photocurrent spectroscopy indicated that the TANF catalyst could accelerate hole transfer kinetics and suppress charge
recombination. Comprehensive mechanistic investigations reveal that the GOR is initiated by the photogenerated holes of BVO,
while the high selectivity to formic acid is attributed to the selective adsorption of primary hydroxyl groups in glycerol on TANF.
This study provides a promising avenue for highly efficient and selective formic acid generation from biomass in acid media via PEC
cells.
KEYWORDS: photoelectrochemical cells, glycerol oxidation, formic acid, photoanode, BiVO4

■ INTRODUCTION
The pressing climate crisis calls for the development of fuels
and building-block chemicals production from renewable
resources. Hydrogen energy is a clean and sustainable
alternative to fossil fuels. Solar-driven photoelectrochemical
(PEC) water splitting provides a promising pathway to
producing hydrogen,1−3 but sluggish kinetics of the oxygen
evolution reaction (OER) on the photoanode often limit
overall device efficiency.4−7 Meanwhile, the generation of
oxygen gas brings negligible economic benefits. Hence,
exploring an alternative photoanode reaction that can generate
value-added products is of great interest for the industrial
deployment of PEC cells.
Biodiesel, a good substitute for fossil fuel for its good

properties and environmental benefits, is now produced in
quantities of over 40 million tons per year around the world.8

Production of 10 pounds of biodiesel results in 1 pound of
glycerol as the main byproduct.9 Efficient utilization of glycerol
is a huge potential and profitable market due to the rapid
increase of biodiesel consumption. As shown in Scheme 1,

glycerol could be transformed into many value-added
compounds like dihydroxyacetone (DHA), glyceric acid
(GLA), glycolic acid (GLCA), lactic acid (LA), acetic acid
(AA), and formic acid (FA).10 Integrating the hydrogen
evolution reaction with the glycerol oxidation reaction (GOR)
may achieve better economic returns via PEC devices.11−17

Apart from the product value, the performance of photo-
anodes can also be improved by replacing the OER with the
GOR. For effective hydrogen production, the anode reaction is
best conducted in acidic conditions to maximize the
advantages of proton exchange membrane electrolyzers
including lower Ohmic losses, higher voltage efficiency, higher
current density, and a larger partial load range.18 The redox
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potential for the GOR is less energy-demanding and could
enhance the photon utilization efficiency compared to that of
the OER.19 Some pioneering studies have been reported to
achieve selective valorization of glycerol in acid media on
semiconductor photoanodes, such as BiVO4 (BVO),11 Ta:
BiVO4,20 Ag@LDH@TiO2,

14 and Bi2O3/TiO2.
15 Neverthe-

less, a satisfactory photocurrent (more than 4 mA·cm−2) or
Faradaic efficiency (FE, higher than 80%) was not achieved at
low pH conditions. The low FE was probably because the
GOR is driven by active hydroxide radicals, leading to the
accumulation of H2O2

11 and overoxidation of glycerol to CO2
(Scheme 1).15 These side reactions also limit the selectivity to
the main product for the GOR. Rational design for the
photoanode should be conducted to improve the production
rate selectivity toward value-added products.
Many studies about the electrochemical GOR have pointed

out that earth-abundant metal catalysts showed huge potential
in highly selective glycerol valorization, such as nickel−
molybdenum−nitride nanoplates (Ni−Mo−N/CFC),21 Ni-
(OH)2,

22 and copper cobalt-based spinel oxide (CuCo2O4).
23

Inspired by the above studies, we fabricated a low-cost
photoanode composed of phenolic ligands (tannic acid, TA)
and Ni2+/Fe2+ ions (denoted TANF) on porous BiVO4
(BVO). BVO was selected as the visible light harvester for
its low production cost, low toxicity, and suitable conduction
and valence band energetics for both the GOR and hydrogen
generation.24 The BVO/TANF photoanode displayed a
remarkable photocurrent of 5.26 mA·cm−2 and an overall FE
of 94% toward all value-added products under visible light.

With a high production rate of 573 mmol/(m2·h) toward FA
(2 times higher than that of the modified BVO photoanode
reported previously),25 a selectivity as high as 85% for FA in a
0.1 M Na2SO4/H2SO4 electrolyte (pH = 2) was observed on
BVO/TANF, about 2 times higher than that of the unmodified
BVO anode in the acidic condition reported previously.11

Fourier transform infrared (FTIR) spectroscopy and in situ
infrared reflection absorption spectroscopy (IRRAS) revealed a
unique adsorption mode for glycerol on the TANF catalyst
overlayer, which is responsible for the observed excellent FA
selectivity. Electrochemical and spectroscopic investigations
showed that the outstanding PEC performance of BVO/TANF
is credited to the enhanced hole transfer kinetics and
suppressed charge recombination. Our research discloses the
effect of the co-catalyst accelerating the GOR and tuning the
reaction pathway on photoanodes, which helps the rational
design of PEC devices for efficient biomass valorization
coupled with hydrogen production in acidic media.

■ RESULTS
Photoanode Fabrication and Characterizations. To

synthesize monoclinic BiVO4 (BVO), BiOI nanoflake arrays
were electrochemically deposited on a fluorine-doped tin
dioxide (FTO) substrate. Vanadyl acetylacetonate dissolved in
dimethyl sulfoxide (DMSO) reacted with BiOI nanoflakes at
programed temperatures according to the previous reports.11,26

The crystallinity of the BVO thin film was confirmed by X-ray
diffraction (XRD, JCPDS PDF 14-0688, Figure S1). Scanning
electron microscopy (SEM) showed that the as-prepared

Scheme 1. Possible Reaction Pathways for the PEC Glycerol Oxidation

Figure 1. (a) Schematic illustration of the synthesis of the BVO/TANF film. (b) HRTEM image of BVO/TANF. (c) Selected area electron
diffraction image of BVO/TANF. STEM−EDS elemental mapping images of BVO/TANF: (d) Bi-L, (e) V-K, (f) O-K, (g) C-K, (h) Ni-K, and (i)
Fe-K. XPS spectra of (j) C 1s, (k) O 1s (l) Ni 2p, and (m) Fe 2p.
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BiVO4 photoanode comprised interlaced nanoporous arrays,
with a mean particle size of ∼100 nm (Figure S2a) and a
thickness of ∼400 nm (Figure S2b). The NiFe phenolic co-
catalyst was loaded on the BVO photoanode according to the
previous work through a simple solution reaction, where metal
ions were immobilized with TA on the BVO surface under a
weak alkaline solution.27,28 UV−vis diffuse reflectance spec-
troscopy (DRS, Figure S3a) displayed clear characteristic
adsorption of the Fe−TA coordination complex between 500
and 700 nm on BVO/TANF.29 Attenuated total reflectance
(ATR) FTIR spectroscopy was also conducted on BVO and
BVO/TANF to confirm the existence of metal phenolic
networks (Figure S3b). The peaks of carbonyl groups (1700
cm−1), aromatic rings (1570−1450 cm−1), and C−O bonds
(1325 and 1204 cm−1) were observed on the difference spectra
generated by subtracting the spectrum measured on BVO from
the spectrum measured on BVO/TANF, which could be
assigned to the TA molecules in the co-catalyst.30−32 No
significant difference was found between BVO and BVO/
TANF from SEM and XRD (Figures S1 and S4a,b). Thus,
high-resolution transmission electron microscopy (HRTEM)
was conducted further to examine the morphology of BVO/
TANF (Figures 1b and S4c,d). The TANF coating compactly
covered the surface of BiVO4 nanoparticles (NPs) (Figure
S4c,d). A thickness of 2.5 nm was discovered for the TANF co-
catalyst, as shown in Figure 1b. A well-formed monocrystal
with the interplanar spacing of 0.467 nm was observed for the
covered BVO NP, consisting of the (011) plane of monoclinic
BiVO4 (Figure 1b). The separations of 0.467, 0.312, and 0.309
nm in the selective area electron diffraction (SAED) patterns
(Figure 1c) corresponded to the distances between (011),
(−130), and (−121) crystal planes of monoclinic BiVO4,
respectively. The scanning transmission electron microscopy-
energy-dispersive X-ray spectroscopy (STEM-EDS) elemental
mapping images indicated the uniform distribution of Bi, V, O,
C, Ni, and Fe elements in the whole region of the BVO/TANF

nanostructure (Figure 1d−i). It was demonstrated that the
metal−TA co-catalyst was successfully modified to the surface
of the BVO photoanode.
X-ray photoelectron spectroscopy (XPS) was conducted on

different photoanodes to determine their elemental composi-
tions (Figures 1j−m and S5a−f). Characteristic peaks for the
C�C bond and C�O bond in the phenolic network were
observed in the C 1s signals (Figure 1j). For the O 1s signals,
BVO/TANF displayed three peaks at 533.2, 531.6, and 530.4
eV (Figure 1k), respectively, assigned to the C−O bond, C�
O bond, and metal−O bond in the TANF network (Figure
1k). Compared to that in bare BVO, the peaks of Bi 4f (159.2
and 164.4 eV) and V 2p (516.8 eV) in the BVO lattice
decreased greatly in BVO/TANF (Figure S5a,b). For the O 1s
spectra, the pristine BVO displayed two typical peaks at 531 eV
(hydroxyl groups bonded to the metal cations) and 528.8 eV
(lattice O2−, Figure S5c),33 which were not observed on BVO/
TANF. Considering the thickness of ∼2.5 nm for TANF, it was
indicated that the BVO NPs were well-wrapped by TANF,
leading to the reduced XPS signals of lattice BVO. The
intimate interaction of BVO and TANF might come from
catechol groups in TA, which could coordinate spontaneously
and strongly with metal atoms.34,35 The XPS Ni 2p3/2 peak
located at 856.8 eV indicated that Ni has an oxidation state of
+2 in TANF, while the peak located at 861.0 eV was attributed
to the peak of Ni3+ (Figure 1l).36,37 It was difficult to fit the
weak signals of Fe 2p and determine the oxidation state
(Figure 1m), which was also reported in a previous work.38

Besides BVO/TANF, we also prepared BVO photoanodes
modified by Ni phenolic (BVO/TAN) and Fe phenolic
(BVO/TAF) networks as control samples, respectively.
Stronger signals of Ni 2p1/2 and Ni 2p3/2 peaks were found
on BVO/TANF BVO/TAN (Figure S5d). According to prior
reports, the Fe2+−TA film was thicker than the Ni2+−TA film
in the same deposition condition.39 It was implied that Fe2+
accelerated the deposition speed of the co-catalyst and

Figure 2. Linear sweep voltammograms of (a) GOR tests on different photoanodes. (b) GOR and OER tests on BVO and BVO/TANF
photoanodes under white light illumination (100 mW·cm−2). Electrolyte: 0.1 M Na2SO4/H2SO4 (pH = 2) with or without 0.1 M glycerol for the
GOR and OER tests, respectively. (c) J−t curves measured in an electrolyte with 0.1 M glycerol under white light illumination (100 mW·cm−2).
(d) Chopped LSV curves of BVO and BVO/TANF with 0.1 M glycerol or with 0.1 M H2O2. (e) IPCE spectra of BVO and BVO/TANF with 0.1
M glycerol.
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increased the amount of both Ni2+ and Fe2+ irons, leading to
the stronger signals of the Ni element for BVO/TANF.
Stronger peaks of O 1s and C 1s were also found on BVO/
TANF than on BVO/TAN (Figure S5e,f), which corre-
sponded to the well-deposited metal phenolic networks for
BVO/TANF.
PEC Performance. The PEC performance of various

photoanodes was investigated in 0.1 M Na2SO4/H2SO4
solution with a pH of 2 under 100 mW·cm−2 white light
illumination (the theoretical maximized photocurrent density
of bare BVO is 8.5 mA·cm−2 according to our calculation from
the emission spectrum of the LED lamp). Both BVO/TAN
and BVO/TAF demonstrated lower current density than
BVO/TANF but still higher current density than pristine BVO
(Figure 2a). The chopped J−t test also showed this tendency,
indicating that the presence of both Ni and Fe in the metal
phenolic network is necessary for high current density (Figure
S6). Then, we focused on the difference in PEC activity
between BVO and BVO/TANF. Figure 2b displays the current
density−potential profile of BVO and BVO/TANF for the
OER and GOR, in which a larger current density was observed
on both BVO and BVO/TANF after the addition of glycerol.
Meanwhile, the current density of BVO-based photoanodes
increased more quickly on the linear sweep voltammetry
(LSV) curves at a low bias region [0.4−0.8 V vs reversible
hydrogen electrode (RHE), Figure 2b]. It implies that the
GOR was more favorable than the OER in acidic conditions.11

The highest photocurrent of 5.26 mA·cm−2 at 1.2 V versus
RHE was achieved on BVO/TANF, which is 2.8 times higher
than that of bare BVO (1.88 mA·cm−2). At the same time, the
onset potential for the GOR shifted from 0.20 V versus RHE
for pristine BVO to 0.07 V versus RHE for BVO/TANF
(Figure S7a). Unsatisfactory stability was observed for the
OER on both BVO and BVO/TANF (Figure S7b). Adding
glycerol into the electrolyte improved the stability of both
BVO and BVO/TANF photoanodes. A moderate photo-
current decay for the GOR was observed on bare BVO under
long-time irradiation for 4 h (Figure 2c, from ∼2.0 to 1.5 mA·

cm−2). However, BVO/TANF displayed excellent stability
with a photocurrent of about 5 mA·cm−2 after 4 h (Figure 2c).
To better understand the PEC performance of BVO and

BVO/TANF films, linear sweep voltammograms with 0.1 M
glycerol or with 0.1 M hole scavenger (hydrogen peroxide)
were obtained on both BVO and BVO/TANF to evaluate the
surface charge transfer efficiency ηct associated with the surface
reaching holes that are injected into the solution species

J

Jct
GOR

H O2 2

=
(1)

where JGOR is the current density of the GOR and JHd2Od2
is the

current density of the photoanode in the electrolyte containing
H2O2. Pristine BVO displayed a photocurrent of 4.3 mA·cm−2

at 1.2 V versus RHE in 0.1 M Na2SO4/H2SO4 solution (pH =
2) with H2O2 as the electron donor, which is 2.2 times higher
than that of the GOR (ηct = 44.8%, Figure 2d). However, on
the modified photoanodes, the ηct was significantly increased
(86.5% for BVO/TANF at 1.2 V vs RHE). The high ηct value
of BVO/TANF showed that charge recombination on the
BVO/TANF photoanode surface was vastly suppressed
compared to that on BVO. Under low bias conditions (around
0.4 V vs RHE), a sharp decline of the photocurrent appeared
after the illumination for bare BVO. On the contrary, the
modified photoanodes displayed ascending photocurrent with
increasing applied bias. The ascending photocurrent of BVO/
TANF after illumination indicated that photogenerated holes
could be consumed quickly through the GOR instead of a loss
in charge recombination, in agreement with the ηct calculation
result. Incident photon-to-current conversion efficiency
(IPCE) spectra were collected for both BVO and BVO/
TANF at 1.2 V versus RHE in 0.1 M Na2SO4/H2SO4 (pH = 2)
solution containing glycerol (Figure 2e). The IPCE curves
demonstrated that BVO/TANF manifested an excellent IPCE
of ∼80% from 400 to 450 nm, whereas the IPCE values for
pristine BVO were lower than 30% in this range. Though
BVO/TANF could adsorb the photons of long wavelengths in
the visible region (revealed by DRS spectra, Figure S3), no

Figure 3. (a) IMPS spectra of different photoanodes. (b) Calculated example of the IMPS spectrum. (c) Calculated ktrans and krec values of different
photoanodes. (d) EIS spectra of different photoanodes. (e) TPV and (f) TPC curves of BVO and BVO/TANF.
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obvious discrepancies were found between the IPCE spectra of
BVO/TANF and pristine BVO. Hence, the improvement of
the PEC efficiency is unlikely to be the result of more light
being absorbed but rather surface kinetics related to the charge
transfer and/or catalytic pathways.
Electrochemical Spectroscopy. Intensity-modulated

photocurrent spectroscopy (IMPS) characterizations were
carried out to investigate the hole transfer kinetics from the
bulk to surface for different photoanodes. Figure 3a shows a
complex plane plot of the IMPS spectrum for BVO, BVO/
TAF, BVO/TAN, and BVO/TANF at 1.2 V versus RHE in the
GOR condition. In the Nyquist plot, each photoanode
displayed two semicircles, which corresponded to the
resistance−capacitance attenuation and the competition
between charge transfer and recombination, respectively. A
calculated example of the IMPS spectrum for various kinetics
properties is shown in Figure 3b.40 In the IMPS technique, the
perturbed photocurrent j(ω) is expressed as

j

j

k

k k RC

( )

( )

i

i
1

1 i

C
photo

h

trans C

trans rec

sc=
+

+ + +
i
k
jjj y

{
zzz

(2)

C
C C

C C
sc H

sc H
=

+ (3)

where jh(ω) is the periodic flux of photogenerated holes
corresponding to the Gar̈tner equation, ktrans is the charge
transfer rate constant, krec is the charge recombination rate
constant, C is the effective capacitance, CSC is the space−
charge capacitance, R is the total series resistance, ω is the light
modulation frequency, and CH is the Helmholtz capacitance.
Generally, the Helmholtz capacitance is much larger than
space−charge capacitance (Csc ≪ CH), so I0 approximately
equals the value of the intercept at high frequency [I2, I2 =
I0CH/(CH + Csc)]. Hence, the upper semicircle can be used to
determine ktrans and krec from the frequency at the summit
(2πfmax = ktrans + krec) and the intercept at low frequency with
the real axis I1 (I1 = I0ktrans/(ktrans + krec) ≈ I2ktrans/(ktrans +
krec)),

41 as shown in Figure 3b. The ktrans and krec values of
different photoanodes in the GOR are displayed in Figure 3c.
At the applied bias of 1.2 V versus RHE, the ktrans of modified
photoanodes (BVO/TAN, BVO/TANF, and BVO/TAF)
surpassed that of pristine BVO for the GOR by a factor of
1.8−1.9. Among them, BVO/TANF had the largest ktrans of
0.472 s−1. At the same time, krec of BVO was 0.065 s−1, which
was 1.42, 2.32, and 2.58 times as large as those of BVO/TAF
(0.046 s−1), BVO/TAN (0.028 s−1), and BVO/TANF (0.025
s−1), respectively. The BVO/TANF photoanode had the

highest ktrans/krec value, corresponding to its best GOR
performance among all investigated photoanodes. Note that
the ηct value could also be calculated from ηct = ktrans/(ktrans +
krec), and the ηct values obtained from the IMPS spectra (Table
S1) were higher than the values obtained from hole scavenger
measurements. The higher ηct values may be caused by the
nonlinearity of measurements in the photocurrent with respect
to the light intensity.42 Also, the higher ηct values from IMPS
than that from the other method have been reported
previously.43 Hence, we selected the ηct values from the hole
scavenger measurements in our work. The frequency at the
nadir of the semicircle ( fmin) can be utilized to determine the
time constant of the hole transfer inside the electrodes. The
average time photogenerated holes need to reach the surface of
photoanodes, the transit time τD, can be estimated from τD =
(2πfmin)−1. The time scale of τD corresponds to the result of
the ktrans calculation. BVO/TANF displayed smaller τD at any
applied bias than BVO, indicating faster hole transfer from
BVO to the TANF co-catalyst (Figure S8).
We then turned to electrochemical impedance spectroscopy

(EIS) to better understand the surface charge transfer for the
GOR of different photoanodes (Figure 3d). The EIS data were
collected under visible light irradiation at 1.2 V versus RHE. All
photoanodes displayed semicircles in the Nyquist plots, which
were analyzed through an equivalent circuit (shown in Figure
S9, the results of the simulation are listed in Table S2)
consisting of series resistance (Rs), charge transfer resistance
(Rct), and Csc. The smaller radius of the EIS curve revealed
lower Rct, indicating faster charge transfer. The obtained trend
of the Rct values was as follows: BVO/TANF < BVO/TAN <
BVO/TAF < BVO. BVO/TANF displayed the lowest Rct of
407.2 Ω in all photoanodes, which was 5.57 times lower than
that of bare BVO. An obvious difference in Rs values was not
observed, which suggested that the bulk charge transfer inside
BVO-based materials hardly changed. We also found that
BVO/TANF had larger Csc than BVO, BVO/TAF, and BVO/
TAN (Table S2), suggesting a higher electrochemical surface
area on BVO/TANF.
We further conducted transient photocurrent/transient

photovoltage (TPC/TPV) measurements to investigate the
lifetimes of trapped holes and the rate of charge transfer.44,45

Figure 3e,f displays the TPV and TPC curves of BVO and
BVO/TANF. Both TPC and TPV signals could be illustrated
in terms of two time constants (τ1 and τ2) and probability
constants (φ1 and φ2),

44 as listed in Tables S3 and S4. The
probability-weighted average decay time (τ̅) of TPV decay
curves is indicative of the average charge recombination
kinetics of photoanodes.46 BVO/TANF displayed a τ̅ value of

Figure 4. (a) Selectivity and FE of different photoanodes for the GOR at 1.2 V vs RHE. (b) Production rate of BVO and BVO/TANF at 0.8 or 1.2
V vs RHE. (c) Long-term selectivity and FE of BVO/TANF at 1.2 V vs RHE. Electrolyte: 0.1 M Na2SO4/H2SO4 solution (pH = 2) with 0.1 M
glycerol.
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20.9 ms, 6.9 times higher than that of pristine BVO (3.02 ms).
The fast kinetic component (related to τ1) was dominant in
pristine BVO (φ1 = 0.638), while in BVO/TANF, the φ1 value
was only 0.241. For the moment, the TPC curves can reveal
the electron transit time ( ) from the semiconductor to the
FTO substrate.47 The time constants of BVO and BVO/TANF
photoanodes showed a similar trend to the TPV tests. A longer
average carrier lifetime ( 5.95 ms= ) was observed than that
of bare BVO ( 1.06= ms).
Intermediate and Product Analysis. The GOR product

analysis after 1 h irradiation for the BVO, BVO/TAF, BVO/
TAN, and BVO/TANF photoanodes was conducted in 0.1 M
Na2SO4/H2SO4 solution (pH = 2) with 0.1 M glycerol at 1.2 V
versus RHE. The reaction products on these photoanodes
included FA, DHA, GLCA, and GLA, which were quantified
by high-performance liquid chromatography (HPLC). Figure
4a displays the selectivity of different BVO-based photoanodes
for various products. The BVO/TAF anode achieved higher
selectivity to C2−C3 molecules than other anodes (Figure 4a)
with a modest FE of 72% to organic species, better than the FE
of BVO (∼50%). BVO/TAN and BVO/TANF showed a high
FE of over 94% for all liquid products, and BVO/TANF
displayed the highest selectivity of 85% toward FA (Figure 4a).
CO and oxygen were also detected as side products by gas
chromatography for the GOR on BVO/TANF. We then
examined the GOR liquid products of BVO and BVO/TANF
at different bias voltages (0.8 and 1.2 V vs RHE). Pristine BVO
displayed a similar selectivity of 66% toward FA and a low FE
of ∼50% to overall organic products at both 0.8 and 1.2 V
versus RHE (Figures 4a and S10). Compared to BVO, more
GLCA and GLA molecules were generated at 0.8 V versus RHE
for BVO/TANF. The generation of DHA and GLCA was
inhibited at 1.2 V versus RHE for BVO/TANF, leading to an
excellent selectivity of 85% toward FA with a production rate
of 573.3 mmol·m−2·h−1 (Figures 4b and S10). Hence, 1.2 V
versus RHE was chosen as the applied bias in further tests. The
hydrogen production rate was determined by gas chromatog-
raphy. An FE of over ∼93% for hydrogen production was
maintained on a long-time scale (Figure S11). Under a long-
term GOR test for 4 h, the selectivity to FA decreased to 75%
with an FE of 76% for all organic products (Figure 4c).
To gain further insights into the role of the photogenerated

holes and radicals in the GOR, quenching experiments were
carried out on the BVO/TANF anode. Adding K2S2O8
(photoelectron scavenger) and tert-butanol (hydroxyl radical
scavenger) had little effect on the FA production rate (Figure
S12a,b). Meanwhile, after adding Na2SO3 (hole scavenger) to
the electrolyte, the conversion rate from glycerol to FA
decreased greatly (Figure S12a,b). These results suggest that
the GOR may be driven by holes. To detect the possible
generated radicals during the GOR, we conducted matrix-
assisted laser desorption ionization time of flight mass
spectrometry (TOF-MS) on the electrolyte containing 10
mM TEMPO. Signals of the possible long-lived trapped radical
intermediate were not observed in the mass spectrum (Figure
S13). Room-temperature electron paramagnetic resonance
(EPR) spectroscopy was conducted on BVO/TANF to further
confirm the existence of short-lived radicals (Figure S14). The
EPR spectra were collected under Xe lamp irradiation using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the trapping
agent. Signals of the radical intermediate were not detected
after illumination in a 0.1 M Na2SO4/H2SO4 electrolyte (pH =
2) with 0.1 M glycerol and BVO/TANF. It is suggested that

the PEC GOR on BVO/TANF is driven by holes rather than
photogenerated hydroxyl radicals, as previously reported on a
BVO photoanode.11

In situ FTIR spectroscopy was conducted on BVO and
BVO/TANF NPs to study the molecular adsorption modes on
different photoanodes. It is difficult to use glycerol directly
because it is easily stuck to the catalyst and the lens of the IR
cell as previously described in the prior report.14 Hence, we
choose 1-propanol and 2-propanol as the model molecules,
which were widely used to distinguish the adsorption for
primary and secondary hydroxyls in glycerol valorization.48

Characteristic peaks of 1-propanol at 2970, 2886, 1392, and
1222 cm−1 were found on both BVO and BVO/TANF samples
(Figure 5a), which corresponded to the methyl asymmetric

stretching vibration [ν(CH3)as], symmetric stretching vibration
[ν(CH3)s], symmetrical deformation vibration [δ(CH3)s], and
O−H scissoring vibration [δ(OH)], respectively.15 Never-
theless, compared to that for BVO, the adsorption band of
symmetrical deformation vibration of methylene groups
[δ(CH2)s] shifted to a lower wavenumber on BVO/TANF
(from 1466 to 1462 cm−1). Meanwhile, a stronger peak located
at 1353 cm−1 is shown in the spectra of BVO/TANF, which
could be attributed to the C−O symmetric stretching
[ν(CO)].49 It was indicated that BVO/TANF has strong
interaction with the hydroxyl and methylene groups in 1-
propanol. A typical curve similar to that of the gas 2-propanol
molecule was observed when 2-propanol was adsorbed on
BVO (Figure 5b, yellow line). However, after the modification
of the TANF catalyst, the magnitude of IR signals in the 2-
propanol atmosphere was significantly decreased, which meant
weak interaction between BVO/TANF and secondary
hydroxyl. We also examined the adsorption band of BVO/
TAN and BVO/TAF for 1-propanol and 2-propanol (Figure
S15a,b). BVO/TAN displayed weak signals in the 2-propanol

Figure 5. FTIR spectra of the BVO (yellow) and BVO/TANF (pink)
NPs (a) after 1-propanol adsorption and (b) after 2-propanol
adsorption with the characteristic band of alcohol molecules (purple).
IRRAS of glycerol oxidation in (c) BVO and (d) BVO/TANF at 1.2
V vs RHE. The peaks of different species are displayed in the
following colors: orange (DHA and other species containing carbonyl
groups), red (FA), green (GLCA), and blue (GLA).
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atmosphere like BVO/TANF, while BVO/TAF showed typical
peaks of 2-propanol in the same atmosphere. The controlled
trial of different modified NPs disclosed that nickel in the
metal phenolic network makes the adsorption mode with
primary hydroxyl in glycerol dominant on the BVO/TANF
surface.
Although the in situ FTIR test implied that BVO/TANF

could adsorb the primary hydroxyl of glycerol specifically, the
reaction intermediates during the GOR need to be further
detected to understand the different reaction pathways of BVO
and BVO/TANF. Hence, we investigated the distinction of
GOR kinetics on different samples through in situ IRRAS by
tracking the formation of generated intermediates and
products on the catalyst surface during the chronoamperom-
etry measurement under visible light irradiation (Figures 5c,d
and S15c,d). After the same period, BVO/TANF displays
more intense signals than BVO on peaks at 1356, 1386−1389,
and 1592 cm−1, which can be assigned to the C−O symmetric
stretching, COO rocking, and C−O asymmetric stretching of
FA respectively,49 indicating faster FA generation on the
modified photoanode. In contrast to the evolutionary IR bands
of FA, signals of GLCA (1326.0 and 1410.2 cm−1)22,49,50 could
hardly be observed on BVO/TANF, and the peak assigned to
GLA was only observed in the spectrum collected at 1 min
(1300.1 cm−1). The peaks of GLA and GLCA were significant
in the spectra of BVO instead (Figures 5c,d). The discrepancy
of the GOR intermediate IR features suggests that photo-
generated holes in BVO/TANF can break the C−C bonds of
C2 and C3 intermediates more efficiently on the time scale
that could not be captured by IRRAS. The vibrational bands at
1700−1800 cm−1 featuring the carbonyl groups manifest
significantly declined signals in BVO/TANF compared to that
for BVO (Figures 5c,d), supporting the elimination of
aldehyde or ketone production. The collective results resolve
the difference in GOR mechanisms between the modified and
unmodified BVO photoanodes.

■ DISCUSSION
Charge Recombination and Hole Transfer Kinetics.

The efficient kinetics give the GOR a clear advantage in
achieving high photocurrents on BVO-based photoanodes in
acidic conditions compared to that of the OER. As reported by
a previous work, BVO displayed a low photocurrent of about
0.9 mA·cm−2 at 1.2 V versus RHE (pH = 2) with an onset
potential of 0.7 V versus RHE for OER,51 corresponding to our

investigation (Figure 2b). The onset potential for the GOR is
about 300 mV lower than that for the OER on BVO, indicating
the favorable kinetics of the GOR in acidic conditions.
Improved stability is also observed for the GOR on
photoanodes compared to that for the OER (Figures 2c and
S7b). Glycerol molecules have strong adhesion with the BVO
surface,11 which may prevent the photoanode from corrosion
in acidic media. The effect of organic species in aqueous
solution for prolonging the stability of BVO photoanodes has
also been reported previously.52−54 Since the organic species
are more easily oxidized by photogenerated holes than water
molecules, the photocorrosion of the BVO photoanode caused
by holes is inhibited.53 Still, the photocurrent of bare BVO is
unfulfilled for the GOR (1.88 mA·cm−2 at 1.2 V vs RHE). The
unsatisfactory photocurrent of BVO should be attributed to
severe charge recombination according to prior reports.40,55,56

A low ηct was observed from bare BVO (44.8%, Figure 2d) for
the GOR, indicating an over-half loss of holes due to surface
recombination (Scheme 2a). After the modification of the
NiFe phenolic networks, the charge recombination was
significantly retarded with a much improved ηct (86.5%, Figure
2d). The analysis of IMPS spectra provided adequate
information about the charge recombination rate.57−60 A krec
value of 2.5 × 10−2 s−1 was observed on BVO/TANF at 1.2 V
versus RHE, much lower than that on pristine BVO and the
reported values on BVO-based photoanodes (0.1−10
s−1).57−60 The suppression of charge recombination was also
revealed by the TPV/TPC technique with a slower
recombination rate and a longer carrier lifetime on BVO/
TANF (20.9 ms).61 All these data suggest the effect of TANF
in retarding charge recombination on the surface (Scheme 2b).
We also discovered that the TANF catalyst could speed up

the photogenerated hole transfer from the bulk to substrate
molecules in the BVO/TANF film. Compared to that of bare
BVO, the improved τD and ktrans values of BVO/TANF
calculated from the IMPS spectra indicated faster hole transfer
(shown in Scheme 2a,b). A larger ktrans/krec ratio showed that
hole transfer is much faster than charge recombination in
BVO/TANF (Scheme 2a,b), leading to effective charge
separation. The holes reaching the surface are then transferred
from TANF to substrate molecules rapidly, as revealed by the
low Rct value (Scheme 2b).62,63 The outstanding PEC
performance of BVO/TANF is due to the retarded charge
recombination, increased hole transfer rate, and sufficient
utilization of photogenerated holes.

Scheme 2. Kinetics of the GOR on (a) BVO and (b) BVO/TANF
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Catalytic Mechanism and Reaction Pathways. In the
prior reports,11,14,15 the GOR on semiconductor-based photo-
anodes in acidic conditions was found to be driven by hydroxyl
radicals (shown in Scheme 2a). On bare BVO, the GOR could
not fully consume the generated hydroxyl radicals. About 30%
of electricity was used for excessive production of hydroxyl
radicals and H2O2 accumulation.11 The free H2O2 in the
electrolyte would cause the overoxidation of organic molecules
to CO2.

15 However, our investigation indicated that photo-
generated holes instead of hydroxyl radicals drive the GOR on
the BVO/TANF photoanode. The quenching experiments
showed that only the absence of holes would suppress FA
production (Figure S12a,b). The results of TOF-MS and EPR
further disprove that radical species are the intermediates for
the GOR on BVO/TANF (Figures S13 and S14). Hence, we
propose that the GOR is driven by holes on BVO/TANF
(shown in Scheme 2b). The catalytic mechanism through
photogenerated holes could avoid the accumulation of H2O2
and reach a high FE value toward liquid organic species.
Scheme 3a displays two typical PEC glycerol oxidation

routines on the BVO surface: (i) glycerol → DHA (above) and
(ii) glycerol → GLAD → GLA → GLCA → FA → CO2 and/
or CO (bottom). Since DHA, GLA, GLCA, and FA were all
detected in product analysis for BVO and BVO/TANF, it is
suggested that both BVO and BVO/TANF executed the two
routes in parallel. The favorable route determined the main
product of the GOR. Considering the high selectivity toward

FA on BVO/TANF, the second routine should be dominant
on BVO/TANF (Scheme 3b). According to prior reports, the
bonding mode of glycerol on the electrode has a great impact
on the GOR pathway.15,64,65 The dominant adsorption mode
to the primary alcohol in glycerol leads to the favorable
generation of GLA, GLCA, or FA, while DHA is the main
product if secondary alcohol is mainly absorbed on the
electrode surface. As shown in the FTIR spectra of different
photoanodes, primary alcohol and secondary alcohol could be
largely adsorbed on bare BVO and BVO/TAF (Figure 5a,b).
On the contrary, weak adsorption bands of 2-propanol (only
containing secondary alcohol) were located on the FTIR
spectra of BVO/TANF and BVO/TAN, which implied that
the adsorption of primary alcohol was dominant (Figure 5a,b).
Given the high FE (over 94%) and similar adsorption mode

of BVO/TAN and BVO/TANF, it is suggested that Ni sites in
TANF and TAN may lead to the high selectivity toward FA.
However, only a little enhancement of selectivity to FA was
found on BVO/TAN compared to that on BVO (from 66.0 to
69.6%), lower than that on BVO/TANF (85%). The
unsatisfied FA selectivity for BVO/TAN might be because of
an insufficient Ni2+ load (revealed by XPS, Figure S5d),
causing the modest generation of intermediate products GLA
and GLCA (Figure 4a). After the addition of Fe2+ in the
assembly of the metal phenolic co-catalyst, the intensity of Ni
2p peaks increased along with that of the O 1s and C 1s peaks
(Figure S5e,f), suggesting that a thicker network with more

Scheme 3. (a) Major Reaction Pathways on BVO and BVO/TANF. (b) Illustration of the GOR Taking Place on BVO/TANF
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immobilized Ni2+ ions was formed on BVO/TANF than on
BVO/TAN. Moreover, the GLA and GLCA generated on Fe−
phenol sites could be oxidized by nearby Ni sites since GLA
and GLCA also have primary alcohols. The PEC oxidation
currents of GLA and GLCA also supported this standpoint,
where BVO/TANF displayed high current density toward the
oxidation of both GLA and GLCA (Figure S16a). Low current
density toward FA compared to that toward glycerol indicated
the FA oxidation is unfavorable on BVO/TANF (Figure
S16b). The full oxidation of C2−C3 products and inhibition of
FA oxidation results in the highly selective conversion from
glycerol to FA.
IRRAS further disclosed the GOR pathway on BVO/TANF.

Bare BVO displayed strong absorbance on the peaks of
carbonyl groups (Figure 5c), corresponding to the generation
of DHA through routine (i) (Scheme 3a, upper solid green
arrow). The absorption bonds with the modest intensity of
GLA, GLCA, and FA were also detected on the spectra of
BVO, which agreed with the incomplete conversion from
GLA/GLCA to FA (Scheme 3a, lower dashed green arrows).
Various products were obtained from the GOR with the
unsatisfactory selectivity and FE (Scheme 3a, dashed green
box). After the modification of TANF, the intensity of
characteristic bands for DHA declined sharply, which indicated
the unfavorable transformation from glycerol to DHA. The
distinctive rise of IR peaks of FA on BVO/TANF was observed
with the decreasing peak of GLA and weak signals of GLA as
time went on (Figure 5d), indicating the fast transformation
from GLA and GLCA to FA (solid red arrow in Scheme 3a).
Thus, FA is detected as the main product with a high
selectivity of 85% (Scheme 3a, red dashed box). The unique
bonding mode, full conversion of C2−C3 intermediates, and
retarded overoxidation of BVO/TANF result in highly
selective FA generation on BVO/TANF (Scheme 3b).66

■ CONCLUSIONS
In summary, a NiFe−TA network overlayer (TANF) was
combined with a nanoporous BiVO4 (BVO) photoanode
through in situ growth. In an acidic electrolyte, the modified
photoanode (BVO/TANF) displayed a promising capability
for transforming glycerol to FA under visible light irradiation.
The FE reached ∼94% with a selectivity of 85% and a
production rate of 573 mmol/(m2·h) toward FA. The excellent
PEC performance of BVO/TANF was due to the accelerated
interfacial charge separation and retarded charge recombina-
tion kinetics. After the modification of the TANF co-catalyst
on BVO, the charge transfer efficiency ηct increased from 44.8
to 86.5%. Meanwhile, the charge recombination rate constant
krec was calculated to be 2.5 × 10−2 s−1, much lower than that
in the previous report (0.1−10 s−1) on BVO-based photo-
anodes. The favorable adsorption of primary alcohol on the
TANF co-catalyst guided a high selectivity reaction pathway
for glycerol oxidation toward FA. The efficient and selective
photoanodic oxidation of biomass-derived glycerol provides a
viable and smart alternative to the more challenging water
oxidation in acidic media for the integration of PEC cells for
solar energy conversion.

■ EXPERIMENTAL SECTION
Materials. All chemical reagents including Bi(NO3)3·5H2O,

VO(acac)2, KI, nitric acid, 1,4-benzoquinone, hydrochloric acid,
NaOH, NiCl2·6H2O, FeCl2·4H2O, NH4VO3, PEG-200, and TA were
purchased from Adamas and used without further purification. The

FTO electrodes (8 Ω/sq) were purchased from Suzhou Shangyang
Solar Technology Co. Ltd. Prior to the electrochemical experiments,
the FTO plates were cleaned by ultrasonication in deionized water,
isopropanol, and ethanol (20 min), respectively.
Fabrication of BVO. BVO photoanodes were obtained according

to the previous report11,26 with little modification by thermal
conversion of BiOI to BVO. A 0.04 M Bi(NO3)3 solution was
prepared by dissolving Bi(NO3)3·5H2O in 50 mL of a 0.4 M KI
solution after its pH was adjusted to 1.7 by adding HNO3. This
solution was mixed with 20 mL of absolute ethanol (100%)
containing 0.23 M p-benzoquinone and was vigorously stirred for a
few minutes. A typical three-electrode cell was used for electro-
deposition. A 1 × 2 cm2 FTO working electrode (WE), an Ag/AgCl
(3 M KCl) reference electrode (RE), and a platinum counter
electrode (CE) were used. A CHI760E potentiostat (Princeton
Applied Research) was used for electrodeposition and subsequent
electrochemical studies. Cathodic deposition of BiOI films was
performed potentiostatically at −0.15 V versus Ag/AgCl under stirring
at room temperature for 5 min. The obtained BiOI film was rinsed
with deionized water and dried at room temperature. 0.2 mL of a
DMSO solution containing 0.4 M vanadyl acetylacetonate [VO-
(acac)2] was placed on the BiOI electrode (1 cm × 0.6 cm) and was
annealed at 450 °C (ramping rate = 2 °C/min) for 2 h. Excess V2O5
present in the BiVO4 electrodes was removed by soaking them in 1 M
NaOH solution for 30 min with gentle stirring. The resulting pure
BVO electrodes were rinsed with deionized (DI) water and dried at
room temperature.
Fabrication of BVO/TANF. The TANF co-catalyst was loaded on

BVO through a reported method with some modifications.27 Briefly, a
piece of the BVO photoanode (2 × 1 cm2) was put in a 25 mL
breaker with the BVO side facing down. 5 mL of 10 mM FeCl2 and 5
mL of 10 mM NiCl2 were added in this vessel. After full adsorption
for ∼15 min, 10 mL of 9 mg L−1 TA solution was first added. 2 M
NaOH was quickly added to the solution to change the pH to ∼8.
Then, the vessel was shaken gently and stood without disturbance for
2 h. At last, the electrode with the product was washed with water
several times and dried under ambient air.
Fabrication of BVO/TAN and BVO/TAF Photoanodes. The

synthesis of BVO/TAN and BVO/TAF was similar to the routine of
BVO/TANF with the only adjustment the composition of the metal
ion solution, in which 10 mL of 10 mM FeCl2 was used for BVO/
TAF and 10 mL of NiCl2 was used for BVO/TAN.
Fabrication of BVO NPs. The BVO NPs for FTIR and IRRAS

tests were synthesized according to the previous report.67 Bi (NO3)3·
5H2O (15 mmol), NH4VO3 (15 mmol), and 20 mL polyethylene
glycol with a molecular weight of 200 (PEG-200) were dissolved into
2 M HNO3 solution (25 mL) and then magnetically stirred for 2 h.
After adding 1.5 M NaOH (20 mL), the resulting solution was heated
at 97 °C for 2 h. The solids obtained were washed with distilled water
and then dried in a vacuum desiccator at room temperature. The
particles were calcined at 500 °C in air for 1 h (ramping rate = 5 °C/
min).
Fabrication of BVO/TANF NPs. The BVO/TANF NPs were

synthesized by a similar pathway to that of BVO/TANF. 100 mg of
BVO NPs was added to a 25 mL breaker with 5 mL of 10 mM FeCl2
and 5 mL of 10 mM NiCl2 solution and stirred for 15 min. Then, 10
mL of 9 mg L−1 TA solution was added, followed by 500 μL of 2 M
NaOH. The mixture was stirred vigorously for 1 h, and 1 M HCl was
added until the solution became transparent. The as-prepared BVO/
TANF NPs were collected by centrifugation (10,000 rpm for 10 min),
washed with water and ethanol successively, and vacuum-dried for 10
h.
Fabrication of BVO/TAN and BVO/TAF NPs. The synthesis of

BVO/TAN and BVO/TAF NPs was similar to the routine of BVO/
TANF with the only adjustment the composition of the metal ion
solution, in which 10 mL of 10 mM FeCl2 was used for BVO/TAF
NPs and 10 mL of NiCl2 was used for BVO/TAN NPs.
Characterization. The morphology and structure were examined

by a ZEISS Gemini SEM 500 field-emission scanning electron
microscope. TEM, HRTEM, EDX analysis, and STEM−EDS
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elemental mapping were carried out using an FEI Tecnai G2 F20
microscope. The XPS spectra were collected by a PHI5300. The XRD
was carried out using a Bruker D2 PHASER. UV−vis diffuse
reflectance spectra were collected on a Lambda 650S. ATR−FTIR
spectra were collected by a Nicolet iS50 spectrometer.
PEC Characterization. LSV and J−t tests were performed in a

three-electrode electrochemical cell with a CHI760E instrument
potentiostat (Shanghai Chenhua Instrument Co., Ltd.) at room
temperature. In a three-electrode electrochemical system, the
photoanodes were used as working electrodes, with an Ag/AgCl
electrode (saturated KCl) as the reference electrode, and a platinum
wire as the counter electrode. The visible light illumination was
supplied by a Hecho S5000 LED lamp (65 W LED Cold Light
Source, produced by Nanjing hecho technology co., ltd.), and the
light intensity was calibrated to be 100 mW/cm2 by a laser power
meter (LP100, Changchun New Industries Optoelectronics Technol-
ogy Co., Ltd.). All PEC measurements were conducted using back-
side illumination (FTO|BVO side). Photocurrent density versus
applied potential (J−V) curves were obtained by LSV with a scan
rate of 10 mV/s. All measured potentials were converted to the RHE

E E V0.197 0.0591 pHRHE Ag/AgCl= + + × (4)

Generally, for the GOR test, the electrolyte was 0.1 M Na2SO4
solution (30 mL, pH = 2) with 0.1 M glycerol. IPCE spectra were
measured on a CIMPS system equipped with ZENNIUM X
potentiostats, PP212 External potentiostats, and tunaable light sources
(TLS03) (Zahner-Elektrik GmbH & Co. KG), and the IPCE values
was calculated by

J J

P
IPCE

( )
100%

1240
light dark=

×
× (5)

where λ is the wavelength, Jlight is the photocurrent density under
irradiation, Jdark is the current density under the dark condition, and P
is the incident light power density. TPC and TPV measurements were
conducted using a potentiostat (IM6ex, Zahner Company) controlled
by a Zahner IMPS electrochemical workstation. The light was
provided by a white LED (TLS01, Zahner-Elektrik GmbH & Co.
KG), and the light intensity was set to 100 mW/cm2. The TPC and
TPV curves were analyzed by the following procedure. The decay
curves were first normalized to the interval [0, 1] for TPC and TPV
analysis. Then, the normalized data were fitted to a second-order
exponential function as follows

y y A Ae ex x
0 1

/
2

/1 2= + + (6)

where τ1 and τ2 are the time constants and A1 and A2 are the
probability constants. The percentage of τ1 (φ1) was calculated as

A
A A

( )
( )

100%1 1
1

1 2
=

+
×

(7)

and the percentage of τ2 (φ2) was calculated as

A
A A

( )
( )

100%2 2
2

1 2
=

+
×

(8)

The average decay time (τ) was calculated as

1 1 2 2= + (9)

IMPS measurements were conducted using a potentiostat (IM6ex,
Zahner Company) controlled by a Zahner IMPS electrochemical
workstation. Intensity-modulated light was provided by a white LED
(TLS01, Zahner-Elektrik GmbH & Co. KG) that allowed the
superimposition of sinusoidal modulation (∼10%) at a DC
illumination level. The average intensity of the visible light was 10
mW/cm2. The photocurrent as a function of frequency (from 10 kHz
to 0.1 Hz) was recorded at different potentials. The same three-
electrode configuration and electrolyte were employed as those given
above in the PEC Characterization section. EIS spectra was obtained
in a 0.1 M Na2SO4 aqueous solution (pH 2) containing 0.1 M
glycerol under the illumination of TLS 01 (light intensity of 100 mW/

cm2) over a frequency range from 4k to 0.1 Hz. The resulting data
were fitted using the Zahner Analysis software.
Product Analysis. To quantitatively analyze the oxidation

products, the PEC oxidation was performed in a cell containing 30
mL of the electrolyte with 0.1 M glycerol at a potential of 0.8 and 1.2
V versus RHE for 1 h. After the reaction, 0.5 mL of the solution was
taken out from the cell and analyzed using HPLC to calculate the
liquid product of glycerol conversion and yields of the products using
an Agilent 1100 chromatograph equipped with a BioRad Aminex 87H
column and a DAD detector. 5 mM H2SO4 solution was used as the
mobile phase in the isocratic mode with a constant flow rate of 0.6 mL
min−1. The selectivity of FA was calculated based on

n
n

n
n n n n

c
c c c c

selectivity (FA) 100%FA

all

FA

FA DHA GLA GLCA

FA

FA DHA GLA GLCA

= × =
+ + +

=
+ + + (10)

where nDHA, nGLA, nFA, and nGLCA are the yields of DHA, GLA, FA,
and GLCA respectively, and cDHA, cGLA, cFA, and cGLCA are the
concentrations of DHA, GLA, FA, and GLCA, respectively. The
production rate per unit area of FA was calculated according to

c V
t A

production rate per unit area (FA) FA= ×
× (11)

where V is the volume of the reaction solution, t is the reaction time,
and A is the area of the photoanode. Calculations of FEs of the PEC
glycerol oxidation based on the following balanced half-reactions
corresponded to the conversion of glycerol into the individual GOR
product in the acidic solution

C H O (glycerol) C H O (DHA) 2H 2e3 8 3 3 6 3 + ++ (12)

C H O (glycerol) H O C H O (GLA) 4H 4e3 8 3 2 3 6 4+ + ++

(13)

C H O (glycerol)
3
2

H O

3
2

C H O (GLCA) 5H 5e

3 8 3 2

2
4 3

+

+ ++
(14)

C H O (glycerol) 3H O 3HCOOH (FA) 8H 8e3 8 3 2+ + ++

(15)
Hence, the overall FE toward all value-added products is calculated

by

c c c c

Q
V

F

FE (all)
2 4

100%

FA
8
3 DHA GLA GLCA

10
3

total

=
× + × + × + ×

×

× × (16)

The evolved hydrogen was measured using a gas chromatograph
9790 Plus (Zhejiang Fuli Analytical Instruments Inc.) using a thermal
conductivity detector and a flame ionization detector. Argon was used
as the carrier gas. Before the measurement, the electrolyte was
degassed by bubbling with high-purity Ar for 30 min. The FE was
calculated by assuming that all of the charges were caused by 2e−

reduction of the proton to produce H2.
Electron Spin Resonance Measurements. Electron spin

resonance (ESR) spectra of BVO/TANF NPs were collected on a
Bruker EMXplus-6/1 ESR spectrometer (300 K, 9.823 GHz, X-band).
The microwave power employed was 6.325 mW. The sweep width
was set to 100.0 G. The modulation frequency and modulation
amplitude were 100k GHz and 1.000 GHz, respectively. DMPO was
used as the spin-trapping agent. 0.5 mg of the BVO/TANF
photocatalyst was dispersed in 2 mL of the 0.1 M Na2SO4 electrolyte
(pH = 2) with or without 0.1 M glycerol, and then, 60 μL of the
DMPO aqueous solution (0.2 M) was added into the solution for
ESR measurement. Then, the sample was irradiated by a Xe lamp
(100 mW·cm-2) at different times.
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In situ FTIR Tests. In situ FTIR spectra for investigating the
adsorption of 1-propanol and 2-propanol on the surface of the BVO
and BVO/TANF NPs were recorded on a Nicolet 6700 spectrometer
equipped with a cell fitted with CaF2 windows and an MCT-A
detector cooled with liquid nitrogen. The spectrum was collected at a
resolution of 4 cm−1 with an accumulation of 64 scans in the range of
4000−1100 cm−1. The sample was pretreated under a flow of Ar for
40 min at 200 °C to remove the impurities absorbed on the surface
and then cooled to 20 °C. The background was collected at 20 °C
under a flow of Ar. 1-Propanol or 2-propanol was bubbled into the
sample by a flow of Ar at 20 °C for 20 min to obtain a stable
spectrum. Then, the system was purged with a flow of Ar to remove
physical adsorption and collect the spectrum after the spectrum was
stable.
IRRAS Tests. IRRAS measurements were conducted on a Nicolet

6700 spectrometer equipped with a cell fitted with CaF2 windows and
an MCT-A detector cooled with liquid nitrogen. Before the IRRAS
test, Au film electrodes plated on Si were prepared first. The plating
solution for Au deposition was obtained by mixing solution A (0.1222
g of NaOH and 0.2286 g of NaAuCl4·2H2O dissolved in 3 mL of DI
water) and solution B (0.134 g of NH4Cl, 0.9468 g of Na2SO3, and
0.6202 g of NaS2O3·5H2O dissolved in 50 mL of DI water) along with
50 mL of DI water and sonicating for 2 h. The prism used was a non-
doped Si hemicylinder [Linglu Instrument (Shanghai) Co., Ltd]. The
reflecting plane of the prism on which metal is deposited was polished
with successively finer grade alumina slurries down to 0.05 μm,
followed by sonication in acetone and then water. Then, the surface
was immersed in a solution of VHd2SOd4

/VHd2Od2
= 3:1 for 20 min and

rinsed with DI water. The surface was contacted with 40% NH4F for
several minutes to remove the oxide layer on the Si surface and to
terminate it with hydrogen. Deposition of Au was performed by
immersing the Si surface in 15 mL of plating solution for 4−5 min,
which was pre-heated at 50−55 °C with 3.4 mL of 2% HF solution.
The obtained Si prism coated with the Au film was rinsed with DI
water for 2 min for later use. BVO/TANF and BVO NPs were drop-
casted on the Au film. IR spectra were collected in a custom-made cell
[Linglu Instrument (Shanghai) Co., Ltd] containing 30 mL of the
electrolyte with 0.1 M glycerol at a potential of 1.2 V versus RHE for
30 min under LED irradiation.
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