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Bias-Free Solar Upcycling of Nitrate and Glycerol with
Highly Efficient and Durable Organic Semiconductor-Based

Photoelectrodes

Yejoon Kim, Jee Hyeon Kim, Enok Lee, Sanseong Lee, Yoonsung Jung, Yunseo Jang,
Inhyeok Oh, Jun Beom Hwang, Jungdae Lee, Kwanghee Lee, Hyunseob Lim,

and Sanghan Lee*

The sustainable management of biodiesel byproducts, nitrate (NO;~) and
glycerol, remains a critical environmental challenge, disrupting global nitrogen
and carbon cycles. Addressing this issue from a materials science perspective,
a bias-free photoelectrochemical (PEC) upcycling system based on the inte-
gration of functional energy materials is presented. A nickel-iron-phosphorus
(Ni-Fe-P) electrocatalyst exhibits synergistic bi-functional activity for selective
NO;~ reduction and glycerol oxidation, driven by the redox dynamics of

Ni and Fe and electronic modulation by phosphorus incorporation. Through

a metal-foil encapsulation strategy, the catalyst is integrated with organic
semiconductor (OS)-based photoanodes and photocathodes, forming a highly
efficient OS-based PEC system capable of stable operation under continuous
solar illumination. The individual photoelectrodes demonstrate photocurrent
densities of +15.7 and—14.8 mA cm~2 under AM 1.5G conditions, while ex-
hibiting remarkable stability with over 96% of initial performance retained after
60 h. To enable bias-free solar upcycling, a dual-photoelectrode PEC configura-
tion is constructed, delivering a high reaction current of 11.04 mA cm~2 along
with >95% Faradaic efficiencies and excellent selectivity for both ammonia
(NH;) and formic acid (FA) production. This work underscores the potential
of materials-driven PEC platforms for selective solar chemical upcycling.

1. Introduction

In the Net Zero project envisioned by the In-
ternational Energy Agency (IEA), biodiesel
plays a critical role as among the di-
verse renewable energy sources intended
to replace fossil fuels.'! This significance
arises from biodiesel’s excellent compatibil-
ity with existing fossil fuel-based engine sys-
tems and its high energy density, render-
ing it a practical solution for long-distance
transportation sectors, including aviation
and shipping, where electric or hydrogen-
based alternatives remain impractical.>=*!
However, large-scale biodiesel production
inevitably increases nitrate (NO;7) emis-
sions, driven by the use of chemical fertil-
izers during feedstock cultivation, as well
as glycerol byproducts generated from the
biodiesel synthesis process.>*! Both ni-
trate and glycerol function as environmen-
tal pollutants that disrupt the global nitro-
gen and carbon cycles and possess lim-
ited economic value as industrial waste.[”-]
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Figure 1. Design of OS-based bias-free solar upcycling system. a) Schematic illustration of a bias-free PEC upcycling system designed for the simulta-
neous conversion of nitrate to ammonia and glycerol to formic acid. b) Energy level diagram of the OS-based upcycling system. Vacuum energy levels

and redox potentials were adapted from previously reported literatur

To address this issue, electrochemical upcycling using re-
newable energy-based electrocatalysts has attracted signifi-
cant attention.[1®16 Tt promotes the NO,~ reduction reaction
(NO;RR) and glycerol oxidation reaction (GOR), converting en-
vironmental pollutants into high-value chemicals. Under rela-
tively mild reaction conditions, NO;~ can be upcycled into am-
monia (NHj), an essential substance in agriculture and chemical
engineering, while glycerol can be transformed into high-value
carbon compounds such as formic acid (FA), oxalic acid (OA),
and 1,3-dihydroxyacetone (DHA), which are key chemicals in the
pharmaceutical and cosmetics industries.['”-2!] Electrochemical
upcycling technology holds significant industrial value, but chal-
lenges remain in improving the reaction selectivity of NO;RR
and GOR and optimizing their suitability for renewable energy
utilization.[22-%]

Nickel-iron (Ni-Fe) based catalysts have been reported to ex-
hibit high selectivity for the conversion of NO; -to-NH; and
glycerol-to-C1/C2 products, underscoring their strong potential
for bi-functional activity in NO;RR and GOR.[?3% Chen et al.
demonstrated that Ni-Fe alloy nanoparticles achieved 90.6% NH,
selectivity and 74.8% Faradaic efficiency, attributable to the syn-
ergistic effects of strong NO,~ adsorption and enhanced NH,
formation.[!] Santana et al. further reported that Ni-Fe alloys in
alkaline environments create an electronic structure conducive
to C—C bond cleavage at the catalyst surface, resulting in high
Faradaic efficiency for C2 and C1 products.l**) However, studies
simultaneously employing Ni-Fe-based catalysts for both NO;RR
and GOR remain scarce, primarily due to the high corrosivity of
Ni-Fe combinations, which hinders the long-term maintenance
of reaction selectivity. In this context, Ni-Fe-P catalysts incorpo-
rating phosphorus have garnered attention due to their excellent
corrosion resistance and higher conductivity compared to other
transition metal compounds.32331 Specifically, the P-sites on the
catalyst surface, which exhibit 6~ charges due to bonding with
metals of different electronegativities, act as reversible adsorp-
tion sites of hydrogen ions, effectively facilitating the hydrogena-
tion processes involved in NO,;~-to-NH, conversion and glycerol
oxidation.337]

In parallel, photoelectrochemical (PEC) systems represent a
promising strategy for achieving renewable energy-based elec-
trochemical upcycling. Photoelectrodes in usual PEC systems,
which generate electron-hole pairs through light harvesting and
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e [48-52]

participate in catalytic reactions, maximize the suitability of up-
cycling systems for renewable energy utilization.*¥*] Among
these, organic semiconductor (OS)-based photoelectrodes are
considered promising candidates for realizing bias-free solar up-
cycling systems due to their excellent light absorption prop-
erties and photoexcited charge carrier behaviors, which result
in high photovoltage and photocurrent density.**] Nonethe-
less, the chemical instability of OS materials in aqueous elec-
trolytes has posed a significant barrier to their practical deploy-
ment in PEC applications. In our previous work, we demon-
strated that metal foil encapsulation methods effectively blocks
electrolyte penetration while enhancing electrochemical reaction
kinetics, thereby ensuring the operational stability of OS-based
photoelectrodes.[*]

In this study, we developed a PEC bias-free NO;~ and glyc-
erol upcycling system using Ni-Fe-P catalysts and OS-based
photoelectrodes (Figure 1). The Ni-Fe-P catalyst exhibited bi-
functionality, showing excellent activity for both NO;RR and
GOR. Compared to Ni-Fe catalysts, it demonstrated superior
long-term operational stability and high reaction selectivity for
NH, and FA production. The Ni-Fe-P bi-functional catalyst was
integrated with OS-based photocathodes and photoanodes using
a metal foil encapsulation method. Under AM 1.5G illumination,
these electrodes achieved high photocurrent densities of —14.8
and 15.7 mA cm™2, respectively, and maintained more than 96%
of their initial current density after 60 hours of operation in al-
kaline electrolytes. Through the dual-photoelectrodes system, we
successfully realized bias-free solar upcycling. It exhibited a high
reaction photocurrent density of 11.04 mA cm™2 under AM 1.5G
illumination without external voltage application and stably per-
formed NO;RR and GOR for over 20 h. The primary products
of the OS-based bias-free solar system were NH, and FA, which
demonstrated high Faradaic efficiencies over 92%, respectively,
confirming the system’s capability for selective upcycling. NH,
and FA are valuable materials for agriculture, chemical engineer-
ing, renewable energy storage, and transportation. The upcycling
system developed herein is anticipated to deliver substantial envi-
ronmental benefits alongside considerable economic and indus-
trial value. In particular, high selectivity of solar upcycling sys-
tem toward both target products enhances its compatibility with
industrial demands and scalable application, reinforcing its prac-
tical value in sustainable solar-driven chemical manufacturing.
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Figure 2. Material characteristics of the Ni-Fe-P catalyst deposited on the Cu foil. a) FE-SEM images and b—e) the corresponding EDS mapping images
of the Ni-Fe-P catalysts. f) Raman spectrum of the Ni-Fe-P catalysts. g) Ni 2p, h) Fe 2p, and i) P 2p XPS spectra for the Ni-Fe-P catalysts.

2. Results and Discussion

2.1. Characterization of the Ni-Fe-P catalysts

The Ni-Fe-P catalyst was synthesized via electrodeposition using
a three-electrode system on a Cu foil substrate. The Cu foil, Pt
plate, and standard calomel electrode (SCE) were used as the
working, counter, and reference electrodes, respectively. Elec-
trodeposition was carried out at a constant current density of
—10 mA cm~ in an aqueous solution containing NiSO,, FeSO,,
and NaPO,H, as the Ni, Fe, and P precursors, respectively. After
electrodeposition, the surface of the Cu foil visibly changed to a
dark gray color (Figure S1, Supporting Information).

Field emission scanning electron microscopy (FE-SEM) was
employed to examine the surface microstructure of the synthe-
sized Ni-Fe-P catalyst. The results showed a smooth and uniform
surface formed by the aggregation of multiple grains (Figure 2a).
Notably, extending the deposition time did not significantly al-
ter the surface morphology of the Ni-Fe-P catalyst (Figure S2,
Supporting Information). Energy-dispersive X-ray spectroscopy
(EDS) mapping of the sample deposited for 20 min revealed
that Ni, Fe, P, and Cu were present on the catalyst surface at
atomic proportions of 46.6%, 43.8%, 8.3%, and 1.3%, respec-
tively (Figure 2b—e). The phosphorus content is consistent with
values reported in previous studies on electrodeposited metal
phosphides.[>*>3] The phosphorus fraction on the catalyst sur-
face remained nearly constant after 20 min of deposition (Figure
S3, Supporting Information). Although the deposited Ni-Fe al-
loy contains a meaningful amount of phosphorus, its relatively
low content allows the catalyst to retain the high electrical con-
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ductivity characteristic of metals, while also exhibiting features
of metal phosphides, making it advantageous for electrocatalytic
applications.[+3%]

To investigate the crystallographic structure of the Ni-Fe-P cat-
alyst, X-ray diffraction (XRD) analysis was performed. No dis-
tinct diffraction peaks corresponding to the Ni-Fe-P alloy were ob-
served, indicating that the alloy was deposited in an amorphous
form without long-range atomic ordering on the Cu foil (Figure
S4, Supporting Information). However, Raman spectroscopy re-
vealed not only vibrational modes associated with metal oxides
such as Ni—O and Fe—O, but also with phosphate species (PO,*")
including a broad band ~ 955 cm™! and a distinct peak at #1075
cm™! (Figure 2f). To further clarify the origin of these features, we
conducted comparative Raman measurements using Ni-P, Fe-P,
and Ni-Fe control samples (Figure S5, Supporting Information).
Control samples of Ni-P and Fe-P exhibited only broad Raman
signals ~#950-1010 cm™!, which can be attributed to the symmet-
ric stretching mode (v,) of PO,*>~, while no such signals were
observed for Ni-Fe. In contrast, the Ni-Fe-P sample showed a dis-
tinct peak at 1075 cm™! corresponding to the asymmetric stretch-
ing mode (v;), and this enhanced activation is likely induced by
a change in the coordination environment around phosphorus,
specifically through the coexistence of both Ni and Fe atoms that
increase electrostatic asymmetry.°®>’] These results suggest the
formation of phosphate-like species whose structure is modu-
lated by surrounding metal atoms, supporting the existence of
metal-P interactions even within the amorphous phase.

X-ray photoelectron spectroscopy (XPS) was conducted to an-
alyze the surface chemical states of the Ni-Fe-P catalyst. The
Ni 2p spectrum showed characteristic peaks of Ni** and Ni**
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Figure 3. Electrochemical GOR performances of Ni-P, Fe-P, Ni-Fe, Ni-Fe-P catalysts. a) Polarization curves of catalysts in T m KOH + 0.1 m glycerol
electrolyte at 50 mV s~ b) Faradaic efficiency for products by GOR at 10 mA cm~2. Error bars denote standard deviation of the mean value (+ SEM) of
at least three (n = 3) separate measurements. c) CP curve of the Ni-Fe-P catalyst at 20 mA cm~2.

accompanied by satellite peaks in both Ni 2p, , and Ni 2p;, re-
gions, indicating partial surface oxidation and the formation of
Ni—O bonds (Figure 2g). In addition, a strong metallic Ni° peak
was observed, confirming the deposition of metallic Ni. Interest-
ingly, peaks at 852.9 and 870.6 eV, which did not correspond to
known oxidation states, were attributed to Ni®" (0 < 6 < 2), indi-
cating the presence of Ni-P bonding.[¥-%°] The Fe 2p XPS spec-
trum displayed a similar trend, with peaks corresponding to Fe3*
and Fe?* from partial oxidation, as well as a metallic Fe® peak
(Figure 2h). Furthermore, a peak at 708.8 eV in the Fe 2p; , region
was assigned to Fe?", providing evidence for Fe-P bonding.[¢"62]
These 6" peaks are attributed to electron transfer from the metal
atoms to the more electronegative phosphorus atoms. In con-
trast, XPS analysis of a Ni-Fe alloy without phosphorus showed
only peaks corresponding to oxidized and metallic species, with
no §* peaks associated with metal-phosphorus bonding (Figure
S6, Supporting Information). The bonding between Ni/Fe and
P was also confirmed in the XPS spectrum of the P 2p region,
which exhibited two peaks at 129.7 eV (P 2p,,) and 128.7 eV
(P 2p;),) corresponding to metal-P bonding, along with a peak
at 132.4 eV attributed to P-O bonding due to surface oxidation
(Figure 2i).[%%4 The clear splitting of the P 2p orbital strongly
supports the existence of chemical bonding between phosphorus
and the Ni/Fe species.

In conclusion, we successfully synthesized an amorphous
Ni-Fe-P catalyst with partial phosphide characteristics via elec-
trodeposition, by incorporating phosphorus into the Ni-Fe al-
loy. Raman and XPS analyses confirmed the formation of metal-
phosphorus bonds and demonstrated that the addition of phos-
phorus led to electron redistribution at the catalyst surface, with
partial positive charges on Ni and Fe and partial negative charge
on P.

2.2. Electrochemical Performances of the Ni-Fe-P Catalysts

To investigate the influence of elemental combinations on the cat-
alyst surface on GOR and NO;RR, Fe-P, Ni-P, and Ni-Fe catalysts
were also synthesized and tested (Figure 3a). For each sample,
polarization curves were obtained in both 1 M KOH + 0.1 M glyc-
erol electrolyte and 1 M KOH without glycerol (pH 13.8) (Figure
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S7a, Supporting Information). Additionally, chronopotentiome-
try (CP) measurements were conducted at a constant current
density of 10 mA cm™2, and the resulting electrolytes were an-
alyzed via high-performance liquid chromatography (HPLC) to
determine the products and reaction efficiencies (Figure 3b). All
samples showed lower onset potentials in the presence of glyc-
erol, indicating their activity toward GOR (Figure S7b, Support-
ing Information). Notably, for the three Ni-containing catalysts,
a significant difference in onset potential between GOR and oxy-
gen evolution reaction (OER) was observed. In these cases, the
characteristic oxidation peak corresponding to the Ni?* to Ni**
transition disappeared, while a new peak appeared due to the
potential-dependent (PD) oxidation mechanism of glycerol.[656¢]
The PD mechanism, one of the principal pathways for glycerol
oxidation on Ni-based catalysts, indicates that the Ni** species
confirmed on the catalyst surface via XPS are actively involved in
the electrocatalytic process. Moreover, the cleavage of C—C bonds
in the glycerol molecule is promoted, facilitating its initial oxida-
tion and enabling the effective production of oxalic acid (OA).
Tafel slope analysis revealed that the Fe-P catalyst exhibited supe-
rior reaction kinetics for GOR, showing a smaller Tafel slope of
182 mV dec™! compared to 285 mV dec™! for Ni-P (Figure S7c,
Supporting Information). The difference in reaction kinetics was
reflected in the product distribution. Ni-P promoted the initial
C—C bond cleavage via the PD mechanism and achieved a high
OA production efficiency of 72%, but due to its slower kinetics,
further oxidation to FA was limited. In contrast, Fe-P demon-
strated fast reaction kinetics sufficient to oxidize glycerol to FA.
However, due to its lower activity for the initial oxidation step and
its high OER activity (Figure S7a, Supporting Information), the
FA production efficiency was relatively low at 67%. These com-
parisons highlight the respective roles of Ni and Fe in the GOR
process.

The effect of phosphorus on GOR activity was examined
by comparing Ni-Fe and Ni-Fe-P catalysts. It is well known
that the addition of Fe to Ni-based catalysts hinders the oxi-
dation of Ni?*, thereby promoting the oxidation of ions in the
electrolyte.’”] Therefore, both Ni-Fe and Ni-Fe-P catalysts are ex-
pected to facilitate C—C bond cleavage through the PD mecha-
nism driven by Ni, while benefiting from the fast reaction ki-
netics imparted by Fe. However, the two catalysts exhibited a

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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significant difference in onset potential (Figure 3a), and their
Tafel slopes were 298 and 236 mV dec™!, respectively, indicat-
ing that the presence of P significantly influences GOR activ-
ity (Figure S7c, Supporting Information). To further explore the
role of phosphorus, cyclic voltammetry (CV) was performed at
various scan rates (20, 50, 100, and 200 mV s7!) in the non-
faradaic region from —0.8 to —0.6 V versus SCE to determine
the electrochemical active surface area (ECSA) (Figure S8, Sup-
porting Information). Ni-Fe-P exhibited a much larger double-
layer capacitance than Ni-Fe, indicating that the incorporation
of P introduces additional electrochemical active sites on the
bi-metallic Ni-Fe catalyst surface. The XPS results further sup-
ported this, revealing that the presence of phosphorus alters
the valence states of the metal species, suggesting that these
electronic changes contribute to the formation of GOR active
sites.

In terms of product selectivity, Ni-Fe and Ni-Fe-P also showed
clear differences. While Ni-Fe achieved FA production efficiency
of 65%, Ni-Fe-P demonstrated a remarkable ~#100% FA produc-
tion efficiency. These results suggest that Ni-Fe-P promotes GOR
through a strong PD mechanism derived from Ni-P character-
istics, and, with the aid of Fe, facilitates fast reaction kinetics
for efficient glycerol-to-FA conversion.[®®-7] Evidence supporting
this mechanistic pathway was obtained from in situ Raman spec-
troscopy (Figure S9, Supporting Information), which provides di-
rect insight into the surface redox processes of the Ni-Fe-P cat-
alyst. Under OER conditions, a distinct NiOOH band at ~470
cm~! was observed, indicating Ni** formation. In contrast, un-
der GOR conditions, the appearance of the NIOOH Raman band
was notably suppressed even at higher potentials. Meanwhile, the
glycerol-related peak at ~1451 cm™' gradually decreased, while
the formate peak at ~1335 cm™! began to emerge and intensi-
fied with increasing potential. These results demonstrate that Ni
serves as the primary active center for glycerol oxidation, under-
going rapid redox turnover, which prevents the accumulation of
NiOOH species.

Moreover, the incorporation of phosphorus, which leads to the
formation of a phosphide-like structure, provides enhanced long-
term operational stability compared to conventional metal cat-
alysts (Figure 3c; Figure S10, Supporting Information). In con-
clusion, Ni-Fe-P functions as a highly efficient and stable cata-
lyst for the selective production of formic acid via glycerol oxi-
dation. Post-GOR analysis (Figure S11, Supporting Information)
revealed partial surface reconstruction with decreased P content,
while residual metal-P bonds and stable Ni and Fe redox states
were maintained, indicating preserved catalytic sites after pro-
longed operation.

The NO,RR catalytic performance of Ni-P, Fe-P, Ni-Fe, and Ni-
Fe-P was also evaluated. Polarization curves revealed that all sam-
ples exhibited higher current densities in the presence of NO;~
in the electrolyte, indicating catalytic activity toward NO,RR
(Figure 4a; Figure S12a, Supporting Information). In particular,
Ni-Fe-P achieved a current density of —20 mA cm~2 at potentials
above 0 V versus reversible hydrogen electrode (Vpyg), exceed-
ing typical values observed under hydrogen evolution reaction
(HER)-dominant conditions (1 m KOH), thereby clearly demon-
strating its excellent activity toward NO,;RR (Figure S12b, Sup-
porting Information). Tafel slope analysis further revealed that
all Fe-containing catalysts (Fe-P and Ni-Fe) showed lower Tafel
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slopes compared to Ni-P, suggesting that Fe enhances the NO,RR
kinetics (Figure S12¢, Supporting Information). Indeed, prior
studies have reported that abundant Fe?* active sites effectively
facilitate NO,~ adsorption and reduction, and when coupled with
elements such as Ni or Cu, which are efficient proton donors,
the overall NO,RR kinetics can be significantly enhanced.[”?72!
Within this framework, the outstanding NO,RR performance of
Ni-Fe can be rationalized. Additionally, Fe’* active sites, formed
in Fe-P bonding environments, are believed to promote sponta-
neous redox interactions that reduce NO, ™ near the catalyst sur-
face. It may help overcome the high energy barrier associated
with the rate-determining step of NO;RR, the transition from
adsorbed “NO, to “NO,.[”3] Therefore, Fe-P also functions as an
effective NO;RR catalyst. In contrast, while Ni-P exhibits a reduc-
tion peak in the presence of NO,~ corresponding to the “NO, to
“NO, transition, the reaction kinetics in that region appear to be
sluggish.

CP measurements were conducted at —10 mA cm~2, and the
amount of generated NH,; was analyzed. Ni-P demonstrated
a higher NH; production efficiency (90.1%) compared to Fe-P
(82.1%) and Ni-Fe (88.5%) (Figure 4b). Furthermore, the pro-
duction efficiency of nitrite (NO, ™), a major intermediate in ni-
trate reduction, was 10.7% for Ni-P, which is lower than that
for Fe-P (19.1%) and Ni-Fe (14.6%). These findings indicate that
Fe contributes to the efficient “NO, to “"NO, conversion, while
Ni plays a crucial role in the subsequent reduction of “NO, to
NH, 74751 Moreover, Ni-Fe-P exhibited the highest NH; produc-
tion efficiency of 99.6% and the lowest NO,~ production effi-
ciency of only 0.3%. The surface electronic structure modula-
tion induced by metal-P bonding and the reversible protona-
tion of P atoms characterized by the 6~ state appear to pro-
mote NO;RR and NH; production.’®! Furthermore, the cata-
lyst was stable for long periods of operation at —20 mA cm™2
(Figure 4c).

To investigate the structural evolution of the Ni-Fe-P catalyst
during NO;RR, in situ Raman spectroscopy was conducted un-
der electrochemical operating conditions. Under open-circuit po-
tential (OCP), a broad vibrational band corresponding to Ni—O
bonds (%570 cm™') was observed, suggesting the presence of
partially oxidized Ni species (Figure 4d). Upon applying increas-
ingly negative potentials (+0.2 to —0.4 Vi), the Ni—O signal
gradually decreased in intensity, while new features assigned to
Fe—O bonds (670 cm™') became increasingly pronounced. Im-
portantly, the emergence of Fe—O vibrational features coincided
with the progressive decrease of the symmetric stretching band
of NO,~ (~1045 cm™!) from —0.2 Vg (Figure 4f). Consider-
ing that no peaks were detected in this region under NO, ™ -free
conditions, and that the corresponding vibrational band gradu-
ally decreased over time at a constant potential of —0.2 Vg, but
reappeared upon the reintroduction of nitrate, this signal can be
unequivocally attributed to NO,~ species (Figure 4e; Figure S13,
Supporting Information). These observations strongly suggest
that the oxidation of Fe is directly coupled to the electrochemi-
cal reduction of NO, . Specifically, Fe?* species appear to donate
electrons to NO;~, promoting its conversion to NO,~ through
oxygen abstraction and leading to the formation of Fe**-O species
as a reactive intermediate. Meanwhile, the gradual disappearance
of the Ni—O peak with decreasing potential suggests that nickel
undergoes a reversible electrochemical transition, possibly from
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Figure 4. Electrochemical NO;RR performances of Ni-P, Fe-P, Ni-Fe, Ni-Fe-P catalysts. a) Polarization curves of catalysts in 1 M KOH + 0.1 M KNO3
electrolyte at 50 mV s~'. b) Faradaic efficiency for products by NO3RR at —10 mA cm~2. Error bars denote standard deviation of the mean value (+
SEM) of at least three (n = 3) separate measurements. c) CP curve of the Ni-Fe-P catalyst at —20 mA cm~2. In situ Raman spectra of Ni-Fe-P at different
applied potentials (d) with NO3;~ and (e) without NO; ™. f) Contour mapping of in situ Raman spectra of Ni-Fe-P at different apploed potentials.

a more oxidized form such as NiOOH to a reduced hydroxide
state like Ni(OH), (=450, ~530 cm™!).””] Recent studies have
reported that Ni(OH), can serve as an effective hydrogenation
site for the electrochemical reduction of NO, ™ to NH;, facilitating
multi-electron transfer steps involved in NO;RR.["®7] Indeed,
NO,™ reduction reaction (NO,RR) experiments confirmed that
catalysts containing Ni exhibited higher Faradaic efficiencies for
NH, production, indicating their strong capability for convert-
ing NO,~ to NH, (Figure S14, Supporting Information). Post-
NO;RR characterization further revealed nanoscale restructur-
ing of the Ni-Fe-P catalyst surface and retention of metal-P bond-
ing, demonstrating that the structural integrity and electronic en-
vironment of the active sites remain preserved after prolonged
operation (Figure S15, Supporting Information). These find-
ings indicate that the NO;RR mechanism of Ni-Fe-P proceeds
while maintaining metal-P bonding within the catalyst struc-
ture, suggesting that phosphorus remains integrated and contin-
ues to influence the electronic and catalytic properties during the
reaction.
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2.3. Photoelectrochemical Performances of the Ni-Fe-P Catalysts

For an efficient PEC upcycling system, both photoanode and pho-
tocathode were fabricated using OS bulk-heterojunction (PTB7-
Th:EH-IDTBR) as photoabsorber layers. The photoelectrode fab-
rication process employed a metal foil encapsulation method, in
which a homemade carbon paste was used as a conductive ad-
hesive to electrically connect the Ni-Fe-P catalyst deposited on a
copper foil (Ni-Fe-P/Cu foil) to the top electrode of the organic
photovoltaic (OPV) device. This method effectively prevents elec-
trolyte infiltration into the OS layer, thereby maximizing photo-
electrode stability. Conventional and inverted OPVs were config-
ured as the photocathode and photoanode, respectively (Figure
S16, Supporting Information). Prior to photoelectrode assembly,
the photovoltaic performance of each OPV devices was evaluated
via J-V characterization (Figure S17, Supporting Information).
The Ni-Fe-P/Cu foil/OS-based photoanode was tested in 1 M
KOH electrolyte with and without 0.1 M glycerol by record-
ing polarization curves (Figure 5a). The PEC performance in
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Figure 5. Photoelectrochemical GOR and NO;RR performances of OS-based photoelectrodes. a) Polarization curves (scan rate: 50 mV s~') and b) CA
curve at 1.23 Vg, of the Ni-Fe-P/Cu foil/OS-based photoanode in 1 M KOH + 0.1 m glycerol electrolyte. c) Polarization curves (scan rate: 50 mV s™')
and d) CA curve at 0 Vg of the Ni-Fe-P/Cu foil/OS-based photocathode in T M KOH + 0.1 M KNOjs electrolyte. ) Operational stability comparison of

current research and previously reported works.

glycerol-free electrolyte corresponds to OER activity, whereas in
the presence of glycerol, it reflects GOR activity. The Ni-Fe-P/Cu
foil/OS-based photoanode exhibited a low onset potential of 0.5
Viur for OER and 0.4 Vi, for GOR. These values closely match
the corrected potentials of the Ni-Fe-P catalyst’s electrochemi-
cal activity (1.5 Vi for OER and 1.4 Vg, for GOR), adjusted
by the 1.02 V open-circuit voltage (V. ) of the inverted OPV
(Figures S7a and S17a, Supporting Information). It indicates
that the homemade carbon paste successfully established an ef-
ficient electrical connection between the Ni-Fe-P/Cu foil and the
inverted OPV without significant internal resistance or perfor-
mance degradation. As expected from the electrochemical ac-
tivity of the Ni-Fe-P catalyst, the Ni-Fe-P/Cu foil/OS-based pho-
toanode exhibited enhanced photoelectrochemical performance
in the glycerol-containing electrolyte. At 1.23 Vy,,;;, the photocur-
rent density reached 15.7 mA cm™ in the presence of glycerol,
compared to 11.9 mA cm~ without glycerol, ndicating a pref-
erence for the GOR pathway over the OER. Furthermore, the
photoanode showed remarkable stability, maintaining 96% of
its initial photocurrent density after 60 h of continuous opera-
tion under chronoamperometric (CA) conditions at 1.23 Vg
(Figure 5b).

For the Ni-Fe-P/Cu foil/OS photocathode, polarization curves
were obtained in 1 M KOH electrolyte with and without 0.1 M
KNO, (Figure 5c). Considering the NO,;RR and HER activity of
the Ni-Fe-P catalyst and the V. of the conventional OPV (1.04 V),
the photocathode was also confirmed to operate without internal
charge loss (Figures S12a and S17b, Supporting Information). In
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the absence of KNO;, the photocathode exhibited a current den-
sity of —11.9 mA cm™2 at 0 Vg, which increased to —14.8 mA
cm™ in the presence of KNO;, reflecting the superior NO;RR ac-
tivity of the Ni-Fe-P catalyst. The CA curve showed that the pho-
tocathode retained 97% of its initial current density after 60 h of
continuous operation at 0 Vy;, demonstrating excellent long-
term stability comparable to that of the photoanode (Figure 5d).

The high efficiency and durability of the OS-based photoelec-
trodes can be attributed to the combined effects of the excellent
catalytic activity and durability of the Ni-Fe-P catalyst for both
GOR and NO,RR, the robustness of the metal foil encapsulation
technique using homemade carbon paste, and the outstanding
photovoltaic properties of the OS-based devices. The OS-based
photoanodes and photocathodes developed in this study exhibit
significantly improved operational time and stability compared to
previously reported OS-based photoelectrodes (Figure 5e; Table
S1, Supporting Information).[*”80-86]

2.4. Bias-Free PEC Solar Upcycling System

The highly efficient and durable OS-based photocathode and pho-
toanode were integrated into a dual-photoelectrodes system to
enable bias-free PEC upcycling, converting NO;~ to NH; and
glycerol to FA. The PEC and upcycling performance of this sys-
tem was evaluated under illumination from a single LED light
source with a large active area (AM 1.5G, 100 mW cm~2, 15 X
15 cm?). A two-electrode configuration was employed, with the
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Figure 6. Performance of bias-free PEC solar upcycling system. a) Combined polarization curves of the OS-based photoanode and photocathode for
expectation of the operating point of the dual-photoelectrodes system. b) Representative polarization curve of the OS-based dual photoelectrodes system
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research and previously reported works.

photoanode used as the working electrode and the photocathode
as the counter electrode (counter electrode @reference electrode)
(Figure S18, Supporting Information). All measurements were
conducted using a Nafion-separated H-cell to eliminate potential
cross-reactions or interference between oxidation and reduction
products at each electrode. The anodic chamber was filled with
1M KOH + 0.1 M glycerol, while the cathodic chamber contained
1M KOH + 0.1 M KNO;. To the best of our knowledge, a bias-free
PEC solar-driven upcycling system for NO,;~ and glycerol utiliz-
ing OS-based dual-photoelectrodes has not been reported before.

The operating current density under sunlight illumination
without any external bias can be estimated by the intersection
point of the polarization curves of the photoanode and photo-
cathode under closed-circuit conditions. Accordingly, the oper-
ating condition of the PEC upcycling system was predicted to
be 10.5 mA cm™ at 0.74 Vi, (Figure 6a), a result attributed
to the broad light absorption range of the OS photoabsorbers
and the excellent charge separation and transport capabilities of
the OS and charge transport layers (Figure S19a, Supporting In-
formation). Measurement of the incident photon-to-current ef-
ficiency (IPCE) of the OS-based photoanode at the operating
potential of 0.74 Vy,; confirmed excellent performance across
a wide spectral range from 400 to 750 nm (Figure S19b, Sup-
porting Information). In practical operation, the assembled two-
electrode PEC upcycling system exhibited a high reaction cur-
rent density of 11.04 mA cm™? under bias-free condition (0 V
vs Photocathode) (Figure 6b). The bias-free reaction current den-
sity slightly exceeds the predicted value due to the replacement of
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traditional half-cell reactions (OER@HER) with GOR at the pho-
toanode and NO;RR at the photocathode, which require lower
overpotentials.[®”%8] The operational stability of high current den-
sity upcycling system was evaluated under bias-free conditions
with solar illumination (Figure 6¢c). The system retained 83% of
its initial current density after 20 h of continuous operation. Com-
pared to individual half-cell devices, the slightly lower stability
in the dual-photoelectrodes configuration is attributed to the fact
that the operating potential under bias-free conditions does not
align with the maximum charge separation region. Such a mis-
match leads to more frequent charge recombination within the
devices, along with increased internal resistance and the forma-
tion of degradation sites upon photoelectrode integration.[#%!
During operation, the photoanode carried out GOR, while the
photocathode facilitated NO;RR. Throughout 20 h of continu-
ous operation, Faradaic efficiencies of over 95.0% for NH, and
over 92.0% for FA were maintained (Figure 6¢). The Faradaic ef-
ficiencies measured at 0.74 Vg, in half-cell tests were consistent
with those obtained from the bias-free PEC system, confirming
the validity of the upcycling performance under integrated oper-
ation (Figure S20, Supporting Information). After 20 h, the FEs
for NH; and FA were stably retained at 95.6% and 97.0%, re-
spectively, confirming that the bias-free PEC system efficiently
drives both NO;RR and GOR upcycling under high current den-
sities. The NH, production amounts obtained from electrochem-
ical NO;RR using Ni-Fe-P catalysts and from the bias-free PEC
solar upcycling system were in close agreement when quanti-
fied via both UV-vis spectroscopy and 'H NMR, validating the
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reliability of the analytical methods employed in this study
(Figure S21, Supporting Information). The OS-based bias-free
system proposed in this study outperforms previously reported
OS-based dual-photoelectrode or tandem bias-free PEC systems
in terms of reaction current density (Figure 6d; Table S2, Support-
ing Information). Furthermore, considering that the current den-
sity of the OS-BiVO, bias-free system reported in 2024 dropped
to nearly zero after 96 h of operation (retaining only ~ 10% of
its initial current density after 20 h), the system developed here
can be considered one of the highest-performing OS-based PEC
bias-free systems reported to date.[?1-°]

3. Conclusion

In this study, a highly efficient and stable PEC upcycling system
was developed by integrating Ni-Fe-P electrocatalysts with OS-
based photoelectrodes. The Ni-Fe-P catalyst, synthesized via elec-
trodeposition, exhibited excellent bifunctional activity for both
GOR and NO,RR, achieving high current densities and superior
product selectivity. Through systematic comparison with Ni-P,
Fe-P, and Ni-Fe catalysts, the synergistic effects of Ni, Fe, and P
on electrocatalytic performance were clearly demonstrated. Us-
ing a metal foil encapsulation method with homemade carbon
paste, the Ni-Fe-P/Cu foil was successfully coupled to OS-based
OPV devices to construct photocathodes and photoanodes with
high photoelectrochemical stability. The resulting OS-based dual-
photoelectrode PEC system operated under bias-free conditions
with 1 Sun illumination, achieving a high reaction current den-
sity of 11.04 mA cm~2. Notably, the system showed sustained
operation over 20 h, maintaining over 95% Faradaic efficiencies
for NH, and FA production. Compared to previously reported
OS-based PEC systems, the developed system demonstrated out-
standing current density, selectivity, and long-term operational
stability. This work provides a new strategy for solar-driven, sus-
tainable upcycling of NO;~ and glycerol, and highlights the po-
tential of combining functional electrocatalysts with emerging
organic photoelectrode technology in next-generation bias-free
PEC systems. Importantly, the consistently high selectivity to-
ward both NH, and FA not only reflects precise reaction control
but also enhances its relevance for scalable and industrially viable
solar chemical manufacturing. Furthermore, given the inherent
scalability of organic semiconductor-based devices and the com-
patibility of our fabrication processes with large-area manufactur-
ing techniques, this system holds significant promise for practi-
cal, large-scale PEC applications.
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