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The development of photoelectrochemical (PEC) systems for glycerol valorization and green hydrogen (Hs)
production is crucial for advancing sustainable energy technologies. In this work, a novel multilayer CaTiO3/
WO3/BiVO4 (CWB) heterostructured photoanode was fabricated via automated spray-coating to promote effi-
cient charge separation and enable glycerol photoelectrooxidation, with photogenerated electrons delivered to a
dark cathode to drive the hydrogen evolution reaction (HER). The CWB photoanode operated in a filter-press
flow cell, facilitating selective glycerol photoelectrooxidation toward valuable C;-C3 compounds, while Hy
was simultaneously produced at a platinum plate dark cathode. At a current density of —10 mA cm™2 under
visible light illumination, glycerol conversion yielded dihydroxyacetone (DHA), glyceric acid (GEA), and formate
(HCOO ") with an overall Faradaic efficiency (FE) of 64%, achieving a DHA production rate of 124 pmol m2s L
Concurrently, Hy was produced at the cathode with a production rate of 549 umol m~2 s~!, corresponding to an
energy consumption (Ecopn) of 383 kWh kmol ! and a cathodic energy efficiency (CEE) of 74%. The improved
performance is attributed to enhanced charge separation promoted by the multilayer heterostructure, with
efficient electron transfer across the WO3/BiVO, interface and improved charge collection through the CaTiO3
layer. These findings demonstrate that replacing the oxygen evolution reaction (OER) with glycerol photo-
electrooxidation in multilayer heterostructured photoanodes enables simultaneous Hy production and generation

of value-added chemicals, providing a promising platform for integrated PEC systems.

1. Introduction

The rapid expansion of biodiesel production has led to a significant
accumulation of crude glycerol, a byproduct of the transesterification
process, representing approximately 10 wt% of each biodiesel batch
[1,2]. The oversupply of glycerol, combined with its low market value
and high purification costs, has transformed this compound into an
underutilized waste stream, posing both economic and environmental
challenges [3,4].

To address this issue, several glycerol valorization strategies have
been explored, including biological [5-7], thermochemical [8-10],
catalytic [11,12], and electrochemical [13,14] processes. Among them,
electrochemical (EC) and photoelectrochemical (PEC) techniques have
demonstrated potential in the conversion of glycerol via hydroxyl (-OH)
and C—C cleavage oxidations into a variety of C; to C3 compounds on
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the anode, such as formic acid (FA), glyceric acid (GEA), and dihy-
droxyacetone (DHA) However, controlling selectivity remains a major
challenge due to the coexistence of multiple competing reaction path-
ways, where small changes in reaction conditions can shift the reaction
from partial oxidation toward C—C bond cleavage or complete miner-
alization [15]. Conventional electrochemical systems for hydrogen
evolution reaction (HER) or CO; reduction (CO2RR) typically suffer
from high overall energy consumption, largely because the anodic ox-
ygen evolution reaction (OER) is kinetically sluggish and requires large
overpotentials [16]. Despite their potential advantages, PEC strategies
for glycerol oxidation remain underexplored and are predominantly
focused on complete mineralization rather than selective conversion to
value-added product. Replacing the OER (Eq. (1) [17]) with the glycerol
PEC oxidation reaction (GPEOR, Eq. (2) [18]), both in alkaline medium,
represents a promising strategy. This approach might reduce energy
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consumption by over 50% while simultaneously generating valuable
products at the anode.

Moreover, GPEOR can be coupled with cathodic reactions, such as
the HER or CO3RR, both in alkaline medium, to enhance the overall
efficiency of the system [19-25].

(OER) 4 OH =0, +2H,0+4 ¢ E° = +1.23 Vvs.RHE @
h

(GPEOR) C3HgO5 +n OH™ ———-_, Products + x H,O + ne @

(HER) 2 H,0+2 e —H, +20H™ E° = 0 V vs.RHE 3)

(CO2RR) CO, +H,0 +2e"—»HCOO™ +OH™ E° = —0.64 Vvs.RHE (4)

The performance of GPEOR is strongly governed by the properties of
semiconductor photoanodes, particularly their ability to harvest light,
promote charge separation, and ensure efficient charge transport
[26,27]. Metal oxides such as bismuth vanadate (BiVOy4), calcium tita-
nate (CaTiOs3), and tungsten trioxide (WO3) have been widely explored
due to their stability, abundance, and suitable band structures [28-32].
These materials are characterized by strong ionic bonding and offer
several benefits, such as: earth-abundant, low-cost, eco-friendly nature,
unique optical properties, high chemical and thermal stability, small
optical band gap, and high dielectric constants [33]. In particular, n-
type metal oxide semiconductors are often used due to their appropriate
band edge potential and their ability to donate electrons, resulting from
an excess of electrons [34,35]. To overcome the intrinsic limitations of
single-component photoanodes, multilayer architectures combining
complementary metal oxides have been extensively explored. The
incorporation of heterojunctions such as CaTiO3/BiVO4 and BiVO4/WOs3
has been reported to improve light absorption, promote efficient charge
separation, and suppress bulk and interfacial recombination losses.
CaTiOs, a perovskite-type catalyst with the general formula ABOs,
typically has an orthorhombic (pseudocubic) crystal structure, formed
by 3D networks of corner-sharing BOe octahedra, with alkaline earth
metal occupying the A-site. This unique structure facilitates enhanced
charge carrier separation and high electron mobility [36]. Furthermore,
Type II heterojunctions offer a promising solution to overcome the
limitations of BiVO4 by improving optical absorption, expanding the
interfacial area, and facilitating efficient charge separation [37]. Studies
demonstrated that BiVO, has a narrow bandgap (E; ~ 2.4 eV), ensuring
efficient light harvesting, but suffers from faster ecs/hys recombination
due to its lower electron mobility [38]. Meanwhile, WO3 governs charge
transport in the system, reducing bulk recombination and enhancing
overall charge collection efficiency, due to a lower CB (40.4 V vs. RHE at
pH 0) and a bandgap of 2.5-2.8 eV, enhancing charge transfer [39].

Herein, we report the development of a novel multilayered n-n-type
heterojunction material composed of CaTiO3/WQO3/BiVO4 (CWB) with a
21:16:63 mass ratio, fabricated via an automated and reproducible
spray-coating technique. This CWB photoanode, designed for back-
illumination, was employed for the selective GPEOR to produce value-
added C;-C3 compounds. The system was operated in a single-pass fil-
ter-press flow cell using an aqueous glycerol solution as the anolyte,
enabling the simultaneous glycerol oxidation at the photoanode and Hy
evolution at a platinized titanium cathode in the dark. The PEC response
was evaluated by monitoring the cathodic current upon photoanode
illumination. The CWB material was thoroughly characterized both
physicochemically and photoelectrochemically.

2. Material and methods
2.1. Chemicals
The reagents used in this work included CaTiO3, WO3, and BiVO4 for

photoanode fabrication. Isopropanol and Nafion for ink preparation.
Potassium carbonate (KHCO3) and glycerol for electrolyte preparations.
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Potassium hydroxide (KOH) for membrane activation, and sulfuric acid
(H2SO4), acetonitrile (CH3CN), and sodium carbonate (NayCOs3) for
product analysis. All solutions were prepared with ultrapure water.
Detailed information regarding reagents and specifications is provided
in the Supporting Information.

2.2. Fabrication of CWB photoanodes

Fluorine-coated tin oxide (FTO, 2.2 mm, 12-15 Q sq._l, MSE sup-
plies) glass substrates with a geometric area of 35 mm x 35 mm were
cleaned by ultrasonication and used as supports for catalyst deposition.
Catalyst ink loadings were 1 mg cm 2 (CaTiOg), 0.75 mg cm 2 (WO3),
and 3 mg cm 2 (BiVOy) (Fig. S1) [40,41]. The inks were prepared using
isopropanol and Nafion (70:30 wt%), as detailed in Table S1. The ink
was deposited onto FTO by automated spray-coating. Deposition was
carried out at 65 °C with a controlled flow rate (10-20 mL h™') and
nozzle distance (33 mm). Additional details regarding substrate prepa-
ration, ink formulation, and deposition parameters are provided in the
Supporting Information.

2.3. Morphological and optical characterization of CWB photoanodes

Morphology and elemental composition were analyzed by scanning
electron microscopy and energy dispersive X-ray spectroscopy (SEM-
EDS, FEI Quanta 400 FEG ESEM) coupled with an EDAX Genesis X4M
system. Samples (fresh and used) were mounted on carbon tape, sputter-
coated with gold/palladium (Au/Pd) layer, and analyzed at 15 kV using
secondary electron and Z-contrast modes, with EDS spectra and
elemental maps collected from representative regions. Surface chemical
composition was determined by X-ray photoelectron spectroscopy (XPS,
Kratos Axis Ultra HAS) using a monochromated Al Ka X-ray source
(1486.6 eV) with samples pressed and mounted on conductive carbon
tape; survey and high-resolution spectra were acquired at pass energies
of 160 and 40 eV, respectively. Specific surface area was determined by
N2 physisorption at 77 K using a Micromeritics 3Flex analyzer after
degassing at 150 °C for 4 h, with Brunauer-Emmett-Teller (BET) surface
area calculated from adsorption isotherms in the relative pressure range
of 0.05-0.30. Crystalline structure and phase composition were
analyzed by X-ray diffraction (XRD, Bruker D8 Advance, Cu Ka, A =
1.5406 A) over the 26 range of 5-100° with a step size of 0.02°. Crys-
tallite size (D), microstrain (g), dislocation density (), and interplanar
spacing (dnki) were calculated using Egs. (5), (6), (7), and (8) [42].

K2

D [nm| = fosd 5)

7
elau] = ﬁ (6)
. 1

5 [linesm — 2] = 2 (7)
A

dhia [nm} = 9sind (€))

where K is the factor (typically 0.94), A is the x-ray wavelength (in A), g
is the full width at half maximum of the selected peak (FWHM, in ra-
dians), and 0 is the Bragg angle (in radians). Additional experimental
details are provided in the Supporting Information.

2.4. Experimental setup for PEC trials

Fig. S2 illustrates the filter-press flow reactor (Micro Flow Cell from
ElectroCell, Denmark) used for PEC trials. This system comprised
distinct cathodic and anodic compartments, separated by a Nafion® 117
proton exchange membrane (PEM; thickness: 0.180 mm; exchange ca-
pacity: >0.9 meq g’l; Ion Power). Prior to use, the membrane was
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activated in 1.0 M KOH for 24 h and rinsed with ultrapure water. This
preparation enhanced proton (H') transport through the polymer
structure, reducing mass-transfer limitations while effectively prevent-
ing chemical crossover and re-oxidation [43,44]. The photoanode (10
cm?) was illuminated under a back-side configuration using an LED
lamp (Photolab LED 450-3, Apria Systems) at an intensity of 100 mW
cm 2 (equivalent to 1 sun). A platinized-titanium plate was used as the
cathode and a leakless silver-silver chlorideAg/AgCl (3.4 M KCl) elec-
trode as the reference. The electrodes were assembled in a flow-through
configuration using PVDF flow frames with integrated turbulence pro-
moters and sealed with EPDM gaskets. A carbon sheet served as current
collector, and a transparent methacrylate plate allowed light trans-
mission to the photoanode. The cell components were compressed be-
tween PTFE end plates and stainless-steel supports to ensure sealing and
stable operation.

For cathodic response influenced by CWB photoanode illumination,
both compartments were fed with a 0.5 M aqueous solution (pH 8.7).
Linear sweep voltammetry (LSV), chronopotentiometry (CP), and elec-
trochemical impedance spectroscopy (EIS) were carried out under illu-
mination (100 mW cm 2 and dark conditions using a
potentiostat-galvanostat, as detailed in the Supporting Information. The
measurements included: (i) LSV between —1.7 V and — 0.8 V (vs. Ag/
AgCl) at a scan rate of 50 mV s~ ! under light (100 mW cm’z) and dark
conditions; (ii) CP at different current densities (j) of —10, —45, —90,
and — 200 mA cm 2 during 60 min under light (100 mW cm~2) con-
ditions; and (iii) EIS at 0.8 V (vs. Ag/AgCl) over a frequency range of

..... EV R
[ = < J [
| | \ |
|
Anolyte | Catholyte
|
0.5 M KHCO; +
|
1.0 M Glycerol | B (HCOs
|
|
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107! to 10° Hz under light (100 mW cm2) and dark conditions.

For GPEOR experiments (Fig. 1), the anolyte consisted of 1.0 M
glycerol in 0.5 M KHCOg, while 0.5 M KHCO3 was used as the catholyte
under continuous single-pass operation. The anolyte was periodically
sampled and acidified to prevent product degradation. Liquid products
(DHA and GEA) were quantified by HPLC, while HCOO™ was analyzed
by ion chromatography. H; production was monitored online using gas
chromatography. Detailed experimental conditions and analytical pa-
rameters can be found in Fig. S3.

2.4.1. Calculations

The efficiency of the GPEOR to value-added products coupled to Hy
production was evaluated using efficiency parameters: production rate
(r), Faradaic efficiency (FE), product selectivity (S;), energy consump-
tion (Econ), and cathodic energy efficiency (CEE).

The r refers to the rate at which a specific product is formed. It was
determined based on the concentration of GPEOR products (in mmol
m~2 s’l) and Hj (in pmol m~2 s’l), according to Eq. (9) [45].

r [mol m?s™'] :% 9

where 1i represents the generated product molar flow (in mol s 1), and A
is the geometric surface area of the photoanode (in m?).

The FE, also referred to as current efficiency (in %), quantifies how
efficiently the electric charge is used in a given electrochemical reaction.

\ QO AUTOLAB - Y\N
\ =
‘ ——
- P I I N e R e e I S
0088080808088 v e
A
| pLs | 7
Value-added
\\ products and
L . ..
| onean [ 1% S
\\ EEEEEE
\. - |
/BM  Box mixer for gases PLS  Photolab (Light Source) 8
CGL Carrier gas line PG  Potentiostat-Galvanostatic AutolLab

CWB Multi-Layered CaTiO3/W0O3/BiVO, photoanode —: = Continuous Mode

EV  Electrolyte vessels In and Out

FPR Filter Press-reactor (ElectroCell®)

GP  Gear Pump

LED Vis LEDs board for back illumination
\\LGS Liquid-gas phase separator

— > Carbon dioxide line (CO,)

—=> Catholyte out + H, produced + CG

— Positive connection for working electrode (+)

— Negative connection for counter electrode(-)

——» Connection for Reference electrode leak-free Ag/AgCl 3.4M KCI//

Fig. 1. Experimental setup for PEC trials.
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It was defined as the ratio of the actual amount of product formed (from
GPEOR and Hy) at an electrode to the theoretical amount expected based
on the total charge passed through the system. Accordingly, FE was
expressed as shown in Eq. (10) [46].

FE [%] — ZFT“ % 100 10)

where z is the number of electrons involved in the reaction (DHA = 2;
GEA = 4; HCOO™ = 8/3; and Hy = 2) [47,48], according to global Egs.
(11), (12), and (13), F is Faraday's constant (96,485C mol_l), nis
expressed in mol s71, and I is the total charge passed through the elec-
trode (in A).

hv>Ep,

(DHA) C3HgO3 +2 OH™ +2 h* CsHeO; +4H,0+4e  (11)

hv>Ep,

(GEA) C3HgO3 +4 OH™ C3HeO4 +4HyO0+4 e (12)

h
(HCOO ™) C3HsOs + 11 OH™ ——% , 3HCOO™ +8H,0+ 8¢  (13)

The S; (in %) was used to evaluate the distribution of the oxidation
products formed during GPEOR, as expressed in Eq. (14).
n;
[04] —
Si[%] Sn

j

x 100 a4

Where n; is the amount of product (in mol), and ) n; is the total
amount of all quantified products (in mol). It has been calculated ac-
cording to the method described in a previous work [49].

The Ec,, refers to the amount of energy required to perform the water
splitting for Hy production, and it was calculated according to Eq. (15)
[50].

I Ecell
1
n 1s)

Econ [KWh kmol’l] =

where I is expressed in kA, E_j is the absolute cell potential (in V), and n
is expressed in kmol h™ L.

To calculate the CEE, it was first necessary to determine the potential
of the Ag/AgCl reference electrode, which can be obtained with respect
to the reversible hydrogen electrode (RHE), according to Eq. (16) [51].

E%4: u, [V vs.RHE] = E [V vs.Ag/AgCl | + E° [V vs.Ag/AgCl] + 0.059 x pH
16)

where E%- 34, [V vs. RHE] is the overpotential required at the cathode to
perform the HER (0 V vs. RHE), E [V vs. Ag/AgCl] is the measured po-
tential of the reference electrode, and E° [V vs. Ag/AgCl] is the standard
potential of the Ag/AgCl reference electrode in saturated KCI (+0.197 V
vs. NHE at 25 °C). The solution had a pH of 8.7, and the potential vs. RHE
linearly increased with pH, exhibiting a slope of 0.059 V pH ! at 25 °C)
[51-53].

The CEE represents the proportion of electrical energy effectively
converted into Hy gas during the PEC process, and was calculated ac-
cording to Eq. (17) [54].

E
CEE [%] = FE x E—t a7

c

where FE is expressed in %, E; is the theoretical potential needed for the
formation of Hy (in V vs. Ag/AgCl), and E, is the cathodic applied po-
tential (in V vs. Ag/AgCl).

3. Results and discussion

3.1. Characterization of CWB structure and morphology

The CWB films were analyzed using SEM-EDS, XRD, XPS, and BET
techniques to investigate their surface morphology, chemical
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composition, crystallographic structure, optical properties, and textural
characteristics. These combined analyses provided essential insights
into the material properties that influence photocatalytic performance.

3.1.1. SEM-EDS analysis

Cross-sectional and surface analyses of the multilayer CWB photo-
anodes were performed using SEM-EDS to investigate morphological
and compositional features before and after GPEOR. In the fresh pho-
toanode (Fig. 2a and b), a well-defined multilayer architecture was
observed, with each layer corresponding to a specific material. The
elemental maps (Fig. S4) confirm the expected distribution: Bi and V
were concentrated near the surface, W in the intermediate region, and
Ca and Ti near the FTO substrate, consistent with the designed deposi-
tion sequence. After GPEOR (Fig. 2¢ and d), changes in the structural
integrity and elemental distribution were evident. The Bi and V signals
decreased significantly, suggesting partial dissolution or restructuring of
the BiVOy4 layer. This apparent loss of Bi and V is consistent with the
photocorrosion behavior of BiVO4 under PEC operation. Several studies
have shown that BiVO4 photoanodes undergo partial dissolution of Bi
and V species, accompanied by surface restructuring and material loss,
which limits long-term stability under anodic bias and illumination
[55,56]. Additionally, the presence of K in FU-Z2 of used samples is
likely related to residual K™ from the electrolyte (KHCO3), which tends
to adsorb or infiltrate into the porous region.

The evolution of the layer thickness was assessed from fractured
cross-sections of the CWB photoanodes. In the fresh photoanode, the
BiVO, exhibited an average thickness of 17.6 + 1.6 pm, followed by 3.6
+ 1.2 pm for the WO3 intermediate layer, and 6.0 + 1.3 pm for the
CaTiO3 base layer deposited over FTO. After GPEOR, the BiVO4 layer
showed a slight but consistent reduction in thickness to 14.6 + 2.0 pm,
indicating partial dissolution or structural compaction. The other layers
remained stable with 2.1 + 0.6 pm (WO3) and 5.8 + 0.7 pm (CaTiOs3).

The quantitative EDS data (Table 1) further supported these obser-
vations and were consistent with the thickness measurements. In the
fresh photoanode, Bi and V were prominently detected in zone FN-Z1
(surface), while W (FN-Z3) and Ti (FN-Z4) dominate in the middle and
deeper regions, respectively. In contrast, some zones exhibited high
levels of F (57.1%) and C (32.3%), along with smaller amounts of O and
S. This composition strongly suggests the presence of the Nafion®, a
fluorinated polymer containing —CFo/—CF3 groups, sulfonic acid groups
(— SO3H), and carbon-fluorinated backbone [57]. After GPEOR, a
noticeable drop in Bi and V content was observed in FU-Z1, suggesting
partial surface modification of the BiVO4. The surface composition was
modified under operating conditions, reflecting typical changes ex-
pected in photoactive materials exposed to electrolyte environments.
Despite these modifications, the multilayer structure remained largely
preserved, supporting its applicability in sustained PEC processes.

Top-view SEM images (Fig. S5) and BSE-mode micrographs (Fig. S6)
highlight the structural and compositional evolution of the CWB pho-
toanode surface before and after GPEOR. The fresh photoanode
exhibited smooth, uniform morphology, with a continuous coating
indicative of a well-distributed active layer. After the operation, the
surface became slightly rougher, with localized accumulation of par-
ticulates, as seen in Fig. S5f, where the intermediate layer of WOj3
appeared. EDS analysis (Fig. S7, Table S2) confirmed the dominant
presence of Bi and V on top of the photoanode (Z1), consistent with the
BiVO, layer. In peripheral zones (Z2), high F and C content confirmed
the presence of the Nafion ionomer. Post-GPEOR spectra show that the
Nafion layer was largely retained, though with a slight decrease in F
signal and increased detection of K and S, likely due to electrolyte
(KHCO3) interaction. The emergence of the S signal may also be
attributed to electrochemical swelling and reorganization of the ion-
omer under operation, which can bring —SO3H groups closer to the
surface. Additionally, partial degradation of Nafion under anodic po-
tentials and local pH fluctuations may generate surface-bound sulfonate
or sulfate fragments, contributing to the sulfur enrichment detectable by
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Fig. 2. Cross-sectional SEM images (ETD, SE mode) of the multilayer CWB photoanode: (a,b) fresh and (c,d) after GPEOR. FN: fresh non-fractured; FU: used

fractured; Z1-Z4: zones.

Table 1

Elemental composition (at.%) of the fractured CWB photoanode before (FN) and after use (FU) in different zones.
Sample C o F S w Bi \4 Ca Ti K
FN-Z1 7.8 25.4 9.4 3.0 0.6 24.7 29.1 0 0 0
FN-Z2 26.4 2.8 55.5 3.6 0.1 0.5 0.8 0 0 10.4
FN-Z3 10.5 30.1 1.9 0.3 90.3 0 0 0 0 2.9
FN-Z4 3.7 23.7 6.5 0.4 0.4 0.1 0 30.9 335 0.8
FU-Z1 17.0 18.4 38.5 1.7 2.7 7.8 7.9 0 0 6.0
FU-Z2 26.9 3.4 54.2 4.2 0.7 0.7 1.0 0 0 9.0
FU-Z3 9.0 14.3 1.7 2.3 53.4 0 0 0 0 11.4
FU-Z4 6.2 31.4 10.5 0.4 0.6 0 0 24.2 24.7 2.0

EDS. Importantly, although Bi and V signals were still detected after
operation, their reduced intensity is consistent with the compositional
changes discussed above, indicating partial dissolution and surface
modification of the BiVOy4 layer.

3.1.2. XRD analysis

The crystallographic structure of the CWB photoanode before and
after use is presented in Fig. 3,where the experimental pattern is
compared with the corresponding International Centre for Diffraction
Data (ICDD) reference patterns of CaTiOs, WOs, and BiVO4. The
microstructural parameters extracted from XRD analysis are summa-
rized in Table S3.

Both fresh and used photoanodes exhibit well-defined diffraction
peaks that can be indexed to orthorhombic CaTiO3, monoclinic WOs3,

and monoclinic BiVOy, confirming the successful incorporation of all
components in the multilayer structure. Characteristics reflections of
CaTiO3 are observed at 20 = 23.2° (101), 206 = 33.1° (121), and 20 =
47.5° (202) [58], while WO3 is identified by peaks at (020) at 20 =
23.6°, (200) at 20 = 24.3°, and (022) at 206 = 34.1° [59,60]. The pres-
ence of monoclinic BiVOy, corresponding to its most photoactive phase,
is confirmed by reflections 26 = 19.0° (011), 26 = 29.0° (121), and 26 =
30.5° (040) [61,62]. The comparison between fresh and used samples
indicates that the main diffraction peaks remain essentially unchanged
after GPEOR, confirming that the crystalline structure of the photoanode
is preserved and supporting its structural stability during operation.
Although slight variations in peak intensity are observed, no evident
new crystalline peaks appear after reaction, suggesting that these
changes are more likely associated with surface modification, partial
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WO, (PDF# 24-0747)

20 (degree)

Fig. 3. XRD pattern of the multilayer CWB photoanode before and
after GPEOR.

restructuring, or differences in the relative contribution of the outer
layers rather than the formation of new crystalline phases. This inter-
pretation is consistent with the SEM-EDS results, which indicate changes
mainly at the surface of the BiVOy-rich outer region. Regarding the
unassigned peaks in the 20 range of 17-80°, these features are mainly
due to overlapping, weaker reflections of the constituent crystalline
phases, along with minor background contributions from the substrate.
In addition, the broad feature observed around 26 ~ 15-17° is assigned
to the amorphous contribution of the Nafion binder, consistent with its
semicrystalline structure reported in the literature [40].

Beyond phase identification, the microstructural parameters
extracted from XRD (Table 2) provide further insight into the role of
each layer in the CWB photoanode. BiVO4 positioned at the surface
exhibited the largest D (108.9 + 9.4 nm) and lowest ¢ and §, indicating a
highly ordered structure favorable for charge separation. The interme-
diate WO3 layer showed smaller crystallites (39.2 + 4.1 nm) and the
highest ¢, which may promote charge transport and enhance surface
reactivity. CaTiOs, as the bottom layer, presented intermediate values,
acting as a stable and conductive base.

3.1.3. XPS analysis

Further evidence of the electronic structure and surface stoichiom-
etry of the multilayer CWB photoanode was obtained by XPS from the
survey of each oxide (Fig. S8). For all samples, the C 1 s peak centered at
285.0 eV (Fig. S9a) originated from adventitious hydrocarbons and was
used as the internal binding-energy reference. High-resolution O 1 s
spectra (Fig. S9b) were dominated by the lattice-oxygen component at
529.5 eV and 530.7 eV, while a higher binding energy shoulder at 531.1
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eV and 531.8 eV can be assigned to surface hydroxyls and chemisorbed
oxygen species. This is lined with previous literature, with peaks at
530.5 eV and 532.0 eV, respectively, characteristic of stable metal-oxide
photoanodes [30,49]. The CaTiOg layer exhibited Ca 2p3/, (346.7 eV)
and Ca 2p; /5 (350.3 eV) peaks (Fig. 4a), which are characteristic of Cat
species [63]. Ti 2pg/» and Ti 2p;/, signals at 458.4 eV and 464.1 eV
(Fig. 4b) confirm the exclusive presence of Ti**, with no discernible Ti®*
component, such as that observed in mixed-valence perovskites [64].
Values obtained from W 4f (Fig. 4c) at 35.9 eV (4f;,2) and 38.1 eV (4f5,2)
can be assigned to W8 according to the literature [65]. V 2p3/o was
centered at 517.3 eV with a minor shoulder at 524.8 eV (Fig. 4d),
indicating a small fraction of V** sites. Such undercoordinated V atoms
can facilitate interfacial charge transfer without compromising struc-
tural integrity. Ultimately, the BiVO4 layer (Fig. 4e) showed Bi 4f;/2 and
Bi 4f5,5 peaks at 159.7 eV and 165.0 eV, respectively, confirming the
presence of Bi>" in the outermost layer [66]. Overall, the XPS results
confirm that all components retain their expected oxidation states.
Slight variations in binding energy suggest interfacial electronic in-
teractions between CaTiOs, WOs3, and BiVO4, promoting improved
charge separation and transfer, consistent with enhanced PEC
performance.

The surface atomic compositions obtained from wide-scan XPS
(Table 3) confirm the presence of the expected elements in each indi-
vidual oxide. Notably, the CaTiOj3 film showed an approximated Ca/Ti
ratio of 2.0, suggesting slight Ti surface depletion or Ca surface
enrichment, a common feature in perovskite oxides [63]. The WO3 layer
presented a high O/W ratio (approx. 6.4), indicating a hydroxylated
surface. Finally, the BiVO4 layer exhibited significant deviation from
stoichiometry (Bi/V: 2.6), indicating pronounced surface enrichment
[67]. These features can enhance surface reactivity and influence glyc-
erol adsorption and reaction pathways. Hydroxylated oxygen species
identified in the O 1 s spectra may promote adsorption configurations
that favor selective oxidation of the secondary —OH group. Therefore, it
can preserve the C—C backbone and lead to the formation of DHA.
Moreover, the Bi-enriched surface may modify the distribution and na-
ture of active sites, contributing to the stabilization of intermediates
associated with C3 products [68]. In combination with the efficient
charge separation promoted by the CWB heterostructure, these effects
can limit overoxidation and suppress C—C bond cleavage, thereby fa-
voring partial oxidation pathways.

3.1.4. BET analysis

Nitrogen adsorption-desorption isotherms for CaTiOs, WOs3, and
BiVQy4 are shown in Fig. S10. All materials exhibited type IV isotherms,
according to IUPAC classification, which is characteristic of mesoporous
structures [69]. However, the specific surface area values are relatively
low and fall within a narrow range, limiting a detailed comparative
analysis between samples. Overall, similar textural properties were
observed among the oxides. The corresponding BET surface area and
pore volume values (Table S4) show that WO3 presents slightly higher
values, followed by CaTiOs, while BiVO4 exhibits the lowest values.
These low surface area values are consistent with those typically re-
ported for oxide materials, which generally fall in the range of 2-10 m?
g ! [70].

Table 2

Crystallographic and microstructural parameters of CWB photoanode components after GPEOR.
Avg. structural parameter CaTiO3 WO3 BiVO, Relevant properties
D (nm) 49.3 + 8.6 39.2+4.1 108.9 + 9.4 BiVOy, has larger and more well-formed crystallites
e (24£03)x 107 (3.5+0.5) x 10°° (1.2+£0.2) x 1073 WOj is more strained; BiVO, is the most ordered

(1.0 +0.3) x 1072
0.26 + 0.02

(7.5+3.2) x 10°*
0.21 + 0.04

5 (lines m %)
dpx (nm)

(1.6 £0.7) x 104 BiVO, exhibits the “cleanest” crystallite structure
0.24 + 0.02 -




L.A. Delgado et al.

Chemical Engineering Journal 541 (2026) 177727

g Ca 2p;,
J Ca2p,
Exp.
Fitting

o

Intensity (a.u.)

Intensity (a.u.)

Ti 2p,,
Ti2p,,

o Exp.
— Fitting

344 346 348 350 352

459 462 465

342 354 456 468
Binding Energy (eV) Binding energy (eV)
() 35.9 (d) 517.3 (e) 159.7
t waf, 27 Mv 2p3 Bi 4,
[Twaf, MV, Bi 4f,,
- o Exp. = o Exp. > ° Exp.
2 — Fiting | 3 — Fiting | & — Fitting
2] » v
= = =
2 b b
= = =
= (= (=
et
34 36 38 40 514 516 518 520 522 524 526 528 156 159 162 165 168 171
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 4. High-resolution XPS spectra of the multilayer CWB photoanode before GPEOR: (a) Ca 2p, and (b)Ti 2p (CaTiOj3 layer), and (c) W 4f (WO3; layer), and (d) V 2p,

and (e) Bi 4f (BiVO, layer).

Table 3
Surface atomic composition (at.%) of the individual oxide layers in the CWB
photoanode before GPEOR.

Sample C (0] Ca Ti w \Y Bi
CaTiO3 24.6 52.4 15.5 7.6 0 0 0
WOs3 20.1 69.1 0 0 10.8 0 0
BiVO, 42.7 11.7 0 0 0 12.8 32.8

3.2. GPEOR - Photoanode characterization and efficiency

3.2.1. PEC response of the CWB photoanode

The LSV curves of the CWB photoanode, shown in Fig. 5a, reveal a
higher photocurrent under illumination compared to dark conditions,
indicating a clear photoresponse. In this configuration, the measured
current reflects the cathodic HER response, which is enhanced by the
extra photogenerated electrons supplied by the illuminated photoanode.
The onset potential was observed at approximately —0.8 V vs. Ag/AgCl,
demonstrating that visible light effectively drives the photo-
electrooxidation process, especially at more negative potentials.
Although no experiments were conducted in acidic media in this work,
the literature generally indicates that GPEOR presents a significantly
higher oxidation j at low overpotentials in alkaline media relative to
acidic media [71], justifying the use of alkaline conditions in this study.

The LSV results were further confirmed by CP measurements at
various j (Fig. 5b), which revealed that the photoanode maintained
stable performance at lower j. For instance, at —10 mA cm ™2, the pho-
toanode exhibited significantly improved stability, sustaining consistent
performance over an extended period of 3600 s. A j of —200 mA cm ™2
corresponded to an impressive potential of —1.45 V vs. Ag/AgCl. In

comparison, our previously reported CaTiO3/BiVO4 photoanode ach-
ieved a j of only —71 mA cm ™2 at a more negative potential of —1.8 V vs.
Ag/AgCl [40]. This suggests that while higher j can deliver greater
photocurrent, they may also accelerate photoanode degradation, high-
lighting a trade-off between PEC performance and long-term stability.
Under 1 sun illumination, BiVO4 photoanodes are limited to photocur-
rent densities of ~7.5 mA cm ™2, whereas the current densities applied in
this work (10-200 mA cm™2) significantly exceed this range [72,73].
This indicates that illumination primarily reduces the required external
bias rather than sustaining the total current. This behavior explains the
small differences observed between light and dark conditions. Impor-
tantly, this work demonstrates a photo-assisted system operating at
industrially relevant current densities, where solar input contributes to
lowering the overall energy demand and enables future coupling with
value-added cathodic reactions such as CO5RR.

EIS measurements (Fig. 5¢) revealed a significant decrease in charge
transfer resistance under irradiation, both in the absence and presence of
glycerol, indicating enhanced charge separation and electron transfer.
For these measurements, the electrode configuration was adjusted to
probe the photoanode properties, enabling direct assessment of inter-
facial charge transfer. The Nyquist plots display a larger semicircle
radius in the presence of glycerol, reflecting an increase in charge
transfer resistance (R), as can be seen in Table S5. Specifically, the R¢
at the CWB photoanode/electrolyte interface was 14.8 Q in aqueous 0.5
M KHCOgs solution under irradiation, indicating a better charge transfer.
When 1.0 M glycerol was added to the anolyte, the R increased to 17.1
Q, likely due to the higher viscosity of the solution in the presence of
glycerol, which can hinder ion transport between the bulk solution and
the catalyst surface [74]. For comparison, the bare FTO electrode
exhibited a significantly smaller semicircle, indicating its minimal
electrochemical contribution and confirming that the observed response
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is dominated by the multilayer photoanode. This behavior is consistent
with previous EIS studies on similar multilayer systems, which reported
reduced charge-transfer resistance and improved interfacial charge
transport [41]. For instance, higher BiVO4 loadings (80:20 BiVO4:WOs3)
under visible light irradiation have been reported to yield lower charge
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transfer resistance and improved electron transfer due to efficient ecg/
hip separation [41]. Remarkably, the CWB photoanode exhibited charge
transfer resistance values approximately 80-fold lower than those typi-
cally reported in the literature [75]. In addition to the new material, this
improvement can be attributed to the use of an electrochemical flow

0,/H,0
(123 V vs. NHE)

——-

Fig. 6. Schematic band diagram of the CWB photoanode, showing VB and CB energy levels (in eV). Adapted from Nasir et al. [80], Radha et al. [81], and Passi &

Pal [89].



L.A. Delgado et al.

cell, which enhances electrolyte circulation, reduces the diffusion
boundary layer, and improves mass and charge transfer [76]. As a result,
resistance is minimized and the CWB photoanode/electrolyte interface
is optimized (Fig. S11). This efficient electron generation also highlights
the system's potential for coupling with cathodic CO3RR.

3.2.2. Charge transfer mechanisms in the CWB photoanode

The proposed band alignment for the multilayer CWB photoanode
was inferred from literature-reported bandgap values and band-edge
positions for the individual semiconductors (CaTiO3, WOj3, and
BiVOy), together with previous studies on related heterostructured
systems. CaTiO3 was the bottom layer, deposited directly onto the FTO
substrate, followed by WO3 and BiVOy, the intermediate and top layers,
respectively. This multilayered configuration can optimize the separa-
tion and transport of photogenerated charges, leveraging the comple-
mentary properties of each material. Reported bandgap values
(~3.1-3.6 eV for CaTiOs, 2.8-2.9 eV for WO3, and ~2.4 eV for BiVO,4)
support their complementary properties and were used, together with
literature band-edge positions, to construct the band diagram (Fig. 6)
[40,41]. Importantly, it should be regarded as a schematic representa-
tion intended to describe the expected charge-transfer pathway within
the multilayer architecture, rather than as an experimentally deter-
mined absolute band structure. The improved performance of the CWB
photoanode can be mainly attributed to enhanced charge separation
rather than increased light absorption. BiVO4 acts as the visible-light
absorber, while the WO3/BiVOy4 type-II heterojunction promotes elec-
tron transfer and suppresses recombination [77]. The CaTiOs layer
further contributes as an electron collector, reinforcing charge separa-
tion across the multilayer structure [78].

The multilayered CWB heterostructure enhances charge separation
via type-II band alignment, increasing hole availability for GPEOR. The
type-II band alignment in the WO3/BiVO4 heterojunction promotes
electron transfer from BiVO4 to WOs3, while holes remain in BiVOy,
resulting in effective spatial charge separation and reduced recombi-
nation [79]. This enhanced charge separation increases the availability
of photogenerated holes at the semiconductor/electrolyte interface,
which are directly involved in glycerol oxidation. Replacing the energy-
intensive OER with glycerol oxidation reduces energy consumption
while enabling the production of value-added chemicals. This co-
valorization strategy also allows coupling with cathodic reactions (e.g,
Hy evolution or CO2RR), improving overall system efficiency and
sustainability.

According to literature-reported band-edge positions, the conduction
band of BiVO4 is more negative than that of WOs, favoring electron
transfer from BiVO4 to WO3 and promoting spatial charge separation
within the heterojunction [41,80,81]. Moreover, WO3 exhibited signif-
icantly higher electron mobility (12 em? V™! s7!) compared to BiVO4
(0.01 cm? V™1 s71) [38,39]. This property facilitates electron transport
across the heterostructure and justifies the placement of WO3 between
BiVO4 and CaTiOs. Acting as a bridge layer, WO3 promotes efficient
electron extraction, while BiVO4, with its narrower bandgap, enables
effective generation of ecg/hyp pairs. The BiVOy, layer thickness (~17.6
pm) exceeds the typical hole diffusion length (<70 nm), which can limit
charge transport and increase recombination [82]. Although optimized
photoanodes typically use thinner layers (~100-200 nm) [83], the
micrometric particle structure in this work reduces effective transport
distances and facilitates charge percolation, while WO3/BiVO4 hetero-
junction and the applied bias enhance charge separation and transport.

EIS analysis confirms that WOsg significantly influenced both the
capacitive and transport properties of the WO3/BiVO4 heterojunction
[84]. The interface forms a type-II (n-n) heterojunction with a staggered
band alignment. This staggered band alignment is expected to promote
charge separation by favoring electron migration toward WO3 and hole
accumulation at the BiVO4 surface [85,86]. As a result, charge separa-
tion is further enhanced. Considering the wide bandgap nature of
CaTiOg3 and literature-reported band energetics, CaTiOj3 is more likely to
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contribute as an interfacial layer that assists charge redistribution and
structural stabilization within the multilayer architecture, rather than
acting as the primary electron transport pathway [87,88]. At lower j,
these transport limitations become less pronounced, as observed in CP
analysis. The reduced rate of charge generation is better aligned with the
system's transport dynamics. This minimizes recombination losses and
ensures stable operating performance. Although CaTiOs is in contact
with the FTO substrate, it does not act as a conventional electron
transport layer. Instead, it mainly contributes to structural stability and
interfacial charge modulation, while electron transport is primarily
governed by the WO3/BiVO, interface, differing from our previous
interpretation[40].

The performance of the CWB photoanode is supported by the
experimental results. Further theoretical studies, such as Density Func-
tional Theory (DFT) calculations, could provide deeper insight into
interfacial charge transfer, adsorption energetics, and reaction pathways
within the developed photoelectrode [90].

3.2.3. GPEOR

Table 4 presents a detailed comparison of studies on GPEOR reported
in the literature using various photoanodes, highlighting both their
experimental conditions and key outcomes. Most WO3- and BiVO4-based
photoanodes operate under strongly acidic conditions (pH < 2.0),
whereas this study adopted a moderate alkaline pH of 8.7. This shift can
not only mitigate corrosion issues and support more sustainable reaction
conditions but also stabilize reactive intermediates, driving the reaction
toward the selective formation of C3 products such as DHA and GEA.

It should be noted that most studies summarized in Table 4 were
conducted in conventional batch PEC cells, where the electrolyte re-
mains in contact with the photoanode for an extended period and
products accumulate in the reaction medium. In contrast, the GPEOR in
this work was carried out in continuous, single-pass operation, which
alters mass transfer conditions, residence time, and product distribution.
Therefore, both selectivity and FE may differ when compared with batch
PEC systems.

The main products were C3 compounds, including DHA and GEA,
along with the C; product (FA)/HCOO™ (see Fig. S12 for the proposed
oxidation pathways), in agreement with the literature. Insights into the
oxidation pathways of the GPEOR are provided in the Supporting In-
formation. The results in Fig. 7a indicate high FE and production rates,
particularly at lower j and under back-illumination. The FE for DHA,
GEA, and HCOO™ at 90 mA cm ™2 at the cathode was approximately 3%,
8%, and 2%, respectively. These values increased to about 24%, 21%
and 18%, respectively, as the j decreased to 10 mA cm 2. The FE toward
quantified glycerol oxidation products (~64%) indicates that part of the
charge was consumed by parallel reaction pathways, as commonly re-
ported in glycerol (photo)electrooxidation systems. The remaining un-
accounted charge can be attributed to parallel processes, including the
OER, over-oxidation of glycerol and its intermediates, and partial
mineralization to CO,. The formation of CO5 during glycerol oxidation
has been experimentally demonstrated, even at relatively low potentials,
with a substantial fraction remaining dissolved as carbonate species in
alkaline media [91]. In addition, the complex GOR network may lead to
the formation of undetected intermediates or products, thereby
contributing to the incomplete balance.

Furthermore, at j = 10 mA cm 2, a more favorable balance between
charge utilization, selectivity, and photoanode stability was achieved,
which is particularly relevant for PEC systems. The effect of j on product
distribution and process efficiency was also evaluated up to 90 mA
em™2, in line with previous studies on continuous-flow glycerol elec-
trooxidation systems, where higher current densities (up to 200 mA
ecm™2) are typically explored [92]. However, such conditions often
involve trade-offs between production rate, selectivity, and stability,
especially in PEC systems limited by photon flux [24]. The CWB pho-
toanode under light irradiation formed valuable glycerol-derived prod-
ucts with a product rate of 124 + 6 pmol m~2 s~ for DHA, 55 + 2 pmol
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Table 4
Comparative analysis of photoanode materials and their photoelectrochemical performance for glycerol oxidation reported in the literature.
Photoanode Deposition Cathode System Light intensity ~ Electrolyte (pH) j (mA Main Selectivity FE (%)  Ref.
technique “ operation (light source) cm?) product(s) (%)
¢
CaTiO3/WOs/ SYC Platinized Continuous 100 mW cm 2 0.5 M KHCO3 + 1.0 M -10 DHA + 71 45 This
BiVO,4 titanium plate (visible light) GLY (pH =8.7) GEA work
W:BiVO, ED Pt mesh Batch 100 mW cm 2 0.5 M NaySO4 + 0.1 M ~2.0 FA/ n.a. 70 [95]
(visible light) GLY (pH =7.0) HCOO™
NiO,(OH)y/W: ED Pt mesh Batch 100 mW cm 2 0.5 M KBi + 0.1 M GLY ~2.9 FA/ n.a. ~45 [95]
BiVO,4 (visible light) (pH =9.3) HCOO™
BiVO, SIC Pt mesh Batch 100 mW cm 2 0.1 M NaBi +0.1 M GLY 0.3 FA/ 85 n.a. [30]
(UV-Vis) (pH = 9.4) HCOO™
WO3 HSFC Pt (20% wt.)/ Semi- 41 mW cm™2 Pure water +0.1 M GLY ~2.1 GLAD 26 ~34 [31]
C continuous (UV light) (pH = 5.5)
m-H-WO3/ SAHM Pt wire Batch 100 mW cm 2 0.5 M NaySO4 + 0.1 M ~2.9 GLAD + 85 70 [96]
TiO, (UV-Vis) NaBi +0.1 M GLY (pH DHA
=6.0)
(010)-BiVO4 SIC Pt mesh Batch 100 mW cm 2 0.1 M NaBi +0.1 M GLY 1.4 DHA ~60 n.a. [97]1
(UV-Vis) (pH =2)'
BiVO, ED Pt wire Batch 100 mW cm ™2 0.5 M NaNO3 + 0.1 M 2.7 GCAD 55 n.a [98]
(visible light) GLY (pH = 2)
WO3/BiVOy4/ SD Pt foil Batch 100 mW cm 2 0.5 M NaySO4 + 0.1 M 3.6 DHA ~61 ~35 [66]
Bi (UV-Vis) GLY (pH = 2)'
WO3/BiVO, SD Pt foil Batch 100mWem2 0.5 M NaySO4 + 0.1 M ~2.3 DHA ~53 ~31 [66]
(UV-Vis) GLY (pH = 2)'
WO3 SD Pt foil Batch 100 mW cm 2 0.5 M NaySO4 + 0.1 M 1.6 DHA ~38 ~27 [66]
(UV-Vis) GLY (pH = 2)'
(202)-WO3 HSFC Pt wire Batch 100 mW cm 2 0.1 M NaySO4 + 1M ~3.3 GLAD 80 75 [99]
(UV-Vis) GLY (pH = 2.0)
Ta:BiVO4/ SIC Pt wire Batch 100 mW cm 2 0.025M H,SO4+1.0M ~2.7 DHA 99 61 [100]
BiVO4/WO3 (visible light) GLY (pH =1.6)*
TaOy/BiVOy4/ SIC Pt wire Batch 100 mW cm 2 0.025M H,SO4+1.0M ~1.1 DHA n.a. 53 [100]
WO3 (visible light) GLY (pH = 1.6)*
WO3 HSFC Pt wire Batch n.a. 0.5 M NaySO4 + 0.1 M ~0.6 GLAD ~63 ~41 [49]
GLY (pH = 6.0)

n.a. — not available.
@ Deposition technique: spin-coating (SIC), electrodeposition (ED), solution deposition (SD), seed-assisted hydrothermal method (SAHM), hydrothermal synthesis
followed by calcination (HSFC), spray-coating (SYC);
b Electrolyte: glycerol (GLY), sodium borate buffer (NaBi), potassium borate buffer (KBi), sulfuric acid (H,S04), sodium sulfate (Na;SO,), sodium nitrate (NaNO3);

¢ Main product(s): Formic acid (FA), dihydroxyacetone (DHA), glyceraldehyde (GLAD), glycolaldehyde (GCAD);

" pH was calculated using the equation: pH = — log [H*];

T pH was adjusted using a 0.5 M solution of H,SO, solution;
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m 257! for GEA, and 73 + 5 pmol m~2 s~! for HCOO™, resulting in a
total FE of 64%. Conversely, in the dark, the CWB photoanode produced
105 + 4 pmol m 257! of DHA, 29 + 1 pmol m 2 s™! of GEA, and 67.9 +
0.1 pmol m~2 5! of HCOO™, corresponding to a total FE of 49%.

The S; (Fig. 7b) indicates that lower j favors the formation of C3
products (DHA and GEA), whereas higher j promotes a shift toward C;
products such as HCOO™, reflecting enhanced C—C bond cleavage and
deeper oxidation pathways. This behavior is consistent with previous
studies, where stronger oxidative conditions favor formate production
due to the increased availability of highly oxidizing surface in-
termediates that accelerate consecutive oxidation steps [93]. In contrast,
milder conditions (e.g., lower j and moderate pH) promote the accu-
mulation of partially oxidized C3 compounds by limiting overoxidation
and preserving the C3 backbone. Therefore, the higher selectivity toward
DHA and GEA at —10 mA cm ™2 highlights a more controlled oxidation
regime, which is particularly advantageous for glycerol valorization.
This trend is further supported by recent studies reporting high selec-
tivity toward C3 intermediates under controlled conditions, where sup-
pressing C—C bond cleavage and limiting overoxidation are essential to
preserve C3 valuable products. Notably, S; above 80% toward Cs prod-
ucts has been achieved by stabilizing early-stage intermediates and
promoting their desorption before further oxidation can occur [94].

When compared with other single, modified, and multilayered
photoanodes reported in the literature, including NiOx(OH)y/W:BiVO4
(23 pmol m2 s’l),W:BiVO4 (19 pmol m 2 s’l), pl-H-WOj3 (4 pmol m 2
s’l), and m-H-WO3/TiO; (26 pmol m2s ) at1.2VvsRHE [95,96], the
DHA production rate of the CWB photoanode was 5-31 times higher.
Additionally, the potential found in the present work is —0.95 V vs. Ag/
AgCl (—0.24 V vs. RHE). The use of negative potential at the cathode
further promoted reduction reactions, contributing to the overall system
performance. The enhanced production rate of glycerol oxidation
products in the CWB photoanode can be attributed to the synergistic
effects of its multilayered architecture. This interpretation is consistent
with previous studies from our group, where BiVO4/WO3 hetero-
structures showed improved charge separation and reduced recombi-
nation compared to single-component systems [41]. Also, CaTiOz-based
multilayer configurations were found to enhance charge transport and
electrode stability [40]. Furthermore, optimized CWB systems have
demonstrated superior performance under similar fabrication strategies,
confirming the beneficial interfacial interactions between layers [78]. In
this context, the CaTiO3 layer contributed to improved electrochemical
stability, WOs facilitated charge transport, and BiVO4 enhanced visible-
light absorption, collectively leading to the observed performance
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enhancement.

3.3. Hydrogen production

The photoactive properties of the novel multilayered hetero-
structured photoanode enhanced Hy production at the cathode. Recent
studies have demonstrated that coupling HER with the electrooxidation
of biomass-derived molecules is an effective strategy to overcome the
limitations of conventional water splitting. Replacing the OER with
organic oxidation reactions significantly reduces the required cell po-
tential while simultaneously producing value-added chemicals. For
example, systems based on heterostructured catalysts, such as RuOo-
modified NiSy or Pt-based heterojunctions, have shown that biomass
oxidation can lower the overall splitting voltage to values close to
~1.1-1.5 V while maintaining high Hy production efficiency. Similarly,
glycerol electrooxidation has been identified as a promising alternative
anodic reaction, enabling lower overpotentials and improved energy
efficiency in Hy production systems[101]. These studies highlight the
importance of catalyst design and anodic reaction engineering in
enhancing Hy evolution.

Upon light excitation, glycerol oxidation occurred at the photo-
anode, producing H' that selectively transited through the PEM, mini-
mizing interference from undesired chemical species and ensuring
efficient charge balance in the system. Concurrently, electrons gener-
ated in the CWB layers were efficiently directed toward the cathode
through an external circuit, driving the reduction of water and H; evo-
lution. Fig. 8 shows the Hy production rate (ry,) at different j and under
illumination conditions, along with the respective Econ, and CEE values.
The H; generation was higher for higher j, with a maximum ry, of 3458

+ 18 pmol m~2 57! observed at —90 mA cm~2 under light conditions.

Operation in the dark resulted in lower ry,, particularly at a j of 45 mA
cm 2. The influence of illumination on H, production strongly depended
on the applied j. At high j, Hy generation is mainly dictated by the
imposed electronic flux. This behavior is consistent with previous re-
ports, where the contribution of photo-generated carriers becomes more
relevant at lower current densities, reducing the required energy input,
as reported in recent studies on biomass-assisted Hy production [102].
This results in similar ry, values under dark and illuminated conditions,
with light providing only a modest kinetic benefit. In contrast, at low j,
illumination plays a dominant role by enhancing charge separation and
reducing energy losses, which significantly lowers E.o, and increases
CEE, despite a lower absolute ry,. Overall cell voltage is largely
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Fig. 8. H; production rate (ry,), Econ (energy consumption), and CEE (cathodic energy efficiency) using the CWB photoanode in 0.5 M KHCO3; + 1 M glycerol
(anolyte) and 0.5 M KHCOj3 (catholyte) at different current densities under 1 sun back-illumination (100 mW cm~?) — L and dark conditions — D. Legend: B ry,
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Table 5
Comparison of photoanode performance for assisted H, generation via PEC water splitting (100 mW cm™2).
Photoanode composition Electrolyte ra, (pmol E j (mA Application Ref.
m2 s’l) cm’z)
CaTiO3/WO3/BiVO, 0.5 M KHCO3 549 —0.45 V vs. 10.0 GPEOR coupled with H, production This
(Catholyte) Ag/AgCl work
WO3/BiVO,4/Bi 0.5 M NaySO4 + 0.1 97 1.2 Vvs. RHE 4.1 GPEOR coupled with H, production [66]
M Glycerol
BiyS3/WO3 0.1 MNa,S +0.1M 161 —0.1 Vs 7.0 PEC water splitting [103]
NaySO3 Ag/AgCl
ZnyBisS3x/WO3 0.1 M NayS + 0.1 M 267 —0.1 Vs, 7.0 PEC water splitting [103]
NaySO3 Ag/AgCl
BiVO4/TiO, 0.5 M NaHCO3 85 2.08 Vys. 5.5 PEC water splitting [105]
RHE
WO3/BiVO, 1 M NaCl 131 1.75 V vs. 3.4 PEC pollutant degradation coupled with Hy [106]
RHE production
WO3/BiVO, 1 M NaCl 106 1.75V vs. 2.7 PEC pollutant degradation coupled with H, [107]
RHE production
WO3/BiVO4/TiO4 0.1 M NaySO4 89 1.23 Vs, 4.2 PEC water splitting [108]
RHE
WO3/BiVO,4/TiO>@200 °C (spray)/ 5 0.5 M Na,ySO,4 206 2V vs. RHE 5.3 PEC water splitting with concurrent recovery of [109]

nm TiO; (sputtering)/NiOOH

Zinc (Zn®") from metal mine wastewater

influenced by the anodic contribution, particularly due to the multilayer
photoanode architecture and the use of FTO substrates, which can in-
crease internal resistance. In the absence of light, a higher potential is
required to sustain the same current, reducing efficiency.

Although higher j yielded greater ry,, the system operated more
efficiently at a lower j of —10 mA cm’z, achieving an E,, of just 383 +
15 kWh kmol ! and a CEE of 74% under illumination. At —10 mA cm 2
under irradiation, the ry, was 549 + 18 pmol 2 s~ 1. Such performance
highlights the system's ability to convert photogenerated electrons into
H, with minimal energy loss. The Hy Faradaic efficiency was found to be
near-quantitative  (approximately 100%  within  experimental
uncertainty).

The CWB photoanode exhibited a ry, up to 6-fold higher than those
of photoanodes presented in the literature made with similar materials,
as seen in Table 5. For instance, the ZnyBi»S3,5/WO3 photoanode, the
second-best performer, achieved a ry, of 265 pmol m 257!, which is less
than half the ry,of the developed system [103]. Overall, the results
obtained in this work align well with recent advances in the field
compared to conventional EC water splitting systems. The use of glyc-
erol not only reduces the thermodynamic and kinetic barriers to OER but
also enables the co-production of value-added chemicals, reinforcing the
relevance of this approach for sustainable energy applications [104].

4. Conclusions

In this study, a novel multilayered CaTiO3/WO3/BiVO4 (CWB) het-
erostructured photoanode demonstrated significantly enhanced activity
for GPEOR and Hj production. The combined structural, morphological,
and surface/cross-sectional analyses confirmed that the CWB photo-
anode was well-assembled, chemically stable, and compositionally
coherent. The preserved oxidation states, controlled oxygen vacancies,
and surface hydroxylation created favorable conditions for charge sep-
aration and molecular activation. At a fixed photocurrent density of
—10 mA cm ™2, the photoanode promoted glycerol conversion into DHA,
GEA, and HCOO™ with an overall FE of 64%, achieving a DHA pro-
duction rate of 124 + 6 pmol m~2s~L. Concurrently, Hy was produced at
the cathode with a production rate of 549 + 18 pmol m 2 s}, corre-
sponding to an Econ of 383 kWh kmol ™! and a CEE of 74%. These
findings highlight that GPEOR can significantly reduce energy re-
quirements compared to OER while improving selectivity for desired
products, underscoring the system's energy-saving potential. The
multilayered CWB photoanode played a crucial role in achieving effi-
cient light absorption, enhanced charge separation, and minimized
recombination, leading to improved product selectivity and overall
performance.
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