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Replacement of oxygen evolution reaction (OER) by the more readily oxidized biomass derivatives is
considered to be a promising strategy for photoelectrocatalytic water splitting hydrogen production. In
this work, a biodiesel industrial waste by-product, glycerol, played the critical role for the efficient
hydrogen production as well as the highly valuable dihydroxyacetone (DHA) and industrial useful formic
acid production. As the glycerol was introduced, a remarkable cathodic shift of the onset potential was
observed (~300 mV) while the current density was 4 times higher compared to the water oxidation. The
incident photon-to-current efficiency (IPCE) of BiVO4 photoanode for glycerol oxidation reached about
55%, which was 3 times higher than the system without glycerol. More importantly, during the photo-
electrochemical water splitting in glycerol aqueous solution, in addition to the evolved hydrogen gas,
glycerol was oxidized to valuable products with 15% dihydroxyacetone (DHA) and 85% formic acid. This
strategy not only boosts the hydrogen production efficiency, keeps the photoanode very stable but also

makes the biodiesel production more profitable and sustainable.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Each year, the glycerol was produced increasingly in Europe,
from 2.4 million tonnes in 2012 to 4.3 million tonnes in 2015, far
exceeding the world's glycerol needs in industries, i.e. 2 million
tonnes/year in 2015 [1—3]. This is mainly due to the highly pro-
moted biodiesel industry. In the biodiesel production process, the
by-product, glycerol, consisting of 10 wt% of the products, was
generated. However, due to its vast amount and high viscosity
property [4,5], the purification cost limits the overall biodiesel
production profit. In order to maximize the sustainability of the
biodiesel plant as well as considering the environmental protec-
tion, the process of converting glycerol into other compounds were
proposed [6,7]. Yet, most of the processes would lead to a wide
variety of products which increases the difficulty in separation [8].
In order to overcome this issue, using a photoelectrochemical (PEC)
cell with the energy mainly provided by the sun while the products
can be tuned by selecting the right catalyst material, it can provide a
new sustainable pathway to utilize the waste glycerol.

Recent perspective reports carefully lined out the possible
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pathways to the electrochemical solar-hydrogen technologies and
the technoeconomics of valuable chemicals production by using
sunlight [9—11], all of these studies indicated that using an PEC cell
to convert sunlight for water splitting hydrogen generation, i.e. the
most widely studied approach of PEC energy converting tech, suf-
fers serious difficulties such as not efficient enough and low
product value comparing to its high cost process. One might open a
new route of PEC by integrating the hydrogen generation at cath-
ode and valuable products production at anode to boost the overall
economic value [12]. Valuable molecules like Cl,, Bry, H0, have
been generated at anode in a PEC cell with much higher efficiency
[11] while some biomass-derivatives, like glucose, with lower
thermodynamics and kinetics barrier can be oxidized to boost the
overall PEC efficiency [13]. Take TiO, as an example, in 1972,
Fujishima and Honda first realized the idea of converting solar
energy into chemical energy by water splitting reaction (2H,0 —
2H, + 0y) with a wide bandgap TiO, as the PEC photoanode [14].
Recently, Augualiaro and co-workers found that TiO; can convert
glycerol into the highly valuable product, dihydroxyacetone (DHA),
at the selectivity of 7.2% [15]. It is worth to note that the price for
DHA and purified glycerol are ca. 150 USD/kg and 0.6 USD/kg,
respectively. This four-orders of magnitude difference in price
gained lots of attention. As in previous report, depositing TiO, on
carbon supported Ni catalyst for glycerol electro-oxidation, the
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selectivity of DHA was as low as 4% only [16]. In this year, Guo and
co-workers discovered that when the Au containing catalyst was
deposited on TiOy, the selectivity of DHA can be promoted to 66%
[17]. Among the glycerol oxidation electrocatalyst studies, precious
metals like Au and Pt have shown some high selectivity towards
DHA [17—24], however, the price of these catalysts limits the pos-
sibility in industrial applications. So, in this study, we aim to find a
cheaper PEC material that could absorb more sun light, i.e. smaller
bandgap material, and has the ability to convert glycerol into DHA
at a higher selectivity.

Among the photoanode materials, BiVO4, with a direct bandgap
of 2.4eV [2526] and the optical penetration depth «ca.
100—500 nm at the wavelength of 420—530nm [27], shows the
potential. However, as in the widely studied water splitting reac-
tion, BiVO4 photoanode suffers from the serious charge recombi-
nation and the low water oxidation kinetics thus limiting its water
splitting efficiency [26,28]. More precisely, the diffusion lengths of
electron and hole in BiVO4 are only ~10nm and 100—200 nm,
respectively [29—31]. Combining with the slow kinetics towards
water oxidation, the photon-excited electron-hole pairs show a
very short lifetime. With the pros and cons of BiVO4 for water
splitting reaction in mind, using glycerol oxidation to replace the
slow kinetics water oxidation in a PEC cell might show a brand-new
story.

In terms of kinetics, usually, the alcohols like methanol, ethanol,
and ethylene glycol can be easily oxidized by the photon generated
holes as demonstrated in several previous PEC studies based on
TiO2 and Fe;03 photoanodes [32—35]. More importantly, from the
perspective of thermodynamics, the alcohol oxidation requires
much less energy than water oxidation [22]. Based on this infor-
mation, in this study, we would demonstrate that the BiVO4 pho-
toanode can work much more efficient in the oxidation of glycerol
comparing to the oxidation of water. More importantly, the high
selectivity towards DHA by this earth abundant photocatalyst can
be achieved while the clean hydrogen energy can be produced at
the cathode.

2. Material and method
2.1. Synthesis of BiVO4 photoanode

The BiVO4 photoanode preparation process was carefully
addressed in our previous reports [26,36] and would be briefly
described here. Two precursors, bismuth nitrate (Bi(NO3)3-5H,0)
and vanadyl acetylacetonate (VO(acac);), were dissolved in a mix-
ing solvent consisting of 2,4-pentanedione and acetic acid. This
solution was filtered by a 0.22 um nylon filter and spin-coated on a
FTO glass substrate at 2500 rpm for 20s per layer. The effective
BiVO,4 area was 2 cm x 2 cm. Each spin-coated layer was heated at
500°C in a muffle furnace. For layer 1—3, layer 4—6 and the last
layer, the heating process was last for 10min, 2h and 4h,
respectively.

2.2. Characterizations

The surface morphology and thickness of BiVO4 photoanode was
studied by a field emission scanning electron microscope (FESEM,
JEOL JSM 6500F). High-resolution transmission electron micro-
scopy (HRTEM) was carried out using Tecnai G2 F20 operating at
200 kV. The crystal structure was characterized by X-ray diffraction
(Bruker D2 Phaser) with 260 ranging in 10-70° using Cu K« radiation.
The absorption spectrum of the BiVO4 was measured by the UV—vis
spectrophotometer (Jasco V650, Japan). The Raman spectra and
mapping image were obtained by Micro Raman system (MRI532S,
Protrustech Co., Ltd., Taiwan) using a 532-nm laser as excitation

source. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB 250) was used for the surface element composition
analysis. Inductively coupled plasma atomic emission spectrometry
(ICP-AES, ]JY2000 Jobin Yvon) was performed to determine the
chemical composition of the BiVO4 catalysts before and after
reaction.

2.3. Photoelectrochemical study and product analysis

The BiVO4 photoelectrochemical (PEC) performance was con-
ducted by an Autolab potentiostat (PGSTAT302N) with a three-
electrode configuration. The 2.0cm x 2.0 cm size samples were
used as working electrode while 2.5cm x 2.5cmPt mesh (100
mesh) and an Ag/AgCl (3 M KCI) electrode were employed as a
counter and reference electrodes, respectively. The solution used in
the PEC study was 0.1 M NayB407 (NaBi, pH 9.4) aqueous solution
including various glycerol concentrations, i.e. 0, 0.1, 0.5, 1.0, 2.0, and
3.0 M. The photoanode was irradiated by a 500 W solar simulator
(Model 66905, Newport) with an AM 1.5G filter from front-side
(semiconductor side). The intensity of the incident light was cali-
brated to be 1 sun (100 mW/cm?) by a reference cell with a readout
meter (Model 91150V, Newport). For the linear sweep voltammetry
(LSV), the scan started from —0.6V to 0.8 V vs. Ag/AgCl with scan
rate of 10 mV/s. Electrochemical impedance spectra (EIS) were
obtained in the frequency range of 0.1-10,000 Hz at the set po-
tential of 0.7 Vgrye. Incident photon-to-current efficiency (IPCE) was
recorded with respect to varying wavelength of incident light
(ranging from 350—550 nm) using 500 W xenon arc lamp attached
with a monochromator (Oriel Cornerstone 130, Newport).

Gaseous products were analyzed by a gas chromatography
(China Chromatography 8900, Taiwan) equipped with a thermal
conductivity detector (TCD) and a stainless steel molecular sieve 5A
packed column (3 m length). The glycerol oxidation products were
quantified by a high-performance liquid chromatographer (HPLC)
(Young Lin YL-9100) with an ion-exclusion column (RCM-Mono-
saccharide Ca*? (8%), Phenomenex). The photodiode array detector
was installed for the multiple-wavelength detection simulta-
neously. The mobile phase was 0.01 M H3PO4 aqueous solution with
a flow rate of 0.5 mL/min. The column temperature was set at 70 °C.

3. Results and discussion
3.1. BiVO4 photoanode characterization

The film morphology and thickness of the BiVO4 was studied by
the scanning electron microscope as shown in Fig. 1. The bird-eye
view SEM image highlighted that the BiVO4 layer was densely-
packed, while the cross-section image showed the thickness of
BiVO4 was about 330 nm. The particle size ranged around 200 nm
in diameter. Moreover, the chemical composition of the films was
confirmed by X-ray diffraction (XRD) patterns as shown in Fig. 1(c).
The diffraction peaks at 26 of 18.7 and 28.9° corresponded to the
scheelite-monoclinic BiVOy, structure (JCPDS 14-0688) while 20 of
26.6, 33.8, 37.9 and 51.8° came from the FTO substrate (JCPDS 41-
1445), indicating that high purity monoclinic BiVO4 was obtained
without any other metal oxides or phase segregation. HRTEM
analysis was further employed to confirm the monoclinic structure
and preferential orientation of BiVO4 thin film. Fig. S1 shows the
rim of rounded shape ellipsoidal grains with clear lattice fringes
indicating as-prepared BiVO4 possesses well crystalline monoclinic
structure. For further information on crystal structure elucidation,
Raman spectrum in the 200-1000 cm™~' region was presented in
Fig. 1(d). The spectrum showed a good agreement with those pre-
vious reports for scheelite monoclinic BiVO4 that have typical and
distinctive vibrational bands at about 125, 207, 337, 369, and
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Fig. 1. (a) Top-view and (b) side-view of BiVO4 photoanode; (c) XRD pattern and (d) Raman spectrum of BiVO,. The inset shows Raman mapping image.

826 cm~ L. Additionally, the spatial distribution of the crystallized
region was explored by performing 2D Raman mapping (inset of
Fig. 1(d)). The different in colors represents different Raman signal
intensity which implies the different in crystallization degree. As
shown in the mapping, BiVO,4 exhibited a homogeneous distribu-
tion with crystalline BiVO4. This feature is believed to play a critical
role in enhancing the catalytic performance of BiVO4 electrode [25].

The light absorbing behavior of the BiVO4 photoanode can be
demonstrated by the UV—Vis absorbance spectrum. Based on the
absorbance spectrum, the bandgap of BiVO4 can be determined by
the Tauc plot, i.e. (ehv)™ against photon energy (hv) where n is an
index depending on the nature of optical transition, with value of 2
for direct transition, o is the absorption coefficient, h is the Plank
constant, v is the frequency, and A is the detection wavelength. As in
Fig. 2, the light absorption of BiVO, started around 510 nm and the
bandgap ~2.4 eV can thus be obtained from the x-axis intercept of
the linear fit to the Tauc plot (inset) based on Eq. (1), where A is a
constant.

(ahv)? = A(hv — Eg) 1

3.2. Photoelectrochemical study

Among the PEC studies, the current density at 1.23 Vryg and the
onset potential were two main criteria for the comparison between
various BiVO4 PEC efficiencies. As shown in Fig. 3, when there was
no light irradiation (dash line), the current density was zero
throughout the potential rage of 0.2—1.3 Vgyg, and this indicated
that a much higher energy would be required to trigger the water
oxidation reaction (also named as oxygen evolution reaction, OER)
on BiVO,4 electrode. Upon the 1 sun AM 1.5G light irradiation
applied, the onset potential and the photocurrent density at 1.23
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Fig. 2. UV/Vis spectrum and Tauc plot (the inset) of BiVO, photoanode.

Vrue of BiVO4 photoanode for OER was around 0.6 Vgyg and
0.35 mA/cm?, respectively. However, as the glycerol was intro-
duced, a clear cathodic shift of the onset potential to ~0.33 Vgyg was
observed, indicating that the BiVO,4 is more favorable in working on
the glycerol oxidation. The current density at 1.23 Vrgg was almost
four times higher comparing to the OER. On the other hand, to
reach 0.32 mA/cm?, with the OER, it needed 1.23 Vgyg but only as
low as 0.5 Vyyg is needed when introducing the glycerol. This
clearly indicated that the energy consumption can be highly
reduced for an PEC cell when the glycerol was introduced. However,
it is not always showing a positive effect when the glycerol con-
centration increased unlimitedly. As in the figure, as the glycerol
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Fig. 3. Current (J)-potential (V) curves of BiVO4 were measured under dark and
simulated AM 1.5 G solar light illumination in 0.1 M NaBi electrolyte in presence of
various glycerol concentrations (0—3.0 M) with the scanning rate of 10 mV/s.

concentration was relatively low, i.e. 0.1 M—2 M, the current den-
sity increased as the concentration increased. This is because that
the increasing amount of reactant (glycerol) near the BiVO4 pho-
toanode surface could boost the rate of glycerol oxidation by the
photon-excited charge carrier. On the contrary, further increase of
the glycerol concentration to 3.0 M hindered this benefit due to the
high viscosity of the glycerol, leading to the mass transfer control
region where the diffusion took place as the rate determine step.
This can be further analyzed by the electrochemical impedance
spectroscopy (EIS) study.

As in Fig. 4, the impedance was conducted at 0.7 Vryg, where
both OER and glycerol oxidation reaction happened. It is clear that
the charge transfer resistance was much higher for OER comparing
to the glycerol oxidation reaction and this will be demonstrated
later in the charge injection efficiency measurement. With a closer
observation, the solution resistance (Rg) increased as the glycerol
concentration increased. This is again due to the viscous (low
diffusion coefficient) and non-conductive traits of glycerol. The EIS
results were further organized into Fig. 4(b), which shows the ef-
fects of solution resistance (Rs) and charge transfer resistance (R¢t)
on the current density. When there was no glycerol added, an
extremely high charge transfer resistance but low solution resis-
tance was observed. However, as glycerol was introduced, the R¢
dropped apparently while the R slowly increased. The change of
these two resistances based on the glycerol concentration even-
tually led to an optimal glycerol concentration (2.0 M) for the most
efficient, i.e. highest current density, PEC cell.

In order to demonstrate the ability of glycerol instantly reacting
with the photon-generated holes on BiVO4 photoanode, a set of
sulfite, known as a hole-sacrificial reagent, oxidation experiment
was performed under 1 sun AM 1.5 G irradiation for comparison.
The kinetics of sulfite oxidation is considered as extremely fast to
allow every hole reaching the electrode-electrolyte interface being
oxidized instantly and thus the charge carrier, hole, injection effi-
ciency (Min;) is taken to be 100% [37]. Based on the measured
photocurrent density (Jpn) of an PEC cell and the relationship of
three photocurrent density affecting factors, i.e. the current density
converted from the incident light with no energy loss (Japbs), the
separation efficiency of photon-excited charge carriers (nsep), and
the charge injection efficiency (njy;), an equation (Eq. (2)) can be
used to express the relationship.
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Fig. 4. (a) Nyquist plots of BiVO, photoanode with different concentration of glycerol
at 0.7V (vs. RHE) under AM 1.5G irradiation; (b) relationship among current density,
charge transfer resistance and solution resistance derived from Nyquist plot.

Jpn =Jabs X Nsep X Ninj 2

With using the same BiVO4 photoanode, the Japs and msep
considered to be the same for water, glycerol and sulfite oxidations.
As a result, the difference in the measured current density (Jpn) is
due to the difference of the hole injection efficiency (nin;). The
original LSV of these oxidation reactions was shown in Fig. 5(a). It is
clear that the oxidation of water demonstrated relatively low cur-
rent density as to the sulfite oxidation in all potential range, indi-
cating the low injection efficiency of the hole for water oxidation
reaction. However, as 0.1 M glycerol was added, the current density
was increased, yet still lower than that of sulfite oxidation. With
further increasing the glycerol concentration to 2 M, the surprising
result was obtained. The current density was comparable to that of
sulfite oxidation, indicating much more charge carrier was gener-
ated in the system. It is worth to note that this charge carrier came
from the photon excitation as there was no current observed under
the dark condition. A further comparison can be made by the ratio
of Jpn for water and glycerol oxidations (noted as ]g‘”, where rxn
represented as water or glycerol oxidation reaction) to sulfite
oxidation which led to the hole injection efficiency (n;,;) for the
water and glycerol oxidations, as shown in Eq. (3) ~ Eq. (5).

Xn
-’ph =Jabs X Nsep X Minj 3
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As in Fig. 5(b), for both glycerol and glycerol oxidation, at a
higher applied potential, a higher hole injection efficiency was
observed. The water oxidation by BiVO4 photoanode showed that
~32% of the hole reaching the electrode surface can be injected into
the electrolyte for water oxidation reaction at 1.23V vs. RHE.
However, the injection efficiency increased to ~52% and ~96% for
the 0.1 M and 2 M glycerol oxidation reaction, respectively. This
indeed demonstrated that the high kinetics towards glycerol
oxidation reaction on the BiVO4 photoanode. Thus, adding glycerol
into the electrolyte can highly increase the PEC efficiency by
boosting the hole injection efficiency. Furthermore, Fig. 5(c) shows
the result of transient photocurrent measurement of BiVO4 pho-
toanode with the addition of glycerol into the electrolyte. As shown
in the figure, in absence of glycerol, the transient spikes were much
sharper than those of with glycerol, indicating the fast recombi-
nation of photogenerated pairs of electron-hole for the water
oxidation reaction. Conversely, with the presence of 0.1 M glycerol
in the electrolyte, the recombination was significant suppressed
and the decay of currents to the steady-state values took longer
time. More interestingly, when 2 M glycerol was added, the square
transient photocurrent response was observed, revealing that the
recombination was completely suppressed. In other words, the
consumption of holes from the photoanode in presence of glycerol
was much more efficient and it was again due to the high kinetics

towards glycerol oxidation. Additionally, external quantum yields
(i.e. IPCE) of BiVO4 photoanodes in the wavelength range of
350-550nm, which were acquired at 1.23Vgyg, were also
measured and shown in Fig. 5(d). Apparently, adding glycerol can
enhance the IPCE significantly in comparison with that of water
oxidation reaction only. The IPCE value of BiVO4 photoanode for
2 M glycerol reached about 55% in the range from 350 to 450 nm,
which was nearly 3 times higher than that of OER system. Given
that adding glycerol would not significantly alter the photoanode
light absorption profile, the higher IPCE value of BiVO4 in presence
of glycerol revealed that the photoexcited holes successfully
transferred and participated in photoelectrochemical reaction with
much less efficiency loss [37].

3.3. Product analysis and proposed mechanism

It would not be practical to run a large-scale energy conversion
system at high applied bias because the energy input required to
sustain the bias would compromise the energy output. Therefore,
in this study, the continuous oxidation of glycerol was studied at 0.7
Vrye Which was high enough to oxidize glycerol efficiently without
OER occurring. The corresponding current density and reaction
products were shown in Fig. S2 and Fig. 6. As revealed in Fig. S2 and
S3, despite the BiVO4 photoanode suffered some deterioration
initially but then the current density maintained constant for at
least 7 h, suggesting a reasonable stability for the PEC glycerol
oxidation which was consistent with structure and chemical state
analysis shown in Fig. S4. Additionally, ICP was also performed to
further investigate the dissolution of BiVO4. As shown in Table ST,
fresh and post glycerol oxidation electrolyte both had similar Bi and
V amount while BiVO4 film was kept the ratio of Bi:V=1:1.
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Therefore, it is reasonably to believe that there was no significant
dissolution of the BiVO4 during the glycerol oxidation. It is inter-
esting to note that, the durability of BiVO4 in glycerol oxidation was
more stable than that of water oxidation only (Fig. S5). It has been
previously reported that if the consumption of the surface-reaching
holes for the interfacial oxidation reaction is fast enough so that no
holes accumulating on the surface, much better stability could be
achieved [38]. To further understand the oxidation of glycerol on
the BiVO4 photoanode, the liquid products of glycerol oxidation for
3h under continuously illumination on BiVO4 photoanode was
analyzed by HPLC (Fig. 6(a)). The products were identified as formic
acid and dihydroxyacetone (DHA) with the selectivity of ~85% for
formic acid ~15% for DHA, respectively. Moreover, the theoretical
production of each products was given in Fig. S6 with the
assumption of all the current was contributed into one product at a
time. It is worth to note that DHA is used as an active ingredient in
the sunless tanners with very high value (ca. 150 USD/kg) in com-
parison to the price of both crude and purified glycerol (<0.3 USD/
kg and ~0.6 USD/kg, respectively) [39]. The selectivity of DHA by
our BiVO4 photoanode was much higher than those selectivity
(4—7%) obtained from TiO; [15,16]. Even more, it was surprisingly
higher than some of the precious metal-containing carbon-based
materials, like carbon nanotube, carbon nanofiber and reduced
graphene oxide, whose selectivity towards DHA were around 5—9%
[18,21,22]. Furthermore, besides from DHA, there is no doubt about
the importance of the formic acid (~110 USD/kg for 95%) in the

various chemical industries. Additionally, the gas evolution
collected from the air-tight PEC cell further confirmed that the
theoretical and measured hydrogen gas from water splitting was
matched and there was no detectable oxygen due to the water
oxidation reaction was taken over by the glycerol oxidation. Based
on the above discussion, the proposed mechanism for solar-driven
glycerol oxidation over BiVO4 photoanode was proposed and
illustrated in Fig. 6(c). Under light irradiation, the holes (h™)
generated from BiVO4 migrated into electrode/electrolyte interface
and reacted with glycerol. The DHA was formed by the secondary
-OH oxidation and the formic acid was resulted from the further
oxidation process involving the C-C cleavage. Meanwhile, the
photogenerated electrons (e~) migrated to counter electrode (Pt)
for hydrogen evolution reaction. Therefore, it is reasonable to
conclude that the photoelectrochemical water splitting in glycerol
aqueous solution not only boost the hydrogen evolution rate but
also enhance the photoelectrochemical stability of BiVO4 electrode
as well as add the extra value to the biodiesel plant.

4. Conclusions

In summary, we introduced a high-performance photo-
electrochemical cell based on bismuth vanadate by introducing the
industrial by-product, i.e. glycerol. With adding glycerol at an
appropriate concentration, surface charge recombination in bis-
muth vanadate photoanode is near-completely suppressed and
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thus PEC performance is vastly enhanced. Additionally, the pres-
ence of glycerol can greatly reduce the requirement of larger anodic
potentials for PEC hydrogen evolution and facilitate the production
of valuable organic compounds. This work not only provides a
simple and cost-effective approach to boost the hydrogen produc-
tion efficiency but also to make the biodiesel production more
profitable and sustainable.
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