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Abstract: Photoelectrochemical (PEC) cells have been considered a promising 

technology for converting solar energy into chemical energy. However, the solar-

to-hydrogen (STH) conversion efficiency and cost-effectiveness of PEC water 

splitting are significantly limited by the sluggish oxygen evolution reaction (OER) 

kinetics and the poor economic of the produced oxygen gas, hindering the practical 

commercialization of PEC energy conversions. In recent years, PEC valorizations 

including alternative OER and HER reactions have attracted considerable attention. 

PEC valorizations not only improve STH efficiency but also enhances the overall 

economic benefits of PEC conversions. Thereby, this review briefly summarizes 

the basic mechanisms several typical types of PEC value-added reactions, including 

nitrogen reduction, nitrogen oxide reduction, ammonia oxidation, urea oxidation, 

and alcohol oxidation reactions. Subsequently, the design and optimization 

strategies of photoelectrode materials applied to these PEC value-added reactions 

are specifically analyzed. Finally, the current development, future prospects, and 

challenges toward commercial-scale applications are discussed. 

Keywords: photoelectrochemical; catalyst; nitrogen reduction reaction; alcohols 

oxidation reaction; value-added production 

1. Introduction

The escalating global energy crisis and environmental degradation have emerged as two profoundly 

interconnected challenges that pose significant threats to sustainable development worldwide. Fossil fuel 

combustion, which accounts for over 80% of global primary energy consumption, not only depletes non-renewable 

resources but also severely disrupts natural nitrogen and carbon cycles through excessive emissions of carbon 

dioxide (CO2) and nitrogen oxides [1]. The natural nitrogen cycle, mediated by microorganisms such as nitrogen-

fixing bacteria and nitrifiers, operates at a relatively slow rate, which is insufficient to meet the exponentially 

growing agricultural demand for nitrogen-based fertilizers [2]. This imbalance has led to the overreliance on the 

Haber-Bosch process for ammonia synthesis, which consumes approximately 2% of global energy and contributes 

about 3% of anthropogenic CO2 emissions [3]. At the same time, the natural carbon cycle, which was traditionally 

balanced by photosynthesis and respiration, is now overburdened by anthropogenic carbon dioxide emissions, 

resulting in a 50% increase in atmospheric carbon dioxide concentration since the Industrial Revolution [4]. These 

systemic disruptions underscore the urgent need to develop environmentally friendly chemical production 

technologies and clean energy sources. These technologies can not only reduce pollutant emissions but also 

transform low-value nitrogen- and carbon-containing feedstocks into high-value chemicals [5]. 

https://creativecommons.org/licenses/by/4.0/
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Photocatalysis, recognized as a promising sustainable technology, has been widely investigated for artificial 

nitrogen fixation and hydrogen evolution reaction since the landmark discovery of photocatalytic water splitting 

by Fujishima and Honda in 1972 [6]. However, typical photocatalytic reactions are limited by inherent limitations, 

such as the rapid recombination of photogenerated electron-hole pairs and insufficient redox potentials for 

activating inert molecules such as N2 and CO2, resulting in unsatisfactory conversion efficiency for the past 

decades [7]. To address these limitations, photoelectrochemical (PEC) catalysis has been developed as an advanced 

hybrid platform that synergistically couples photocatalytic processes with electrochemical control through the 

application of an external bias. This integrated approach enables more efficient and tunable catalytic 

transformations. The applied potential not only facilitates the spatial separation of photogenerated electrons and 

holes to suppressing charge recombination, but also allows precise modulation of the catalyst’s electronic band 

structure. Such modulation optimizes the alignment between the catalyst’s energy levels and the redox potentials 

required for activating inert molecules, thereby enhancing both activity and selectivity in target reactions [8–10]. 

Furthermore, the compatibility of PEC with renewable electricity sources positions it as a key enabling technology 

for sustainable chemical synthesis, offering a pathway to mitigate anthropogenic emissions while converting low-

value feedstocks into value-added products (Figure 1). 

For cathode conversions, PEC valorizations have demonstrated considerable potential in two pivotal catalytic 

upgrading pathways: nitrogen fixation and nitrogen oxide (NOx) reduction. Conventional N2 fixation via the 

Haber-Bosch process requires harsh conditions (300–500℃, 150–300 atm), rendering it highly energy-intensive 

and environmentally detrimental. In contrast, PEC N2 fixation proceeds under ambient conditions, utilizing solar 

energy and water as the proton source. These separated charges drive the multi-electron, proton-coupled reduction 

of inert N2 to ammonia or other nitrogenous compounds, typically using water as a sustainable proton source. The 

overall efficiency is governed by the catalyst’s ability to adsorb and activate the N≡N bond, alongside effective 

interfacial charge transfer kinetics [11]. Similarly, in PEC NOx reduction, the technology leverages a comparable 

photoelectrochemical framework to convert various oxidized nitrogen species (e.g., nitrate, nitrite) into value-

added products like ammonia [12]. This pathway not only mitigates an environmental pollutant but also recovers 

nitrogen resources, with performance hinging on the selectivity of the catalyst surface towards desired reduction 

pathways over competing reactions, such as hydrogen evolution reaction and CO2 reduction reaction [13].  

In addition, PEC valorizations on anode side also play a transformative role in building the organic upgrading 

technology system, focusing on the conversion of liquid organic chemicals. Its basic purpose is to use 

photosensitive electrodes to drive organic molecules to be converted into H2 fuel with high energy density and fine 

chemicals with high added value. During the reaction, the photoanode provides photogenerated highly oxidizing 

holes that selectively convert organic molecules into high-value fine chemicals and generate H2 gas at the cathode, 

thereby integrating clean energy production and chemical synthesis into a single solar-driven process. The key 

challenges of PEC organic upgrading studies are controlling the reaction selectivity towards multi-carbon products, 

which requires precise management of consecutive proton-coupled electron transfer steps and the catalytic 

promotion of carbon-carbon bond formation. The applied bias in PEC systems is critical for modulating the 

interfacial potential and stabilizing key reaction intermediates, thereby steering product distribution [14].  

Despite the significant potential of PEC catalytic process for nitrogen conversions and organic upgrading, 

their commercial application is limited by several challenges. First, there is the challenge of simultaneously 

achieving high efficiency and high product selectivity. This target is hindered by the inherent characteristics of 

photoanode materials, such as insufficient utilization of the solar spectrum, rapid recombination of photogenerated 

carriers, and the inherent difficulty in activating stable molecules such as N2 and CO2, which lead to competitive 

reactions [15,16]. Secondly, the long-term stability of photoelectrodes remains a major concern, as the combined 

effects of light, applied bias, and corrosive electrolytes can induce photo-corrosion or surface reconstruction, 

resulting in performance degradation over time [17,18]. Finally, a comprehensive mechanistic understanding of 

the catalytic upgrading processes is still lacking. The reaction kinetics at the solid-liquid interface and the reaction 

pathways controlling the formation of high value-added multi-carbon or multi-nitrogen products have not yet been 

explored, and these theoretical gaps hinder the rational design of optimized systems [19].  

This review provides an overview of the fundamental mechanisms of PEC valorizations and introduces a 

series of catalytic processes aimed at producing value-added chemicals, replacing the sluggish oxygen evolution 

reaction (OER) and hydrogen evolution reaction (HER). The relevant strategies and mechanisms are also 

emphasized in depth. In this review, we firstly summarized the basic mechanisms of PEC reduction of nitrogen 

compounds and oxidation of organic compounds, and explain the charge transport and transfer behavior at 

photoelectrode/electrolyte interfaces. Second, for different anodic reactions, we propose strategies to enhance 

direct charge transfer on the photoanode surface to control the conversion pathway and improve conversion 

efficiency, including surface composition modulation, vacancy engineering, heterostructure construction, metal 
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loading, and co-catalyst coating. Third, we systematically summarize and compare the kinetic mechanisms of 

different modification measures in regulating photoanode reactions. Finally, we discuss current challenges and 

future development directions. We hope this review will provide valuable guidance for researchers dedicated to 

the efficient design of photoelectrodes and the value-added conversion of small molecules [20].  

In PEC systems, the operational definition of ‘value-added conversion’ refers to the economic gain of the 

photochemical process, quantified by measuring the formation rate and Faradaic efficiency of the target product, 

with the market price or energy density of the product relative to that of the reactants serving as the core indicator. 

Additionally, the operational definition of “selective oxidation” refers to the regulation of the catalyst and the 

reaction microenvironment to ensure that hole-mediated oxidation reactions proceed preferentially along the target 

pathway, with the percentage of the target product relative to the total products serving as the metric for evaluating 

the control of the reaction pathway. 

 

Figure 1. Schematic of PEC valorizations. 

2. Fundamentals of PEC Cells for Valorizations 

2.1. Fundamentals of Photoanode Reactions 

PEC catalysis represents a synergistic process that incorporated the light-harvesting capability of 

photocatalysis with the bias-control of electrocatalysis, enabling the direct conversion of solar energy into 

chemical energy for driving catalytic upgrading reactions. A typical PEC water splitting cell uses two electrodes 

to generate oxygen and hydrogen respectively. The anode undergoes water oxidation through a four-proton 

coupled electron transfer process, while the cathode releases hydrogen through a two-electron reduction reaction. 

The basic principle of a PEC upgrading catalysis, especially at the photoanode, follows a sequential and 

interconnected multi-step process, which determines its overall efficiency [21]. The basic mechanism of 

photoanode reactions relies on three interconnected processes: light absorption by the photoanode semiconductors, 

separation and transfer of photogenerated charge carriers, and surface redox reactions with target molecules [22]. 

The initial step involves photon absorption by the semiconductor photoanode. Upon irradiation with light of 

energy equal to or greater than its bandgap energy (Eg), electrons in the valence band (VB) are excited to the 

conduction band (CB), generating electron-hole (e−/h+) pairs. The spectral range of absorbed light is intrinsically 

determined by Eg, dictating the portion of the solar spectrum that can be utilized [23]. Metal oxides with n-type 

semiconductor properties are widely used as photoanode catalysts due to their superior chemical stability, suitable 

band edge positions, tunable band gaps, and low cost, including zinc oxide (ZnO), titanium dioxide (TiO2), 

tungsten oxide (WO3), bismuth oxide (BiVO4), hematite (α-Fe2O3), etc. 

The effective spatial separation and transport of these photogenerated charge carriers are critical. A key 

challenge is the rapid recombination of e−/h+ pairs, which diminishes the population of available charges for 
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surface reactions [24]. The application of an external anodic bias plays a pivotal role in mitigating this loss. It 

establishes an electric field within the semiconductor that drives the photogenerated holes toward the 

electrode/electrolyte interface while directing electrons through the external circuit toward the cathode, thereby 

achieving vectorial charge separation [8]. This process is further enhanced through intrinsic material engineering 

strategies designed to create built-in electric fields or favorable energy alignments that facilitate the directional 

flow of holes. 

The final and functionally decisive step is the surface oxidation reaction. The photogenerated holes that 

successfully migrate to the photoanode surface participate in oxidative half-reactions with adsorbed species or 

solvent molecules. The thermodynamic feasibility of these oxidation reactions is contingent upon the energy 

position of the valence band, which must provide sufficient oxidative potential relative to the redox couple of 

interest. The kinetics and selectivity of these multi-hole transfer processes, often involving the formation of 

reactive oxygen species or the direct oxidation of substrates, are central to driving the targeted transformations 

within artificial cycles. Thus, the overall efficiency of organic conversion is determined by the light collection, 

charge transport, and transfer efficiency of the semiconductor photoelectrode. 

2.2. Evaluation of a Photoelectrode and PEC Conversion Efficiency 

2.2.1. Faradaic Efficiency (FE) 

FE measures the percentage of electrons used for the target product, relative to the total electrons passed (via 

Faradaic current). It is the most widely used metric for evaluating reaction selectivity [25,26]. FE requires two key 

inputs: total Faradaic charge (𝑄Faradaic, total)from current measurements, and moles of target product (𝑛product) 

from analytical techniques [25]. For a target product formed via ne electrons per mole, FE is calculated as: 

FE(%) =
𝑄product

𝑄Faradaic, total

× 100 =
𝑛product × 𝑛𝑒 × 𝐹

𝑄Faradaic, total

× 100 
 

where: 𝑄product = charge consumed for target product (C), 

𝑛𝑒 = number of electrons transferred per mole of product (dimensionless), 

F = Faraday’s constant (96,485•C/mol e−), 

𝑄Faradaic, total = total Faradaic charge (C) from ∫ 𝐼Faradaic𝑑𝑡. 

To ensure accuracy, the sum of FEs for all detected products (target + side products) should approach 100%. 

For example, in CO2 reduction, FECO + FECH4
+ FEH2

≈ 100%, confirming no unaccounted electron loss. 

2.2.2. Product Yield 

Yield quantifies the amount of target product generated, critical for assessing PEC system scalability. It is 

expressed in two common forms: molar yield (reactant conversion) and mass/time yield (production rate) [27]. 

Molar yield (𝑌molar) measures the ratio of moles of target product to moles of reactant consumed, reflecting reactant 

conversion efficiency: 

𝑌molar(%) =
𝑛product

𝑛reactant, consumed

× 100 
 

𝑛reactant，consumed is calculated as the initial moles of reactant minus residual moles (measured via analytical 

techniques, e.g., ion chromatography for nitrate). Mass/time yield (𝑌mass-time) quantifies product generation rate 

per unit catalyst mass, used to compare catalyst activity across studies. The formula is: 

𝑌mass-time =
𝑚product

𝑚catalyst × 𝑡
 

 

where: 𝑚product = 𝑚𝑎𝑠𝑠𝑜𝑓𝑡𝑎𝑟𝑔𝑒𝑡𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑚𝑔𝑜𝑟𝜇𝑔) 

𝑚catalyst = 𝑚𝑎𝑠𝑠𝑜𝑓𝑎𝑐𝑡𝑖𝑣𝑒𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡(𝑔), 

𝑡 = 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑡𝑖𝑚𝑒(ℎ). 

2.3. Requirements for Photoanode Materials 

Photoanodes in photoelectrochemical cells must effectively execute the three fundamental processes of light 

absorption, charge separation/transport, and surface oxidation. Their theoretical performance, such as solar-to-

hydrogen (STH) efficiency and photocurrent density, is primarily governed by the material’s band structure. While 

a narrower bandgap is generally desirable for enhanced light absorption, and the valence band maximum must be 
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positioned to thermodynamically enable water oxidation, an excessively small bandgap can induce rapid charge 

recombination and insufficient photovoltage, thereby limiting practical performance. 

The experimentally achieved efficiencies of common n-type semiconductor photoanodes remain significantly 

below their theoretical limits, mainly due to two interrelated challenges: inefficient charge carrier separation and 

transport caused by bulk defects or interfacial energy barriers, and severe charge recombination that slows surface 

reaction kinetics. To address these issues, diverse engineering strategies have been developed. These include 

morphology and crystal facet engineering to optimize light absorption and expose active sites, modulation of 

doping and defect concentrations to improve bulk conductivity, and the application of co-catalysts or surface 

functionalization layers to accelerate interfacial charge transfer and catalytic kinetics. 

For future implementation in commercial-scale, photoanode design must also meet criteria for scalability and 

integration into unbiased devices. Interface engineering is particularly critical, as optimizing the space charge layer 

and mitigating surface states can reduce the overpotential for water oxidation. This facilitates a cathodic shift in 

the photocurrent onset potential, which is essential for constructing efficient, standalone PEC systems. Among 

various approaches, constructing heterojunctions has emerged as a predominant strategy, as it can simultaneously 

modulate the band structure and passivate surface defects. Consequently, developing precise and broadly 

applicable methods for building such heterostructures remains a central research focus. 

2.4. Mechanism of Photocathode Materials 

“In PEC reactions, the fundamental mechanism of photocathodes involves the core process whereby 

semiconductor materials convert light energy into chemical energy under illumination to drive reduction reactions: 

when the energy of incident photons is greater than or equal to the bandgap of the photocathode material, electrons 

in the valence band are excited and transition to the conduction band, forming photo-generated electron-hole pairs; 

Subsequently, driven by the built-in electric field, the photo-generated electrons migrate directionally towards the 

electrode surface, whilst the holes migrate towards the bulk or the counter electrode, thereby effectively 

suppressing carrier recombination. Finally, the high-energy electrons that have migrated to the surface participate 

in interfacial charge transfer, undergoing reduction reactions with electron acceptors in the solution to generate 

target products, thereby completing the conversion of solar energy into chemical bond energy. 

3. Photocathode Conversions 

PEC systems, the photocathode traditionally facilitates reduction reactions, with the HER representing the 

most common and energetically favorable pathway. To pursue higher-value chemical products, research has 

increasingly shifted toward alternative cathodic reductions, notably the nitrogen reduction reaction (NRR) and the 

nitrate reduction reaction (NORR). This transition responds to the limitations of conventional industrial nitrogen 

fixation, especially the Haber–Bosch process, which operates under harsh conditions of high temperature and 

pressure, accounts for 1–2% of global energy consumption, and emits roughly 1.8 tons of CO2 per ton of ammonia 

produced [28–30]. Its inefficiency within the natural nitrogen cycle further motivates the development of greener 

and less energy-intensive alternatives. 

Thereby, PEC reduction reactions on photocathodes present distinct advantages over thermal catalytic routes. 

They proceed under ambient temperature and pressure, can be directly integrated with renewable energy sources 

such as solar irradiation to lower carbon emissions, and allow precise steering of reaction pathways through 

modulation of light/electrical parameters and catalyst design. Such control enhances selectivity toward valuable 

products like ammonia while suppressing competing HER [31]. Consequently, PEC systems not only reduce the 

complexity and cost of reactor engineering but also mitigate issues such as high-temperature catalyst deactivation, 

aligning closely with the “dual-carbon” objectives and the principles of green chemistry [32].  

3.1. Nitrogen Reduction Reaction 

NRR refers to the catalytic conversion of stable atmospheric dinitrogen (N2) into nitrogen-containing 

compounds under specific conditions, with the reduction to ammonia (NH3) representing its core objective. N2 is 

one of the most stable diatomic molecules in nature which possesses a high bond dissociation energy. Such a high 

bond dissociation energy stems from the symmetric electronic structure of the N2 molecule and its lack of a 

permanent dipole moment, which hinder effective adsorption onto catalyst surfaces [33,34]. Furthermore, cleaving 

the N≡N bond requires overcoming a significant energy barrier, rendering conventional catalysts largely 

ineffective under mild conditions [35].  

The main challenge in NRR is its low selectivity. During the reduction process, protons from the electrolyte 

readily combine with electrons to undergo the competing HER. The standard potentials for HER and NRR are 
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relatively close, which typically results in poor Faradaic efficiency for NH3 production and makes highly selective 

synthesis challenging to achieve [36].  

Another key difficulty involves the regulation of reaction intermediates. NRR is a complex multi-electron 

transfer process that generates various intermediates such as *N2, *NNH, and *NH2. The stability and subsequent 

conversion pathways of these species directly govern product selectivity. Inadequate control over these 

intermediates can easily lead to the formation of by-products like hydrazine (N2H4) or nitrite (NO2
−), thereby 

further diminishing the yield of the desired product NH3 [37].  

The reaction equation is as follows: 

N2 + 6H+ + 6e− → 2NH3  

In addition to aqueous inorganic electrolytes, non-aqueous systems with added proton sources are widely 

employed in PEC NRR. These organic electrolytes enhance N2 solubility, suppress the competing hydrogen 

evolution reaction by limiting proton availability, and enable novel reaction pathways such as lithium-mediated 

nitrogen reduction, which has achieved high Faradaic efficiency. The choice of electrolyte fundamentally 

influences the reaction mechanism, intermediate stabilization, and overall performance [38]. 

3.1.1. Bulk Optimization 

Bulk optimization refers to the targeted alteration of the core composition and intrinsic structure of a catalyst 

to modulate the inherent thermodynamic activity of the photoelectrode. This strategy goes beyond surface-level 

adjustments, focusing on the bulk properties of the material—including atomic arrangement, electronic states, 

crystal order, and elemental distribution—to fundamentally alter catalytic behavior [39–41]. Typical approaches 

include tuning the type and stoichiometry of active metals, constructing alloyed or heterostructured phases, 

engineering crystallographic defects, and fabricating hierarchically porous or layered architectures [42–44]. By 

directly modulating these inherent properties, researchers aim to overcome key bottlenecks in NRR catalysts: not 

only by tailoring the electronic structure to weaken the N≡N bond and promote N2 adsorption and activation, but 

also by enhancing selectivity toward ammonia through improved hydrophilicity, charge transport, or active-site 

specificity, thereby suppressing the competing hydrogen evolution reaction. Moreover, such bulk-level modifications 

frequently contribute to improved electrochemical and structural stability under operating conditions [45].  

These mechanisms are well reflected in the development of metal-free catalysts for PEC NRR. For example, 

Liu and colleagues used ultrathin black phosphorus (BP) nanosheets prepared by electrochemical exfoliation as a 

metal-free two-dimensional catalyst [46]. As is shown in Figure 2a, direct band gap and high carrier mobility of 

BP facilitated the efficient separation of photogenerated charges, while its inherent weak hydrogen adsorption 

significantly suppressed the HER. Furthermore, the applied external bias promoted the extraction of 

photogenerated holes, mitigated oxidative degradation, and produced a synergistic effect of photoexcitation-

enhanced electrocatalysis and bias-enhanced photocatalysis. (Figure 2b) This integrated bulk and interfacial design 

overcomes the typical activity and stability limitations of metal-free catalysts, achieving an NH3 generation rate 

of 102.4 μg h−1 mg cat−1 and a FE of 23.3% at −0.4 V vs. RHE without the need for sacrificial agents. (Figure 2c) 

Similarly, the innovative combination of plasmonic elements with bulk catalytic materials demonstrates how 

structural and electronic engineering can enhance N2 activation. Zabelina’s team designed a hybrid system that 

couples a gold grating with TiB2 modified with gold nanoparticles [47]. As is demonstrated in Figure 2d, the 

coupling between localized surface plasmons and surface plasmon polaritons concentrates light energy into the 

TiB2 interlayer, reaching the sub-diffraction scale, while an ionic liquid electrolyte further suppresses the HER. 

The resulting strong localized electric field enhances the adsorption of N2 on the Ti active sites and reduces the 

dissociation energy of key intermediates. This method effectively overcomes the common problems in traditional 

TiB2 catalysts, such as insufficient exposure of active sites and difficulty in N≡N bond activation. (Figure 2f) 

Under simulated solar irradiation at −0.2 V vs. RHE, the system achieved an NH3 yield of 535.2 μg h−1 mgcat−1 

with a Faraday efficiency of 31.7% when using pure nitrogen as the nitrogen source. Even when using air as the 

nitrogen source, the system maintained a high yield of 491.3 μg h−1 mgcat−1, indicating that utilizing abundant raw 

materials and driving ammonia synthesis through renewable energy is a feasible approach. 

Future research should focus on further optimizing material structures to better match their inherent properties 

with catalytic requirements; promoting integrated innovation of material types such as metal-free compounds and 

plasma systems; and advancing scalable device configurations to achieve practical photoelectrochemical ammonia 

production. These efforts are crucial for advancing sustainable, low-energy nitrogen fixation technologies. 
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Figure 2. (a) PEC NRR enhancement mechanisms of BP under light illustration. (b) Light dependent current–time 

curves of the BP electrode. (c) PEC ammonia yield rates and Faradaic efficiency [46]. Copyright 2020, Wiley. (d) 

Schematic concept of the Au grating/TiB2@AuNP. (e) EM image of the TiB2@AuNP flake and corresponding 

EDX mapping of Ti, B, and Au. (f) FDTD-calculated distribution of the plasmon-related volumetric energy density 

under the illumination of the coupled AuNP–Au grating system with TiB2 spacer and DFT stimulations [47]. 

Copyright 2023, American Chemical Society. 

3.1.2. Defect Engineering 

Defect engineering refers to the technology of constructing or controlling defect structures such as vacancies, 

dislocations, and edge sites in catalyst materials through controllable means [48]. Its mechanism of action is to 

enhance the adsorption and activation of N2 through defects, optimize carrier separation efficiency, and control 

the surface electronic states of the material to suppress the competitive HER, thereby improving the ammonia yield 

and Faraday efficiency of NRR [49].  

This strategy has been effectively implemented in recent studies where defect engineering served as a central 

approach to address key limitations of conventional NRR systems. For example, work led by Li employed a 

nitrogen-vacancy-modified g-C3N5/BiOBr p–n heterojunction [50]. As is shown in Figure 3a, nitrogen vacancies 

function as electron reservoirs that capture photogenerated electrons from the conduction band of g-C3N5 and 

release them in a controlled manner for N2 activation. These vacancies also narrow the bandgap of g- C3N5, 

extending its visible-light absorption range. Coupled with the built-in electric field of the heterojunction, they 

establish a “dual-electron transfer pathway” that significantly suppresses charge recombination and enhances N2 

adsorption—effectively overcoming the low charge-separation efficiency and weak N2 activation typical of single-

semiconductor catalysts. At an applied potential of −0.2 V vs. RHE, this design achieved an NH3 production rate 

of 29.4 μg h−1 mg−1 with a Faradaic efficiency of 11%, without generating detectable hydrazine by-products. 

(Figure 3b) 

In a complementary study demonstrated in Figure 3c, the group led by Ma developed an oxygen-vacancy-

modulated VO-SnO2/TiO2 composite photoanode [51]. Oxygen vacancies were introduced into SnO2 quantum dots 

via high-temperature annealing under an inert atmosphere. These vacancies create quasi-continuous defect energy 

levels that narrow the SnO2 bandgap and serve as electron-trapping sites, facilitating the transfer of photogenerated 

electrons from the TiO2 conduction band to SnO2 and thus reducing carrier recombination. Additionally, the 

vacancies strengthen N2 adsorption and lower the activation energy barrier for N≡N bond cleavage. (Figure 3d) 
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This defect-engineered system addresses the common drawbacks of TiO2-based catalysts—limited visible-light 

utilization and poor NRR selectivity—yielding an NH3 formation rate of 19.41 μg h−1 mg−1 at −0.2 V vs. RHE 

with a Faradaic efficiency of 59.6%, along with notable operational stability. (Figure 3e) 

Collectively, well-designed defect engineering can enhance NRR performance through vacancy-mediated 

charge modulation and band structure manipulation, thus providing a feasible design strategy for efficient, stable, 

and highly selective nitrification NRR photoelectrochemical catalysts. 

 

Figure 3. (a) Representation of the Double Charge Transfer and NRR Mechanism and the Energy Band Structure 

of NV-g-C3N5/BiOBr. (b) NH3 yield and FE of Ru decorated Cu2O with different bias [50]. Copyright 2020, 

American Chemical Society. (c) High-angle annular dark field scanning transmission electron microscopy 

(HAADF–STEM) image. (d) Schematic mechanism of the PEC nitrogen fixation reaction in Vo-SnO2/TiO2. (e) 

NH3 yield and faradaic efficiency of Vo-SnO2-16/TiO2 at different potentials [51]. Copyright 2024, Royal Society 

of Chemistry. 

3.1.3. p-n Junction Construction 

By constructing a p-n junction, a built-in electric field can be generated as electrons and holes diffuse across 

the interface, utilizing the difference in carrier concentration between p-type and n-type semiconductors, thereby 

establishing a directional path for charge transport [52]. This electric field promotes efficient separation of 

photogenerated carriers, reduces recombination losses, and provides sufficient active charge for surface reactions. 

In addition, by enabling the band structure to match the thermodynamic requirements of NRR, the junction helps 

to suppress competitive HER. Interfacial coupling can also enhance the chemical stability of the components, 

thereby extending the catalyst lifetime and supporting the high efficiency of the NRR system [53].  

These strategies have been clearly reflected in recent heterojunction-based NRR systems. Gao et al. 

constructed a double heterojunction structure containing a CoFe-LDH/BiVO4 p-n junction photoanode and a Ru 

single-atom modified Cu2O cathode [54]. CoFe-LDH is grown on BiVO4 by hydrothermal method to form a p-n 

heterojunction, whose built-in electric field accelerates the separation of photogenerated electron-hole pairs. 

(Figure 4a) Simultaneously, the synergistic interaction of Co and Fe active sites provides additional 

photogenerated electrons for NRR. On the cathode side, Ru single atoms are anchored to Cu2O via photo-

deposition, forming a metal-single-atom/semiconductor interface. The interaction between the d orbitals of Ru and 

the N2 π* orbitals decrease the energy barrier for the formation of the *NNH intermediate, while the adsorption 

tendency of Cu2O for nitrate further suppresses HER. (Figure 4b) This dual heterojunction design effectively 

solves the problems of low charge transport efficiency and insufficient active sites commonly found in single-

electrode systems, achieving an NH3 yield of 230 μmol h−1 gcat−1 at 0.9 V vs. RHE, with a Faraday efficiency of 

14.9%. (Figure 4c) 

Huang’s team employed a different approach, developing an integrated “artificial blade” system based on an 

InGaP/GaAs/Ge triple-junction heterostructure coupled to a Ti/Au interface layer [55]. As is shown in Figure 4d 

and 4e, the triple junction was fabricated by molecular-beam epitaxy, stacking InGaP, GaAs, and Ge to achieve 

broad-spectrum light absorption and enhanced photovoltage. A sputtered Ti/Au bilayer was subsequently 

deposited on the InGaP surface, where the Ti layer improved interfacial adhesion and electron transfer between 
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Au and the semiconductor, while the Au layer provided catalytic sites for NRR and steered the N2 hydrogenation 

pathway. (Figure 4f) This multi-junction design overcomes the limited photovoltage of single semiconductors, 

which typically require external bias. The synergistic interfacial effects yielded a Faradaic efficiency of 28.9% and 

a STA conversion efficiency of 1.11% under 0.2 sun illumination, with an NH3 production rate of 8.5 μg cm−2 h−1 

at 1.5 sun illumination. (Figure 4g) This approach illustrates a viable pathway toward the industrialization of solar-

driven ammonia synthesis through precise heterojunction engineering. 

 

Figure 4. (a) HR-TEM images of CoFe-LDH/BiVO4. (b) Schematic illustration of the PEC NRR mechanism. (c) 

NH3 yield and FE of Ru decorated Cu2O with different bias [54]. Copyright 2025, Elsevier. (d) Schematic 

illustration of the artificial leaf for nitrogen reduction using a 3J InGaP/GaAs/Ge cell with Au catalyst for the 

nitrogen reduction reaction (NRR) and Ni foil. (e) High-angle annular dark field scanning transmission electron 

microscopy image. (f) Schematic illustration of the nitrogen reduction following the alternating pathway on the Au 

catalyst surface with the assistance of photoelectrons. (g) Corresponding ammonia production rate (left column) 

and Faradaic efficiency (right column) of the Au/Ti/3J InGaP/GaAs/Ge cell with various bias potential [55]. 

Copyright 2023, Wiley. 

3.1.4. Co-Catalyst Modification 

Co-catalyst modification represents a prevalent kinetic optimization strategy in PEC catalysis, wherein 

suitable co-catalysts are loaded onto light-absorbing semiconductors to promote or accelerate the photocatalytic 

process [56]. In such systems, co-catalysts primarily function as active reaction sites, catalyzing specific surface 

redox reactions [57]. Moreover, the interface or junction formed between the co-catalyst and the semiconductor 

facilitates charge separation and transport, thereby enhancing overall photoconversion efficiency [58]. Typical co-

catalysts are categorized based on their composition and structure, including noble-metal-based nanoparticles, 

transition-metal oxides, layered double hydroxides (LDHs) [59], and emerging single-atom catalysts (SACs) [60]. 

Each class contributes distinct electronic, geometric, or catalytic properties that can be tailored to improve activity, 

selectivity, and stability in photoelectrochemical reactions. 

SACs are a typical class of cocatalysts, in which isolated metal or non-metal atoms are uniformly dispersed 

and anchored on the surface or within the lattice of a catalyst support through coordination, adsorption, or similar 

methods [61]. This strategy maximizes atom utilization and allows for precise tuning of the local electronic 

structure around the single-atom sites. In PEC-NRR, SACs enhance the interaction between the photoelectrode 

and N2, lower the activation barrier for N≡N bond breaking, and suppress the competitive HER, thereby increasing 
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ammonia yield and Faradaic efficiency [62]. Furthermore, the synergistic effect between the single atom and the 

support often contributes to improved overall catalytic stability [63,64].  

The integration of SACs into dual-electrode PEC configurations effectively demonstrates these advantages. 

A carefully designed SACs can effectively address specific challenges in PEC NRR, enabling the tandem catalytic 

process. As is shown in Figure 5a, He’s laboratory has developed a layered Au/porous carbon nitride (PCN) 

catalyst with Au SACs that achieves spatial decoupling between light absorption and catalytic reaction [65]. The 

combination of PCN and Au nanoparticles enhances N2 adsorption and lowers the activation barrier of the N≡N 

bond. (Figure 5b) Therefore, this system achieves an NH3 production rate of 13.8 μg h−1 mg−1 and a Faradaic 

efficiency of 61.8% at a low bias of −0.10 V vs. RHE, providing an effective approach to balancing light capture 

and catalytic activity. (Figure 5c) 

As is shown in Figure 5d, in another strategy, a ternary heterostructure of Mo2C/GaN/InGaN nanowires was 

constructed to improve charge transfer and stability in acidic media [66]. A GaN buffer layer forms a type-I 

heterojunction with InGaN and establishes a low-offset conductive interface with Mo2C, enabling efficient electron 

transfer from the photo-accepter to the catalytic sites. (Figure 5e) This design mitigates the poor stability and 

limited charge transport of bare InGaN nanowires, yielding an NH3 production rate of 7.93 μg h−1 mg−1 with a 

Faradaic efficiency of 15.39% at −0.2 V vs. RHE. (Figure 5f) 

Transition metal oxides are also widely used as PEC co-catalyst. For example, in Figure 5g, Ti-doped 

WO3/SrWO4 hybrid photocathode was designed to enhance charge separation and reaction selectivity [67]. Doping 

with Ti modifies the interfacial electronic structure between WO3 and SrWO4, which reduces carrier recombination 

and favors NRR over HER. (Figure 5h) The Ti-doped WO3 co-catalyst delivered an NH3 yield of 11.17 μg h−1 

mg−1 with a Faradaic efficiency of 13.42% at −0.5 V vs. RHE, overcoming the limitations of the individual oxide 

catalysts. (Figure 5i) 

These works demonstrate rationally designed co-catalysts can synergistically improve light absorption, 

charge transport, and catalytic activity in PEC-NRR systems. Future efforts might focus on refining interfacial 

compatibility, precisely aligning band structures across multiple components, and developing robust 

multicomponent heterostructures to advance the practical application of low-bias, solar-driven ammonia synthesis. 

Figure 5. (a) HRTEM images of Au/PCN. (b) Zoomed tilted view of the surface where the hydrogen attacks the 

N2 to show the optimized geometries of the reaction intermediates. (c) Schematic illustration of the Au/PCN catalyst 

synthesis route: the porous CN was prepared via acid exfoliation process and Au loading was accomplished by 

chemical reduction method [65]. Copyright 2021, Wiley. (d) Schematic of Mo2C/GaN/InGaN NWs for PEC N2 

reduction. (e) Energy band diagram of InGaN/Mo2C and chematic representation of charge transfer from GaN to 

Mo2C. (f) Graphical representation of FE and NH3 yield of Mo2C/GaN/InGaN NWs at various applied potentials 

vs RHE [66]. Copyright 2023, American Chemical Society. (g) TEM image of Ti-WO3/SrWO4; (h) Mechanistic 

diagram of ammonia synthesis by TiWO3/SrWO4. (i) Ammonia formation rates on 2 h reaction [67]. Copyright 

2023 Elsevier. 
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3.1.5. Metal-Mediated Regulation 

In photoelectrochemical reactions, in addition to optimizing the electrode material itself, optimizing the ion 

transport characteristics of the electrolyte is also a feasible way to improve overall catalytic activity. Metal-

mediated electrolyte modulation is a strategy that involves introducing metal ions or soluble metal compounds into 

the electrolyte in dissolved and dispersed forms to regulate the chemical environment of the electrolyte and the 

characteristics of the interfacial reaction [68]. Its function is that metal ions can improve the solubility and 

activation of N2 molecules through coordination, regulate the double-layer structure of the electrode/electrolyte 

interface, promote charge transfer, and simultaneously inhibit the adsorption and reduction of H+ on the electrode 

surface, thereby improving the ammonia yield and Faraday efficiency of the NRR. In addition, some metal ions 

can stabilize the electrolyte system and reduce the generation of reaction byproducts [69].  

As is shown in Figure 6a, lithium metal-mediated modulation was taken as the core innovative strategy by 

Huang’s research work [70]. By constructing a PEC system of “p-type silicon photocathode/Li+ medium 

/nonaqueous electrolyte”, it broke through the key bottlenecks of traditional aqueous nonaqueous ammonia 

synthesis, such as low N2 solubility, serious HER competition, and low Faraday efficiency, and realized the high-

efficiency synthesis of ammonia. It is the first combination of lithium metal-mediated mechanism and silicon 

photocathode. With silicon as the light absorbing layer, in the tetrahydrofuran electrolyte containing 0.2 M LiBF4, 

the electrons generated by the light will drive the reduction of Li+ into lithium metal, which will trigger lithium-

mediated N2 reduction cycle. At the same time, the solid electrolyte interphase (SEI) layer formed by electrolyte 

decomposition can be used to modulate the lithium deposition behavior. The principle of metal-mediated 

regulation is reflected in the synergistic modulation of the lithium metal-mediated effect and the SEI layer. Under 

light irradiation, the photogenerated electrons of the silicon photocathode reduce the overpotential for lithium 

reduction. Lithium metal reacts spontaneously with N2 to form Li3N intermediates, and then Li3N reacts with 

ethanol-provided H+ to form NH3 and release Li+, resulting in the catalytic cycle of “Li→Li3N→Li+”. (Figure 6b) 

The LiF component in the SEI layer in the SEI layer can promote the uniform deposition of lithium and inhibit 

electrolyte degradation. At the same time, the non-aqueous THF electrolyte improves the solubility of N2, prevents 

the excessive contact between H+ and the active site, and significantly inhibits the HER. This design effectively 

solves the problems of difficult activation of N2, low FE due to the competition for the HER, and slow kinetics of 

the reaction in the conventional NRR. The ammonia yield reached 52.4 μg h−1 mg−1 with FE as high as 95% under 

−5 V vs Ag/Ag+ and simulated solar irradiation conditions. (Figure 6c) This validates the effectiveness of the 

lithium-mediated mechanism and provides an important reference for the application of metal-mediated regulation 

in the design of efficient PEC NRR systems. 

 

Figure 6. (a) Schematic illustration of lithium-mediated photoelectrochemical reduction of N2 into NH3 on the Si 

photocathode via the catalytic recycling of Li → Li3N → Li+, while ethanol provides the protons for the NH3 

synthesis. [70] (b) Schematic diagram of the PEC Li-NRR mechanism of the Si photocathode under light irradiation. 

[70] (c) NH3 yield rates and Faradaic efficiencies of electrocatalytic Li-NRR and PEC Li-NRR process under dark 

(blue bars) and light (red bars) conditions [70]. Copyright 2023, American Chemical Society. 

In future, the matching of metal ion types and electrolyte components can be optimized to improve the 

reaction kinetics; the precise regulation strategy of the SEI layer composition can be explored to further improve 

the stability of the system; and the combination of the metal-mediated electrolyte and the high-efficiency 

photoelectrode can be promoted to push the PEC NRR toward the low-bias, high FE green ammonia synthesis on 

a large scale. 

3.1.6. Summary 

Recent advances in PEC nitrogen reduction have established a multidimensional framework for performance 

enhancement, with targeted strategies addressing the key bottlenecks of traditional systems. These approaches 
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range from innovative material designs to precise atomic-level modifications, each contributing to improved 

activity, selectivity, and stability. 

In future, the field may evolve along several synergistic pathways: integrating complementary strategies such 

as defect engineering with single-atom modification or combining porous COF architectures with tailored 

electrolyte environments; enhancing kinetics to lower overpotentials while replacing precious metals with earth-

abundant alternatives; and advancing system durability and scalability under realistic operating conditions. By 

coupling these material and process innovations with renewable energy sources, nitrogen reduction technology 

can move toward green, scalable, and economically viable ammonia synthesis, supporting a sustainable industrial 

nitrogen cycle under the “dual-carbon” framework. 

3.2. Nitrogen Oxides Reduction Reaction (NORR) 

Nitrogen oxides (NOx), prevalent in aquatic environments, represent not only a source of environmental 

pollution and a threat to human health but also a potential feedstock for conversion into value-added products such 

as ammonia. Traditional treatment and synthesis routes, however, are often hindered by high energy consumption 

and low efficiency. Conventional thermocatalytic processes require high-temperature for activating the reaction, 

leading to risks of catalyst sintering, deactivation, and substantial energy input. In contrast, PEC nitrogen oxide 

reduction reaction (NORR) can proceed under mild conditions by synergistically utilizing light and electrical 

energy [71]. This approach employs photogenerated charge carriers to drive the reduction process, while an applied 

bias facilitates charge separation via an external circuit to suppress recombination and backward reactions. 

Furthermore, localized energy input at the electrode-electrolyte interface enhances reactant activation efficiency 

and refines product selectivity. Collectively, these features endow PEC NORR with the dual advantages of being 

an environmentally benign, low-energy process and a highly efficient conversion pathway [72].  

The reaction equation is as follows: 

N2 + 6H2O → 2NO3
− + 12H+ + 10e−  

3.2.1. Hydroxide/Layered Double Hydroxide (LDH) Modification 

In PEC NORR, hydroxide/layered double hydroxide (LDH) were widely used to enhancing catalytic 

performance [73]. LDHs possess excellent intrinsic properties due to their layered structure with exchangeable 

interlayer anions, tunable metal cation composition, and abundant surface hydroxyl groups, resulting in high 

hydrophilicity and tunable electronic structure. These characteristics collectively increase the density of active 

sites, optimize the electronic environment for NOx species adsorption and activation, promote the separation and 

transport of photogenerated charge carriers, and improve the chemical stability and corrosion resistance of the 

electrode. Therefore, by constructing hydroxide coatings, synthesizing LDH composites, or introducing defects 

into the LDH structure, the reaction efficiency, product selectivity, and energy efficiency of NORR can be 

significantly improved [74]. For example, a composite photocathode comprising a Ni(OH)2 layer on nickel foil 

with a full-back-contact silicon architecture was developed by the Jin’s group [75]. The nickel foil undergoes 

spontaneous oxidation in alkaline electrolyte to form a Ni(OH)2 surface layer. (Figure 7a) Ni2+ sites act as Lewis 

acidic centers, strengthening nitrate adsorption while moderating hydrogen adsorption to suppress the HER. 

Furthermore, the full-back-contact design places all electrical contacts on the rear side, eliminating optical shading 

by the catalyst and thus maximizing light absorption. (Figure 7b) The Ni(OH)2 surface layer addresses the trade-

off between light harvesting and catalytic activity, achieving an NH3 production rate of 2468 μg cm−2 h−1 with a 

Faradaic efficiency of 85% at −0.1 V vs. RHE. In an unbiased configuration, the system maintained a solar-to-

ammonia conversion efficiency of 3.8% with stable performance over multiple cycles. 

Beyond monometallic LDHs, polymetallic LDHs have garnered increasing attention for PEC NORR. The 

layered architecture of polymetallic LDHs with positively charged interlayers enables physical pre-enrichment of 

NOx, while the multi-metal sites offer tunable active sites for adsorption and catalysis. By regulating the ionic 

composition and layered structure of polymetallic LDHs, the NORR activity and selectivity of can be adjusted. A 

representative design is illustrated in the work by Bai and colleagues, which integrated a Fe2+/Cu2+/Fe3+-LDH with 

a BiVO4 photoanode [76]. (Figure 7c) The Fe2+ sites act as Lewis acid centers for the chemisorption of nitrate, 

whereas Fe3+ and Cu2+ ions coordinate with protons to form Cu2+–H/Fe3+–H intermediates. These intermediates 

serve as a proton reservoir for NH3 formation while simultaneously suppressing the competing hydrogen evolution 

reaction. This synergistic effect combining physical enrichment and chemisorption addresses the problems of limited 

nitrate affinity and poor selectivity commonly found in single-component semiconductors. (Figure 7d) Under an 
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applied potential of 0.4 V vs. RHE, the electrode delivered an NH3 production rate of 13.8 μg cm−2 h−1 with a Faradaic 

efficiency of 66.1%, minimal nitrite by-product formation, and excellent cycling stability. (Figure 7e)  

Theoretically, the NOx adsorption capacity and charge transport efficiency of LDH-based cocatalysts can be 

optimized through multi-element doping and interlayer modulation, and the catalyst’s durable can be extended by 

combining it with a stable substrate. By exploring the fusion of the advantages of these two strategies, PEC 

photocathodes suitable for different scenarios can be developed, advancing the technological realization of 

nitrogen oxide resource recovery and green ammonia synthesis, and contributing to pollution control and the 

development of new energy fields. Simultaneously, it is necessary to strengthen the research on reaction 

mechanisms and utilize in-situ characterization techniques to guide material design, in order to further improve 

the efficiency, selectivity, and stability of NORR catalysts. 

 

Figure 7. (a) HRTEM images of Ni(OH)2/Ni interface. (b) Optimized structures of the NO3RR on the Ni (top) and 

Ni(OH)2 (bottom) [75]. Copyright 2025, Wiley. (c) HRTEM image of FCF-LDH/BVO. (d) The FE of FCF-LDH/BVO. 

(e) Schematic diagram of mechanism of FCF-LDH/BVO used in PEC NORR [76]. Copyright 2025, Elsevier. 

3.2.2. Metal-Sites Modification 

Decorating metal sites on semiconductor surfaces represents a powerful strategy to tailor the interfacial 

properties and catalytic activity in PEC NORR. By creating well-defined metal-active sites, these modifications 

directly regulate the local electronic structure, optimize the adsorption energetics of nitrate and reaction 

intermediates, and steer the reaction pathway away from competing processes such as HER [77,78].  

Bimetallic or multimetallic alloy nanoparticles offer a powerful means to combine and enhance the properties 

of constituent metals. This is exemplified in systems utilizing CoCu alloy nanoparticles as surface modifiers. In 

one prominent study as is shown in Figure 8a, a CoCu-decorated TiO2/Sb2Se3 architecture was developed, where 

the alloy particles served as the primary catalytic engine [79]. As is demonstrated in Figure 8b,c, the electronic 

synergy between Co and Cu atoms within the alloy creates active sites that effectively adsorb and activate nitrate 

ions, mimicking the performance of more expensive noble metals while improving stability. This approach directly 

addresses the poor inherent catalytic activity of the underlying Sb2Se3 absorber, leading to a high NH3 Faradaic 

efficiency of 88.01% and a positively shifted reaction onset potential.  

Noble metal nanoparticles, particularly gold (Au), remain benchmark modifiers due to their exceptional 

catalytic activity and favorable redox properties. A key advancement in this area involves the integration of 

uniformly sized Au nanoparticles with ordered silicon nanowire (O-SiNW) arrays [80]. (Figure 8d) The Au 

nanoparticles are not merely adjuncts but the critical active components responsible for nitrate reduction via a 

dynamic Au0/Au+ redox cycle. The ordered nanowire substrate ensures optimal light harvesting and mass transport, 

while the well-dispersed Au nanoparticles provide a high density of efficient and regenerable catalytic sites. This 

synergy enabled the system to achieve a record Faradaic efficiency of 95.6%, demonstrating the peak performance 

attainable with optimized noble metal modifiers. 

Beyond existing alloys and precious metals, the future of metal site modification lies in expanding the library 

of active components. This involves developing modified materials that offer unique electronic structures and binding 

properties while reducing costs without compromising activity. Furthermore, designing multi-component modifier 

systems where different metals or compounds play complementary roles, such as sequential adsorption, activation, 

and proton transfer, provides pathways to unleash superior synergistic effects. Simultaneously, advancing deposition 
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and anchoring methods is crucial for ensuring strong adhesion, uniform distribution, and long-term operational 

stability of various metal modifiers, which is essential for developing practical and scalable PEC NORR. 

 

Figure 8. (a) TEM images of CoCu/TiO2/Sb2Se3. (b) NH4
+ FEs and yield rates of CoCu/TiO2/Sb2Se3 in various 

applied potentials. (c) Main reaction pathway of NO3
− reduction to ammonia on CoCu/TiO2/Sb2Se3 photocathode 

[79]. Copyright 2024. Wiley. (d) HAADF-STEM and EDS mapping (Si and Au) of O_SiNW/Au [80]. Copyright 

2022. Wiley. 

3.2.3. Bandgap Engineering 

Band structure engineering essentially involves constructing customized electronic structures by coupling 

interfaces between different materials, which is crucial for efficient PEC NORR [81]. The core features of such 

heterojunctions lie in band bending and the formation of a built-in electric field at the interface. This built-in 

electric field drives the spatial separation of photogenerated electron-hole pairs, suppresses their recombination, 

and provides a directional force for charge transport to catalytic sites [82]. Furthermore, by combining materials 

with complementary light absorption properties, the utilization range of the solar spectrum can be broadened. 

Ultimately, the synergistic effect at the heterojunction interface optimizes the electronic structure of the active 

sites, enhances nitrate adsorption and activation, and suppresses competing reactions such as the hydrogen 

evolution reaction (HER), thereby improving overall catalytic efficiency, selectivity, and durability [83,84].  

Integrating organic semiconductors with inorganic catalysts is a promising route to decouple and optimize 

light-harvesting and catalytic functions through band alignment. A notable example is given in Figure 9a. A system 

combining an organic semiconductor light-absorber with a Ni-Fe-P catalyst layer on a copper foil substrate was 

reported by Lee’s group [85]. The organic semiconductor layer is selected for its broad spectral absorption, while 

the Ni-Fe-P layer, whose electronic state is modulated by phosphorus, provides optimized Niδ+/Feδ+ active sites. 

The key to its function lies in the band alignment at the organic/inorganic interface, which facilitates charge 

injection from the organic semiconductor absorber into the catalytic layer. This heterostructure design overcomes 

the typical instability of organic semiconductor electrodes, achieving a notable NH3 Faradaic efficiency of 95.6% 

under unbiased conditions. (Figure 9b) 

Silicon, with its excellent optoelectronic properties, often serves as a foundational light absorber, but its 

performance hinges on effective interfacial band engineering to mitigate corrosion and facilitate charge transfer. 

This is exemplified in a tandem “Cu-C/Si-TiO2” heterojunction system [86]. (Figure 9c) In this architecture, a 

Schottky junction formed between silicon and a carbon layer decorated with Cu nanoparticles promotes the 
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extraction of silicon’s photogenerated electrons to surface Lewis acid sites. (Figure 9d) Concurrently, a TiO2 

photoanode with a compressively stressed interface improves charge separation. The precise band alignment across 

this multi-interface system addresses silicon’s vulnerability in alkaline media, resulting in an NH3 yield of 115.3 

μg cm−2 h−1 with 88.8% Faradaic efficiency. (Figure 9e) 

Constructing heterojunctions between different metal oxides allows for fine-tuning of the built-in electric 

field and surface energetics. As is shown in Figure 9f,g, a representative case is a Si/Cu-NSTL/Co(OH)2 ternary 

photocathode, where a nanostructured copper layer is integrated with Co(OH)2 nanosheets [87]. The intimate 

interface between Cu and Co(OH)2 establishes a strong built-in electric field that not only accelerates charge 

separation but also promotes the co-adsorption of nitrate and water molecules, critically suppressing HER. This 

band-structure-driven design tackles the limited active sites and intermediate desorption issues of conventional 

photocathodes, achieving near-unity Faradaic efficiency for NH3 at 1.0 V vs. RHE. Similarly, a CeO2-C/BiVO4 

composite leverages the heterojunction between p-type BiVO4 and CeO2 to induce beneficial band bending [88]. 

The incorporated carbon layer further modulates the interface, enhancing electron transfer. This coordinated band 

engineering significantly suppresses charge recombination and leads to an NH3 Faradaic efficiency of 32.2% with 

excellent operational stability. 

Future advancements in heterostructure design will likely focus on exploring novel material combinations 

with more sophisticated band alignment. This includes developing multi-component heterostructures to achieve 

synergistic broad-spectrum response and high catalytic site density. Deepening the understanding and precise 

control of interfacial band bending in tandem or ternary junctions will be key to minimizing charge-transfer losses. 

For practical application, strengthening in situ characterization of interfacial charge dynamics and active site 

evolution under operating conditions will provide the essential theoretical foundation for designing the next 

generation of efficient, stable, and scalable PEC NORR systems. 

 

Figure 9. (a) Schematic illustration of a bias-free PEC upcycling system designed for the simultaneous conversion 

of nitrate to ammonia and glycerol to formic acid. (b) Faradaic efficiency for products by GOR at 10 mA cm−2 [85]. 

Copyright 2025. Wiley. (c) HRTEM images of CuCSi-800 focusing on a certain Cu NP. (d) Schematic 

representation of the work mechanism for PEC NORR on the CuCSi-800. (e) Time dependence of NH3 yield 

(purple column diagrams) and FE (orange point plots) obtained from CuCSi-800 [86]. Copyright 2024. Elsevier. (f) 

FE of Cu/Co(OH)2–Si under different applied potentials in NORR. (g) Schematic representation of the proposed 

NORR catalytic mechanism in Cu/Co(OH)2–Si and the synergetic effect between Cu and Co(OH)2 [87]. Copyright 

2024. The Royal Society of Chemistry. 
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3.2.4. Defect Engineering 

The deliberate introduction of defects into semiconductor materials, such as vacancies, interstitial atoms, and 

heteroatom dopants，serves as a precise method to modulate electronic band structures for enhanced PEC NORR 

[89]. Defect states within the bandgap can act as charge-trapping centers, prolonging carrier lifetimes and 

promoting separation, thereby increasing the flux of photogenerated electrons available for nitrate reduction [90]. 

Beyond charge dynamics, these defects directly alter the surface electronic state, which can optimize the adsorption 

energetics of nitrate ions and key intermediates as *NO2 while simultaneously moderating hydrogen adsorption to 

suppress the competing HER [91]. Furthermore, defect-induced band tailing or the creation of mid-gap states can 

effectively narrow the optical bandgap, broadening the spectral response. Collectively, strategic defect engineering 

enhances light harvesting, charge separation, and surface catalysis, leading to improved activity, selectivity, and 

stability in NORR systems. 

Introducing oxygen vacancies (VO) is a prevalent strategy to tune both the bulk and surface electronic 

structure of metal oxides. A representative application is demonstrated in Figure 10a, it is found in work on Cu2O 

photocathodes for the co-reduction of CO2 and nitrate to urea [92]. Here, controlled creation of surface oxygen 

vacancies induces a reconstruction of copper valence states, generating a mixed Cu0/Cu+/Cu2+ environment. 

Critically, these vacancies modify the local band structure, shifting the conduction band minimum to a more 

negative potential that thermodynamically facilitates both CO2 and nitrate reduction. The defect-mediated surface 

also enhances the adsorption of both reactants. Introducing oxygen vacancies can achieve dual regulation of 

electronic structure and active sites, enabling efficient C-N coupling reactions under mild conditions to 

accommodate complex multi-reactant reduction pathways. 

 

Figure 10. (a) Theoretical studies of the reaction mechanism of PEC co-reduction of CO2 and NO3
− to urea on 

Cu2O (100) facet at reaction conditions [92]. Copyright 2024. Wiley. (b) NH4
+ Faradaic efficiency and yield rate 

of TiOx-250/CdS/CZTS in different applied potentials. (c) Proposed reaction pathway of NO3 reduction to ammonia 

on TiOx/CdS/CZTS photocathode [93]. Copyright 2022. Wiley. 
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Doping with lower-valence cations or creating cation deficiencies introduces defect states that can enhance 

conductivity and create specific adsorption sites. This approach is exemplified in a defect-engineered 

TiOx/CdS/chalcopyrite photocathode [93]. As shown in Figure 10b,c, by rationally controlling the spray pyrolysis 

temperature, the concertration of Ti3+ species which acting as donor defects in the TiOx layer was regulated. These 

Ti3+ defects create intra-bandgap states that improve charge separation and transport across the heterojunction. 

More importantly, they serve as preferential adsorption sites for nitrate and its reduction intermediates, steering 

the reaction pathway and suppressing undesirable side reactions. This defect-mediated optimization of both charge 

kinetics and surface chemistry led to a high Faradaic efficiency for ammonia of 89.1% at 0.1 V vs. RHE with 

notable retention in complex simulated wastewater. 

Future advances in defect engineering for PEC NORR will focus on achieving even more precise and tailored 

control over the electronic landscape. This includes developing synthetic protocols to selectively generate specific 

defect types including anion/cation vacancies and targeted dopants at desired concentrations and spatial 

distributions to optimally align with the energetic requirements of nitrate reduction. Combining defect engineering 

with other material strategies, such as constructing heterojunctions where defects are localized at critical interfaces, 

could achieve synergistic effects for superior charge management and catalytic specificity. For practical 

deployment, enhancing the stability of these defect sites under operational conditions in real wastewater matrices 

is crucial. Concurrently, employing in situ and operando characterization techniques will be vital to elucidate the 

dynamic evolution of defect states and their interaction with reactants under working conditions, providing a 

fundamental roadmap for the rational design of next-generation defect-engineered PEC systems. 

3.2.5. Summary 

Nowadays, the core challenge on PEC NORR lies in designing materials that can efficiently harvest light, 

generate long-lived charge carriers, and provide surface sites with optimized energetics for the selective multi-

electron reduction of nitrate to ammonia, while suppressing competing pathways such as the hydrogen evolution 

reaction HER. To address this, several interconnected material modification strategies have emerged as central to 

performance enhancement, each targeting specific aspects of the electronic and interfacial structure. 

Typical material optimization approaches focus on strategically altering the band structure and interfacial 

charge dynamics. Defect engineering, through the introduction of vacancies or dopants, creates intra-gap states 

that can enhance visible-light absorption, trap charge carriers to reduce recombination, and tailor surface electronic 

properties for improved nitrate adsorption. Heterojunction construction couplling materials with complementary 

band alignments to generate a built-in electric field, which forcefully separates photogenerated electrons and holes 

and directs them toward desired reaction interfaces. Surface modification with metal-based sites introduces 

localized states that act as efficient catalytic centers, lowering the activation barrier for nitrate reduction and 

modulating intermediate binding energies to steer product selectivity. 

Despite significant progress, several critical challenges must be resolved to advance PEC NORR toward 

practical application. A primary issue is the inefficient spatial and energetic management of charge carriers, leading 

to substantial losses through bulk and surface recombination before they can participate in catalysis. Furthermore, 

achieving high selectivity for ammonia over other nitrogenous byproducts such as nitrite or HER remains difficult, 

as it requires exquisite control over the multi-step proton-coupled electron transfer process. Material stability under 

prolonged operation in often corrosive electrolytes is another persistent concern, as photo-corrosion and catalyst 

degradation limit system longevity. Finally, many high-performance strategies currently rely on scarce or costly 

elements, creating a need to develop equally effective systems based on earth-abundant materials. 

Therefore, future development must will focus on the precise integration of multiple band-engineering 

strategies. This involves moving beyond singular modifications toward composite designs, such as combining 

defect-engineered absorbers with tailored heterojunctions and atomically dispersed catalytic sites, to create 

synergistic effects that simultaneously maximize light absorption, charge separation, surface reactivity, and 

operational stability. Advancing in-situ and operando characterization techniques will be crucial to elucidate the 

dynamic interplay between the engineered electronic structure and the catalytic mechanism under working 

conditions. Success in these areas will pave the way for designing efficient, durable, and scalable PEC systems for 

sustainable nitrate valorization. 

4. Photoanode Valorization Conversions 

In photoelectrochemical (PEC) systems, the photoanode has traditionally been employed to drive the oxygen 

evolution reaction (OER) via water oxidation. In pursuit of higher energy efficiency and product value, research 

has expanded toward alternative anodic reactions that generate more valuable products or coupled fuels. Among 
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these, the urea oxidation reaction (UOR) and the selective alcohols oxidation reaction have garnered significant 

attention [94–96]. UOR offers the dual benefit of degrading an environmental pollutant while producing hydrogen 

at a significantly lower thermodynamic potential than OER, thereby reducing the overall energy input for hydrogen 

generation [97]. Concurrently, the PEC alcohols oxidation presents a route to directly synthesize high-value 

organic intermediates under mild conditions [98].  

The efficient and value-added conversion of feedstocks like urea and alcohols in conventional chemical 

production faces distinct challenges. For UOR, the six-electron transfer process is kinetically sluggish and often 

suffers from incomplete oxidation to N2 and CO2, with competing side reactions generating harmful intermediates 

like nitrite [94]. Similarly, traditional methods for alcohol oxidation, including thermal catalysis, often require 

harsh conditions, exhibit limited selectivity, and entail difficult product separation, particularly for converting 

structurally similar polyols [99–101].  

PEC photoanode valorization conversions offer a promising platform to address these challenges. For UOR, 

the application of a light-active anode can provide photogenerated holes with high oxidative potential to drive the 

complex C-N bond cleavage, while the applied bias facilitates charge separation and suppresses recombination 

[102]. In parallel, for alcohol oxidation, this technology enables selective reactions at ambient temperature and 

pressure by precisely steering reaction pathways through modulation of applied potential and light irradiation [103]. 

By optimizing the band structure of photoanode materials and enhancing interfacial charge-transfer efficiency, 

PEC systems can promote target pathways, whether for complete urea degradation or selective alcohol oxidation, 

while significantly suppressing competing side reactions [104]. The applications of these alternative oxidations 

are substantial. UOR is pivotal for wastewater treatment and energy-saving hydrogen production when integrated 

with cathodic HER [105]. Meanwhile, alcohols serve as important platform molecules for valorization. Selective 

oxidation of methanol and ethylene glycol can yield high-value intermediates like formaldehyde and glycolic acid 

[106–108]. Biomass-derived polyols can be oxidized to fine chemicals, and aromatic alcohols find applications as 

oxidized derivatives in pharmaceuticals and fragrances [109,110].  

However, key challenges remain. For both UOR and alcohol oxidation, achieving high selectivity and 

Faradaic efficiency for the desired products is difficult due to complex multi-step mechanisms and competing 

over-oxidation or mineralizing pathways. The development of cost-effective, stable, and highly active photoanode 

materials that can selectively stabilize key reaction intermediates is a central research focus [111,112]. Furthermore, 

understanding and mitigating catalyst deactivation under operational conditions is critical for long-term application. 

In the following sections, the mechanisms, material design strategies, and progress for these value-added 

anodic reactions will be discussed in detail. 

4.1. Urea Oxidation Reaction 

In PEC systems, the photoanode has traditionally been dedicated to driving OER. To pursue reactions with 

higher energy efficiency and economic value, alternative anodic oxidations that yield valuable products have 

gained significant attention. Among these, UOR stands out as a promising pathway that aligns with the dual 

objectives of pollution control and resource recovery. 

The motivation for developing UOR technology stems from severe environmental and resource challenges. 

Excessive use of nitrogen fertilizers, discharge of domestic sewage, and industrial by-products have led to the 

widespread accumulation of urea in water bodies, causing eutrophication and threatening aquatic ecosystems [113]. 

Concurrently, urea, a molecule containing both nitrogen and hydrogen, represents a potential chemical resource 

for the synthesis of valuable products like ammonia or hydrogen. However, conventional catalytic methods for 

urea conversion are often hampered by high energy consumption, poor environmental adaptability, and inefficient 

resource utilization [114].  

In contrast, PEC UOR offers a compelling alternative for urea valorization at the photoanode. It operates 

under mild conditions, can be directly powered by solar energy or renewable electricity, and demonstrates high 

selectivity for desired products along with strong environmental compatibility. This approach enables a synergistic 

pollution control and resource production strategy, effectively overcoming the limitations of traditional catalysis 

and establishing itself as a preferred direction for efficient urea conversion and environmental remediation. 

4.1.1. Heterostructure Construction 

The construction of heterostructures represents a sophisticated strategy for band-structure engineering in PEC 

UOR. By interfacing inorganic semiconductors with organic conjugated polymers, a hybrid system with a tailored 

electronic landscape is created. The core function of such a design is to establish favorable interfacial band 

alignment, typically a type-II heterojunction—which generates a built- in electric field to drive the spatial 



Jiao et al.   Sustain. Eng. Novit 2026, 2(2), 5 

https://doi.org/ 10.53941/sen.2026.100008  19 of 41  

separation of photogenerated charge carriers [115]. This strategy directly addresses the critical limitations in UOR, 

such as rapid charge recombination and inefficient visible-light utilization [116]. Furthermore, the synergistic 

interaction at the hybrid interface can optimize the adsorption and activation of urea molecules, suppress 

competing side reactions, and enhance the overall catalytic stability, thereby providing a fundamental material 

platform for efficient and integrated energy conversion and pollution remediation. 

This mechanism of band-structure modulation via hybrid interfaces is effectively demonstrated in specific 

material systems [117]. As is demonstrated in Figure 11a, work by Bezboruah and colleagues designed a composite 

system of nickel-doped TiO2 (Ni-TiO2) nanorods/thiophene-naphthalene diimide copolymer (p-NDIHBT) [118]. 

In this system, the wide-bandgap TiO2 is chemically modified and coupled with a narrow-bandgap organic polymer. 

Their integration forms a type-II heterojunction, which results in a staggered band alignment that not only extends 

the spectral response into the visible region but also facilitates the directional flow of photogenerated electrons 

and holes across the interface, thereby mitigating recombination. (Figure 11b) This deliberate band engineering 

overcomes the poor visible-light absorption of pristine TiO2 and the limited charge transport of the organic polymer 

alone. As a result, the optimized heterostructure achieved a notable Faradaic efficiency of 83.3% for the coupled 

hydrogen evolution reaction and maintained stable performance during operation, underscoring how targeted 

interfacial design can unlock synergistic gains in activity and stability. 

By rationally designing the structure of modified heterojunctions, the catalytic activity of the heterojunctions 

can be further optimized. The fabrication of core shell and multilayer heterojunctions constitutes a precise method 

for engineering advanced heterostructures in photoelectrochemical urea oxidation systems. This design strategy 

integrates materials with distinct functions: a core component typically provides essential properties such as 

electrical conductivity or structural support, while the surrounding shell or additional layers introduce tailored 

catalytic, optical, or protective functionalities. The primary advantage of such architectures stems from the well-

defined interfacial interactions and synergistic coupling between the different layers. This integrated approach 

collectively enhances charge separation, extends light absorption, regulates surface reaction pathways, and 

improves long term catalyst stability. By spatially organizing multiple functional components, core shell and 

multilayer designs effectively address common limitations in conventional systems, including high charge 

recombination rates, slow reaction kinetics, limited product selectivity, and insufficient operational durability. 

As is shown in Figure 11c, a clear illustration of this design principle is provided by work on photoanodes 

consisting of one-dimensional SnO2-BiVO4/Co-Pi core shell nanorod arrays [119]. A visible light responsive 

BiVO4 shell layer extends the spectral absorption range and supplies active sites for oxidation reactions. An 

outermost Co-Pi cocatalyst layer further accelerates the surface reaction kinetics. The interfaces between these 

layers are carefully engineered to establish favorable band alignments. Specifically, the SnO2-BiVO4 junction 

forms an n-n heterojunction that promotes electron hole separation and minimizes recombination, while the 

BiVO4/Co-Pi interface facilitates efficient hole extraction and their conversion into active high valence cobalt species. 

(Figure 11d) This hierarchical structural design results in a significant negative shift of the urea oxidation onset 

potential and a high Faradaic efficiency for urea conversion, demonstrating how precisely structured multilayer 

heterojunctions can synergistically optimize charge transfer, light harvesting, and surface catalytic activity. 

The rational construction of heterostructures constitutes a foundational and highly effective strategy for 

advancing photoelectrochemical urea oxidation systems. Its essential role is to engineer the interfacial band 

alignment and charge carrier dynamics between dissimilar materials, thereby directly addressing the core 

challenges of charge recombination, limited light absorption, and slow surface reaction kinetics. This is achieved 

by creating tailored electronic junctions, such as type-II heterojunctions or graded multilayer interfaces, which 

generate built-in electric fields to spatially separate photogenerated electrons and holes, broaden the spectral 

response, and provide optimized active sites for urea activation. 

Future developments of heterostructure engineering will necessitate a more precise and programmable 

approach to interface design. Research efforts will likely focus on achieving atomic-level control over junction 

formation, exploring novel combinations of materials such as layered double hydroxides with conductive 

frameworks or integrating single-atom catalysts into multidimensional architectures. Advanced computational 

modeling will play an increasingly critical role in predicting optimal band alignment and synergistic effects prior 

to experimental synthesis. Concurrently, enhancing the long-term stability of these complex interfaces under 

operational conditions, including in real wastewater matrices, will be paramount for practical application. 

Furthermore, integrating these sophisticated heterostructures into scalable device architectures that operate 

efficiently under natural solar illumination and can be coupled with other renewable energy processes represents 

the next crucial step. By deepening the fundamental understanding of interfacial charge and mass transport through 

in-situ and operando characterization, and by fostering convergence between materials science, electrochemistry, 

and systems engineering, heterostructure strategies are poised to enable the realization of efficient, durable, and 
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economically viable photoelectrochemical technologies for sustainable urea valorization and integrated 

environmental remediation. 

 

Figure 11. (a) Schematic reaction diagram of a photoelectrochemical cell for hydrogen production. (b) The 

expected type-II band alignment between Ni–TiO2 and p-NDIHBT based on the flat band potentials [117]. 

Copyright 2022 Elsevier. (c) Morphology of SnO2@BiVO4/Co-Pi NRAs. (d) Illustration of the square box shows 

the energy diagram of the SnO2@BiVO4 heterojunction photoanode and illustrates the basic operation mechanism 

for solar driven water splitting and urea oxidation [119]. Copyright 2019. The Royal Society of Chemistry. 

4.1.2. Kinetics Optimization 

In PEC UOR, kinetic optimization focuses on precisely lowering the reaction activation energy and 

stabilizing key intermediates through tailored material design. This primarily involves two interconnected 

strategies: modulating the electronic structure and density of catalytic active sites to strengthen urea adsorption 

and activation, and steering the reaction along a favorable pathway towards the target products while suppressing 

undesirable side reactions. These approaches address the fundamental kinetic challenges in UOR, including the 

high energy barrier for C-N bond cleavage, sluggish reaction rates, and insufficient selectivity. 

A proven strategy for overcoming kinetic limitations is the creation of specific active sites that alter the rate-

determining step. This is effectively demonstrated as the NiO-Ni-n-Si photoanodes fabricated by Dang’s group 

[120]. (Figure 12a) As is demonstrated in Figure 12b–d, kinetic enhancement was achieved by generating high-

valence nickel-oxo species (Ni4+=O) as pivotal active centers. In this work, photogenerated holes accumulate at 

the surface to form Ni4+=O. The strong interaction between this site and the urea molecule significantly weakens 

the C-N bond, which possesses partial double-bond character. This interaction lowers the activation energy for 

bond cleavage and accelerates the overall reaction by modifying the rate-determining step. Consequently, this 

targeted active site engineering yielded a high Faradaic efficiency exceeding 90% for the target product and 

maintained notable stability under intensive illumination. 

Beyond active site engineering, explicitly guiding the reaction mechanism towards a specific pathway is 

equally critical for kinetic optimization. The design must facilitate the formation of desired intermediates while 

bypassing energetically costly or unproductive routes. For instance, directing the reaction through a cyanate (NCO−) 

intermediate pathway, rather than those leading to excessive nitrogen oxidation, can effectively enhance selectivity 

and speed for the target nitrogenous product. The synergy between a well-designed active site and a favorable 

reaction channel is thus paramount. Future developments will likely involve the use of advanced in-situ 

spectroscopy and computational simulations to precisely map these pathways. This deeper mechanistic 
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understanding will enable the rational design of catalytic interfaces that not only provide optimal active sites but 

also intrinsically guide the reaction sequence, paving the way for UOR systems with superior activity, selectivity, 

and energy efficiency. 

4.1.3. Catalytic System Integration 

In PEC UOR, kinetic optimization aims to accelerate the rate-limiting steps of both the UOR and its coupled 

cathodic process, while minimizing the overall energy input. This is effectively achieved by integrating a rationally 

designed composite catalytic system within a dual-electrode architecture [121]. Such integration enables 

simultaneous optimization of the anodic UOR kinetics and the kinetics of the paired cathodic reaction, typically 

hydrogen evolution. The core strategy involves engineering each electrode to address its specific kinetic 

bottlenecks—such as charge transfer resistance, active site density, and intermediate adsorption energetics—thereby 

creating a synergistic system where both half-reactions proceed efficiently under a shared applied bias [122].  

A practical implementation of this strategy is demonstrated in Figure 12e as a dual-compartment PEC system 

incorporating a Co3O4/BiVO4 heterojunction photoanode paired with a MoNiCuOX/Cu nanowire cathode [123]. 

The kinetic optimization at the anode is addressed through the construction of a p-n heterojunction, which 

establishes a built-in electric field to drastically enhance the separation and transfer of photogenerated charges. 

This design not only increases the flux of holes available for oxidation but also selectively promotes the generation 

of chloride radicals over hydroxyl radicals. This selective oxidation pathway favors the conversion of urea to 

nitrogen gas while suppressing over-oxidation to nitrate, thereby directly improving the reaction kinetics and 

selectivity for total nitrogen removal (Figure 12f). 

Optimizing the kinetic matching between electrodes will be a key focus of future research in this field. This 

includes exploring advanced catalyst doping techniques to reduce overpotential, adjusting interfacial structures to 

accelerate charge transfer, and employing operational parameters such as adaptive potential control and reactant 

concentration management to dynamically optimize system performance under different conditions. This 

synergistic optimization strategy for anode and cathode kinetics provides a scalable framework for developing 

efficient, integrated photoelectrochemical systems that can simultaneously achieve wastewater purification and 

energy-positive chemical synthesis. 

 

 

Figure 12. (a) HRTEM of NiO@Ni/n-Si photoanode. (b) Products distribution of PEC UOR using NiO@Ni/n-Si 

photoanode under various potentials. (c) Schematics of the decay process of surface-trapped holes during UOR on 

the NiO@Ni/n-Si photoanode. (d) Schematic of NiIV=O-coverage-dependent kinetics of PEC UOR on the 

NiO@Ni/n-Si photoanode [120]. Copyright 2025. Wiley. (e) Illustration of the TN removal and hydrogen 
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generation mechanism in the photoelectrocatalytic system induced by Co3O4/BiVO4 photoanode and 

MoNiCuOx/Cu cathode. (f) The faradaic efficiency of urea oxidation on different applied potential [123]. Copyright 

2019. Elsevier. 

4.1.4. Summary 

The advancement of PEC UOR is fundamentally driven by deliberate band structure engineering, which 

governs light absorption, charge separation, and interfacial reaction kinetics. Current research focuses on designing 

semiconductor heterojunctions, introducing tailored defects, and applying surface modifications to construct optimal 

electronic interfaces. These strategies collectively address the inherent limitations of single-component systems, such 

as rapid charge recombination, insufficient visible-light utilization, and sluggish surface reaction dynamics. 

Common performance enhancement methods center on modifying the electronic landscape of photoanodes. 

Constructing heterojunctions with type-II band alignment creates built-in electric fields that promote the spatial 

separation of photogenerated carriers. Introducing defect states within the bandgap can extend light absorption and 

serve as charge-trapping centers to prolong carrier lifetimes. Surface modifications with catalytic overlayers or 

atomic sites further tailor the interfacial energy diagram, lowering the activation barrier for urea oxidation while 

suppressing competing pathways. Together, these band-engineering approaches enhance photocurrent density, 

improve Faradaic efficiency, and increase operational stability. 

Looking forward, several key challenges must be resolved to transition PEC UOR toward practical 

application. First, achieving precise and stable band alignment under operating conditions remains difficult, 

particularly in complex aqueous environments. Second, the long-term durability of engineered interfaces against 

photo-corrosion and fouling needs significant improvement. Third, scaling up material synthesis while maintaining 

fine control over band structure at low cost is essential for industrialization. Future efforts should integrate in-situ 

characterization with computational modeling to dynamically map interfacial energy landscapes and guide the 

rational design of robust, scalable photoanodes. By advancing both fundamental understanding and practical 

engineering of band structures, PEC UOR can evolve into an efficient technology for simultaneous wastewater 

remediation and sustainable chemical production. 

4.2. Ammonia Oxidation Reaction  

Ammonia serves as a critical nitrogen-containing feedstock for chemical synthesis, an essential reducing 

agent in environmental processes such as denitrification and CO2 conversion, and a potential fuel for direct 

ammonia fuel cells [124]. However, conventional catalytic technologies for ammonia conversion face significant 

limitations: the industrial oxidation of ammonia to nitric acid requires platinum-based catalysts operating above 

800 °C; selective catalytic reduction of NOx with ammonia typically demands a temperature window of 300–

400 °C and risks generating the greenhouse gas N2O; and catalysts in direct ammonia fuel cells are often 

susceptible to poisoning by strong ammonia adsorption [125].  

PEC ammonia oxidation reaction (AOR) offers a promising alternative by leveraging light energy to drive 

the reaction under mild conditions [126]. The process begins with the generation of electron-hole pairs in a 

semiconductor photoanode upon illumination. The photogenerated holes, which accumulate at the 

electrode-electrolyte interface, act as potent oxidants that can selectively convert ammonia to nitrogen-containing 

products such as NO2
− or NO3

− [112]. The reaction pathway can be tuned by adjusting the semiconductor’s band 

structure, the applied bias, and the catalyst composition, thereby directing selectivity toward desired products and 

minimizing over-oxidation to gaseous nitrogen oxides. Concurrently, the photogenerated electrons can be 

harnessed for coupled reduction reactions, such as converting NO2
−/ NO3

− back to N2, enabling an integrated 

oxidation-reduction cycle that enhances overall nitrogen-removal efficiency. 

The applications of PEC AOR align with several sustainable technology goals. In chemical manufacturing, 

it provides a low-temperature route to produce nitrite/nitrate precursors. In environmental remediation, it facilitates 

the selective conversion of ammonia to harmless N2 or valorized nitrogen oxyanions, complementing existing 

denitrification and SCR processes [127]. For energy applications, PEC systems can assist in mitigating catalyst 

poisoning in ammonia fuel cells by controllably oxidizing residual ammonia. By operating at near-ambient 

temperatures, utilizing sunlight or renewable electricity, and offering high product selectivity, PEC ammonia 

oxidation addresses the high energy consumption, pollutant formation, and scenario limitations inherent in 

conventional thermal catalysis, positioning it as a key technology for the efficient and clean utilization of ammonia 

in a sustainable nitrogen economy [128].  

4.2.1. Cocatalyst Decoration 
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Research on PEC AOR remains at an early stage, with current efforts primarily focused on establishing its 

fundamental feasibility and elucidating the underlying reaction mechanisms. These foundational studies highlight 

significant potential for the technology while underscoring the broad scope for future investigation. 

Initial work has successfully demonstrated the viability of PEC systems for ammonia conversion. A notable 

study employed an iron phosphate-decorated hematite (FePi/Fe2O3) photoanode to drive ammonia decomposition 

in an alkaline aqueous electrolyte. (Figure 13a) Under simulated solar illumination and an applied bias of 1.23 V 

versus the reversible hydrogen electrode (RHE), this PEC system achieved an ammonia decomposition rate of 

approximately 54.4% within 3 h. In contrast, control experiments using only electrocatalysis or photocatalysis 

under otherwise identical conditions yielded significantly lower conversion rates of 22.6% and 32.0%, respectively. 

(Figure 13b) This comparative result clearly indicates the synergistic advantage of coupling light and electrical 

energy for this reaction [129]. (Figure 13c)  

The enhanced performance was attributed to the critical role of surface processes and improved charge carrier 

management. The proposed mechanism suggests that ammonia molecules adsorb onto the catalyst surface, where 

they are oxidized by photogenerated holes. The presence of the FePi co-catalyst facilitates this process by 

undergoing continuous oxidation, which helps suppress the recombination of photogenerated electron-hole pairs 

within the hematite bulk. This effective charge separation promotes the transfer of holes to the surface, thereby 

increasing the availability of active oxidants for adsorbed NH3. Consequently, the PEC approach achieves efficient 

ammonia oxidation at a substantially lower applied potential than required for purely electrocatalytic conversion, 

demonstrating a clear pathway toward more energy-efficient ammonia valorization and remediation. 

4.2.2. Reaction Pathway and Active Site Designing 

In PEC AOR, performance is governed by two complementary design principles: the rational steering of the 

reaction pathway and the precise engineering of active sites. Reaction pathway design involves directing the 

sequence of elementary steps—from ammonia adsorption to the formation of final nitrogen-containing products—

by modulating operational parameters and catalyst properties. This approach minimizes energy-wasting side 

reactions, such as competitive water oxidation, and enhances selectivity toward target products like nitrite or nitrate. 

Active site design focuses on constructing atomic or ionic centers with tailored electronic structures and 

coordination environments on the catalyst surface. These sites act as functional anchors that strengthen reactant 

adsorption, lower activation barriers, and accelerate charge transfer. Together, pathway control and site 

engineering synergistically ensure that AOR proceeds with high efficiency, selectivity, and stability, forming the 

cornerstone of advanced PEC ammonia-oxidation systems. 

These principles are effectively illustrated in recent work that combines bimetallic active sites with pathway 

modulation. Mechanistic studies using hematite (α-Fe2O3) photoanodes led by Yuchao Zhang’s lab have provided 

valuable insight into the sequence of surface reactions [130]. Research has systematically identified the primary 

products of AOR, including dinitrogen (N2), nitrite (NO2
−), and nitrate (NO3

−), alongside oxygen from the 

competing water oxidation reaction (WOR). Minor intermediates such as hydrazine (N2H4) and nitric oxide (NO) 

have also been detected. The competition between AOR and WOR is governed by the relative formation of surface 

species: Fe–O states derived from water/hydroxide and Fe-N states arising from adsorbed ammonia. A proposed 

non-radical nucleophilic attack mechanism describes how ammonia interacts with high-valent iron-oxo (FeIV=O) 

sites to form N-O bonds, leading to nitrite and subsequently nitrate. Alternatively, FeIII-NH2 species can be 

oxidized by photogenerated holes to form FeIV=NH intermediates, which undergo further reactions to ultimately 

release N2 or N2H4. This work illustrates that product selectivity can be tuned by controlling the balance between 

Fe-O and Fe-N surface populations. (Figure 13d) 

Active site design can further modulate this balance by enhancing ammonia adsorption and activation. This 

mechanism is effectively demonstrated in work where trace amounts of copper ions were introduced into the 

electrolyte of a BiVO4 photoanodes [131]. (Figure 13e) The added Cu2+ ions formed stable Cu–NH3 complexes 

that preferentially adsorbed onto the BiVO4 surface. This selective adsorption effectively outcompeted water 

molecules for surface sites, thereby suppressing WOR. Furthermore, the synergy between the BiVO4 surface and 

the coordinated Cu–NH3 complexes facilitated the cleavage of N-H bonds, accelerating the initial proton-coupled 

electron transfer step that is often rate-limiting in AOR. This simple yet precise modification resulted in a high 

Faradaic efficiency of 93.8% for ammonia oxidation, highlighting how targeted manipulation of the adsorption 

environment and active site micro-coordination can decisively govern the competition between AOR and WOR. 

Current studies underscore that the performance of PEC AOR is dictated by the interplay between 

fundamental reaction pathways and the atomic-level design of catalytic interfaces. By elucidating the surface 

mechanisms and strategically engineering sites to favor ammonia adsorption and activation, it is possible to direct 
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the reaction toward desired nitrogen-containing products with high efficiency and minimal energy waste. This 

integrated approach provides a foundational strategy for developing advanced PEC systems for sustainable 

ammonia valorization and nitrogen cycle management. 

 

Figure 13. (a) Morphology of FePi/Fe2O3 photoanode for PEC AOR. (b) Ammonia Degradation rate of activated 

FePi/Fe2O3 photoanode in PEC, electrocatalytic and photocatalytic condition. (c) Illustration of FePi/Fe2O3 

photoanode for PEC AOR [129]. Copyright 2020. Elsevier. (d) Illustration of α-Fe2O3 photoanodes in PEC AOR 

and the competitive non-radical nucleophilic attack pathways for ammonia oxidation [130]. Copyright 2022. Wiley. 

(e) Comparison of BDEX−H (X=O or N) in three cases on the BiVO4 surface. The dashed bonds represented the 

adsorption interaction [131]. Copyright 2023.Wiley. 

4.3. Alcohols Conversions 

The PEC oxidation of alcohols presents a sustainable route for upgrading these platform chemicals into value-

added aldehydes, ketones, and carboxylic acids. In PEC alcohols oxidation reaction, the photogenerated holes 

migrate to the electrode-electrolyte interface, acting as potent oxidants to selectively abstract electrons from 

adsorbed alcohols molecules [132]. This process is governed by the energy alignment between the semiconductor’s 

valence band and the redox potential of the alcohol/substrate couple [133]. The concurrent application of an 

external bias enhances charge separation, suppresses electron-hole recombination, and provides independent 

control over the interfacial potential, enabling precise steering of the reaction pathway toward desired products 

under mild, often ambient, conditions [134].  

Despite this potential, PEC alcohol oxidation faces significant challenges that mirror and extend beyond those 

of thermal catalytic systems [110]. A primary issue is achieving high selectivity for partial oxidation products—

such as converting benzyl alcohol to benzaldehyde or glycerol to dihydroxyacetone—without over-oxidation to 

carboxylic acids or complete mineralization to CO2. This selectivity challenge is compounded by the competitive 

OER, which consumes photogenerated holes and lowers the Faradaic efficiency for the target organic 

transformation. Furthermore, many robust semiconductor photoanodes possess valence band positions that 
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thermodynamically favor OER, making kinetic control crucial. Additional hurdles include catalyst deactivation 

via fouling by organic intermediates, limited light absorption efficiency, and the need for scalable, cost-effective 

electrode fabrication [135].  

To address these challenges, several advanced material and system design strategies have emerged. Band-

structure engineering through heterojunction construction like coupling a light-harvesting semiconductor with a 

catalytic overlayer can create built-in electric fields to improve charge separation while tuning surface energetics 

for alcohol adsorption over water [22]. The design of tailored active sites can lower the activation barrier for the 

specific alcohol oxidation step and inhibit OER. Modifying the reaction environment, such as adjusting pH or 

using alternative redox-mediators, can also shift product selectivity [136]. Recent work further demonstrates the 

promise of integrating molecular catalysts with semiconductor surfaces to combine the selectivity of homogeneous 

catalysis with the robustness and light-harvesting properties of solid-state photoelectrodes [137]. By 

synergistically applying the strategies including optimizing light absorption, charge transport, and surface catalytic 

kinetics, PEC technology can overcome current limitations and establish itself as a versatile and efficient platform 

for the sustainable valorization of alcohols. 

In this section, the mechanisms of the conversion of various alcohols, including monools, diols, polyols, and 

more structurally complex aromatic alcohols, into high-value chemical products through photocatalytic alcohol 

oxidation reactions will be discussed, and strategies for optimizing photoanode materials will be further analyzed 

in detail. 

4.3.1. Vacancy Engineering 

Vacancy engineering can be used to effectively modulate the activity and selectivity of (photo)electrocatalysts 

by artificially introducing defects [138]. For example, in the oxidation reaction of methanol, electron-rich active sites 

can be formed by creating oxygen holes on the surface of metal oxide catalysts to improve the adsorption and 

activation of C-H bonds in methanol molecules while promoting photogenerated charge separation to effectively 

prevent over-oxidation and thus improve the selectivity of the target products [139]. 

As the simplest saturated monohydric alcohol, the oxidation process of methanol faces several challenges. 

On the one hand, it is necessary to realize the efficient and selective activation of C-H bonds and to further promote 

C-C coupling to generate high-value products such as ethylene glycol [140]; on the other hand, it is often difficult 

to stay in the intermediate stage because the initial oxidation product formaldehyde (HCHO) is more easily 

oxidized than methanol. The reaction is often difficult to maintain in the intermediate stage and tends to over-

oxidize to form CO2, which leads to a decrease in the selectivity of the target product [141]. Therefore, the targeted 

conversion of methanol into specific products has become an important scientific topic. Hongwei Huang’s team 

[142] reported for the first time the construction of oxygen vacancies (OVs) on BiVO4 photoanodes by electrolyte 

photooxidation and revealed the regulatory mechanism of oxygen vacancy-induced catalytic site switching on the 

selectivity of formaldehyde (HCHO). (Figure 14a) The oxygen hole shifted the adsorption site of CH3OH from 

the Bi site to the V site, which enhanced methanol adsorption, lowered the energy barrier of C-H bond activation, 

and simultaneously promoted the desorption of HCHO, effectively facilitating the separation of photogenerated 

charge carriers, thus jointly improving the rate and selectivity of formaldehyde production. In a near-neutral 

electrolyte environment, the BVO-OV photoanode achieved a Faraday efficiency of 94.7% for methanol oxidation 

at 1.0 V vs. RHE and achieved a high HCHO yield of 579.9 mmol•m−2•h−1. This study provides a new idea for the 

synergistic modulation of vacancies and electrolyte environment to realize high value-added PEC conversions and 

provides ideal reaction conditions for the conversion of alcohols and aldehydes. 

Glycerol is a typical polyol, and it can be used as a raw material to catalytically produce various high-value 

products such as dihydroxyacetone (DHA), glyceraldehyde, and lactic acid [143]. However, the glycerol molecule 

contains three hydroxyl groups, which leads to diverse oxidation reaction pathways and complex electron transfer 

processes, making highly selective value-added conversion difficult to achieve. In glycerol oxidation, these 

vacancies can effectively modulate the electronic structure of the catalyst and optimize the adsorption behavior of 

the reaction intermediates, thereby changing the course of the reaction [139,144]. As is shown in Figure 14b, Yuan 

Lu et al. [145] constructed a BiVO4-x photoanode with bismuth-rich regions synergistically regulated by oxygen 

vacancies through a combination of hydrothermal seeding method, alkaline etching and electrochemical reduction 

(Bi-rich BiVO4-x). The introduction of oxygen holes not only increases the reaction frequency of the bi-atoms at 

the interface and the efficiency of charge transfer at the surface, but also acts synergistically with the bismuth-rich 

surface layer to optimize the adsorption selectivity of glycerol at the electrode surface. Gibbs free energy 

calculations showed that on the Bi-rich BiVO4-x surface, the free energies of all steps of glycerol sec-hydroxyl 

oxidation were lower than those of the primary hydroxyl pathway, with a free energy difference of 61.9 kJ/mol 
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throughout the process, (Figure 14c) which thermodynamically tended to generate DHA significantly, effectively 

inhibiting C-C bond breaking and over-oxidation of DHA. (Figure 14d) The DHA selectivity of this photoanode 

was increased to 80.3% with a yield of 361.9 mmol m−2 h−1 under AM1.5G illumination and 1.23 V vs. RHE. 

Faraday efficiency analysis showed a significant increase in the contribution of the DHA pathway, while the 

generation of the primary hydroxyl oxidation products was inhibited. The DHA selectivity was still 70.7% after 5 

h of reaction, and the bismuth-rich state and oxygen vacancy structure on the photoanode surface were stable, 

indicating excellent catalytic durability. 

 

Figure 14. (a) The process of CH3OH oxidation to HCHO for BVO and BVO-OV [142]. Copyright 2023.Elsevier. 

(b) HR-TEM image of Bi-rich BiVO4−x. (c) The DFT-calculated energies related to glycerol adsorption on the Bi-

rich BiVO4-x surface through either the primary or secondary hydroxyl group. (d) Schematic illustration of the PEC 

glycerol oxidation to DHA using Bi-rich BiVO4-x photoanode [145]. Copyright 2024. Springer Nature. (e) HAADF-

STEM image of Pt/def-TiO2. (f) Schematic illustration of the possible pathway for the PEC oxidation of glucose to 

GLU and GLA over the Pt/def-TiO2 photoanode [146]. Copyright 2023. Springer Nature. 

Vacancy engineering is a powerful strategy to adjust selectivity for modulating oxidation reactions. By 

constructing specific vacancies within catalyst materials, it will be able to precisely control the activation of 

polyhydroxy groups and suppress non-selective over-oxidation pathways. This strategy has also been applied to 

the value-added conversion of PEC glucose oxidation. Glucose is a typical polyol, also faces the same problem of 

selective oxidation of polyhydroxyl groups, and its oxidation regulation is even more difficult due to the spatial 

resistance of the ring structure and the high reactivity of the aldehyde group. Zhangliu Tian et al. [146] constructed 

monatomic Pt-modified defective TiO2 (Pt/def-TiO2) nanorod photoanodes. (Figure 14e) The defective structure 

(def-TiO2) was constructed by introducing oxygen vacancies and Ti3+, resulting in the formation of a disordered 

shell layer that narrows the TiO2 band gap and expands the light absorption range; at the same time, the top energy 
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level of the valence band was modulated to prevent C-C bond breakage due to excessive hole energies and to 

expand the electron conduction range to improve charge separation and transport efficiency. Monoatomic Pt, 

which uses defect sites to enhance metal-carrier interactions, prevents Pt agglomeration and forms highly active 

centers. (Figure 14f) The photoanode achieves 98.8% glucose conversion, 84.3% gluconolactone yield and 93.5% 

overall selectivity for gluconolactone and gluconic acid at 0.6 V vs. RHE. The Faraday efficiency of cathodic 

hydrogen precipitation was over 99% and the Faraday efficiency of gluconolactone was 86.8%.  

In summary, through vacancy engineering, the electronic structure and surface reactivity of the catalyst were 

successfully modulated by the introduction of defects such as oxygen vacancies, allowing precise control of the 

reaction pathway in polyol oxidation. Despite the significant progress of this strategy in improving product 

selectivity and reaction kinetics, the long-term stability of vacancies under reaction conditions is insufficient, and 

there is still no universal approach for precise modulation of the type, concentration and spatial distribution of 

vacancies. In the future, we should focus on developing more stable vacancy preparation techniques, combining 

advanced in situ characterization and theoretical calculations to analyze the regulation mechanism of vacancies on 

reaction intermediates in depth, and exploring the synergistic effects of vacancies with other modification 

strategies to extend them to more complex polyol systems. 

4.3.2. Co-Catalyst  

In alcohols oxidation reaction, co-catalyst do not directly participate in the reaction themselves, but they can 

significantly improve the selectivity or stability of the reaction [147]. In methanol oxidation reactions, the main role of 

the co-catalyst is to create an efficient microenvironment for interfacial reactions and accelerate the rate of interfacial 

charge transfer to the reactants, rather than directly altering the electronic structure of the main catalyst [148].  

The modification of co-catalysts is an effective way to optimize the interfacial microenvironment of the 

methanol oxidation reaction. As is shown in Figure 15a, Sabiha-Sultana et al. [149] constructed an Au-CoOx core-

shell-structured composite co-catalyst for the first time to form a TiO2-Au-CoOx composite photoanode, which is 

an efficient solution to the performance limitations of the TiO2-based photoanode. This co-catalyst modification 

strategy breaks the limitation that TiO2 only absorbs ultraviolet light through the localized surface plasmon 

resonance effect of Au, which greatly enhances the ability to capture visible light. In addition, Au acts as an 

electronic bridge to promote an efficient charge transfering from CoOx to TiO2, thereby significantly inhibit the 

photogenerated carrier composition. (Figure 15b) Moreover, the core-shell structure of Au-CoOx isolated Au from 

the electrolyte and protected the TiO2 substrates from being corroded. By rational decorating the cocatalyst, the 

formaldehyde yield reached 173 μmol/L in the methanol oxidation reaction for 1.5 h under alkaline conditions. 

Bang-Feng Zheng et al. [150] constructed Au-ZnO/α-Fe2O3 core-shell nanotube arrays (NTAs), which enhanced 

the absorption of visible light by the surface-isolated excitation resonance effect of Au co-catalysts. (Figure 15c) 

Electrons generated by Au were injected into the conduction band of α- Fe2O3, further accelerating the charge 

separation and charge transfer. The Au-ZnO cocatalyst led to a promoted performance for PEC methanol oxidation 

reaction with the Faraday efficiency reached as high as 85.5% and good selectivity for formaldehyde. 

In the ethylene glycol oxidation reaction, co-catalysts can regulate the electronic structure of the main catalyst, 

thereby prevent over-oxidation and improve the selectivity of the target product. At the same time, they can provide 

surface-active oxygen species to accelerate the reaction, thus contributing to efficient conversion. Furthermore, 

co-catalyst overlayers can prevent photo-corrosion, thereby improving the stability of the photoanode [147,151]. 

Jingshan Luo’s group [152] synthesized a Mo:BiVO4/NiCo-LDH photoanode, (Figure 15d) where NiCo-LDH 

served as a co-catalyst. The NiCo-LDH cocatalyst effectively protected the BiVO4 substrate, preventing the 

corrosion of BiVO4 in alkaline conditions. The uniformly loaded NiCo-LDH cocatalyst significantly improved 

hole extraction capabilities, provided abundant electrochemical oxidation active sites, and suppressed charge 

recombination and surface defects through the synergistic effect of Ni and Co. The NiCo-LDH cocatalyst 

overcame the challenges of low charge separation efficiency and slow surface reaction kinetics of pristine BiVO4 

in the ethylene glycol oxidation reaction, thus greatly improving the stability and reaction efficiency of the 

photoanode. This photoanode catalyzed the oxidation of ethylene glycol to formic acid at a potential of 1.0 V vs. 

RHE, with a Faraday efficiency exceeding 85% and a yield of 1.71 mmol/L. 
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Figure 15. (a) EDS scan of TiO2-Au-CoOx. (b) Schematic illustration of the charge transfer mechanism in TiO2-

Au-CoOx [149]. Copyright 2024. American Chemical Society. (c) Schematic diagram of the proposed MOR 

mechanism in ZnO/α-Fe2O3/Au NTAs hybrid photo-electrocatalysts [150]. Copyright 2018. The Royal Society of 

Chemistry. (c) TEM image of BiVO4/NiCo-LDH photoanode. (d) The proposed reaction pathway for the PEC 

oxidation of EG to formate in alkaline solution [152]. Copyright 2024. Wiley. 

4.3.3. Facet Engineering 

Facet engineering controls the exposed crystal surfaces of materials, allowing it to preferentially exhibit 

surface structures with specific atomic arrangements and coordination environments. In the complex reaction of 

polyol oxidation, different crystal facets exhibit distinctly different adsorption behaviors and activation capabilities 

for reactant molecules and intermediates due to differences in atomic surface density, geometric configuration, 

and electronic state distribution. Therefore, crystal facet engineering is widely used in studies aimed at controlling 

the selectivity of polyol oxidation reactions [153].  

In PEC polyol oxidation reaction, by controlling the main facets of photoanode materials, the adsorption and 

activation pathways of the reactants can be effectively optimized, thereby achieving high selectivity for high-value 

products and significantly improving the charge separation efficiency. Dong Liu et al. [154] synthesized a BiVO4 

photoanode with exposed dominant (112) facets using an electrodeposition method. Glycerol molecules can be 

efficiently adsorbed on the (112) facets of BiVO4, accelerating the transfer of photogenerated holes to the adsorbed 

glycerol molecules. (Figure 16a) Therefore, more stable intermediate carbon radicals were generated during the 

glycerol oxidation process on the BiVO4 surface, effectively improving the product selectivity for DHA production 

from glycerol oxidation. (Figure 16b) At a voltage of 1.2 V vs. RHE, this photoanode achieved a DHA yield of 

200 mmol/(m2·h), a maximum selectivity of 63.6%, and a Faraday efficiency of approximately 30%. In another 

research work, Truong-Giang Vo et al. [155] synthesized two kind of BiVO4 with well-defined {010} and {121} 

crystal orientations. Combining experimental results and DFT stimulations, it demonstrated that the {010} crystal 

facet was more favorable for glycerol adsorption and photo-induced charge separation compared to the {121} 

crystal facet, significantly improving reaction efficiency. The yields of DHA and glyceraldehyde from {010}-

BiVO4 were more than twice those of samples with a dominant {121}-BiVO4 crystal facet, and the selectivity for 

the high-value product DHA is approximately 60%. (Figure 16c, d) 

In summary, facet engineering can effectively optimize the adsorption and activation pathways of reactants 

in polyol oxidation reactions, thereby achieving high selectivity for high-value products and significantly 

improving catalyst separation efficiency. However, precisely controlling interfacial quality remains challenging, 

and a deeper understanding of the mechanisms between different crystal surfaces and reaction pathways is still 

needed. Future research should focus on developing simple and practical methods for crystal surface modification 
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and constructing multi-level crystal surface structures to further promote the practical application of green 

conversion processes for polyols. 

 

Figure 16. (a) HRTEM image of (112)-BiVO4 nanoporous arrays. [154] (b) Schematic illustration showing PEC 

glycerol oxidation to DHA on (112)-BiVO4 [154]. Copyright 2019. Springer Nature. (c) HRTEM images of {010}-

BVO. (d) Illustration of the proposed mechanism for PEC GOR on BiVO4 with different exposed facets [155]. 

Copyright 2020. Elsevier. 

4.3.4. Summary 

PEC alcohols oxidation has emerged as a sustainable route for upgrading renewable feedstocks into value-

added chemicals. The primary research focus has centered on overcoming the intrinsic selectivity challenges 

inherent to alcohol oxidation, particularly the competing over-oxidation to carboxylic acids or CO2, and the 

kinetically favored but undesired oxygen evolution reaction. Current strategies to enhance selectivity and 

efficiency are multifaceted, targeting both the catalyst surface and the bulk/interface properties.[156]  

A dominant approach involves precise surface engineering to tailor the interaction between the catalyst and 

alcohol molecules. This includes creating specific defect sites, exposing selective crystal facets, and depositing 

co-catalysts. These modifications aim to favor the adsorption and activation of the target alcohol’s hydroxyl group 

over water, thereby directing the reaction pathway toward the desired partial oxidation product and suppressing 

both over-oxidation and oxygen evolution. Concurrently, bulk and interfacial modifications are employed to 

improve the underlying photoelectrochemical performance. Strategies such as deliberate defect doping and the 

construction of heterojunctions are implemented to enhance light absorption across a broader spectrum and, more 

critically, to drastically improve the separation and transport of photogenerated charge carriers. Efficient charge 

delivery to the surface is a prerequisite for enabling the selective surface reactions to proceed at high rates. 

In future, PEC alcohols oxidation will address several interconnected challenges to progress toward practical 

applications. [157]A key direction is the deeper integration of surface active-site design with bulk/interface charge-

management engineering. This requires moving beyond sequential optimization to develop materials where the 

light-harvesting, charge-separation, and catalytic functions are synergistically designed as a unified system. 

Furthermore, advancing beyond trial-and-error design necessitates the extensive use of in situ and operando 

characterization techniques coupled with theoretical modeling. Such efforts are crucial for mapping the dynamic 

evolution of surface intermediates and active sites under operating conditions, thereby uncovering the definitive 

structure-selectivity relationships. Ultimately, integrating these advanced catalysts into scalable reactor 
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architectures that manage mass transport and utilize low-cost, earth-abundant elements will be essential for 

translating laboratory breakthroughs into viable technologies for the sustainable valorization of alcohol resources. 

5. Compared of Nitrogen-Containing Reactions and Alcohol Reactions 

In PEC systems, the key distinction between the oxidation of alcohols and that of nitrogen-containing 

compounds lies in their reaction mechanisms and value-added logic: the oxidation of alcohols follows a radical 

pathway involving the activation of C-H bonds, focusing on upgrading biomass platform molecules into high-

value-added fine chemicals such as aldehydes and acids through precise dehydrogenation processes, thereby 

achieving a ‘waste-to-chemicals’ material upgrade; In contrast, the oxidation of nitrogen-containing compounds 

focuses on the cleavage of N-H or C-N bonds. By exploiting their thermodynamic potential, which is significantly 

lower than that of the OER, this process not only degrades pollutants but also substantially reduces the energy 

consumption of the PEC system to promote hydrogen production at the cathode. It can even be coupled with nitrate 

reduction to synthesize ammonia, achieving a dual environmental and energy synergy of ‘pollutant-to-energy’. 

Therefore, the former utilized photo-generated holes to re-engineer carbon frameworks to enhance material value, 

whilst the latter leverages the elimination of nitrogen-containing pollutants to drive more efficient energy recovery; 

together, they expand the boundaries of traditional PEC water splitting, achieving a transition from single oxygen 

production to the dual production of high-value products. 

6. Conclusions and Perspectives 

Converting low-value chemical substances such as nitrogen, nitrogen oxides, and alcohols into high-value 

chemical products through photoelectrochemical reactions is a key frontier in sustainable catalysis, with the 

potential to integrate hydrogen fuel production and value-added chemical synthesis within a single cycle 

framework. Photoelectrochemical conversion also offers advantages such as high product selectivity, low energy 

consumption, and environmental friendliness, providing a promising alternative to traditional thermochemical 

routes, which often require high temperatures, high pressures, or hazardous reagents. However, despite the surge 

in research interest in this field in recent years, photoelectrochemical value-added conversion is still limited by 

slow reaction kinetics, overlapping reduction pathways, and limited selectivity towards target organic nitrogen 

products. Substantial progress requires not only the design of more active and selective catalysts but also a 

comprehensive understanding of reaction mechanisms, interfacial charge dynamics, and reactor designing [158]. 

Substantial progress requires not only the design of more active and selective catalysts but also a comprehensive 

understanding of reaction mechanisms, interfacial charge dynamics, and reactor-level phenomena. This chapter 

will highlight the major scientific challenges and propose forward-looking strategies to guide the next generation 

of research in this emerging field.  

6.1. Quantitative Detection and Mechanistic Visualization 

Photoelectrochemical valorization reactions face a fundamental challenge due to the complexity of their 

intermediate products and the multiplicity of potential reaction pathways, complicating the precise identification 

of target species. Furthermore, alcohols oxidation reactions can simultaneously produce multiple structurally 

similar isomers, making precise identification of product components difficult. Therefore, clear elucidations of the 

specific products and transient intermediates is therefore essential for mechanistic understanding. In situ and 

operando spectroscopic techniques, such as infrared (IR), Raman, ultraviolet–visible (UV–Vis), and X-ray 

absorption (XAS) spectroscopy, enable the real-time monitoring of adsorbed intermediates and the dynamic 

evolution of active sites. These methods are instrumental in detecting transient species like *COOH, *CO, *NO, 

and *NH2, thereby providing key evidence for the complex transformation processes of nitrogen-containing 

compounds and organic molecules. However, each analytical technique possesses inherent limitations. For 

instance, UV-Vis spectra are often complicated by signal overlap and fluorescence backgrounds, while Raman and 

IR spectroscopy may suffer from weak signal intensities in aqueous media. To obtain more reliable mechanistic 

information, a multimodal characterization approach is essential. Combining techniques such as surface-enhanced 

Raman scattering (SERS), synchrotron-based XAS, and differential electrochemical mass spectrometry (DEMS) 

can yield complementary insights into electronic structure, molecular composition, and reaction kinetics. This 

comprehensive operando analytical framework is crucial for unraveling catalytic cycles and identifying the 

microscopic factors that govern bond-forming events in complex photoelectrochemical transformations. 
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6.2. Rational Kinetics Optimization 

Taking the glucose oxidation reaction as an example, from the perspective of chemical reaction principles, 

the low selectivity of polyol oxidation reactions is mainly related to the following factors. Firstly, the glucose 

molecule (participating in the reaction in its chain structure) simultaneously possesses an aldehyde group (-CHO), 

a primary hydroxyl group (-CH2OH), and multiple secondary hydroxyl groups (-CHOH). The oxidation potentials 

of these functional groups are similar, leading to competition for active sites at the electrocatalytic interface and 

parallel reactions. Even small differences in the initial attack site can lead to completely different products. 

Secondly, the target product such as glucaric acid is usually an unstable intermediate, which is easily further 

oxidized on the electrode surface under actual reaction conditions, leading to C-C bond cleavage and the formation 

of smaller molecules such as oxalic acid and formic acid, or even complete oxidation to CO2. Simultaneously, this 

is a typical thermodynamically spontaneous process, making it difficult to completely prevent it. Therefore, the 

key to highly selective production of specific products in photoelectrochemical upgrading transformations lies in 

the precise control of the adsorption and desorption of substances on the catalyst surface. A delicate balance 

between adsorption strength and surface mobility determines whether intermediates undergo coupling, desorption, 

or competitive side reactions. Designing catalysts with diatomic or heteroatomic active sites offers a promising 

approach to achieving this goal. For example, Cu-Co bridge sites promote the dehydrogenation of hydroxyl groups, 

Cu-Cu bridge sites promote the dehydrogenation of carbon to form aldehyde groups, while Cu-Ni bridge sites can 

promote the oxidation of aldehyde groups to carboxyl groups. Through multi-site synergistic catalysis using high-

entropy hydroxides, a glucaric acid yield exceeding 90% has been achieved [159]. Electronic structure tuning 

through heterostructure or vacancy engineering can further optimize the band center and fine-tune the adsorption 

energy, making the target reaction more favorable than the oxygen evolution reaction or hydrogen evolution 

reaction. Furthermore, environmental factors, including electrolyte composition, pH, and local electric field, also 

play a significant role in PEC valorization. For instance, alkaline electrolytes can suppress proton activity and 

mitigate the hydrogen evolution reaction, while buffer solutions containing nitrates or nitrites can facilitate 

nitrogen activation. Future research should combine theoretical screening with microkinetic modeling to establish 

quantitative correlations between electronic structure, adsorption energy, and overall selectivity. Through these 

efforts, rational control of intermediate binding can evolve from empirical adjustment to predictive design. 

6.3. Rational Thermodynamics Designing 

The PEC valorizations of cathodic and anodic reactions inherently compete with various side reactions, the 

most prominent of which include the HER, OER, carbon dioxide reduction to hydrocarbons, and independent 

nitrogen oxide reduction pathways [19]. These parallel reactions not only reduce the utilization efficiency of 

carbon and nitrogen but also complicate mechanistic analysis. To minimize this competition, spatial and electronic 

separation of active sites has proven to be an effective strategy. Bifunctional catalysts capable of separating the 

carbon dioxide and nitrogen oxide reduction regions can preferentially direct electron flow towards coupled 

intermediates. Similarly, surface charge engineering, such as doping, interfacial polarization, or external electric 

fields, can alter the local potential distribution, thereby suppressing unwanted reactions. Adjusting the electrolyte 

type, pH, and applied potential remains an effective but underutilized means of controlling reaction selectivity. 

Looking ahead, combining computationally derived potential-dependent energy diagrams with experimental in-

situ spectroscopy holds promise for achieving dynamic control of the reaction environment. Ultimately, achieving 

near-complete target product production requires not only highly efficient catalysts but also ingenious reaction 

control strategies to coordinate charge transfer, mass transport, and interfacial energetics.  

6.4. Reactor and System Designing  

While catalyst development is core issue of advancing PEC valorizations, progress at the reactor and system 

level is equally critical for transitioning laboratory discoveries toward scalable implementation [160]. Though 

conventional H-cell configurations is useful for fundamental studies, it usually suffers from mass-transport 

limitations and inefficient product management. In contrast, flow-cell and gas-diffusion electrode designs enable 

sustained reactant delivery and can support current densities exceeding 100 mA cm−², enhancing their suitability 

for larger-scale operation. The engineering of electrode–electrolyte interfaces—through approaches such as 

hydrophobic modification, tailored porosity, or advanced electrode fabrication—can improve local reaction 

environments and mitigate issues like flooding under high-current conditions. Furthermore, integrating 

photoelectrochemical systems directly with renewable electricity sources, such as photovoltaics or wind power, 

strengthens the overall sustainability profile of the technology. Realizing these system-level advances requires 

collaborative efforts across electrochemistry, materials science, and process engineering to establish reliable 
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performance benchmarks—including Faradaic efficiency, energy conversion efficiency, and operational 

stability—under conditions relevant to practical application. 

In summary, PEC valorizations have transitioned from a conceptual proposition to an active area of 

investigation that merges sustainable energy conversion with the synthesis of value-added chemicals. Its further 

advancement necessitates a holistic integration of diverse disciplines, spanning from atomic-scale mechanistic 

insights to reactor engineering and comprehensive system-level sustainability assessment. Future breakthroughs 

are anticipated to arise from the synergistic optimization of catalyst architectures, in-situ diagnostics, and process 

intensification, all guided by the overarching principles of selectivity, scalability, and resource circularity. As these 

multidimensional efforts converge, photoelectrochemical upgrading is poised to redefine synthetic methodologies 

for organic compounds and to broadly influence electrochemical manufacturing, thereby supporting a more 

sustainable chemical industry with harmonized carbon and nitrogen cycles. 

6.5. Research Areas at PEC and Interdisciplinary Studies 

The current research on PEC valorizations is primarily characterized by the rational design of high-efficiency 

photoelectrode materials and the diversification of reaction pathways. Researchers are continuously striving to 

overcome bottlenecks in charge recombination and surface reaction kinetics through the precise control of 

semiconductor band structures, nanoscale morphology and co-catalysts. Therefore, PEC research is shifting from 

traditional water splitting for hydrogen production towards the synthesis of high-value chemicals with greater 

economic potential. On the one hand, thermodynamically more favorable reactions such as UOR or AOR are being 

utilized to replace the slow oxygen evolution reaction, thereby reducing the energy consumption of hydrogen 

production whilst treating nitrogen-containing pollutants; on the other hand, the focus is on value-added oxidation 

of biomass alcohols at the photoanode, as well as driving CO2 reduction or NRR at the photoanode, with the aim 

of achieving artificial photosynthesis under mild conditions to convert solar energy into hydrocarbon fuels or 

ammonia.[161] 

Secondly, cutting-edge research in this field is accelerating towards the engineering of emerging 

interdisciplinary technologies and devices. For example, bio-photoelectrochemical cells (BPECs) integrate 

semiconductors with microorganisms or enzymes, utilising the selectivity and self-repairing capabilities of 

biological processes to open up new pathways for sustainable energy and environmental remediation; Meanwhile, 

perovskite materials with excellent optoelectronic properties are being widely applied in research into high-

efficiency PEC devices and photovoltaic-electrochemical (PV-EC) tandem devices. More importantly, the focus 

of research is shifting from material optimization at the laboratory scale to the large-scale fabrication and 

commercial validation of large-area devices, with a particular emphasis on system integration, long-term 

operational stability and machine learning-assisted material screening, aiming ultimately to achieve an efficient, 

stable and economically viable conversion of solar energy into chemical energy. 

6.6. Recent Advances in Photocatalysis Research 

In recent years, research into photocatalytic materials has primarily focused on two main areas: the oxidation 

of organic compounds at the anode and the reduction of nitrogen at the cathode. Anode materials, such as BiVO4, 

Fe2O3 and TiO2-based composites, have demonstrated exceptional selectivity and Faradaic efficiency in the 

oxidation of substrates such as methanol and glycerol to produce high-value-added chemicals. Cathode materials, 

meanwhile, have focused on silicon-based, metal/semiconductor composite and two-dimensional materials for the 

reduction of nitrate ions or nitrogen gas to ammonia. Although selectivity and yield vary considerably, the Faradaic 

efficiency in certain systems, such as O2SiNW/Au and p-type silicon, has exceeded 95%. Overall, enhancing 

catalytic performance and product selectivity through the construction of heterostructures, defect engineering and 

nanostructure regulation represents the core trend in current research (Tables 1 and 2). 
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Table 1. Summary of recent progress on PEC alcohols oxidation researches. 

Photoanode Electrolyte Dominant Product 
Selectivity 

[%] 

Production 

[mmol m−2 h−1] 

FE 

[%] 
Refs. 

BVO-OV2 
0.1M Na2SO4 + 

1M CH3OH 
HCHO 94.7 579.9 94.7 [142] 

V0-α-
Fe2O3PNRs/PtED 

1 M KOH + 
1 M CH3OH 

HCHO 95 - 95 [162] 

TiO2-Au-CoOx 

0.1 M KNO3 + 
0.1 M KOH + 

95 vol% CH3OH 

HCHO ＞80 115 ≈30–40 [149] 

α-Fe2O3/CoFe2O4 - HCHO ≈97.8 - 97.8 [163] 

BG-m-ZrO2 
1 M KOH + 
1 M C2H5OH 

CH3COOH ≈100 - - [164] 

ZnO/α- Fe2O3/Au 
NTAs 

95 vol% Methanol + 
0.1 M NaOH 

HCHO - - 85.5 [150] 

Fe2O3/MoO3 
1 M KOH + 

1 M CH3OH 
HCHO ≈95.7 - 95.7 [165] 

BiVO4/NiCo-LDH 
0.1M KOH+10 mM 

glucose 
HCOOH > 85% - 85 [152] 

PdAgCu NSs/GCE 
1 M KOH + 

1 M EG 
HCOOH ≈90 - ≈90 [166] 

Au1Ag1 
nanobowls/GCE 

1 M KOH + 
1 M EG 

C2O4²− 95 345 90–95 [167] 

BiVO4 nanoarrays 
0.5 M Na2SO4 + 

0.1M glycerol 
DHA 51 200 30 [154] 

Bi-rich BiVO4-x 
0.5 M Na2SO4 + 
0.1 M glycerol 

DHA 80.3 361.9 - [145] 

m-H-WO3/TiO2 
0.5 M Na2SO4 + 
0.1 M glycerol + 

0.1 M boric acid buffer 
GLAD、DHA 85 353 70 [168] 

Pt/def-TiO2 NRAs 
1 M KOH + 

10 mM glucose 
GLA 85.3 307 86.8 [146] 

002-W03 
0.5 M H2SO4 + 
0.1 M glycerol 

GLYA 73 32.3 39 [169] 

{010}-BVO 
0.1 M Na2B4O7 + 

0.1 M glycerol 
DHA 60 - 92 [154] 

Bi2MoO₆@TiO2 NTA 
0.1 M Na2SO4 + 

0.1 M BA 
BAD 98.6 - 98.6 [170] 

TiO2/Fe2O3 

90% MeCN + 10% 
H2O, 0.1 M TBABF4, 

20 mM PA, 40 mM 
TEMPO 

piperonal 100 312 ＞95 [171] 

BiVO4/U-LDH/G 0.1 M PBS+ 0.2 M BA BAD ＞99 ≈867 ≈97 [172] 

Table 2. Summary of recent progress on photocathodes for PEC valorizations. 

Photoanode Electrolyte 
Dominant 

Product 

Selectivity 

[%] 

Production [mmol 

m−2 h−1] 

FE 

[%] 
Refs. 

p-type Si  
0.2 M LiBF4 

1.0 vol % EtOH 
NH3 95% 30.80 95.00 [70] 

Si/Cu-

NSTL/Co(OH)2 

0.1 M KOH 

0.1 M KNO3 
NH3 ~100% 223.00–1066.00 ≈100.00 [87] 

Ni/c-Si ABC  
1 M KOH 

0.5 M KNO3 
NH3 - 1449.00 85.00 [75] 

Au 
grating/TiB2@AuNPs 

0.1 M Na2SO4 NH3 >61.8% 1.88 31.70 [47] 

n+np+-Si 0.05 M H2SO4 Ar N2 NH3 - 0.08 61.80 [65] 

O_SiNW/Au 
0.5 M K2SO4 Ar 
10 mM KNO3 

NH3 95.6% — 95.60 [80] 

BP NS/ITO-LbL 0.1 M HCl N2 NH3 - 6.02 23.30 [46] 
Vo-SnO2/TiO2 0.1 M Na2SO4 N2 NH3 - 1.14 59.60 [51] 

NV-g-C3N5/BiOBr 
0.05 M HCl 

0.05 M Na2SO4 
NH3 >61.8% 17.3 11.00 [50] 

Ti–WO3/SrWO4  Ar N2 NH3 - 6.57 13.42 [67] 
Mo2C/GaN/InGaN 0.05 M H2SO4 NH3 - 4.66 15.39 [66] 

Cu/C/Si 
1 M KOH 

50 mM KNO3 
NH3 88% 1153.00 88.00 [86] 
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6.7. Developments in Optoelectronic Devices 

The development of PEC devices is undergoing a profound shift from the optimization of individual materials 

towards system integration and engineering applications. At the material level, research focus has shifted from 

traditional wide-bandgap metal oxides to multi-material systems. Silicon-based photoelectrodes, in particular, are 

regarded as ideal candidates for industrialization due to their mature fabrication processes and suitable bandgap. 

Meanwhile, emerging photoactive materials such as perovskites, metal chalcogenides and MOF-based composites 

are continually emerging, offering a wealth of options for breakthroughs in device performance. At the device 

architecture level, tandem PEC cells achieve segmented utilization of the solar spectrum through the monolithic 

integration of wide-bandgap photoanodes with narrow-bandgap photocathodes, with STH efficiency having 

exceeded 10%. Meanwhile, self-powered dual-photoelectrode systems use the Fermi level difference between the 

photoanode and photocathode to drive reactions without the need for an external bias, demonstrating unique 

advantages in sensing and low-energy-consumption hydrogen production. In terms of application expansion, PEC 

devices have evolved from traditional water splitting for hydrogen production to encompass CO2 reduction for 

carbon-based fuel production, the conversion of nitrogen-containing pollutants, value-added oxidation of biomass, 

and self-powered photoelectric detection, amongst other directions. Currently, device development is facing a 

critical transition from small-scale laboratory-scale fabrication to large-area mass production. Researchers are 

advancing PEC devices towards high-efficiency, stable and low-cost practical applications through strategies such 

as operating under pressure to suppress bubble loss, developing protective layers to enhance stability, and 

exploring continuous-flow reactors to optimize mass transfer. 
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