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Abstract: The conversion of glycerol to high-value-added products via photoelectrochemical (PEC)
oxidation has emerged as a promising approach for utilizing a sustainable and clean energy source
with environmental and economic benefits. Moreover, the energy requirement for glycerol to produce
hydrogen is lower than that for pure water splitting. In this study, we propose the use of WO3
nanostructures decorated with Bi-based metal-organic frameworks (Bi-MOFs) as the photoanode for
glycerol oxidation with simultaneous hydrogen production. The WOj3-based electrodes selectively
converted glycerol to glyceraldehyde, a high-value-added product, with remarkable selectivity. The
Bi-MOF-decorated WO3 nanorods enhanced the surface charge transfer and adsorption properties,
thereby improving the photocurrent density and production rate (1.53 mA/cm? and 257 mmol/m?-h
at 0.8 Vryg). The photocurrent was maintained for 10 h, ensuring stable glycerol conversion. Further-
more, at 1.2 VRyg, the average production rate of glyceraldehyde reached 420 mmol/ m?-h, with a
selectivity of 93.6% between beneficial oxidized products over the photoelectrode. This study pro-
vides a practical approach for the conversion of glycerol to glyceraldehyde via the selective oxidation
of WO3 nanostructures and demonstrates the potential of Bi-MOFs as a promising cocatalyst for PEC
biomass valorization.

Keywords: photoelectrochemical; WOj3; glycerol; oxidation; glyceraldehyde

1. Introduction

The development of sustainable and environmentally friendly energy sources has
become crucial in the effort to replace fossil fuels, particularly in the face of the increasing
global demand for energy and the impacts of climate change [1-4]. A report by the United
Nations Food and Agriculture Organization (OECD/FAQ) shows that the annual produc-
tion and consumption of biodiesel are increasing worldwide [5]. However, a significant
amount of waste glycerol is generated as a by-product of biodiesel manufacturing [6-8].
Various technologies are being explored to maximize the benefits of biodiesel by converting
low-cost glycerol into higher-value compounds. Most conversion methods, including
reforming [9,10], hydrogenolysis [11,12], dehydration [13,14], esterification [15,16], etherifi-
cation [17,18], oligomerization [19,20], carboxylation [21,22], and oxidation [23-26], have
limitations such as the requirement for an additional energy source or the production of
CO, during the conversion process. However, photoelectrochemical (PEC) oxidation is
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a promising method for glycerol conversion, which is an environmentally friendly and
straightforward process for directly transferring solar energy into the target material [27-30].
In addition, PEC oxidation of glycerol-containing systems is more aggressive than pure
water splitting. Glycerol, which contains three hydroxyl groups, is kinetically easy to oxi-
dize and thermodynamically requires less energy to oxidize than water [31-33]. Moreover,
depending on the degree of glycerol oxidation, high-value-added products can be obtained
from glycerol conversion. Glycerol oxidation produces mainly glyceraldehyde (GAD,
C3HgO3), dihydroxyacetone (DHA, C3HgO3), glyceric acid, tartronic acid, glycolic acid,
formic acid, and oxalic acid [34,35]. All products, except for formic acid, are more valuable
than glycerol, which is commonly used in cosmetics and pharmaceuticals [36,37]. As an
emerging high-value-added compound, GAD is used as a non-toxic cross-linking agent for
anticancer and antibiotic pharmaceuticals and as a self-tanning agent material for skin care
products in cosmetics [38,39]. Hence, the total energy required to simultaneously produce
both high-value compounds and hydrogen can be reduced by replacing the oxidation of
water with glycerol.

Recently, various metal oxides such as BiVOy [40,41], TiO; [42,43], ZnO [44,45], and
WOj3 [46,47] have been investigated to enhance the photocatalytic performance and to
understand the glycerol conversion mechanism under the PEC reaction. Among these
metal oxides, WOj3 is an attractive photoanode for PEC glycerol oxidation due to its appro-
priate band gap (2.5-2.8 eV), hole diffusion length (150 nm), electron mobility (12 cm?/V-s),
and valence band edge position (3.0 V vs. a reversible hydrogen electrode (RHE)) [48-51].
However, its major drawbacks, such as its rapid recombination of photoelectron-hole
pairs and poor charge separation, hinder the improvement of the PEC performance [52].
To overcome these issues, morphology control [53,54], surface modification [55,56], het-
erojunction construction [57,58], doping [59,60], and oxygen evolution cocatalyst (OEC)
loading [61,62] can be applied. Among these methods, loading OECs onto nanostructured
WOj3 photoanodes is effective in increasing the active area and promoting the charge trans-
fer of glycerol [63,64]. As a crystalline material comprising metal and organic ligands,
metal-organic frameworks (MOFs) have been considered promising OECs owing to their
high specific surface areas, multiple active sites, tunable structures, good adsorptivity, and
good catalytic stability [65-68]. However, most MOFs exhibit poor electrical conductivity
and photoreactivity, and MOFs collapse when exposed to an aqueous environment [69-71].
Recently, some studies have reported that these problems can be solved by adjusting the
metal cations of MOFs [72-77]. Bi-based MOFs (Bi-MOFs), which exhibit a stable and good
charge transfer ability, in an aqueous environment are suitable for glycerol oxidation [77,78].
The oxidation process of cations can be influenced by the metal present in MOFs. In the
case of Bi ions, the strong electrostatic attraction between the cation and the oxygen of the
hydroxyl group in glycerol makes it easier to oxidize [40]. Moreover, the geometrically
flexible coordination modes of Bi are advantageous for MOF configurations, and two
regular helix chains permit the visible-light response of Bi-MOFs [78,79].

In this study, Bi-MOF-decorated WO3 (Bi-MOF/WO3) nanostructures were developed
for the efficient production of high-value-added products from glycerol. A solvothermal
process was employed for the synthesis of WO3 and Bi-MOFs to form a homogeneous
nanostructure. The photoreactivities of the prepared samples were optimized by modu-
lating the degree of surface decoration of the Bi-MOFs. Consequently, the photocurrent
density of the Bi-MOF/WO3 photoanodes was improved to 0.46 mA /cm? compared to that
of the bare WO3 photoanodes (0.17 mA/ cm?) at 0.8 Vryg without glycerol. In addition, the
photocurrent of the Bi-MOF/WOj; photoanodes was further improved to 1.53 mA /cm?
through the addition of glycerol, which is kinetically more easily oxidized than water.
Notably, the Bi-MOFs loaded on the WO3 photoanodes improved the PEC performance in
the oxidation of glycerol as compared to the bare WO3 photoanodes. The Bi-MOF/WOQO3
photoanodes (1.53 mA /cm? at 0.8 Vryg) exhibited a higher photocurrent than the bare
WO; photoanodes (1.14 mA /cm? at 0.8 Vryg), suggesting that Bi-MOFs facilitate not only
conventional PEC water oxidation but also PEC glycerol oxidation. Only glycerol was
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involved in the oxidation of the Bi-MOF/WOj3; photoanodes, and GAD and DHA were the
main products. GAD was mainly obtained via PEC glycerol oxidation using Bi-MOF/WOs3,
with production rates of 257 mmol/ m?-h (0.8 Vgug) and 420 mmol/m?-h (1.2 Vggg). In
particular, the comparison of the faradaic efficiencies of the main products revealed that
~94% of the main products consisted of GAD. Therefore, PEC glycerol oxidation using
Bi-MOF/WOQOj3; photoanodes can produce not only the high-value-added compound GAD
with high selectivity but also an environmentally friendly fuel such as H;. This research is
expected to provide a strategy to improve the photoreactivity, selectivity, and stability of
WO;3 photoanodes by using MOF cocatalysts for PEC glycerol oxidation.

2. Materials and Methods
2.1. Materials

Hydrochloric acid (HCl, 37%, Sigma-Aldrich, Vienna, Austria), ammonium paratungstate
((NHy)10H2(W207)6, 99.99%, Sigma-Aldrich, Tokyo, Japan), hydrogen peroxide (H,O,, 30%,
Sigma-Aldrich, Madrid, Spain), bismuth(Ill) nitrate pentahydrate (Bi(INO3)3-5H,0O, 98%,
Sigma-Aldrich, Mexico City, Mexico), methanol (MeOH, 99.8%, Sigma-Aldrich, St. Louis,
MO, USA), N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldric, Ankara, Turkey), trimesic
acid (CgH3(CO,H)3, 95%, Sigma-Aldrich, Shanghai, China), sodium sulfate (NapSOy, 99.0%,
Sigma-Aldrich, Bangalore, India), glycerol (C3HgO3, 99+%, Alfa Aesar, Selangor, Malaysia)
and sulfuric acid (Alfa Aesar, Haverhill, MA, USA). All materials were analytical grade
and used without further purification.

2.2. Fabrication of WO3 and Bi-MOFs

Figure 1 shows the synthesis of the WO3 and Bi-MOF nanostructures. WO3-based
electrodes exhibit remarkable selectivity in the conversion of glycerol to GAD, which is
a high-value-added product. The precursor solution used for the synthesis of the WO;
nanostructure was prepared by adding 0.687 mL of HCl to 69 mL of deionized (DI) water,
containing 0.6048 g (0.20 mmol) of dissolved ammonium paratungstate. The precursor
solution was left at room temperature for more than 4 h. Subsequently, 1.452 mL of H,O,
was added to the precursor solution to dissolve the precipitated tungsten acid. After the
precursor solution was prepared, fluorine-doped tin oxide (FTO) glass was transferred
to a Teflon-lined stainless-steel autoclave with the conductive surface facing down in
the precursor solution. Then, hydrothermal synthesis was performed at 180 °C for 4 h.
After the reaction, the Teflon-lined stainless-steel autoclave was cooled naturally at room
temperature. The as-obtained WO3 was carefully cleaned with DI water and annealed at
500 °C for 2 h in air.

Autoclave Cathode Reduction
2H* +2¢” > H,
* net reaction: 2C3Hg03 + 3H,0 - 3C,H,403 + 5H,

G \
Precursor RTeﬂ':" 2C3HgOs + 3H,0 > 3C,H405 + 10H +10e~ Y Solar/
eactor
solution OH 9
— o Lon o A
OH
0 Glycerol u Glyceraldehyde / P
v
r WO;-based Oxidation
substrate | photoanode

E WO, L0 Bi-MOFs/WO,
U nanostructures nanostructures

WO, olill e
FTO | el LA
Glass ﬁ: | -
Hydrothermal Solvothermal
synthesis synthesis

Figure 1. Schematic of the WO3 and Bi-MOF nanostructures and redox reaction.
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A series of Bi-MOF catalysts were synthesized using the solvothermal method. The
precursor solution used for the synthesis of the Bi-MOFs was prepared by dissolving
0.283 g (0.58 mmol) of bismuth(III) nitrate pentahydrate and 0.230 g (1.09 mmol) of trimesic
acid in a solvent containing 45 mL of MeOH and 15 mL of DMEF. Then, the as-prepared
WOj3 samples were immersed in the prepared solution for 10, 30, and 60 min at room
temperature. The as-obtained Bi-MOF/WQO3; was washed with methanol and dried in air
at 60 °C. Finally, the as-prepared Bi-MOF/WO; was annealed at 200 °C for 1 h.

2.3. Material Characterization

The structural characteristics of the Bi-MOF/WOj3 photoelectrode were identified
via X-ray diffraction (XRD, Bruker AXS, Karlsruhe, Germany) using Cu Ko radiation
(A = 1.5406 A) at 40 kV and 40 mA. To confirm the nanostructure morphology, field-
emission scanning electron microscopy (FESEM, Hitachi 5-4700, Hitachi, Tokyo) images
were recorded. The elemental composition of Bi-MOF/WO3 was investigated by recording
energy-dispersive spectroscopy (EDS) mapping images on a high-angle annular dark-
field scanning transmission electron microscope (HAADF-STEM, Tecnai G2 F30 S-twin,
FEI) at 300 kV and an X-ray photoelectron spectroscopy (XPS, NEXSA, Thermo Fisher
Scientific, Waltham, MA, USA) system. Ultraviolet—visible (UV-Vis) absorption spectra of
the photoanodes were measured using a Shimadzu UV-Vis spectrophotometer (UV-2600,
Tokyo, Japan).

2.4. PEC Measurements

Electrochemical and photoelectrochemical characteristics were investigated using a
potentiostat (Ivium-n-Stat, Ivium Technologies, Eindhoven, The Netherlands) with a 150 W
Xe lamp (Model 10500, ABET Technology, Milford, CT, USA). The light intensity was
calibrated using a photodiode (Bunkokeiki Co., Ltd. Tokyo, Japan) under 1-sun intensity
(100 mW /cm?). All PEC measurements were performed in a three-electrode system inside a
quartz cell, where a Pt coil, Ag/AgCl electrode, and photoanodes were used as the counter
electrode (CE), reference electrode (RE), and working electrode (WE), respectively.

The potentials vs. the Ag/AgCl electrode were converted to those vs. RHE using the
Nernst equation:

Eryr = EAg/AgCl +0.059 x pH + 0.197

where Egpg is the converted potential, and Eag/agcy is the reference potential of the
Ag/AgCl electrode. To use photoanodes as the WE, a Cu wire and FTO were connected
using Ag paste. After the Ag paste was dried, FTO and the Cu wire were sealed with epoxy
resin to separate the electrodes from the electrolyte.

The pH of all 0.5 M Na;SO; electrolytes was calibrated to 2 using sulfuric acid,
regardless of the addition of glycerol. Linear sweep voltammetry (LSV) was performed at a
scan rate of 20 mV /s and a scan step size of 10 mV. The corresponding Tafel slopes were
calculated using the Tafel equation, as follows:

n=>bxlog(]) +a

where 1 is the overpotential, b is the Tafel slope, and ] is the current density.
Electrochemical impedance spectroscopy (EIS) was performed at 0.8 Vryg in a fre-
quency range of 100 kHz to 0.5 Hz under illumination.
A monochromator (Mmac 200, Dongwoo OPTRON, Gwangju, Korea) was used at
wavelengths ranging from 300 to 550 nm for measurements of the incident photon-to-
current efficiency (IPCE), which was calculated using the following equation:

1240 X [,

IPCE = ———
AXP

% 100%

where ], is the photocurrent density, A is the wavelength, and P is the incident light intensity.
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Faradaic efficiency (n) was calculated by measuring the amount of product estimated
via high-performance liquid chromatography (HPLC, Waters Alliance 2695, Aminex-HPX-
87H column, Hercules, CA, USA) and gas chromatography (GC, 6500GC, 5 A molecular
sieve column).

High-purity Ar gas was injected into a sealed quartz cell at a rate of 20 mL/min,
followed by GC analysis to determine the gas generated using a thermal conductivity
detector (TCD). The temperatures of the oven and detector were maintained at 50 °C and
150 °C, respectively. The faradaic efficiency of the produced gas was calculated using the
following equation:

v n
zFP/RT X &5 X 100,000

Faradaic efficiency (n) = 1
where z is the number of charges that produces a molecule of the product, F is the Faraday
constant, P is the pressure, R is the gas constant, T is the temperature, v is the volume flow
rate, n is the concentration of gas detected via GC, and i is the current. The z values of
hydrogen and oxygen are 2 and 4, respectively, according to the following reaction formula:

2H,0 — 4H" +4e~ + Oy, 2H +2¢~ — H,

Twenty microliters of the electrolyte in which the electrochemical reaction occurred
was subjected to HPLC analysis by flowing 5 mM sulfuric acid into the UV detector
(Waters 2487 Dual A Absorbance Detector) at 0.5 mL/min with an Aminex HPX 87-H
column (300 mm X 7.8 mm). The oven temperature was maintained at 60 °C, and the UV
detector wavelength was maintained constant at 210 nm to detect the products obtained
via oxidation. The faradaic efficiency of the products in the liquid was calculated using the
following equation:
zx mol x ¥

Q

where mol is the number of moles of products detected via liquid chromatography (LC),
V is the total volume of the electrolyte, u is the injection volume of LC, and Q is the total
charge passed through the electrode. The z value of GAD and DHA is 2, according to the
following reaction formula:

Faradaic efficiency =

Glyceraldehyde & Dihydroxyacetone (GAD/DHA): C3HgO3 — C3HgO3 + 2H' 4 2e.

3. Results and Discussion

The morphologies of the WO3 and Bi-MOF/WOj3 nanostructures were investigated via
FESEM characterization. Figure 2a,b show the top-view and cross-sectional images of the
Bi-MOF/WOj3 nanostructures, respectively. A WOs3 nanostructure with a length of 1-2 um
was formed on the FTO substrate. Vertically aligned WO3 nanostructures were successfully
synthesized on the FTO substrate without any seed layer. The FESEM images of the Bi-
MOF/WOs (Figure 2a) and WOs3 nanostructures (Figure S1) were the same, indicating
that the as-deposited WO3 was stable during the synthesis of the Bi-MOFs. In addition,
HAADEF-STEM and STEM-EDS mapping images were recorded to verify the microscopic
structures and elemental distributions. The dispersion of Bi elements on the WOj3 surface
in the mapping images confirmed the successful synthesis of the Bi-MOFs (Figure 2c—f).
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Figure 2. Structural characteristics of Bi-MOF/WOj3; on FTO. (a) Top-view SEM images. (b) Cross-
sectional SEM images. (c) HAADF-STEM image, and (d—f) corresponding structures and elemen-
tal distributions.

To confirm the crystalline phases of the Bi-MOF/WOj5 crystal structure, XRD analysis

was conducted. The crystalline phases of the Bi-MOFs (denoted by @) were observed at 26
values of 13.99°, 28.22°, and 36.61°, as shown in the XRD patterns in Figure 3a [78]. When
the synthesis time of the Bi-MOFs was 30 min, the highest-intensity peak of the Bi-MOFs
was observed due to the improved crystallinity (Figure S2). In contrast, when the synthesis
time was 60 min, the crystalline phase of the Bi-MOFs was not formed. At 2 6 values of
37.8°,51.55°, 65.5°, and 78.6°, peaks were exhibited by the FTO substrate (denoted by H).
The peaks observed for WO3 could be accurately indexed to the monoclinic phase [80]. The
highest-intensity peak at 24.3° corresponded to the (200) plane. The strength and position
of the peaks corresponding to the monoclinic phase were consistent in the synthesis of
the Bi-MOFs.

The surface composition of Bi-MOF/WO;3; and WO3; was identified through XPS
narrow-scan analysis of W 4f, W 5p, and Bi 4f (Figure 3b). The orange dashed line represents
the fitting results for each split orbital state, while the blue points indicate the points
obtained when the orbital states have converged. Doublet peaks were observed at W 4f5»
(37.8 eV) and W 4f;,, (35.6 eV) for WO3 and Bi-MOF/WOj3 (Figure 3d) [81]. The Bi-MOFs
did not affect the configuration of WO3 (Figure 3d), which was confirmed by the constant
position and similar shapes of the peaks. By contrast, the peaks of Bi 4f5,, (165.0 eV)
and Bi 4f7/, (159.7 eV) were only observed for Bi-MOF/WO3 and not for the bare WO3
(Figure 3c) [82]. These results confirm that Bi-MOFs can be successfully synthesized on
bare WO;.

To investigate the light adsorption capability of the photoelectrodes, the UV-Vis light
absorbance spectra and Tauc plots are depicted in Figure S3. There were no significant
differences in the UV-Vis absorbance spectra between the WO3; and Bi-MOF/WO; pho-
toelectrodes. The absorption spectra were similar between the two electrodes, indicating
that the presence of the Bi-MOF catalyst did not contribute to the decrease in the light
adsorption efficiency. Furthermore, based on the Tauc plots, it was determined that the
band gap of the photoelectrode was about 2.7 eV. This indicates that the photoelectrode is
suitable as a candidate for PEC glycerol oxidation.
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Figure 3. (a) XRD 6—26 scans. (b) XPS survey spectra. (c) Bi 4f XPS core-level spectra. (d) W 4f XPS
core-level spectra of WO3 and Bi-MOF/WOj3 photoanodes.

The PEC performance was evaluated on the three-electrode system under AM 1.5 G
illumination (100 mW/cm?) with a Pt coil and Ag/AgCl (sat. KCI) as the CE and RE,
respectively. Figure 5S4 shows the LSV polarization curve vs. the synthesis time of the
Bi-MOFs. The WO3 photoanode with Bi-MOFs synthesized for 30 min exhibited the highest
photocurrent density of 1.01 mA / cm? at 0.8 Vryg and 1.81 mA /cm? at 1.2 Vypyg. In addition,
the relationship between the crystallinity of the Bi-MOFs and the charge transfer resistance
was confirmed by the EIS curves, followed by the fitting of the Nyquist plots of the
photoanode to an equivalent circuit. The charge transfer resistance of the WO3; photoanode
with Bi-MOFs synthesized for 30 min was lower than that of the Bi-MOFs synthesized for
10 and 60 min and the bare WO3. Hence, the WO3; photoanode with Bi-MOFs synthesized
for 30 min was selected as the optimal photoanode, and its higher PEC performance was
attributed to it having the most efficient cocatalyst with the highest crystallinity, i.e., the
Bi-MOFs synthesized for 30 min, as confirmed by the XRD data (Figure S3).

Figure 4a shows representative LSV curves of the photoanodes with and without
glycerol. In the electrolyte without glycerol, the photocurrent density of the bare WO;
was 0.85 mA/cm? (at 1.2 Vgyg), while that of Bi-MOF/WOj increased to 1.26 mA /cm?
(1.2 Vryg). Furthermore, glycerol with three hydroxyl groups was more easily oxidized
than water, resulting in a further improvement of the PEC performance of the glycerol-
containing electrolytes [31,83]. Through the addition of 2 M glycerol in the electrolytes, the
photocurrent density of the bare WO3; was 1.78 mA/ cm? (1.2 Vgryg), and the photocurrent
density of Bi-MOF/WO3 was 2.53 mA /cm? (1.2 Vryg); this result reveals a twofold perfor-
mance improvement in comparison with that of the electrolyte without glycerol. By contrast,
the onset potential of the electrolyte with glycerol was shifted to more negative potentials
than those of the electrolyte without glycerol. The effect of photocurrent enhancement is
more pronounced at lower bias potentials, such as 0.8 Vryg. The photocurrent density
of the bare WO3; was improved from 0.17 mA/ cm? to 1.14 mA /cm? at 0.8 Vgyg, and the
photocurrent density of Bi-MOF/WO3 was improved from 0.46 mA /cm? to 1.53 mA /cm?
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at 0.8 Vryg. By incorporating glycerol and Bi-MOFs into WOj3, the photocurrent of WO3
was improved by a factor of 3 at 1.2 Vryg and by factor of 8 at 0.8 Vryg. These results
suggest that the Bi-MOFs and glycerol significantly contributed to the PEC performance
improvement of the WO3 photoanodes. Figure S5 shows the corresponding Tafel plots of
the photoanodes. The Tafel slope of the photoanodes with glycerol (116, 121 mV/dec) was
smaller than that of the photoanodes without glycerol (182, 194 mV /dec). Electrolytes con-
taining glycerol exhibit lower Tafel slopes due to the fast charge transfer kinetics of alcohols
such as glycerol [84,85]. The Bi-MOF/WO; photoanode in the electrolyte with glycerol
exhibited the smallest Tafel slope (116 mV/dec). It was confirmed that the oxidation by the
photoanodes was facilitated by the addition of glycerol and the loading of the Bi-MOFs,
which drastically improved the PEC performance of the WO3 photoanodes.

(a) (b)
3.2 Dark 30 —— Bi-MOF/WO; with gly
&~ |——BIi-MOF/WO, with gly ——WO, with gly
E 281 wo, with gly - Bi-MOF/WO, without gly
& 2.4}-----Bi-MOFWO, withoutgly ~_~— | [ === WO, without gly
S0l WO, without gly
®» 1.6
S1.2f
c -
5 o8y 7 T
504
0.0 e emnazziloen” o \
04 0.6 0.8 1.0 1.2 300 350 400 450 500 550
Potential (V vs.RHE) Wavelength (nm)
(c) (d) "
326 0.8 Vgye WO, = WO, R e
~ ——1.2 Vg WO 70L= Bi-MOFWO, . N
& RHE 3 M \ -
52-8 F s 0.8 Vgye B-MOFWO,| FempmsmgEsasse=gl) 10
éz.o L g 504 ;
= Q
7 1.6 \ = 40+ 160 &
e )
S1.2f. S 30/ L
o 140 ©
S08t T 0l =
= I>~ Exp. H, =
3504+ 10 < 120 w
g+
0.0+ L
) . . ) 0 " . . . . . 0
0 2 4 6 8 10 0 20 40 60 80 100 120 140
Time (h) Time (min)

Figure 4. PEC performance of WO3 and Bi-MOF/WOj3 in 0.5 M Na,SO; electrolytes, with the pH
adjusted to 2 using sulfuric acid, with and without 2 M glycerol. (a) Representative LSV curves.
(b) IPCE at 0.8 VRyg. (c) Chronoamperometric measurement used to evaluate PEC stability with 2 M
glycerol, and (d) the corresponding faradaic efficiency and production rate of hydrogen at 0.8 Vryg.

To evaluate the dependence of the PEC performance on the wavelength, the IPCE of
the WOs3 photoanodes was measured at wavelengths in the range of 300-550 nm. When
the PEC performance was measured in an electrolyte without glycerol at 0.8 Vryg, the
IPCE of the bare WO3 was 11.8% at 395 nm, while that of Bi-MOF/WO3; was improved to
13.5% (Figure 4b). The addition of glycerol in an electrolyte also improved the IPCE, similar
to the LSV results (Figure 4a). At a wavelength of 395 nm, WOj3 exhibited an IPCE of
19.99%, whereas Bi-MOF/WOj3 exhibited an improved IPCE of 20.63%. The IPCE measured
at 1.2 Vryg was greater than that measured at 0.8 Vryg (Figure S6). Without glycerol,
the IPCE values for WO3 and Bi-MOF/WO3 were 22.7% and 23.9%, respectively. In the
presence of glycerol, the IPCE values for WO3 and Bi-MOF/WOj; increased to 33.4% and
33.8%, respectively.
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The PEC stability of the photoanodes was evaluated for 10 h with an electrolyte con-
taining 2 M glycerol (Figure 4c). The photocurrent density of the photoanodes increased
from the initial value and remained constant at 0.8 Vryg for 10 h. At 1.2 Vryg, the pho-
tocurrent densities of WO3 and Bi-MOF/WQOj3; were maintained at 82% and 87% of their
initial photocurrent after 10 h, respectively. To analyze the PEC performance and selectivity
of the photoanodes in terms of gas production, the amount of H, and O, generated from
the photoanodes was determined, and their faradaic efficiencies were calculated. For all
electrodes, the faradaic efficiency of H, was ~100%, as glycerol did not interfere with the
reduction to hydrogen (Figure 4d). At 0.8 Vryg, the average production rates of H; for
WOj3 and Bi-MOF/WO; were determined to be 22.9 and 28.1 pmol/cm?-h, respectively
(Figure 4d). By increasing the applied potential to 1.2 Vryg, the average production rates
for WO3 and Bi-MOF/WOj3; were improved to 33.2 and 43.3 pmol/cm?-h, respectively,
similar to the improved photocurrent density revealed in the chronoamperometric mea-
surement (Figure S7). This was because the photogenerated holes from Bi-MOF/WO3
were used for glycerol oxidation rather than water oxidation. As shown in Figure S8, O,
gas was not detected, so the photocurrent in the oxidation reaction was 100% due to the
photoelectrochemical reaction of glycerol.

The product mixture generated by the PEC reaction for 10 h in an electrolyte with
2 M glycerol was analyzed via HPLC. Figure 5 and Table S1 show the quantitative analysis
and faradaic efficiency of the products generated over WO3 and Bi-MOF/WOj3, respec-
tively. Glycerol oxidation products were identified via their retention times and mass
spectroscopy, and quantitative analysis was performed through the calibration of each
product using standard materials (Figure S9). GAD and DHA were detected as the main
products without any other products. When glycerol was oxidized over WO3, GAD was
produced in the highest amount, with 201 mmol/ m?-h at 0.8 Vg and 322 mmol/m?-h at
1.2 VRrug. The improved PEC performance of Bi-MOF/WOj3; was attributed to the more
aggressive oxidation of glycerol over Bi-MOF/WO3; compared to that over WO3. The
production of GAD increased to 257 mmol/m?-h (at 0.8 Vgyg) and 420 mmol/m?-h (at
1.2 Vryg). Similarly, DHA production was increased from 13 mmol/ m2-h to 16 mmol/m?2-h
at 0.8 Vryg, and from 19 mmol/m?2-h to 29 mmol/m?2-h at 1.2 Vryg, by the Bi-MOF catalyst.
The total faradaic efficiency was maintained at ~100% at 0.8 Vryg, but decreased to 96.2%
at 1.2 Vryg, despite the increase in the total production rate (Figure 5b). On the other
hand, the selectivity of GAD was maintained regardless of the potential (94%) in the overall
conversion efficiency (Figure 5c). As the PEC reaction continues and the concentration
of GAD and DHA in the electrolyte increases, glycerol is over-oxidized and converted to
COy, a stable phase lower than the thermodynamic driving force of the two products [86].
However, Bi-MOF/WOj3; maintained the selectivity of GAD in favor of converting glycerol
to GAD, even in the presence of aggressive PEC reactions. To the best of our knowledge,
our study reports the highest selectivity among catalysts for the conversion of glycerol to
GAD, and this selective oxidation for PEC reactions has not been reported thus far. Table S2
shows the faradaic efficiency and selectivity with the detailed catalyst structures. As a
result, by controlling the reactivity of glycerol, WO3; decorated with Bi-MOF cocatalysts
could selectively produce GAD.
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Figure 5. Oxidant products from WOj3 and Bi-MOF/WOj: (a) production rate, (b) faradaic efficiency,
and (c) selectivity at 0.8 Vryg and 1.2 VRyg.

4. Conclusions

In conclusion, the utilization of Bi-MOF/WOj3 nanostructures is a promising strategy
for converting glycerol into high-value-added products and generating sustainable energy
sources. The WOs-based electrodes exhibited high reactivity with glycerol during PEC glyc-
erol oxidation, requiring less applied potential energy than water splitting. The addition of
a Bi-MOF cocatalyst further improved the PEC performance by preventing electron-hole re-
combination and enhancing glycerol adsorption, resulting in a Bi-MOF/WOj3; photocurrent
density of 1.53 mA/cm? at 0.8 Vryg. The PEC reaction was stable for 10 h, and the primary
products of glycerol oxidation were GAD and DHA. One of the high-value-added products,
GAD, was produced at a rate of 257 mmol/m?-h, with a selectivity of 4.7%. Increasing the
applied potential to 1.2 Vryg accelerated the oxidation reaction, leading to an improved
photocurrent density and GAD production rate of 2.53 mA/ cm? and 420 mmol/m?-h,
respectively. The selectivity of GAD remained high at 93.0%, even during the aggressive
glycerol oxidation. In this regard, the use of Bi-MOF cocatalysts on WO3-based nanos-
tructures is an effective strategy for the selective and efficient conversion of biomass into
certain high-value-added products with enhanced PEC performance. These results have
significant implications for the development of technologies for energy conversion systems
and utilization.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13101690/s1, Figure S1: Top-view SEM images of WOj3
on FTO; Figure S2: Out-of-plane 6—26 scans of Bi-MOF/WO3 at different synthesis times of MOF;
Figure S3: (a) UV-vis absorbance spectra, (b) Tauc plot; Figure S4: PEC performance of WO3 and
Bi-MOF/WO3 in 0.5 M NaySO; electrolytes, with pH adjusted to 2 using sulfuric acid, with 0.1 M
glycerol. (a) LSV polarization curves, (b) Nyquist plots with different synthesis times of MOF;
Figure S5: Tafel plots of WO3 and Bi-MOF/WO3 in 0.5 M NaySO; electrolytes, with pH adjusted
to 2 using sulfuric acid, with and without 2 M glycerol; Figure S6: IPCE values at 1.2 V vs. RHE
with 2 M glycerol; Figure S7: Faradaic efficiency and production rate of hydrogen at 1.2 V vs. RHE;
Figure S8: Faradaic efficiency and production rate of oxygen; Figure 59: (a) Liquid chromatography
of produced glyceraldehyde, (b) calibration curve of standard glyceraldehyde (c) NMR spectra of
produced dihydroxyacetone, (d) calibration curve of standard dihydroxy acetone. Table S1: Reaction
rate: production rate and faradaic efficiency from WO3 and Bi-MOF/WQO3; Table S2: Photocatalyst,
and photoelectrode for the selective oxidation of glycerol [40,41,87-91].
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