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RESUMO 

Este trabalho tem como foco o desenvolvimento e a caracterização de novos 

materiais fotocatalíticos e fotoanodos capazes de absorver luz visível para promover 

a foto(eletro)reforma de substratos orgânicos, especialmente de derivados de 

biomassa, com o objetivo de produzir hidrogênio de baixo carbono e produtos de 

oxidação de alto valor agregado. Estratégias sintéticas hidrotérmicas e solvotérmicas 

foram empregadas para introduzir vacâncias de oxigênio e dopantes em óxidos 

semicondutores de bandgap elevado, como Bi2WO6, Nb2O5 e TiO2, aumentando a 

absorção de luz visível. Além disso, oxinitreto de titânio e nióbio (NbTiON) e Covalent 

Organic Frameworks (COFs) foram sintetizados como fotocatalisadores alternativos 

com propriedades optoeletrônicas modulares. Os materiais obtidos foram 

caracterizados por diferentes técnicas a fim de elucidar a morfologia, propriedades 

optoeletrônicas e a dinâmica dos portadores de carga. Os fotocatalisadores mais 

promissores foram imobilizados na forma de filmes para a fabricação de fotoanodos, 

os quais foram avaliados sob irradiação solar simulada (AM 1.5G, 100 mW cm-2) e luz 

visível (λ > 420 nm, 100 mW cm-2) em células fotoeletroquímicas (PECs) contendo 

glicerol ou flegmaça. PECs com fotoanodos de BiVO4 dopados com 5% m/m de Nb5+ 

converteram 91,4% do glicerol com 88,9% de seletividade para formação de ácido 

fórmico após 5 horas de irradiação de luz solar simulada, alcançando uma velocidade 

de evolução de H2 (HER) de 4,2 μmol H2 cm-2 h-1 (84% maior do que o obtido com o 

BiVO4 não modificado). Ademais, a inserção de vacâncias de oxigênio foi empregada 

para melhorar o desempenho de fotoanodos à base de Bi2WO6 frente à conversão do 

glicerol bruto, elevando a conversão de 17,0% para 24,5%. Concomitantemente, a 

HER aumentou de 32 para 63 μmol h-1 cm -2. Explorando novos materiais, as 

propriedades de COFs baseados em tiofeno foram moduladas por meio da conversão 

da ligação imina em amida, resultando em um aumento de 300% na HER. Esses 

resultados destacam os benefícios da inserção de defeitos estruturais, dopagem e 

rotas sintéticas alternativas na modulação das propriedades optoeletrônicas e 

catalíticas de semicondutores. De forma geral, este trabalho avança no design de 

materiais e fotoeletrodos eficientes, estáveis e abundantes para a valorização de 

biomassa e produção de hidrogênio impulsionadas pela energia solar. 

Palavras-chaves: fotorreforma, fotocatálise, PEC, hidrogênio, COF, glicerol, 

flegmaça, conversão de energia, defeitos estruturais, valorização de biomassa   
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ABSTRACT 

This work focuses on the development and characterization of novel 

photocatalytic materials and photoanodes capable of harvesting visible light to 

promote the photo(electro)reforming of organic substrates, especially real industrial 

biomass-derived waste streams, aiming at the production of low-carbon hydrogen and 

value-added oxidation products. Hydrothermal and solvothermal synthetic strategies 

were employed to introduce oxygen vacancies and dopant species into wide-bandgap 

semiconductor oxides such as Bi2WO6, Nb2O5, and TiO2, effectively narrowing their 

band gaps and enhancing visible light absorption. Additionally, oxynitride materials 

(NbTiON) and covalent organic frameworks (COFs) were synthesized as alternative 

photocatalysts with tunable optoelectronic properties. The obtained materials were 

comprehensively characterized by different techniques to elucidate their morphology, 

optoelectronic properties, and charge carrier dynamics. The most promising 

photocatalysts were immobilized as thin films to fabricate photoanodes, which were 

evaluated under simulated solar (AM 1.5G, 100 mW cm-2) and visible irradiation ( > 

420 nm, 100 mW cm-2) in photoelectrochemical cells (PECs) containing glycerol or 

flegmass as sacrificial agents. PECs with BiVO4 photoanodes doped with 5 wt.% Nb 

have converted 91.4% of glycerol with 88.9% selectivity toward formic acid formation 

after 5 hours of simulated sunlight illumination, achieving a H2 evolution rate (HER) of 

4.2 μmol H2 cm-2 h-1. This value is 84% higher than that of unmodified BiVO4. 

Additionally, oxygen vacancies engineering was employed to improve the 

photoelectrocatalytic performance of Bi2WO6-based photoanodes towards crude 

glycerol conversion, from 17.0% for the pristine oxide to 24.5%. Concomitantly, HER 

was enhanced from 32 to 63 μmol h-1 cm-2. Looking at new materials for 

photoreforming, the properties of thiophene-based COFs were modulated through 

linkage conversion from imine to amide resulting in a 300% increase in the 

photocatalytic HER compared to its imine form. These findings highlight the synergistic 

benefits of defect engineering, doping, and alternative synthetic pathways in tailoring 

the optoelectronic and catalytic properties of semiconductors. Overall, this work 

advances the design of efficient, stable, and abundant photoelectrodes for solar-driven 

biomass valorization and hydrogen production. 

Keywords: photoreforming, photocatalysis, PEC, hydrogen, COF, glycerol, flegmass, 

energy conversion, defect engineering, biomass valorization  
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ABBREVIATIONS AND SYMBOLS  

 

PEC Photoelectrochemical Cell 

HER Hydrogen Evolution Reaction 

OER Oxygen Evolution Reaction 

COF Covalent Organic Framework 

DRS Diffuse Reflectance Spectroscopy 

PXRD Powder X-Ray Diffraction 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

XPS X-ray Photoelectron Spectroscopy 

EIS Electrochemical Impedance Spectroscopy 

LSV Linear Sweep Voltammetry 

PL Photoluminescence 

UV-Vis Ultraviolet-Visible Spectroscopy 

BET Brunauer-Emmett-Teller (surface area analysis) 

AM 1.5G Air Mass 1.5 Global (standard solar spectrum) 

RHE Reversible Hydrogen Electrode 

SHE Standard Hydrogen Electrode 

P25 Commercial TiO2 photocatalyst (Degussa P25) 
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GGA-PBE Generalized Gradient Approximation - Perdew-Burke-Ernzerhof 

DFT Density Functional Theory 

U Hubbard Correction Parameter 

QD Quantum Dot 

IPA Isopropyl Alcohol 
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ΔG⁰ Standard Gibbs Free Energy 

k Rate Constant 

Rct Charge Transfer Resistance 

Rs Series Resistance 
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e⁻  Electron 

h⁺ Hole 
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1.1. Outlook 

Climate change induced by anthropologic activities is a central issue in modern 

society, driving the search for new industrial processes able to provide energy and 

chemicals in a sustainable way (AHMED, MAHMOUD; DINCER, 2019). One 

possibility would be the development of materials and processes capable of using 

solar light as primary energy source to promote the conversion of Earth-abundant low 

energy substances or existing industrial residues into fuels and/or high-value 

chemicals. Such processes can effectively contribute to lowering carbon emissions 

and for the so-called circular economy (NASCIMENTO, LUCAS LEÃO et al., 2024). In 

solar-driven fuel production, sunlight is employed to promote the conversion of 

low-energy content and abundant species into fuels. Among the possible substrates 

that can be applied in the artificial photosynthetic systems, CO2 and H2O would be the 

ideal candidates as in the natural photosynthesis; however, both CO2 reduction and 

water oxidation reactions are kinetically challenging multielectron processes and, so 

far, the proposed catalytic systems have not yet reached the performance and stability 

levels that would allow practical application. Alternatively, raw sustainable materials 

and residues can be photocatalytically converted into valuable compounds of industrial 

interest in a process that combines the necessary treatment of waste streams with the 

production of green hydrogen and/or chemicals that can be used as feedstocks.  

The photoconversion of non-edible biomass derivatives, in which part of the 

harvested solar energy is stored as chemical bonds, calls special attention as a 

suitable and renewable pathway to obtain valuable green products (WU, X. et al., 

2020). Initially, photocatalytic systems for biomass processing were focused on the 

mineralization of organic matter as an alternative advanced oxidation process for 

environmental remediation. In the last decades, however, more elaborated 

photo(electro)chemical systems based on nanostructured semiconductors have been 

reported with focus on biomass valorization, i.e., the selective photoconversion of the 

different residues and derivatives into carbon-based chemicals of industrial interest. 

Concomitantly, green hydrogen can be produced under anaerobic conditions, offering 

a new pathway for production of this important energy vector. 

Investigations on the selective transformation of a variety of biomass 

derivatives have been carried out in recent decades which include polyols, sugars and 

carbohydrates along with lignocellulose-derived compounds. The studies also involve 
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the use of biomass byproducts and residues from well-stablished industries such as 

those from the biodiesel and sugarcane processing plants. In the first case, crude 

glycerol is the main byproduct, while vinasse is the main waste in the sugarcane 

processing. Considerable advances have been reported in terms of materials design 

with the preparation of more efficient nanostructured photocatalysts (KAUSHIK et al., 

2022). Mechanistic studies have also been carried out in order to exert control on the 

product selectivity (BUZZETTI; CRISENZA; MELCHIORRE, 2019; NGUYEN, C. C. et 

al., 2021). The broader perspective is to combine such findings with device 

engineering aiming at large scale applications. 

 

 

1.2. Photoreforming of biomass derivatives mediated by 

semiconductor oxides 

Early reports of photoreforming of biomass derivatives back to 80s, when Kawai 

and Sakata employed RuO2/TiO2/Pt composites to produce H2 from carbohydrate 

aqueous alkaline solutions. Saccharose, starch and cellulose were evaluated and the 

photocatalyst was able to fully oxidize the substrates to CO2, while H2 evolved from 

the Pt surface. As stated by Kuehnel and Reisner (KUEHNEL; REISNER, 2018) solar 

reforming of glucose-derived biomass is an energy neutral process (E0 ~0.001 V vs 

RHE, equation 1), hereby, photons are only needed to drive the kinetics and overcome 

activation barriers. Thus, in theory, these species as well as most polyols found on 

different biomass sources can undergo oxidation by low energy photons, making them 

suitable electron donors for most photocatalytic systems. Moreover, the 

thermodynamic energy to drive biomass oxidation is considerably lower than that for 

water splitting (Equation 2) (SIMÕES; BARANTON; COUTANCEAU, 2012). 

(C6H12O6)n + 6nH2O 
𝒉𝒗
→  6nCO2 + 12nH2   E0 ≅ 0.001 V vs RHE (Equation 1) 

H2O 
𝒉𝒗
→   ½ O2 + 1H2    E0 = 1.23 V vs RHE (Equation 2) 

 

The photoreforming reaction promoted by heterogeneous photocatalysts takes 

place under anaerobic conditions. Incident light is absorbed by a semiconductor 

material to yield electron-hole pairs. The photogenerated holes (h+) on the catalyst 

surface are used to oxidize the organic compounds while free electrons (e−) eventually 

reduce protons to H2 (HERRMANN, 2005; RAVELLI et al., 2009; JUNG et al., 2016). 



23 
 

The H2 evolution rates under photoreforming conditions are typically much higher than 

those obtained by the water splitting reaction (Equation 2) because the 

photogenerated holes can be efficiently consumed by the organic substrates and, 

therefore, the competitive electron recombination process is effectively suppressed 

(PANAGIOTOPOULOU; KARAMEROU; KONDARIDES, 2013; JUNG et al., 2016; 

NIE et al., 2018). 

In the last decade, focus is given to photocatalytic systems that are active under 

visible light and allow for selective oxidation of the organic substrates aiming at 

concomitant production of H2 and valuable chemicals as illustrated in Figure 1. In 

biomass-derived photoreforming, photons are used to drive the redox reactions, 

producing molecules with lower energy content, while storing the exceeding energy as 

green H2. In that way, it is possible to obtain multiple valuable products within an 

energetic neutral and sustainable process. Furthermore, looking at the so-call 

biorefinery concept, attempts have been made to use residues from industries of 

different sectors as sacrificial agents for H2 production (ESSIE et al., 2023). This 

approach pushes towards harnessing the full energy potential of renewable resources, 

contributing to the development of a sustainable and circular economy. 

 

 

Figure 1. Scheme illustrating the photoreforming of biomass-derived compounds by 

heterogeneous photocatalysts. 



24 
 

Typically, photoreforming systems are evaluated through key Figures of merit 

such as photonic efficiency, ξ, Faradaic Efficiency, FE, H2 evolution rate and product 

selectivity. The photonic efficiency gives the percentage of irradiated photons that 

were effectively used to drive the desired reaction and it is calculated as the ratio 

between the conversion rate, r, and the incident photon flux, I, Equation 3, corrected 

by the number of electrons involved in the photochemical process, z (in the H2 

evolution, z = 2). When the incident radiation is monochromatic, quantum yield can be 

used instead. If the photon flux is not determined, hydrogen evolution is simply 

normalized by the weight of the photocatalyst and the irradiation time. For 

photoelectrochemical systems, Faradaic Efficiency can be used. This parameter takes 

into consideration the total charge that passed through a given electrochemical circuit 

and can be used to describe the selectivity of a photoelectrochemical process, both in 

the anode and in the cathode. It is defined as shown in Equation 4, in which n is the 

measured amount of product, F is the Faraday constant and Q is the charge that 

flowed through the system, Q. The resulting organic products of the process are also 

evaluated through the carbon-based selectivity, which corresponds to the moles of 

initial carbon that were converted into a specific product. 

𝜺 =
𝒛𝒓

𝑰
            (Equation 3) 

𝑭𝑬 =  
𝒛𝒏𝑭

𝑸
      (Equation 4) 

Looking at the existing biomass-based industrial processes, potential 

substrates for photoreforming can be identified. Byproducts from wood and crop 

processing (especially cereal crops and sugarcane) as well as those from the paper & 

cellulose industry offer a significant volume of organic matter that can be conveniently 

explored for H2 evolution. Besides the recalcitrant lignocellulosic compounds, these 

processes also generate different water-soluble waste streams, formed mostly by 

mono, oligo or polysaccharides and organic acids (FLÓREZ PARDO; LÓPEZ GALÁN; 

LOZANO RAMÍREZ, 2018; YAO et al., 2020; NAVAKOTESWARA RAO et al., 2021; 

PLUCINSKI; LYU; SCHMIDT, 2021). Particularly, glucose has been employed in 

proof-of-concept studies (IERVOLINO et al., 2016; MADRIZ et al., 2020; NWOSU et 

al., 2022). 

Another byproduct of interest is glycerol from biodiesel production (NAVARRO 

et al., 2009; DODEKATOS; SCHÜNEMANN; TÜYSÜZ, 2018; CHECA et al., 2020). 

Although purified glycerol is highly used in the cosmetics and food industry, the current 
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glycerol availability greatly surpasses its global demand due to the growing production 

of biodiesel (CHOL et al., 2018; ZIYAI et al., 2019; AUGUSTIN et al., 2022). After 

refining and distillation processes, the triol is commercialized as glycerine, a 

colourless, odourless, biodegradable, hygroscopic and non-toxic viscous liquid at 

room temperature (CHOL et al., 2018). In most cases, the processing and refining 

costs of crude glycerol is higher than its selling price, which may hinder the 

sustainability of the whole production chain. In the recent years, glycerol has been by 

far the most studied biomass-derived sacrificial agent for photocatalytic valorization 

and green H2 production, given its chemical properties and availability. Therefore, its 

oxidation reaction will be used here as a model to introduce the most important aspects 

of biomass photoreforming. 

Glycerol is a highly functionalized molecule with three hydroxyl groups. The 

variety of value-added products that can be obtained through glycerol oxidation ranges 

from acrylic, glyceric, lactic and formic acid, as well as dihydroxyacetone or 

1,2-propanediol, Figure 2 (CARGNELLO et al., 2011; DODEKATOS; 

SCHÜNEMANN; TÜYSÜZ, 2018). The glycerol conversion process leads to 

molecules with high O/C ratios that are up to two orders of magnitude more valuable 

than the glycerol itself (LUO et al., 2022).  

 

Figure 2. Reaction schematic of possible products from glycerol oxidation. Adapted 

from (HU et al., 2023). 
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Intensive research is being conducted to find means for glycerol valorization, 

which includes thermal (HE, S. et al., 2018; BATISTA et al., 2019; SHAHIRAH et al., 

2019), electro (KWON et al., 2012; AHMAD, M. S. et al., 2021; HE, Z. et al., 2021; 

KIM, D. et al., 2023)  and photocatalytic routes (JUNG et al., 2016; HUANG; VO; 

CHIANG, 2019; LIU, D. et al., 2019). Amid glycerol transformation processes, the 

aerobic heterogeneous thermocatalytic oxidation can efficiently convert glycerol into 

several important derivatives such as aldehydes, ketones and carboxylic acids (HE, 

Z. et al., 2021). However, this process is associated with poor selectivity, as the 

mechanism generally involves highly reactive radicals derived from O2 (ZHONG, W. 

et al., 2022). This limitation could compromise real applicability as product separation 

is costly and hard to achieve. 

Different from thermal processes, in photocatalysis the selective oxidation of 

glycerol depends on the band structure of the photocatalyst and its surface properties. 

H2 evolution typically occurs from a metallic co-catalyst. TiO2 was naturally the first 

material to be applied in such reactions. Litchin et al. (LICHTIN; DONG; 

VIJAYAKUMAR, 1992) first reported photoinduced mineralization of aqueous glycerol 

promoted by Degussa P25 TiO2. Later, Kondarides et al. (KONDARIDES et al., 2008) 

described the complete mineralization of glycerol to H2 and CO2 over Pt(0.5 wt%)-TiO2 

under anaerobic conditions and UV irradiation. In these studies, no focus was given 

to the oxidation products. As TiO2 can efficiently promote the formation of high reactive 

hydroxyl radicals, poor selectivity, or even full mineralization of the triol is typically 

observed. 

Yu and coworkers (YU et al., 2021) have compared the activity of pure TiO2 and 

pure WO3 for selective glycerol photooxidation. Although TiO2 reached a considerably 

higher glycerol conversion (97%) compared to the 44% conversion showed by WO3, 

the selectivity for C3 oxidation products was remarkably lower, reaching only 5% for 

glyceraldehyde against 29% reached by WO3. The lower selectivity for TiO2 was 

explained by the further photooxidation of glycerol oxidation products, leading to full 

mineralization, while the higher glyceraldehyde selectivity of WO3 was linked to its 

surface acidity which facilitates the desorption of glyceraldehyde, avoiding its further 

photooxidation. 

Maurino et al. (MAURINO et al., 2008) showed that the selectivity of the pristine 

Degussa P25 TiO2 photocatalyst could be increased by submitting it to a fluorination 

process. The as modified photocatalyst was able to partially oxidize glycerol to 
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dihydroxyacetone and glyceraldehyde. Moreover, Augugliaro and co-workers 

(AUGUGLIARO et al., 2010) have evaluated various commercial and synthesized TiO2 

nanoparticles with different phase compositions against aqueous glycerol selective 

photooxidation, and found low selectivity for all investigated oxidation products, except 

CO2. As shown in  

Table 1, few examples in the literature employing TiO2-based systems quantify 

the oxidation products. In few cases, when typically, a composite is employed, some 

details can be found. 

 

Table 1. Results of different photocatalyst towards glycerol photoreforming. 

Photocat. 
Irradiation 
conditions 

[Glycerol]  
mol L-1 

Overall 
conversion 

H2 evolution 
rate / 

mmol g−1 h−1 

Main Products 
(Selectivity) 

Ref. 

TiO2 
LED lamp 

41.5 mW cm−2 

2.72 
(Crude 

glycerol) 
- 

 
3.2 

 
- 

(RUMAY
OR et 

al., 
2022) 

TiO2 
300 W Xe arc 
350 mW cm−2 
under argon 

1.36 
 

- 0.72 - 
(CAI et 

al., 
2018) 

TiO2 
UV-A 18W 

lamp 
5.60 mW cm−2 

1.10×10−3 97% - 
Glyceraldehyde 

(5%) 

(YU et 
al., 

2021) 

TiO2/Pt 
(0.5% wt.) 

75 W Xe arc 
under argon 

0.68 
 

- 6.0 - 

(BEDNA
RCZYK; 
STELMA
CHOWS

KI; 
GMURE
K, 2019) 

TiO2/Pt 
(0.5% wt.) 

450 W Xe arc 
under argon 

7.38×10−3 - 0.15 - 

(DASKA
LAKI; 

KONDA
RIDES, 
2009) 

TiO2/Pt 
(1.5% wt.) 

125 W Hg 
lamp 

( > 320 nm) 
under argon 

1.36 . 15 
H2 and CO2 

(100%) 

(LÓPEZ-
TENLLA

DO et 
al., 

2017) 

TiO2/Pt 
(1% wt.) 

30W LED light 
source 

( = 380 nm) 
under argon 

0.06 18% 1.4 

Glyceraldehyde 
(28%), lactic acid 

(34%) and 
glycolic aldehyde 

(38%) 

(KOZLO
VA et al., 

2021) 

TiO2/Pt (1% 
wt.)/Cu2+-D
oped (2% 

wt.) 

450 W Hg 
lamp 

278 mW cm−2 

( > 350nm) 
under argon 

1.36 - 3.3 - 
(PAI et 

al., 
2016) 
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TiO2/Cu–Pt 
(0.08 
mol%) 

522 mW cm−2  
under argon 

1.36 - 2.6 - 
(JUNG 
et al., 
2016) 

TiO2/rGO 
(3% wt.)/Pt 
(3.8% wt.) 

450 W Hg 
lamp and LED 

230 W 

0.14 
(Crude 

glycerol) 
- 

71 (glycerin) 
13 (crude 
glycerol) 

CO2 (3.41%) 
CO (14.28%) 
CH4 (0.89%) 
C2H6 (0.15%) 
H2 (81.27%) 

(RIBAO 
et al., 
2019) 

TiO2/CuOx 
(1% wt.) 

30W LED 

(  ≅ 380 nm) 
Under argon 

0.06 9% 
0.55 

 

Glyceraldehyde 
(24%) 

lactic acid (23%) 
glycolaldehyde 

(32%), 
ethyleneglycol 

(21%) 

(KOZLO
VA et al., 

2021) 

TiO2 /Cu2+ 
Nanodot-D

oped 

(1% wt.) 

300 W Xe arc 
100 mW cm−2 

( > 350nm) 
under argon 

0.68 - 0.17 - 

(ZHANG
, M. et 

al., 
2016) 

TiO2/Cu2O 
(2% wt.) 

400W metal 
halide lamp 
under argon 

0.68 - 0.07 - 

(SEGOV
IA-

GUZMÁ
N et al., 
2020) 

TiO2-/N/Cu 
(0.025 
mol%) 

Hg lamp 
450 W 

under argon 
1.36 - 1.62 - 

(TAYLO
R; 

MEHTA; 
SAMOK
HVALOV
, 2014) 

TiO2/Ag2O 

300 W Xe arc 
120 mW cm−2 

( > 350nm) 
under argon 

0.95 - 0.18 - 
(YANG, 
Z. et al., 
2020) 

TiO2/Au 
(1.5% wt.) 

UV lamp 
6.5 mW cm−2 

( ≅ 365nm) 
under nitrogen 

1.36 - 32 - 
(DEAS 
et al., 
2020) 

TiO2/N/Co 
(0.025 
mol%) 

Hg lamp 
450 W 

under argon 
1.36 - 0.31 - 

(TAYLO
R; 

MEHTA; 
SAMOK
HVALOV
, 2014) 

TiO2-/N/Cr 
(0.025 
mol%) 

Hg lamp 
450 W 

under argon 
1.36 - 0.12 - 

(TAYLO
R; 

MEHTA; 
SAMOK
HVALOV
, 2014) 

TiO2/N/Ni 
(0.025 
mol%) 

Hg lamp 
450 W 

under argon 
1.36 - 0.51 - 

(TAYLO
R; 

MEHTA; 
SAMOK
HVALOV
, 2014) 

TiO2/Mesop
orous 

UV lamp 
116 mW cm−2 

under argon 
1.36 - 5.8 - 

(ESCAM
ILLA et 
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Kozlova et al. (KOZLOVA et al., 2021) performed a comparison between 

Pt/TiO2 and CuOx/TiO2 photocatalysts in terms of activity towards hydrogen production 

from aqueous glycerol solutions under UV illumination. The Pt/TiO2 photocatalyst has 

shown greater activity and stability compared to the CuOx/TiO2 counterpart. The initial 

hydrogen evolution rate for Pt/TiO2 was 2.5 times higher than that observed for the 

CuOx/TiO2 photocatalyst. However, the use of CuOx/TiO2 as photocatalyst allowed the 

obtention of a wider variety of products, which includes glyceraldehyde, lactic acid and 

Carbon 
(40% wt.) 

al., 
2020) 

TiO2/Rh 
(1% wt.) 

300 W Xe arc 
350 W m−2 

under argon 
2.00×10−4 33% 1.3 

Formate 
(61%) 

dihydroxyacetone 
(26%) 

Glyceraldehyde 
(13%) 

(SANWA
LD et al., 

2016) 

Bi2WO6 /Pt 
(1% wt.) 

300 W Xe arc 
120 mW cm−2 

( > 380nm) 
under argon 

0.68 80% 0.72 
formate 
(99%) 

(MARIN
HO et 

al., 
2022b) 

Bi2WO6/Pt 
(1% wt.) 

150 W Xe arc 
110 mW cm-2 

( > 320 nm) 
0.275 - - 

dihydroxyacetone 
(-) 

(DITTME
R et al., 
2016) 

Bi2WO6/Mo
Ox/Pt 

150 W Xe arc 
110 mW cm-2 

( > 320 nm) 
0.275 - - 

dihydroxyacetone 
(-) 

(DITTME
R et al., 
2016) 

BiTiO /Pt 
(0.2% wt.) 

125 W UV 
lamp 

( ≅ 360 nm) 
under argon 

5.00×10−3 - 0.08 

dihydroxyacetone 
(50%) 

Glyceraldehyde 
(1.2%) 

(MUSSO 
et al., 
2023) 

Bi2WO6/Si
O2 (10% 

wt.) 

300 W Xe arc 

( > 420nm) 
under oxygen 

0.066 
mol L−1 

40% - 

dihydroxyacetone 
94% 

Glyceraldehyde 
6% 

(ZHANG
, Y. et 

al., 
2014) 

WO3 
UV-A 18W 

lamp 
5.60 mW cm−2 

1.10 ×10−3 44% - 
Glyceraldehyde 

(29%) 

(YU et 
al., 

2021) 

i2WO6 

(AgNO3 
scavenger 

for 
photogener

ated 
electrons) 

300 W Xe arc 

( > 420nm) 
under oxygen 

0.066 
 

90% - 

dihydroxyacetone 
(93%) 

Glyceraldehyde 
(7%) 

(ZHANG
, Y. et 

al., 
2013) 

ε-Fe2O3 
150 W Xe arc 
180 mW cm−2

 

λ > 300nm 
1.0 - 

24 

 

 

1,3-dihydroxyprop
anone (-), 

Hydroxyacetaldeh
yde (-), 

hydroxy-2-propan
one (-), ethanol (-) 

and 
dimethyl-1,4-diox

ane (-) 

(CARRA
RO et 

al., 
2014) 



30 
 

glycolaldehyde. Notably, ethyleneglycol was not detected as a product of glycerol 

photoreforming in the presence of Pt/TiO2, but its formation occurred with the use of 

copper oxide as co-catalyst. The authors discuss that the deactivation of the 

CuOx/TiO2 might be a result of reduction of Cu2+ ions to Cu1+. In fact, this would explain 

the proportionally higher formation of C2 products, as the parallel reduction process 

within the Cu sites would partially increase the TiO2 oxidizing strength. Thus, 

CuOx/TiO2 showed efficacy for glycerol oxidation, but the copper co-catalyst was not 

effective for hydrogen production. 

Another aspect to be considered in the glycerol photoreforming is the substrate 

purity. Ribao and co-workers (RIBAO et al., 2019) have compared the use of crude 

and synthetic glycerol (glycerin) as sacrificial agents for H2 production over TiO2 

loaded with rGO and Pt0. They found that not only the experimental conditions and 

catalyst composition have direct impact on the H2 production, but also the degree of 

impurities in crude glycerol. Under optimum conditions, a H2 evolution rate of 70.8 

mmol h−1 g−1 was achieved using pure glycerin as electron donor against only 12.7 

mmol h−1 g−1 for crude glycerol. The authors suggest that this could be explained by 

the presence of impurities competing for adsorption on photocatalyst surface and by 

the greater turbidity of crude glycerol suspensions, which partially blocks light 

absorption by the photocatalyst. 

Despite being the most studied photocatalyst, TiO2 offers low selectivity 

towards oxidation products and a tendency for full mineralization of glycerol and other 

organic substrates, which is justified by the formation of highly reactive oxygen radicals 

in aqueous media. In this scenario, different semiconductors with more positive 

valence band energies and with visible light activity have been studied. Ternary 

bismuth oxides call particular attention due to their crystalline and electronic 

structures. For example, Bismuth tungstate (Bi2WO6), is a n-type semiconductor with 

Aurivillius structure (MARINHO et al., 2015; ALFAIFI; TAHIR; WIJAYANTHA, 2019) 

and a narrower band gap (2.70–3.0 eV) (DAS et al., 2021). It is pointed as a promising 

material for the selective photoreforming of glycerol, due to its ability to promote hole 

transfer directly to glycerol without the formation of non-selective •OH radicals (SUN 

et al., 2014; MARINHO et al., 2022b). 

Zhang and co-workers (ZHANG, Y. et al., 2013) were the first to report the use 

of Bi2WO6 prepared by hydrothermal treatment as a selective photocatalyst for 
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dihydroxyacetone formation from glycerol under visible light irradiation. 

Dihydroxyacetone was generally formed in good yields (80 to 90%) after 5 h of 

irradiation. The influence of the hydrothermal conditions on the photocatalytic activity 

of Bi2WO6 was initially reported by Zhang and Zhu (ZHANG, C.; ZHU, 2005), 

employing Bi2WO6 nanoplates obtained in different temperatures and reaction times. 

The different samples were evaluated against rhodamine-B degradation, and it was 

concluded that larger particles grew at the cost of the smaller ones during the reaction 

due to the solubility difference between them, as predicted by the Gibbs-Thomson law. 

Later, Chunxiao Xu and collaborators (JIANG, W. et al., 2019), conducted a thorough 

mechanistic investigation on the Bi2WO6 hydrothermal growth, in which they observed 

the formation of self-assembled stacked plates, resulting in multi-layered disks. They 

concluded that the crystal growth process of primary nanoparticles occurs 

simultaneously with oriented assembly of the as-forming square nanoplates into a 3D 

disk. The square nanoplates tend to assemble on a multilayer disk preferentially 

oriented along the (0 0 1) direction, increasing in crystallinity and crystallite size as a 

function of the reaction time. 

Later, our research group (MARINHO et al., 2022a) investigated the influence 

of pH of the hydrothermal treatment on the performance of Bi2WO6 as photocatalyst 

in the glycerol photoreforming. Samples prepared in an acid medium (pH = 0 and 2) 

exhibit smaller and less crystalline particles, while those obtained at higher pHs are 

characterized by a more crystalline orthorhombic structure. At highly alkaline reaction 

medium (pH > 13), the formation of a cubic non-stoichiometric crystalline phase is 

observed and identified as Bi3.84W0.16O6.24. In-depth structural information was 

obtained through Rietveld refinement of the XRD data. 

The Bi2WO6 sample prepared at pH = 0 exhibited the highest photonic efficiency 

for H2 evolution from glycerol aqueous solutions ( = 1.4 ± 0.1%) among the samples 

investigated, showing 99% C-based selectivity for formic acid and 80% of total glycerol 

conversion. Such performance is followed by the Bi3.84W0.16O6.24 sample which also 

exhibited good results with  = 1.2 ± 0.1% for H2 evolution, 87% of selectivity for formic 

acid production and 63% of total glycerol conversion. The results indicate that the 

selectivity of Bi2WO6 in glycerol photoreforming is very dependent on its 

structural/morphologic parameters. The presence of oxygen vacancies in the samples 

prepared in acidic conditions as well as the Bi(III)-rich phase obtained at pH = 13 favor 
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the strong adsorption of glycerol and the first reaction intermediates, increasing both 

the overall glycerol conversion and the selectivity for C1 products. 

Dittmer and et al. (DITTMER et al., 2016) have modified Bi2WO6 with MoOx, 

deposited via chemical vapor deposition and investigated the photocatalytic activity of 

these materials for oxygen evolution and selective glycerol oxidation to 

dihydroxyacetone. The authors could show that for both pristine and MoOx-modified 

Bi2WO6, the covering with Pt0 greatly improved dihydroxyacetone yield. The authors 

concluded that MoOx modification is beneficial for the photochemical process as it 

promotes more efficient charge separation following band gap excitation. 

Another oxide employed in glycerol photoreforming is Fe2O3, which is 

characterized by an improved visible light absorption. Carraro and co-workers 

(CARRARO et al., 2014) investigated two iron (III) oxide polymorphs, β and ε-Fe2O3, 

which have shown good activity towards light-driven H2 production from glycerol 

aqueous solutions (1 mol L−1). For ε-Fe2O3 and β-Fe2O3, H2 production rates 

equivalent to 24.5 and 8.9 mmol h-1 g-1 were obtained, with significantly higher 

performances compared to the commonly used α-Fe2O3. The major oxidation products 

of glycerol were 1,3-dihydroxypropanone, hydroxyacetaldehyde, 

1-hydroxy-2-propanone, ethanol and dimethyl-1,4-dioxane. These promising results 

evidence that H2 evolution can be efficiently induced even by low-energy photons, as 

the reported band gap of Fe2O3-based materials lies within 2.2–2.4 eV.  

In glycerol photoreforming, the adsorption/desorption mechanisms are 

determinant for the improvement of both the conversion efficiency and product 

selectivity. The strong adsorption of reaction intermediates on Bi2WO6 surface led to 

nearly 100% of selectivity to formic acid. This condition is found on more acidic media 

that favor the adsorption when compared to more alkaline conditions (MARINHO et 

al., 2022a; NASCIMENTO, LUCAS L. et al., 2022). Sanwald et. al,. (SANWALD et al., 

2016) found that, when using TiO2 as photocatalyst, formaldehyde was the main C1 

glycerol oxidation product instead of formic acid due to its comparatively low 

adsorption constant on TiO2. As a result, most of the formic acid produced would get 

mineralized into CO2 and H2. The authors proposed that glycerol photoreforming 

occurs mainly through two different pathways on oxide surfaces: direct oxidative C-C 

cleavage of glycerol yielding glycolaldehyde and formaldehyde (pathway A, Figure 3), 

which is the preferred pathway for the aerobic glycerol conversion; and the formation 

of carbonyl groups as a result of a single-step 2 electron oxidation of a glycerol 



33 
 

hydroxyl group to yield glyceraldehyde or dihydroxyacetone (pathway B). The 

glyceraldehyde can be further converted into formic acid and glycolaldehyde, while 

dihydroxyacetone results in the formation of formaldehyde as the main final product. 

In aerobic conditions, these pathways are minoritarian due to the regioselectivity of 

the hydroxyl groups. On top of that, it is hard to achieve high selectivity towards 

dihydroxyacetone and glyceraldehyde formation, the most valuable glycerol products, 

even at anaerobic conditions due to the tendency to produce C-C cleavage products 

from the subsequent direct hole transfer at the photocatalyst surface. Moreover, 

light-driven dehydration of glycerol (pathway C) is a possible side reaction. 

 

 

Figure 3. Possible reaction pathways for photoreforming of glycerol: direct oxidative 

C–C-cleavage to form glycolaldehyde and formaldehyde (A) occurs primarily over 

formation of carbonyl groups to produce glyceraldehyde or dihydroxyacetone (B). 

Light-driven dehydration to hydroxyacetone (C) constitutes a side reaction. Adapted 

from (SANWALD et al., 2016). 

 

Other substrates despite glycerol have also been employed on photoreforming 

studies. For saccharides and polysaccharides, TiO2 is still the most investigated oxide 

and therefore, few information on the oxidation products is found in the literature. 

Nevertheless, enhanced H2 evolution rates have been reported, Table 2. Lervolino 

and co-workers (IERVOLINO et al., 2016) reported a facile calcination method to 

obtain TiO2 anatase modified with fluorine and covered with 0.5 wt% Pt0 resulting in a 

material referred as Pt-F-TiO2. The photocatalyst was able to remove 74% glucose in 

an aqueous suspension (1.5 mgcat mL−1) with significant H2 production after just 3 

hours of UV irradiation. The glucose degradation was mainly attributed to hydroxyl 
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radical formation from water at the Pt-F-TiO2 surface. As a result, only H2 and CO2 

were detected as reaction products and, intriguingly, by varying the pH of the 

suspension, a higher H2 production rate was obtained at the pH where glucose 

degradation was lower (pH=6), which indicates that glucose is not being fully 

mineralized as suggested by the authors. 

 

Table 2 Key examples of photoreforming of biomass-derived (poly)saccharides. 

 

Photocatalyst 
Irradiation 
conditions 

Suspension 
composition 

H2 evolution 
rate / 

µmol g−1 h−1 
Ref 

TiO2/Pt-F 
10W 

UV-LED 
Aqueous glucose 

at pH = 2 
2500 

(IERVOLINO et 
al., 2016) 

TiO2/Pd 
400W Xe 

arc 

Different 
saccharides 

aqueous 
suspensions 

900 
(KENNEDY et 

al., 2018) 

TiO2/Pt 
Natural 
sunlight 

Water cellulose 
suspension 

58.93 
(SPELTINI et 

al., 2014) 

TiO2/Pt 
Natural 
sunlight 

Water rice husk 
suspension 

28.57 
(SPELTINI et 

al., 2014) 

TiO2/Pt 

300W Xe 
arc 

1.3×10−6 
Einsteins 

s−1 

Different 
saccharides 

aqueous 
suspensions 

502.5 

(KONDARIDES; 
PATSOURA; 
VERYKIOS, 

2010) 

Bi2WO6
 /Pt 

300 W Xe 
arc 

100 mW 
cm−2 

(AM 1.5 G) 

Aqueous glucose 45000 
(MADRIZ et al., 

2020) 

Cu2O 

300 W Xe 
arc 
(λ > 

420nm) 

Aqueous glucose 19 
(ZHANG, L. et 

al., 2014) 

Cu2O/Cu- palygorskite 
 

300 W Xe 
arc 

100 mW 
cm−2 

(AM 1.5 G) 

Aqueous 
cellulose 

32000 (ZHONG, M. et 
al., 2022) 

CdS/Au (nanorods) 

300 W Xe 
arc 
(λ > 

400nm) 

Aqueous glucose 90 
(WANG, X. et 

al., 2020) 

Fe2O3 

300 W Xe 
arc 

100 mW 
cm–2 

(AM 1.5G) 

LPMO 
enzyme-catalyzed 

cellulose 
oxidative 

degradation in 
water 

¯ 
(WANG, D. et 

al., 2022) 
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Similarly, Kennedy et. al. (KENNEDY et al., 2018) reported the complete 

dehydrogenation and decarbonylation of a series of sugars and polyols using 

Pd-loaded TiO2 P25 (0.5 wt%). The authors correlate the H2 production with the 

number of hydroxyl groups available at each studied polyol, which follows a linear 

increasing trend, however, the number of hydroxyl groups had no effect at the H2 

production from sugars. These results further corroborate that hydrogen production 

from polysaccharides photoreforming is limited by kinetics rather than by 

thermodynamics. 

In biomass photoreforming, light is not necessarily directly stored as H2 but it 

drives the kinetics of degradation and, consequently, the conversion of the energy 

content within the biomass-derived compound into H2. Moreover, it is essential to build 

photocatalytic materials that able to harvest visible light to enable the practical 

solar-driven biomass reforming. However, there are still fewer studies showing 

promising results using photocatalysts with the band gap energy in the visible region. 

Zhang et al. (ZHANG, L. et al., 2014) described the photocatalytic reforming of glucose 

under visible light over Cu2O, reaching 113 µmol g−1 H2 production over 6 hours of 

reaction (λ > 420 nm). These results are encouraging, especially if the low surface 

area of the Cu2O photocatalyst (< 8 m2 g−1) and the visible-only irradiation is taken into 

consideration. Moreover, Chen’s group reported visible-light photocatalytic H2 

evolution from aqueous glucose on Au/CdS nanorods with simultaneous Au3+ 

self-reduction (WANG, X. et al., 2020). Only H2 and CO2 were detected as glucose 

reforming products and continuous H2 production is reported for up to 17 hours. 

Moreover, the authors found that the Au loading was key for the H2 evolution. 

So far, during the last few years, great advances have been achieved in the 

preparation of photocatalysts, starting with TiO2 up to ternary bismuth oxides, with new 

insights on structure-activity relationship being obtained. This is essential for further 

development of better photocatalysts and optimization of the experimental parameters 

for improved activity/selectivity control. It can be concluded that the development of 

advanced materials is not the only bottleneck holding the practical glycerol and 

(poly)saccharides photoreforming. The optimization of the physicochemical 

parameters, elucidation and modulation of adsorption/desorption equilibria, the 

amount and composition of the impurities that might be present in suspension, as well 

as a deeper kinetic understanding of the process are essential to guide future research 

on biomass valorization. Clearly, the use of different semiconductors, especially, 
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ternary oxides has contributed to the increase of the oxidation product selectivity, 

despite the hydrogen evolution rates were not as high as those observed for 

TiO2-based systems under similar reaction conditions. In fact, although heterogeneous 

photocatalysis can be efficiently used for biomass reforming, it offers sluggish 

conversion kinetics when compared to other catalytic approaches. 

The electrochemical approach, for example, has been described as an 

alternative for selective glycerol oxidation with concomitant H2 generation at relevant 

rates since 80s (HORANYI; RIZMAYER, 1983; KAHYAOGLU; BEDEN; LAMY, 1984; 

KIMURA et al., 1993). Typically, Au or Pt-based electrodes are employed as anodes. 

A relevant work by Kim et al. (KIM, H. J. et al., 2017) have reported a detailed 

techno-economical study of glycerol oxidation into glyceraldehyde, glyceric acid, and 

hydroxypyruvic acid employing metallic Pt/C electrodes. Overall, favorable kinetics at 

moderate potentials are observed; however, the use of precious metals still hinds the 

large-scale application of such systems. 

To overcome the kinetic limitation offered by photocatalysis while taking 

advantage of the improved conversion rates of the electrocatalysis, 

photoelectrochemical oxidation of abundant organics or biomass feedstocks (e.g. 

glycerol) has been intensively studied as an emerging field with enormous potential 

for the sustainable production of hydrogen and value-added chemicals (WU, Y.-H. et 

al., 2021; BHATTACHARJEE et al., 2022). The use of abundant semiconductor 

electrodes in photoelectrochemical devices along with suitable organic substrates as 

electron donors allows for reducing considerably the system overpotentials, paving the 

way towards solar driven fuel production (WU, Y.-H. et al., 2021). In a standard PEC 

system, Figure 4, photoexcitation of the photoanode yields electron/hole pairs at the 

electrode surface, so organic species at the electrolyte can react with the holes at the 

semiconductor/electrolyte interface, while electrons are directed through the external 

circuit to the counterelectrode, where it can promptly react with H+ yielding H2. In this 

way, the main bottleneck of photocatalysis, i.e., the rapid recombination of charge 

carriers, is mitigated by a small external bias, which provides the driving force to 

separate the charge carriers, assuring that the desired reactions can occur efficiently 

by drastically increasing the hole consumption rate at the photocatalyst surface. In 

fact, many works have reported that electron recombination can be fully suppressed 

by the use of biomass-derived molecules, such as glycerol and glucose, as sacrificial 

agents (HUANG; VO; CHIANG, 2019; MADRIZ et al., 2020). 
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Figure 4. Working principle of a photoelectrochemical cell (PEC) for biomass 

reforming. 

 

BiVO4 has been largely investigated in PECs for water splitting (FANG; LIU; 

HAN, 2020; CHEN, D. et al., 2022; QI et al., 2022; KE et al., 2023) and it is also a very 

promising material for selective glycerol photoreforming. The ternary oxide has a band 

gap of ~2.4 eV and therefore exhibits visible light photoactivity, which makes its 

theoretical Solar-to-Hydrogen efficiency (STH) far superior than semiconductor oxides 

active only in the UV (KIM, J. H. et al., 2019). However, BiVO4 is highly susceptible to 

photocorrosion, with dissolution of Bi3+ and VO4
3- from the crystal lattice under 

illumination (KE et al., 2023). This limits the stability of  PECs for water splitting but is 

less pronounced on photoelectroreforming as the applied potentials are much smaller. 

Liu and coworkers (LIU, D. et al., 2019) have reported the selective conversion 

of glycerol to dihydroxyacetone and formic acid by photoanodes composed by BiVO4 

nanoarrays. The influence of the pH and the applied bias on product selectivity have 

been investigated. In acidic conditions (pH =2) and relative high potentials (0.6 to 1.2 

V vs. RHE), selectivity towards dihydroxyacetone (DHA) is greatly improved as 

glycerol adsorption is stronger at lower pHs. On the other hand, at lower potentials 

and in neutral to alkaline pH range, the formation of formic acid is favoured. The 

reaction mechanism of glycerol oxidation by BiVO4 photoanodes was also studied 

using an isotope labelled electrolyte (10% H2
18O). The 18O from the electrolyte was 

found in both dihydroxyacetone and glyceraldehyde during the product analysis, 

indicating that the adsorbed glycerol undergoes one electron oxidation by the 

photogenerated holes followed by a reaction with water and subsequent dehydration, 
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Figure 5. ESR studies did not find any hydroxyl radicals from water in the presence of 

glycerol, further corroborating with the proposed reaction between glycerol and holes, 

which is essential for good product selectivity. Representative examples for 

photoelectrochemical reforming of glycerol are summarized in Table 3.  

 

 

 

Figure 5. Glycerol photoelectroreforming mechanism on BiVO4 photoanodes. a 

Energy profile of glycerol oxidation on BiVO4 surface. 1 (black) and 2 (red) stand for 

reactions that take place at the terminal and middle carbon, respectively. b Schematic 

illustration showing glycerol oxidation to dihydroxyacetone on BiVO4 surface. Adapted 

from (LIU, D. et al., 2019). 

 

Wu and co-workers (WU, Y.-H. et al., 2021) have developed tungsten-doped 

bismuth vanadate (W:BiVO4) electrodes combined with an atomic-layer-deposited 

nickel (oxy)hydroxide NiOx(OH)y co-catalyst, as a photoanode material for the 

photoelectrochemical oxidation of glycerol. They have found that the insertion of 

NiOx(OH)y improved the photocurrent density. The addition of glycerol also enhanced 

the photocurrent and hole injection efficiency, evidencing the faster kinetics of glycerol 

oxidation with respect to the oxygen evolution reaction from water. Glyceraldehyde, 

dihydroxyacetone and glycolaldehyde were the primary oxidation products found 
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during the long-term photoelectrochemical studies. Moreover, it was verified that the 

nickel co-catalyst gradually dissolves in alkaline electrolyte, causing a continuous drop 

in the photocurrent. However, in acidic pH, the current increases despite the 

dissolution of the co-catalyst layer. The authors have attributed this behaviour to a 

positive effect on the reaction kinetics due to the acidification of the medium, which 

contradicts the conclusions taken by Liu et al. (LIU, D. et al., 2019). Additionally, the 

authors also found that, at lower pHs and applied potentials, the selectivity for formic 

acid was favoured, while DHA production was boosted at higher applied potentials 

and higher pHs. 

 

Table 3 Photoelectrochemical reforming of glycerol. 

GAD: glyceraldehyde; DHA: dihydroxyacetone; RHE: reversible hydrogen electrode; STH: 
solar-to-hydrogen efficiency. 

 

Material 
Irradiation 
conditions 

Electrolyte 
composition 

Applie
d Bias 

Main 
Products 

(Selectivity) 

H2 
evolution 

rate 
Ref. 

BiVO4 

300 W Xe 
arc 

100 mW 
cm−2 

(AM 1.5G) 

0.1 mol L−1 
glycerol in 0.5 

mol L−1 
Na2SO4 
(pH = 2) 

0.6 V 
vs RHE 

DHA 
(51%) 

- 

(LIU, 
D. et 
al., 

2019) 

Bi2WO6 

300 W Xe 
arc 

120 mW 
cm−2 

(λ > 380 
nm) 

1.26 mol L−1 
glycerol in 0.1 
mol L−1 K2SO4 

(pH = 8) 

1.3 V 
vs RHE 

Formate 
(88%) 

110 mmol 
h−1 m−2 

(NAS
CIME
NTO, 
LUCA
S L. 

et al., 
2022) 

W:BiVO4/ 
NiOx(OH)y 

300 W Xe 
arc 

100 mW 
cm−2 

(AM 1.5G) 

0.1 mol L−1 
glycerol in 0.5 

mol L−1 
Na2SO4 

1.2 V 
vs RHE 

Formate 
(~50%) 

DHA (20%) 
- 

(WU, 
Y.-H. 
et al., 
2021) 

Mo/BiVO4 

300 W Xe 
arc 

100 mW 
cm−2 

(AM 1.5G) 

10% glycerol 
in 0.1 mol L−1 

phosphate 
buffer 

(pH = 7) 

1.2 V 
vs RHE 

_- 

0.431 
mmol L−1 

h−1
 

(STH 
5.5%) 

(BOR
A et 
al., 

2022) 

Fe2O3 

300 W Xe 
arc 

100 mW 
cm−2 

(AM 1.5G) 

0.1 mol L−1 
glycerol in 0.1 
mol L−1 KOH 

(pH = 13) 

1.0 V 
vs RHE 

Glycerate (-) 
lactate (-) 
formate (-) 
glycolate (-) 

- 

(PERI
NI et 
al., 

2021) 

WO3 
UV lamp 
41 mW 

cm−2 

0.1 mol L−1 
glycerol 

1.2 V 
vs Pt/C 

GAD (26%), 
DHA (12%) 

formate (2%) 

44.0 mmol 
h−1 m−2 

(YU et 
al., 

2023) 
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More recently, our group have reported the application of Bi2WO6 photoanodes 

for the selective conversion of aqueous glycerin (NASCIMENTO, LUCAS L. et al., 

2022). The photoelectrochemical behavior was investigated as a function of the 

electrolyte pH. At pH 6, H2 production rate was 19.6 μmol cm−2 h−1 with formic acid as 

main oxidation product (41% selectivity). In acid media, this selectivity increases to 

88%, similarly to that reported by Wu (WU, Y.-H. et al., 2021), but the photocurrent 

decreases by 50%. In alkaline electrolyte, glycerol oxidation is facilitated and 

photocurrents up to 0.80 mA cm−2 are reached at the cost of poor product selectivity. 

Furthermore, EIS studies showed that the addition of glycerol greatly reduces charge 

transfer resistance at the photocatalyst/electrolyte interface, especially in alkaline 

media. The low selectivity observed in alkaline media was attributed to poor glycerol 

adsorption on the Bi2WO6 surface, while at acidic pH glycerol is strongly adsorbed, 

suffering multiple oxidation steps, hindering the photocurrent but greatly increasing 

product selectivity towards formic acid. 

Yu et al. (YU et al., 2023) reported a 2-eletrode flow-through PEC device for 

simultaneous H2 production and glycerol conversion into C3 products at near-neutral 

pH. Carbon cloth-supported Pt and WO3 were used as the counter/reference electrode 

and photoanode, respectively. The photoanode was front-side illuminated through a 

quartz window by UV light irradiation at 41 mW cm−2. The PEC device was kept at 60 

ºC and the influence of external bias on the oxidation products was investigated. 

Similar glycerol conversions of 4.2 to 4.7% were reached under applied potential 

ranging from 0.3 V to 1.2 V, after 6 hours of experiment. However, the selectivity of 

glyceraldehyde (GAD) and dihydroxyacetone production increased from 15.2% at 0.3 

V to 38.3% at 1.2 V. Formic acid production was also significantly increased at 1.2 V. 

Despite the relative low glycerol conversion (< 5%), good selectivity for C3 products 

and H2 evolution was achieved under optimum conditions, with 26% of glyceraldehyde 

selectivity, 12% of dihydroxyacetone selectivity and a H2 evolution of 44.0 mmol m−2 

h−1. 
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1.3. Novel materials for photocatalysis 

While inorganic semicondutors (metal oxides, chalcogenides, II-Vs) are the 

largely employed materials in photo(electro)catalysis, many advancements have been 

made for the development of innovative materials for photocatalysis. One promising 

approach that can be employed is the introduction of oxygen vacancies and other 

structural defects into existing semiconducting materials through specific synthetic 

routes. Significant advances have been made in this area in recent years. Huo and 

collaborators have shown that the absorption spectrum of Bi2WO6 can be easily shifted 

into the visible range by inducing oxygen vacancies in the material’s structure (HUO 

et al., 2019). Oxygen vacancies create intermediate states that act as electron traps, 

increasing the charge carrier lifetime and reducing the band gap energy of the resulting 

material. This can be achieved by manipulating the conditions of hydrothermal or 

solvothermal synthesis. When using solvents with lower oxygen availability, such as 

ethylene glycol, and milder synthesis temperatures, the material grows with a slower 

oxygen transfer rate into the crystal lattice. As a result, a material with oxygen 

vacancies and unique photophysical, morphological, and structural properties is 

obtained (CHEN, H. et al., 2019; HUO et al., 2019; WANG, T. et al., 2021). 

An alternative strategy involves doping the material of interest, which leads to 

modifications in its structural properties and shifts in the conduction and/or valence 

band energies. Doping can be p-type, when an electron-deficient species is introduced 

into the material, or n-type, involving the incorporation of an electron-rich species into 

the crystal lattice. In both cases, doping creates intermediate energy levels (midgap 

states) within the valence band (p-type) or conduction band (n-type) of the 

photocatalyst, which can trap photogenerated charges and reduce the band gap 

energy of the material. Therefore, it is possible to tailor the properties of the material 

based on the type of dopant introduced, or even by varying the dopant content. 

A class of materials that has recently attracted attention and employs both of 

the aforementioned synthetic strategies is that of oxynitrides (NISHIMURA et al., 2010; 

BRANCHO et al., 2017). These compounds are known for a larger unit cell volume 

and improved conductivity compared to conventional oxides. The synthesis of 

oxynitrides generally starts with the formation of the corresponding nitride, which can 

then be partially oxidized, via calcination, for example, to produce the desired metal 

oxynitride. The nitride synthesis step is the most challenging one, as it typically 
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involves high pressures of N2, N2/H2, or even NH3, in temperatures between 400 and 

1000 °C. The result is a substitution of oxygen by nitrogen in the crystal lattice, which 

usually requires the addition of a second metal to stabilize the material’s charge, 

yielding a compound similar to those of ternary oxides, often adopting a 

perovskite-type structure. Alternative nitrogen sources have been successfully 

employed to simplify the nitride synthesis step. Brancho and co-workers have reported 

the synthesis of titanium and niobium oxynitrides using urea as a nitrogen source, 

resulting in materials with visible light absorption and promising photocatalytic 

properties (BRANCHO et al., 2017). 

Another promising category of compounds are the Covalent Organic 

Frameworks (COFs) as they have garnered significant attention as promising 

photocatalysts, in special for H2 evolution, owing to their crystalline porous structure, 

high chemical stability, and virtually limitless tunability in terms of both structure and 

optoelectronic properties (CARMO et al., 2023) (CÔTÉ et al., 2005; CARMO et al., 

2023). In 2014, B. Lotsch et al. reported the first water-stable hydrazine-based COF 

for the hydrogen evolution reaction (HER), achieving a reaction rate of 

1979.0 µmol g-1 h-1 (STEGBAUER; SCHWINGHAMMER; LOTSCH, 

2014). Subsequent studies have focused on the molecular engineering of COFs to 

enhance their photocatalytic H2 evolution efficiency by optimizing light-harvesting 

capabilities, charge-carrier separation, thermodynamic driving force, water 

dispersibility, and photostability (LI, X. et al., 2018; STEGBAUER et al., 2018; ZHANG, 

G. et al., 2018; GHOSH, S. et al., 2020; SONG et al., 2021; KARAK; DEY; BANERJEE, 

2022; SHI et al., 2022; XIAO, Y. et al., 2024). 

Likewise, many synthetic strategies can be employed to improve COFs 

photoactivity. Linkage chemistry has proven to be an effective tool for tailoring the 

physicochemical properties of COFs for photocatalytic applications. Liu et al. 

demonstrated that fully π-conjugated sp2 carbon linkages not only broaden the 

visible-light absorption of COFs but also enhance charge transfer and separation 

efficiency, compared to imine linkages (LI, Z. et al., 2023). Recently, Thomas et al. 

showed that protonation of a series of imine-linked donor-acceptor COFs enhances 

photocatalytic H2 evolution performance, which was attributed to improved light 

absorption, charge carrier separation efficiency, and hydrophilicity of the COFs upon 

protonation (YANG, J. et al., 2021). In a further study, Pan and co-workers 

investigated the effect of linkage isomerism on photocatalytic hydrogen evolution 
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(ZHANG, M. et al., 2023). While the influence of linkages on optoelectronic properties 

has been widely explored, leveraging COF linkage chemistry to modulate interfacial 

chemical and electrostatic interactions between COFs and reactants for improved 

photocatalytic H2 evolution has yet to be reported. 

Typical reactants in the photocatalytic H2 evolution reaction include charged 

precursors for co-catalyst deposition, such as H2PtCl6, and sacrificial electron donors, 

which often also serve as proton sources (WANG, Y. et al., 2019; COSTANTINO; 

KAMAT, 2022). Tuning the surface charge to promote the preferential adsorption of 

specific compounds at the photocatalyst surface, thereby controlling the photocatalytic 

reaction mechanism, is a well-established strategy in traditional inorganic 

photocatalysis (HOFFMANN et al., 1995). This method relies on modulating the 

electrostatic interactions between the adsorbate and the adsorbent, either by altering 

the chemical environment or by tailoring the surface charge of the photocatalyst. 

However, systematic studies on this approach applied to COFs remain rare. 

Overall, the development of novel photocatalytic materials has witnessed 

remarkable progress in recent years, driven by the pursuit of efficient, sustainable 

strategies for solar-driven chemical transformations. From engineering oxygen 

vacancies and doping semiconductors to designing oxynitrides and covalent organic 

frameworks with tailored optoelectronic and surface properties, researchers have 

expanded the landscape of photocatalysts far beyond conventional oxide materials. 

Continued efforts in integrating synthetic innovation with fundamental mechanistic 

understanding are expected to unlock further breakthroughs, enabling practical 

solar-fuel technologies. 

In this thesis, we have explored different strategies and materials for low carbon 

hydrogen production through reforming reaction of organic substrates. In the second 

chapter, the engineering of oxygen vacancies in Bi2WO6 nanoparticles is exploited 

aiming at photoelectrochemical reforming of biomass-derivatives. In the third chapter, 

Nb(V) doping of BiVO4 is proposed as an effective strategy to improve both the 

photoelectrochemical performance and stability of photoanodes for glycerol reforming. 

In the fourth and fifth chapters, novel photocatalysts for H2 evolution are introduced 

based on COFs (chapter 4) and Ni2+-doped oxides and oxynitrides (chapter 5). 
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1.4.  Main Objective 

The main objective of this work was to develop state-of-the-art visible light 

active photocatalysts and photoanodes for the photo(electro)reforming of organic 

substrates for low carbon H2 production. For that, different strategies were explored 

using ternary oxides, oxynitrides and covalent organic frameworks as well as standard 

sacrificial electron donors and real industrial waste streams. Each system was deeply 

investigated employing structural and optoelectronic techniques aiming at the 

rationalization of the photo(electro)chemical properties. 
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2. Unveiling The Role of Oxygen 

Vacancies in the Charge Dynamics 

of Bi2WO6-Based Photoanodes for 

Photoelectrochemical Glycerol 

Reforming 
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In a previous study we have evaluated the influence of pH variation during the 

hydrothermal treatment on the performance of Bi2WO6 as photocatalyst in the glycerol 

photoreforming (NASCIMENTO, LUCAS L. et al., 2022). It was found that the material 

obtained in pH = 0 had the best performance, both in terms of glycerol conversion and 

hydrogen evolution, which was attributed to a balance between crystallinity and 

structural defects like oxygen vacancies. Then photoanodes were made using the best 

performing material (pH 0), which again displayed excellent performance for the 

selective photoelectroreforming of glycerol to formic acid and concomitant hydrogen 

evolution (NASCIMENTO, LUCAS L. et al., 2022). However, the main drawback of 

Bi2WO6 is that its light absorption is limited to the UV region.  

Based on the forementioned results, Bi2WO6 with engineered oxygen vacancies 

were prepared aiming at enhancing the photoactivity of the material and shifting the 

absorption spectrum to the visible region, thus enhancing the sunlight absorption 

capabilities of the material. Oxygen deficient Bi2WO6 (BiWOvac) was obtained through 

a simple solvothermal synthesis. This strategy revolves around replacing water with 

ethylene glycol to reduce the oxygen availability in the reaction media, so the oxygen 

transfer kinects to the lattice of the material is severely slowed, resulting in oxygen 

vacancy rich samples. 

 

2.1. Specific Objectives 

The specific objectives for the work showed this chapter were: 

• Synthetize Bi2WO6 with induced engineered oxygen vacancies 

• Perform simulations to pinpoint the optimal sites for the oxygen 

vacancies 

• Investigate the effect of oxygen vacancies on the charge dynamics of 

Bi2WO6 photoanodes in glycerol phoelectroreforming by performing in 

situ operando TA studies in the ps-ns and us-s timescale 

• Test the performance of the BiWO(vac) photoanodes compares to Bi2WO6 

for the photoelectroreforming of glycerol 
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2.2. Methodology 

All chemicals were bought from Aldrich.  The Bi2WO6 powder samples were 

synthesized by an ease hydrothermal method as described elsewhere (MARINHO et 

al., 2022a). In summary, Bi(NO3)3⋅5H2O and Na2WO4⋅2H2O precursors were dissolved 

in nitric acid (1.0 mol L−1) and water, respectively, under constant stirring. The resulting 

mixture (pH = 0) was transferred to a teflon vessel which was inserted in a stainless 

steel autoclave and kept at 200 °C for 3 h. The oxygen vacancy induced samples 

BiWO(vac) were obtained with a solvothermal synthesis, as previously 

described.(WANG, T. et al., 2021) Briefly, Bi(NO3)3⋅5H2O and Na2WO4⋅2H2O 

precursors were dissolved in ethyleneglycol and kept at 200 ºC for 24 hours. After 

cooling at room temperature, the powder samples were washed and subsequently 

dried at 80 °C. 

The Bi2WO6-based photoanodes were deposited on clean FTO substrates 

using the screen-printing method. The paste for screen printing was prepared following 

the methodology previously described elsewhere (GÜNNEMANN et al., 2019). In 

summary, 3 g of photocatalyst powder were meticulously ground within a mortar that 

contained 15 mL of ethanol, 2.5 mL of water, and 0.5 mL of acetic acid, subsequently 

transferring the resultant mixture to a round-bottom flask with the subsequent 

incorporation of 50 mL of ethanol, 10 g of terpineol, and 15 g of a 10% wt/v ethyl 

cellulose solution in ethanol. The composite was subjected to sonication and stirring 

until the components were thoroughly homogenized. Ultimately, the solvent was 

eliminated utilizing a rotary evaporator. The resultant pristine Bi2WO6 films underwent 

annealing at 500 ºC for a duration of 30 minutes and the BiWO(Vac) films were annealed 

at 300 ºC using a 10 ºC min ramp. 

X-ray diffraction analysis (XRD) was executed utilizing an XRD600 powder 

diffractometer (Shimadzu) functioning at 40 kV and 30 mA with Cu Kα radiation as the 

excitation source. Raman spectroscopy was carried out on a LabRAM HR Evolution 

spectrometer (Horiba). X-ray photoelectron spectroscopy (XPS) measurements were 

conducted using a Thermo Scientific model K-Alpha spectrometer, which is equipped 

with an Al Kα X-ray source. All spectra underwent calibration against the C 1s peak, 

considering a standard binding energy of 284.6 eV. The morphologies of the films were 

assessed through Scanning Electron Microscopy (SEM) employing a TESCAN Vega3 

microscope. Diffuse Reflectance Spectra (DRS) were collected using a UV 2600 
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spectrophotometer (Shimadzu) that is equipped with an integrating sphere. The 

transmittance values were converted to absorption equivalent values using the 

Kulbelka-munk function.(PATTERSON; SHELDEN; STOCKTON, 1977; YANG, L.; 

KRUSE, 2004) The electrochemical characterization was accomplished on an Autolab 

PGSTAT204 (Metrohm) potentiostat/galvanostat containing a FRA32M module for 

Electrochemical Impedance Spectroscopy (EIS) measurements. A 300 W Xe arc lamp 

(Oriel) equipped with an AM 1.5G filter was used as light source, whose intensity was 

estimated using a power meter 1916-R (Newport) with an optical sensor 818-UV/DB. 

The oxygen vacancies in Bi2WO6 were investigated through first-principles 

calculations using the Quantum ESPRESSO software package (AHMAD, H. et al., 

2021; HOSSAIN et al., 2023). The orthorhombic unit cell of Bi2WO6, consisting of 36 

atoms, 8 bismuth (Bi), 4 tungsten (W), and 24 oxygen (O) atoms was used as the 

structural model. A plane-wave basis set was employed with an energy cutoff of 

380 eV to expand the electronic wavefunctions. Brillouin zone sampling was 

performed using a 6 × 6 × 2 Monkhorst-Pack k-point mesh. The generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional was used to describe electron interactions. Additionally, Hubbard U 

corrections (GGA+U) were applied to the W 5d and O 2p orbitals to account for the 

on-site Coulomb interactions and improve the description of electron localization 

around the vacancy sites. 

A custom-made PTFE photoelectrochemical cell with H geometry was used for 

the (photo)electrochemical assays, Figure 6. The electrolyte was 0.1 M K2SO4 with 

added crude glycerol. A platinum coil was used as counter electrode and Ag/AgCl with 

3M NaCl as reference. The backside illumination was done through a 3.8 cm2 quartz 

rounded window. 
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Figure 6. (a) Photoelectrochemical cell used in the photoelectrochemical experiments 

reported in this work and (b) scheme representing the components of the 

photoelectrochemical cell. 

 

The final composition of the anolyte was characterized by High-Performance 

Liquid Chromatography (HPLC) analysis. HPLC analysis was performed on a Waters 

e2695 system equipped with a DAD-RID detector and using a Aminex HPX-87H 

column (300 × 7.8 mm, 5 μm) in isocratic conditions. The mobile phase was a mixture 

of MeCN:H2O 35:65 (30 min) and H2SO4 (0.005 mol L-1). A flow rate 0.6 mL/min was 

employed and the signals were detected at 254 nm. Quantification was made by 

calibration curves, obtained through the analysis of mixtures of chemical standards in 

known concentrations. All samples were filtered using PES 0.22 µm syringe filters. 

The gas products were identified and quantified in a Clarus 580 (Perkin Elmer) 

GC-TCD equipped with a molecular sieve and a porapak N packed column. Calibration 

curves, obtained by injecting known quantities of analytical grade H2, were used to 

quantify the green H2 produced during the photoreforming assays. 

Ultra fast TA spectra (ps–ns timescale) were collected on a Harpia TA 

spectrometer (Light Conversion) in an experimental configuration reported 

previously.(LI, X. et al., 2023) Briefly, the pump light was generated using a 

Pharos-SP-10W (Light Conversion; ~170 fs, 10 kHz, 1030 nm) coupled to an OPA 

(Light Conversion, Orpheus). The white-light probe beam was achieved by focusing a 

portion of the Pharos-SP-10W 1030 nm output onto a sapphire crystal within the 

Harpia spectrometer. Samples were excited with a 355 nm pump light with a power of 

200 mW (5 KHz). The pump beam (~0.6 mm diameter) and the probe beam (~0.4 mm 

diameter) were overlapped on the sample position. Data were initially collected using 
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the Harpia TA spectrometer and analysed using Carpetview software (Light 

Conversion). A quartz cuvette with a 2 cm path length, sealed with a rubber septa cap 

and degassed by Ar bubbling for 20 min prior to the measurements was used as 

sample holder. 

The µs–s timescale TA measurements were performed using the third 

harmonic (355 nm) output of a Nd:YAG laser (Continuum, Surelite I-10, 532 nm, 6 ns 

pulse width) and excitation (0.275 mJ cm−2 at 0.33 Hz). The laser output was 

transmitted to the sample via a liquid light guide. A 100 W tungsten lamp coupled with 

a monochromator (OBB Corp., typically set to 4 nm resolution) was used as the probe 

light. The change of optical density (ΔOD) of the sample was calculated through 

measuring the transmitted light using a Si Photodiode and a homemade amplification 

system coupled to both an oscilloscope (Textronix TDS 220) and data acquisition card 

(DAQ card, National Instruments NI-6221). The oscilloscope data were for the study 

at the µs timescale while the DAQ card covered milliseconds to seconds. The data 

were averaged over 600 laser shots per wavelength to improve the signal to noise 

ratio. A 10 W 365 nm LED was used to illuminate the samples during the operando in 

situ experiments. 

. 
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2.3. Results and Discussion 

Oxygen deficient Bi2WO6 (BiWOvac) was obtained through a simple 

solvothermal synthesis. This strategy revolves around replacing water with ethylene 

glycol to reduce the oxygen availability in the reaction media, so the oxygen transfer 

kinects to the lattice of the material is severely slowed, resulting in oxygen vacancy 

rich samples. 

Structural characterization was conducted to assess whether the solvothermal 

introduction of oxygen vacancies influenced the phase composition of Bi2WO6. X-ray 

diffraction (XRD) patterns, Figure 7a, confirm that the oxygen-vacancy-rich sample 

retained the orthorhombic structure characteristic of Bi2WO6. However, a noticeable 

decrease in crystallinity was observed, which is evidenced by the broadening of the 

diffraction peaks with the full width at half maximum (FWHM) of the main diffraction 

peak varying from 0.38° to 0.82°. Raman spectroscopy, Figure 7b, further supports 

these findings, displaying the characteristic vibrational modes of orthorhombic Bi2WO6 

in both samples (MARINHO et al., 2022a). The BiWO(vac) sample exhibits reduced 

short-range ordering, consistent with the expected structural disorder induced by 

oxygen vacancies, as previously reported by Wang et al. (WANG, T. et al., 2021). The 

peaks at 830 and 795 cm-1 correspond to the symmetric and antisymmetric stretching 

vibrations (A1g modes) of the O–W–O bonds, respectively. The peak at 710 cm-1, 

assigned to the asymmetric stretching mode (Eu) of the WO6 chain bridges, is almost 

completely suppressed in the BiWO(vac) sample, indicating significant oxygen 

deficiency within the lattice. Additionally, the band at 306 cm-1, associated with the 

translational motion (Eg mode) of Bi³⁺ and WO6
6- units, and the peak at 152 cm-1, 

corresponding to external lattice vibrations (A1g mode) of the WO6 octahedra, have 

reduced intensities in the oxygen-deficient sample. 
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Figure 7. (a) XRD patterns and (b) Raman spectra of Bi2WO6 (red) and BiWO(vac) 

(black) powders. 

 

X-ray photoelectron spectroscopy (XPS) was used to investigate the superficial 

composition of the synthesized materials. No significant impurities can be observed in 

the XPS survey spectra of both samples, Figure A1. Unlike Bi2WO6, the 

oxygen-vacancy-rich sample BiWO(vac) exhibited different oxidation states for tungsten 

and bismuth: W(V, VI)  and Bi(III, III – x), Figure 8a,b. This is attributed to the oxygen 

deficiency, where the oxidation state of cations adjusts to compensate for the charge 

imbalance caused by the lack of O-2 anions. Additionally, both samples display two 

distinct oxygen peaks, Figure 8c. The major peak at 532 eV corresponds to lattice 

oxygen (O2-), while the peak at higher binding energy is associated with adsorbed 

oxygen species, an indicative of the presence of structural defects and/or adsorbed 

water (HUO et al., 2019; SACHA et al., 2019; WANG, T. et al., 2021). 
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Figure 8. High-resolution XPS spectra of (a) W4f, (b) Bi4f and (c) O1s for the 

synthetized samples. 

 

The effect of oxygen vacancies on the optical absorption properties of Bi2WO6 

was investigated using diffuse reflectance spectroscopy (DRS), Figure 9. The 

hydrothermally synthesized pristine Bi2WO6 exhibited an absorption edge at 

approximately 400 nm, corresponding to a wide optical band gap of 2.85 eV. In 

contrast, BiWO(vac) displayed an extended absorption tail reaching up to 450 nm, with 

a reduced optical band gap energy of 2.65 eV. This narrowing of the band gap is 

attributed to the formation of defect states below the conduction band, induced by 

oxygen vacancies (WANG, T. et al., 2021). To further elucidate this behavior, density 

functional theory (DFT) calculations were performed using the Quantum ESPRESSO 

suite. Among the proposed structures for BiWO(vac), Figure 9b, those with the lowest 

calculated total energies, in which oxygen atoms are removed from positions 1 or 2, 

exhibited theoretical band gap values of 2.619 eV, Figure 9d, in good agreement with 

the experimental results. These findings suggest that oxygen removal at positions 1 

and 2 is energetically more favorable, supporting their identification as the most 

probable sites for vacancy formation in BiWO(vac). The DFT-calculated parameters are 

summarized in Table 4. 
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Figure 9. UV-Vis spectra of the Bi2WO6
 (red) and BiWO(vac) (black) powder samples. 

(b) Unit cell model highlighting and numbering the potential oxygen vacancy sites in 

BiWO(vac). (c) DFT-calculated band structure of pristine Bi2WO6 and (d) DFT-calculated 

band structure of BiWO(vac) with the oxygen atom removed from position 1, 

corresponding to the lowest-total energy configuration. 

 

Table 4. Calculated total energies and band gap energies of the proposed BiWO(vac) 

unit cells according to the position of the removed oxygen atom. 

BiWO(vac) Energy (Ry) Band Gap (eV) 

P1 -2645.8960 2.6195 

P2 -2645.8960 2.6180 

P3 -2645.8688 2.1560 

P4 -2645.8502 1.5925 

P5 -2645.8527 1.6980 

P6 -2645.8712 1.9920 
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The BiWO(vac) powders were then deposited on clean FTO glass substrates and 

tested as photoanodes in a photoelectrochemical cell for glycerol 

photoelectroreforming. Light chopped linear sweep voltammetry (LSV) under visible 

light ( > 400 nm, 100 mw cm-2) and in crude glycerol electrolyte, Figure 10a, were 

conducted on the photoanodes in order to verify if their photoresponse was broadened 

by the oxygen vacancies. The Bi2WO6(vac) showed prompt photoresponse as the light 

was turned on, unlike hydrothermal Bi2WO6 which barely shows any photoresponse in 

this condition, corroborating that the oxygen vacancies broadened the light absorption 

of the material. However, photocurrents were very low even in the oxygen vacancy 

material, suggesting that most of its photoactivity still depends on UV excitation. When 

simulated sunlight (100 mW cm-2, AM 1.5G), containing ~9% of photons on UV region, 

was used instead, both materials showed a significant increase in photocurrent, Figure 

10b, with BiWO(vac) still achieving higher photocurrents than Bi2WO6. Notably, Bi2WO6 

films displayed a characteristic signature of severe charge recombination: a sharp rise 

in photocurrent upon illumination followed by a gradual decay to a steady-state 

plateau. In contrast, this recombination behavior in BiWO(vac) was only observed at 

lower applied biases and was completely mitigated at potentials above 0.5 V vs 

Ag/AgCl, indicating significantly improved charge transfer kinetics. 

 

 

Figure 10. Light-chopped linear sweep voltammetry using (a) visible light only (  400 

nm, 100 mW cm-2) and (b) simulated sunlight (AM 1.5G, 100 mW cm-2). Electrolyte: 

Crude glycerol 10% v/v in 0.1M K2SO4. 
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BiWO(vac) was subsequently tested for long-term photoelectroreforming of crude 

glycerol, the raw byproduct obtained from a biodiesel production plant, following 

simple filtration to remove solid impurities. The BiWO(vac) photoanodes exhibit good 

stability during long-term experiments, Figure 11a, exhibiting only a 25% decrease in 

photocurrent over 5 hours of continuous operation. Additionally, glycerol 

photoreforming resulted in a hydrogen evolution rate of 63 µmol cm-2 h-1, Figure 11b, 

with a Faradaic efficiency (FE) of 91%. Glycerol conversion was monitored via HPLC 

analysis, revealing that BiWO(vac) photoanodes achieved 24.5% glycerol consumption 

at pH = 6 with 85% selectivity toward formic acid production, comparatively, pristine 

Bi2WO6 photoanodes yielded 32 µmol cm-2 h-1 H2 with 95% of FE and 17% glycerol 

conversion with 64% of formic acid production selectivity, Figure A2. 

 

 

Figure 11. Chronoamperometry of BiWO(vac) in crude glycerol 10% v/v in K2SO4 under 

0.8 V vs Ag/AgCl and AM 1.5G, 100 mW cm-2 and (b) H2 evolution from the 

chronoamperometric experiment. 

 

The photoelectrochemical results were rationalized with EIS analysis, Figure 

12. Data collected at different applied potentials under illumination and under the dark 

can be fitted using an equivalent circuit based on the charge-carrier trapping 

mechanism, Figure 12b,d inset (LIU, D. et al., 2019; NASCIMENTO, LUCAS L. et al., 

2022). The equivalent circuit consists of a space-charge capacitance element, Csc, a 

surface state capacitance, CPEST, while Rs is the electrolyte resistance, RTp is the 

resistance ascribed from the charge transport within the bulk of the material, and Rct 

is the charge transfer resistance at the interface photoanode/electrolyte. The 

photoelectrochemical parameters obtained from the EIS data fitting are summarized 
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in Table A1. A comparison between the RCT  and RTp values in the dark and under 

illumination is shown in Figure 13. 

 

 

Figure 12. (a,b) EIS Nyquist and Bode plot of BiWO(vac) in dark and (b) EIS Nyquist 

and Bode plot of BiWO(vac) taken in illuminated conditions (AM 1.5G, 100 mW cm-2). 

 

Upon illumination, a substantial reduction in RCT was observed at all potentials, 

highlighting the activation of photogenerated carriers and improved interfacial kinetics. 

For instance, at 1.0 V vs Ag/AgCl, RCT decreased from 23.5 kΩ (dark) to 14.0 kΩ 

(light), consistent with the photoinduced generation of additional charge carriers. In 

comparison, pristine Bi2WO6 exhibited an RCT of 23.2 kΩ under the same conditions, 

Figure A3, which is approximately 65% higher than that of BiWO(vac), highlighting the 

beneficial role of oxygen vacancies in lowering charge transfer resistance and 

improving photoelectrochemical performance. Similarly, under illumination, RCT values 

consistently decreased with increasing bias, reaching a minimum at 1.0 V. In contrast, 

RTp behavior under illumination showed a distinct trend. While RTp values under dark 

conditions were generally low, under illumination they increased, remaining relatively 
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stable around 5~6 kΩ across the analyzed potential range. This behavior suggests 

that under operational (light) conditions, electron trapping becomes a more 

pronounced limiting factor compared to dark conditions, potentially due to a higher 

density of populated states. Moreover, these results suggest that the density and 

nature of the surface states responsible for trapping are largely intrinsic to the 

BiWO(vac) material and not significantly affected by external field strengths within the 

tested range.  

 

 

Figure 13. Rct and RTp components extracted from the EIS circuit under dark and 

irradiation conditions (AM 1.5G, 100 mW cm-2) at different applied potentials. 

 

Under dark conditions, Rct values were significantly higher than that attributed 

to RTp at all applied potentials, indicating that in the absence of illumination, the overall 

kinetics are dominated by sluggish interfacial charge transfer rather than by charge 

trapping phenomena. As the applied bias increased from 0.2 V to 1.0 V vs Ag/AgCl, 

RCT decreased from 86.4 kΩ to 23.5 kΩ, reflecting the enhanced band bending and 

facilitated charge transfer at more anodic potentials. 

Overall, these results indicate that while illumination significantly enhances 

charge transfer across the interface (RCT), charge recombination within the bulk of the 

semiconductor layer, expressed by the transport resistance (RTp), becomes a more 

prominent recombination pathway under light conditions. The oxygen vacancies also 

resulted in a reduction in RCT in comparison to the pristine Bi2WO6. These findings are 

consistent with the presence of oxygen vacancies, which introduce mid-gap states 
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facilitating light absorption and charge transfer but can also act as trapping sites for 

photoexcited electrons. 

To gain further insight into the photophysical behavior of Bi2WO6-based 

materials in the absence of an interfacial hole scavenging, ultrafast TAS experiments 

were performed under an inert argon atmosphere, Figure 14. This approach isolates 

the intrinsic charge carrier dynamics without the influence of electrolyte oxidation 

processes. As shown in Figure 14a, the pristine Bi2WO6 sample exhibits moderate 

ΔmOD signals across the 600–1250 nm range, with the signal onset occurring within 

a few picoseconds and remaining relatively stable over the 1 ns timescale. The 

spectral evolution, Figure 14c, reveals a gradual red-shift and broadening of the 

absorption band with increasing delay, consistent with free carrier absorption from 

electrons accumulating in the conduction band (CB) and/or shallow trap states 

(BARROSO et al., 2013; KAHRAMAN et al., 2019; MOSS et al., 2020). 

 

 

Figure 14. Ultrafast transient absorption decay dynamics of Bi2WO6-based 

photoanodes under argon atmosphere following 355 nm band gap excitation. (a) 

Kinetic traces of Bi2WO6 and (b) BiWO(vac) at selected probe wavelengths. (c) 
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Spectral evolution of Bi2WO6 and (d) BiWO(vac) at representative pump-probe delay 

times. 

 

In contrast, BiWO(vac) displays a rising ΔmOD signals for the first ~100 ps after 

excitation, Figure 14b, particularly in the 700–1100 nm region, indicating significant 

trapping of photogenerated electrons for a prolonged period post-excitation. The 

spectral evolution, Figure 14d, shows a broadened and red-shifted absorption 

consistent with transitions involving vacancy-induced midgap states (GRIGIONI et al., 

2017). The early-time intensity and persistence of the signals suggest that these 

vacancies function as shallow electron traps, temporarily storing photogenerated 

charges and delaying recombination. Notably, the BiWO(vac) sample also shows a 

delayed spectral stabilization relative to the pristine material, suggesting slower 

electron relaxation and potential involvement of localized states in the process (NAM 

et al., 2019). 

Ultra-fast transient studies were also performed in operando conditions (with an 

applied positive bias and under CW illumination from a LED) with both glycerol and 

plain K2SO4 electrolyte. Pristine Bi2WO6 in plain electrolyte at 0.8 V, Figure 15a, 

exhibits a broad and gradually increasing ΔmOD signal with wavelength, also 

consistent with free electron absorption in the CB. Upon introduction of glycerol, Figure 

15b, a marked enhancement in signal intensity and persistence is observed across 

the spectrum, indicating more efficient charge separation and stabilization due to hole 

scavenging. In contrast, BiWO(vac), Figure 15c, shows lower initial signals in plain 

electrolyte at 0.8 V, suggesting rapid recombination via trap states introduced by 

oxygen vacancies. However, in the presence of glycerol, Figure 15d, a strong 

enhancement in ΔmOD is again observed, with particularly long-lived signals at 700–

1100 nm, showing that oxygen vacancies facilitate shallow electron trapping and 

promote improved charge retention in the presence of glycerol as sacrificial electron 

donor. 
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Figure 15. Ultra-fast transient absorption decay dynamics as a function of the probed 

wavelength and electrolyte composition of Bi2WO6-based photoanodes, after bandgap 

excitation with 355 nm laser light (a) Bi2WO6 photoanodes under 0.8 V vs Ag/AgCl in 

plain electrolyte 0.1M K2SO4 and (b) 5% v/v glycerol in 0.1M K2SO4. (c) BiWO(vac) 

photoanodes under 0.8 V vs Ag/AgCl in plain electrolyte 0.1M K2SO4 and (d) 5% v/v 

glycerol in 0.1M K2SO4. 

 

The charge transfer dynamics was also investigated s to s timescales under 

operando conditions to probe the role of oxygen vacancies. The transient kinetic 

traces, Figure 16, reveal an increasing signal intensity with longer probe wavelengths, 

consistent with the absorption response of free carrier absorption as previously 

observed in the ultrafast TAS experiments (WILSON et al., 2023). In pristine Bi2WO6, 

the transient absorptions at open-circuit potential shows fast decay components with 

modest signal intensities, indicating rapid recombination of photogenerated carriers. 

Under an applied bias of 0.8 V vs Ag/AgCl (operando conditions), a significant 

increase in the absorption signal is observed, particularly in the 600–900 nm range. 
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This enhancement is attributed to improved charge separation and extraction driven 

by external bias, leading to an increased population of long-lived electrons. 

In contrast, the BiWO(vac) samples, Figure 16c,d, show distinct behavior. At 

OCP, BiWO(vac) displays lower ΔmOD signals compared to pristine Bi2WO6, 

suggesting faster carrier recombination or a lower free carrier population due to 

trap-assisted recombination at oxygen vacancy sites. However, under an applied bias 

of 0.8 V, BiWO(vac) exhibits intense and long-lived transient signals indicating 

significant photogenerated carrier accumulation. This further corroborates the 

hypothesis that oxygen vacancies act as shallow electron traps, prolonging carrier 

lifetimes. Furthermore, faster electron extraction kinetics are observed for BiWO(vac) 

films in the 1–10 ms lifetime range due to improved charge transport. To validate these 

observations, power-law decay fitting (MOSS et al., 2020; LI, C. et al., 2021; NANDAL 

et al., 2021) was used to analyse the decay of the transient absorption signal at 900 

nm (assigned to trapped electrons) at 0.8 V for both materials (Figure A4). Pristine 

Bi2WO6 yielded a decay exponent (α) of 0.19 ± 0.01, while BiWO(vac) exhibited a 

significantly higher value of 1.53 ± 0.01. These results point to sluggish, probably 

anisotropic-limited electron transport in Bi2WO6 (MOSS et al., 2020), whereas 

BiWO(vac) exhibits faster decay dynamics, likely associated with enhanced charge 

separation and mobility. This suggests that oxygen vacancies also contribute to 

improved electronic conductivity in the material. 

Transient photocurrent (TPC) measurements were performed by coupling the 

potentiostat with an oscilloscope, enabling the capture of the temporal profile of the 

photoresponse of BiWO(vac) photoanodes under pulsed illumination. As shown in 

Error! Reference source not found., the TPC traces exhibit a photocurrent rise 

followed by a decay, with a distinctive feature across microsecond to second 

timescales. The time-resolved data reveal a pronounced current peak within the 1–10 

ms window, closely matching the carrier dynamics observed in the TA experiments. 

This correlation confirms that the long-lived carriers observed spectroscopically also 

manifest as sustained photocurrent signals, which are characteristic of charge 

transport processes across the photoelectrode. The ms-range decay is thus attributed 

to the slow diffusion and drift of photogenerated electrons within the BiWO(vac) film with 

prolonged lifetimes. 
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Figure 16. Transient absorption decay dynamics as a function of the probed 

wavelength and applied bias of Bi2WO6-based photoanodes in glycerol electrolyte, 

after bandgap excitation with 355 nm laser light and frontside illumination with a white 

led. (a,b) Bi2WO6 photoanodes under OCP and 0.8 V vs Ag/AgCl, (c,d) BiWO(vac) 

photoanodes under 0.8 V vs Ag/AgCl and OCP. Transient absorption decay dynamics 

as a function of the probed wavelength and applied bias of Bi2WO6-based 

photoanodes in glycerol electrolyte, after bandgap excitation with 355 nm laser light 

and frontside illumination with a white led. (a,b) Bi2WO6 photoanodes under OCP and 

0.8 V vs Ag/AgCl, (c,d) BiWO(vac) photoanodes under 0.8 V vs Ag/AgCl and OCP. 

 

Overall, these results highlight the beneficial role of oxygen vacancies in 

promoting charge separation, extending carrier lifetimes, and improving the 

photoelectrochemical performance of Bi2WO6-based photoanodes for photo-assisted 

reactions. 
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2.4. Conclusions 

In this study, Bi2WO6 with induced oxygen vacancies was successfully 

synthesized via a facile solvothermal method and evaluated for the 

photoelectrochemical reforming of crude glycerol waste derived from biodiesel 

production. Structural analyses confirmed that oxygen vacancies were effectively 

introduced without altering the crystalline phase, though they induced noticeable 

changes in crystallinity and short-range arrangement. Optical characterization 

revealed a redshift in the absorption edge and a narrowed band gap for BiWO(vac), 

supported by DFT calculations, confirming the formation of intermediate states 

associated with oxygen vacancies. The BiWO(vac) photoanodes showed excellent 

results for crude glycerol photoreforming, which resulted in a hydrogen evolution rate 

of 63 µmol cm-2 h-1 with a faradaic efficiency of 91%, two times bigger than pristine 

Bi2WO6. Glycerol conversion was found to be 24.5% at pH = 6 with 85% selectivity 

toward formic acid production. 

Transient absorption spectroscopy under operando conditions demonstrated 

that oxygen vacancies significantly enhance charge carrier dynamics, acting as 

shallow traps that prolong electron lifetimes and improving the material’s conductivity. 

Electrochemical impedance measurements further corroborated the improved 

conductivity and reduced charge-transfer resistance in the oxygen-deficient samples. 

These synergistic effects translated into enhanced photoelectrochemical performance 

for glycerol reforming. Altogether, this work highlights the strategic role of oxygen 

vacancies in modulating the optoelectronic properties of Bi2WO6, offering a promising 

avenue for developing efficient photoanodes for solar-driven valorization of industrial 

waste streams. 
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3. Photoelectroreforming Of 

Industrial Waste Streams Using 

Nb-Doped BiVO4 Photoanodes for 

Sustainable Hydrogen Production 
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Photoelectroreforming is a promising approach that combines cost-effective 

and abundant photocatalysts with the enhanced kinetics offered by electrocatalysis. 

Among photoanode materials, BiVO4 stands out due to its favorable light absorption 

properties, relatively high photocurrent, and near-optimal theoretical 

Solar-to-Hydrogen (STH) efficiency (KIM, J. H. et al., 2019). However, BiVO4 is highly 

susceptible to photocorrosion and exhibits short-lived carriers, resulting in sluggish 

kinetics and lack of long-term stability (CHEN, D. et al., 2022). Many approaches have 

been studied to address this phenomenon. Ke and co-workers reported that surface 

doping of BiVO4 photoanodes with Mo5+ or W5+ significantly increased photocurrent 

and stability for water oxidation (KE et al., 2023). Liang and co-authors decorated 

BiVO4 surface with MoOx nanoparticles, increasing the conversion of 

poly(ethylene-terephthalate) into formate, acetate, and H2, which the authors 

attributed to improved charge transfer within the materials (LIANG et al., 2024). 

Kalanur and Seo reported Nb(V)-doped BiVO4 photoanodes with enhanced water 

splitting performance when compared to pristine BiVO4. The doping with Nb(V) 

increased the carrier density in the bulk of BiVO4, improved the charge separation, 

charge transfer, diffusion, and decreased the charge transfer resistance at the 

photoanode/electrolyte interface (KALANUR; SEO, 2022). So far, such strategies 

have been poorly explored on photoelectroreforming, especially those employing real 

biomass-derived residues.  

Herein, for the first time, a photoelectrochemical cell assembled with 

Nb(V)-doped BiVO4 (Nb:BiVO4) was applied for the photoreforming of crude glycerol 

and flegmass residues, collected from a biodiesel plant and a sugarcane processing 

refinery, respectively. The morphological and the electronic properties of the 

photoanode were evaluated as a function of dopant concentration following by 

photoelectrochemical assays employing real residues for hydrogen production and 

biomass valorization. 
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3.1. Specific Objectives 

The specific objectives for the work showed this chapter were: 

• Synthetize Nb-doped BiVO4 samples with different Nb5+ content 

• Characterize the doped samples and study their influence on the 

optoelectronic properties of BiVO4 

• Test the performance of the Nb-doped samples against the 

photoelectroreforming of real industrial wastes and compare the results 

with that of pristine BiVO4 

• Access the mechanisms involved in the glycerol photoelectroreforming 

on BiVO4-based photoanodes using EPR in situ studies 

 

3.2. Methodology 

All chemicals were used as received and bought from Aldrich in analytical or 

HPLC grade. Nanocrystalline BiVO4 and Nb:BiVO4 were prepared by adding 5 mmol 

of Bi(NO3)3 in 10 mL of 4M HNO3 solution, 5 mmol of NH4VO4 in 10 mL of 2M NaOH 

and 2 mL of H2O2 30%. After complete dissolution of the precursors, the V5+ solution 

was added on the Bi3+ solution dropwise, under vigorous stirring. The resulting mixture 

was neutralized using a 2M NaOH solution. Following, the mixture was transferred to 

a PTFE vessel, which was then inserted in a sealed hydrothermal reactor and 

submitted to hydrothermal treatment under 200 ºC (180 psi) for 4h. The Nb:BiVO4 

samples were obtained by adding niobium(V) ammonium oxalate to the precursor’s 

solution, yielding 1 and 5% w/w of Nb content in the resulting materials. The obtained 

powders were washed with deionized water, ethanol and dried at 80 ºC. 

The BiVO4-based photoanodes were deposited on clean FTO substrates using 

the screen printing method (HEDAYAT; DU; ILKHANI, 2017). The paste for screen 

printing was prepared following the methodology previously described elsewhere 

(GÜNNEMANN et al., 2019). Briefly, 3 g of the photocatalyst powder were thoroughly 

grinded in a mortar containing 15 mL of ethanol, 2.5 mL of water and 0.5 mL of acetic 

acid, and then transferred to a round flask with the further addition of 50 mL of ethanol, 

10 g of terpineol and 15 g of a 10% wt. ethyl cellulose solution in ethanol. The mixture 

was sonicated and stirred until the material was completely dispersed. Finally, the 
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solvent was removed with a rotary evaporator. The obtained films were annealed at 

500 ºC for 30 min to remove organic impurities and increase their mechanical stability. 

X-ray diffraction analysis (XRD) was performed with an XRD600 powder 

diffractometer (Shimadzu) operating at 40 kV and 30 mA employing Cu Kα radiation. 

Raman spectroscopy was conducted in a LabRAM HR Evolution spectrometer 

(Horiba). X-ray photoelectron (XPS) spectroscopic measurements were obtained in a 

Thermo Scientific model K-Alpha spectrometer, equipped with Al Kα x-ray source. All 

spectra were corrected using the C 1s with the binding energy at 284.6 eV. 

Transmission Electronic Microscopy was conducted on a JEOL JEM 2100 High 

Resolution Transmission Electron Microscope operated at 200 kV and equipped with 

an Oxford Instruments X-Max 80T Energy Dispersive Spectrometer (EDS) system.  

Carbon support film coated copper TEM grids (200 mesh) were used to support the 

samples. HRTEM images were taken by Gatan Model 794 Slow Scan CCD Camera. 

Film morphologies were evaluated by Scanning Electron Microscopy (SEM) 

using a TESCAN Vega3 microscope. Diffuse Reflectance Spectra (DRS) were 

obtained in a UV 2600 spectrophotometer (Shimadzu) equipped with an integrating 

sphere. The electrochemical characterization was carried on an Autolab PGSTAT204 

(Metrohm) potentiostat/galvanostat equipped with an Electrochemical Impedance 

Spectroscopy (EIS) FRA32M module. The irradiation source was a 300 W Xe arc lamp 

(Oriel) equipped with an AM 1.5G filter, the light intensity was measured by a power 

meter 1916-R (Newport) connected to an optical sensor 818-UV/DB. 

A PTFE customized H-shaped photoelectrochemical cell was used for all 

(photo)electrochemical experiments, Figure 6. The catholyte chamber was filled with 

0.1 M K2SO4 electrolyte and the anolyte chamber with glycerol 10% v/v in 0.1 M K2SO4 

or bare flegmass with added 0.1 M K2SO4. Platinum was used as counter electrode 

and Ag/AgCl as reference. A Nafion® proton selective membrane was placed between 

the anolyte and catholyte chambers. The backside illumination was done through a 

3.8 cm2 quartz circular window placed at the front of the anolyte chamber. 

The final composition of the anolyte was characterized by Chemical Oxygen 

Demand (COD) and the oxidation products identified and quantified by 

High-Performance Liquid Chromatography (HPLC) analysis. HPLC analysis was 

performed on a Waters e2695 system equipped with a DAD-RID detector and using a 
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Aminex HPX-87H column (300 × 7.8 mm, 5 μm) in isocratic conditions. The mobile 

phase was a mixture of MeCN:H2O 35:65 (30 min) and H2SO4 (0.005 mol L-1). A flow 

rate 0.6 mL/min was employed and the signals were detected at 254 nm. 

Quantification was made by calibration curves, obtained through the analysis of 

mixtures of chemical standards in known concentrations. All samples were filtered 

using PES 0.22 µm syringe filters. The gas products were identified and quantified in 

a Clarus 580 (Perkin Elmer) GC-TCD equipped with a molecular sieve and a porapak 

N packed column. Calibration curves, obtained by injecting known quantities of 

analytical grade H2, were used to quantify the green H2 produced during the 

photoreforming assays. 

Electron paramagnetic resonance (EPR) spectroscopy was conducted on solid 

photocatalyst powders to examine residual paramagnetic defects. EPR, combined 

with the spin trapping method, was utilized to explore the reaction mechanisms 

involved in the photocatalytic tests. For this purpose, the spin traps 

5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and N-tert-butyl-α-phenylnitrone (PBN) 

were dissolved in distilled water and water/methanol mixture, respectively, with each 

solution containing 10% of analytical glycerol. Different photocatalysts were then 

added to these solutions under magnetic stirring, and the samples were illuminated 

with a white LED lamp (16 mW cm-2). At different time intervals, aliquots were taken, 

and EPR spectra were recorded. A similar procedure was performed using solutions 

without glycerol for comparison. Additionally, spin-trapping experiments were 

conducted using different BiVO4 photoanodes paired with a Pt cathode under an 

applied bias and white light illumination. All EPR spectra were acquired using a 

Magnettech MiniScope MS 400 (Germany) at room temperature. 

 

3.3. Results and Discussion 

The pursue for efficient visible-light-active photocatalyst materials has drawn 

significant attention in the last decades (AHMED, MAHMOUD; DINCER, 2019; KIM, 

J. H. et al., 2019). In this context, BiVO4 is highlighted the most promising material due 

to its broad light absorption across the UV-Vis spectrum, good balance between bang 

gap energy and recombination kinetics and favourable surface properties for the 

photoelectroreforming of biomass-derived molecules (LIU, D. et al., 2019; LI, T. et al., 

2020; WU, Y.-H. et al., 2021). Additionally, BiVO4 is the single photocatalyst with the 
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highest maximum theoretical Solar-to-Hydrogen efficiency (STH), highlighting its great 

light harvesting capabilities. However, it suffers from poor long-term performance due 

to the photocorrosion phenomena, in which VO4- ions are released from the lattice (KE 

et al., 2023). Thus, BiVO4 was doped with Nb5+, as Nb+5 can easily replace V5+ atoms 

due to the similarity of the ionic radius of both cations, creating beneficial defects for 

photoelectrocatalytic applications, as reported by Kalanur and co-workers (KALANUR; 

SEO, 2022). 

BiVO4 samples dopped with different Nb5+ content were synthetized through an 

hydrothermal route. The goal was to fabricate photoanodes with optimal sunlight 

harvesting while maintaining the selective glycerol photoreforming displayed by the 

Bi2WO6-based photoanodes. The synthetized materials were analysed through XRD 

and Raman spectroscopy to elucidate its structural properties, Figure 17. The 

diffractograms of all samples were mainly indexed to the monoclinic phase with some 

tetragonal contribution, especially for the pure BiVO4. The preferred orientation for all 

samples was the (1 1 2) plane at 28.97º with major contributions from the (0 0 4) 

crystalline plane at 34.55º, consistent with monoclinic BiVO4 (OBREGÓN; 

CABALLERO; COLÓN, 2012; LOPES et al., 2016; DABODIYA; SELVARASU; 

MURUGAN, 2019). Moreover, the diffraction peaks shift to slightly lower angles as the 

Nb5+ content increases, indicating an expansion of the lattice parameters due to lattice 

distortion caused by Nb5+ insertion. This effect is attributed to the larger radius of Nb5+ 

(0.69 Å) (ZHANG, Y. et al., 2022) when compared to V5+ (0.50 Å), indicating the Nb5+ 

incorporation into the BiVO4 lattice by replacing V5+ sites (YANG, X. et al., 2025). 

Raman spectra also show peaks characteristics to the monoclinic phase, particularly 

the signal at 830 cm-1 assigned to the asymmetric stretching of the tetrahedral V-O 

bonds. Bands around 320 and 367 cm-1 were attributed to asymmetric and symmetric 

deformation modes of the VO4 tetrahedron. Additionally, the BiVO4 sample also shows 

a less intense stretching peak at 248 cm-1 relative to the Bi-O symmetric vibration of 

the tetragonal phase. These bands are broadened as Nb content increases, with a 

pronounced effect on the bands associated with deformations in the VO4
3- tetrahedra. 

This change indicates loss of the short-range arrangement due to Nb⁵⁺ doping at V⁵⁺ 

sites. Additionally, the slight shift of Raman features toward lower wavenumbers 

suggests changes in the short-range symmetry of the VO4
3- tetrahedra, (DABODIYA; 

SELVARASU; MURUGAN, 2019; DABODIYA et al., 2024) further supporting the 
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hypothesis that Nb⁵⁺ doping occurs at V⁵⁺ sites. Additional characterizations were 

carried out for the 5% Nb:BiVO4 sample and compared to the pristine BiVO4. 

 

 

Figure 17. XRD and Raman of pristine BiVO4 and Nb:BiVO4 samples 

 

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface 

composition and electronic properties of the different BiVO4 samples Figure 18a 

shows the XPS survey spectra of all synthesized materials, indicating no significant 

contamination. The high-resolution XPS spectra in Figure 18b shows two distinct 

oxygen peaks for both the pristine and the 5% Nb doped BiVO4 samples. The peak at 

lower binding energy corresponds to lattice oxygen (Olig), while the less intense peak 

at higher binding energy is attributed to oxygen-adsorbed species and can be 

correlated to oxygen vacancies (Ovac) in the BiVO4
 surface (WANG, T. et al., 2021; 

XIAO, D. et al., 2024). The relative intensity of the oxygen vacancy peak is twice as 

high in the 5% Nb:BiVO4 sample compared to BiVO4, suggesting an increased 

concentration of oxygen vacancies due to niobium doping. In the spectral region of Nb 

3d peak, Figure 18c, the expected doublet for Nb5+ species is observed, further 

confirming the presence of Nb(V) at the surface of 5% Nb:BiVO4
 (ZUBAIR et al., 2019; 

QARAAH et al., 2020; KALANUR; SEO, 2022). Elementary quantification of the 

surface reveals a niobium content of 5.1 ± 0.1% wt.% for the 5% Nb:BiVO4 sample, 

while the vanadium content decreased by 4.9 ± 0.1% relative to the pristine sample, 

Table B1, corroborating the hypothesis that Nb5+ replaces V5+ in the lattice (KE et al., 

2023). 

EPR spectra measured at room temperature with microwave frequency of 

about 9.43 GHz of the different solid-state powders are shown in Figure 18d. The 

spectra show a broad paramagnetic resonance line (line with about 75(5) mT) with a 
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g factor of about 2.05 (5), typical of paramagnetic salts of transition metal ions (Nb4+, 

V4+) or a paramagnetic niobium oxygen vacancy complex. The highest EPR signal 

intensity is observed for the BiVO4 sample doped with 5% of niobium, followed by the 

sample with 1% of Nb doping. The pristine sample does not show this broad 

paramagnetic signal. The results suggest that part of the Nb doped into the BiVO4 

samples is incorporated in the samples as Nb4+, which is paramagnetic with spin S = 

½ compared with Nb5+ that is diamagnetic. In a first look, this result is contradictory to 

the XPS analysis, in which only Nb5+ signals were clearly observed, but this is actually 

explained by the sensitivity of each technique. By comparing the EPR signal intensity 

with that of an anhydrous CuSO4 standard powder sample, the concentration of the 

broad EPR signal in the 5% Nb:BiVO4 sample is estimated to be approximately 1015 

cm-3. Assuming that Nb4+ is principally incorporated at the surface, maybe complexed 

with oxygen vacancies, the concentration of these defects in the surface region would 

be about 3 orders higher. This concentration is still below the detection limit for XPS 

spectroscopy, explaining missing Nb4+ transitions in the XPS spectra. One can 

conclude then, that the increased oxygen vacancy concentration on the Nb:BiVO4 

samples can be associated to the formation of Nb4+ species. 

 

Figure 18. (a) Survey spectra of BiVO4 and 5% Nb:BiVO4, (b) high-resolution XPS 

spectra of V 2p and O 1s, (c) Nb 3d and (d) EPR spectra of the solid-state powder 

BiVO4-based catalysts. 
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High-Resolution Transmission Electron Microscopy (HRMET) images, Figure 

19a-d, show both BiVO4 and 5% Nb:BiVO4 samples with interplanar spaces of 0.31 

nm attributed to the (112) plane of monoclinic BiVO4, in good agreement with the XRD 

spectra in which high relative intensities for (112) lattice plane are observed for all 

samples.(PINGMUANG et al., 2015; WANNAKAN et al., 2023) Moreover, EDS 

elemental mapping of 5% Nb:BiVO4 powder, Figure B1(a,f) shows the presence of 

niobium at the surface of the material. 

The powder samples were, then, deposited onto clean FTO substrates using 

the screen-printing method. Scanning Electron Microscopy (SEM) images of the 

screen-printed photoanodes Figure 21a,b, show that the BiVO4-based films are 

formed by homogeneous agglomeration of µm sized rods. Cross-section SEM images, 

Figure 20a, were taken to measure the thickness of the films. EDS mapping, Figure 

20b-d, shows the area of covered by the 5% Nb:BiVO4 film highlighted. The measured 

average thickness was 1.9  0.2 µm. 

 

 

Figure 19. HRTEM images of (a,b) BiVO4 and (c,d) 5% Nb:BiVO4 at different 

magnification levels. 

 



74 
 

Diffuse reflectance measurements, Figure 21c, indicate that Nb5+ doping did 

not induce any drastic changes in the optical properties of BiVO4. The strong 

absorption band up to 500 nm accounts for the intense yellow color of the 

photoanodes, Figure 21c (insert). All synthesized samples displayed a optical band 

gap energy of 2.45 ± 0.05 eV, Figure 21d, consistent with other BiVO4 samples 

obtained through hydrothermal synthesis (OBREGÓN; CABALLERO; COLÓN, 2012; 

LOPES et al., 2016; CHEN, S.-H.; JIANG; LIN, 2020). 

 

 

Figure 20. (a) Cross section SEM image of a 5% Nb:BiVO4 film; EDS elemental 

mapping of (b) V, (c) Bi and (d) Nb. 
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Figure 21. SEM images of thin films of (a) BiVO4 and (b) 5% Nb:BiVO4; (c) diffuse 

reflectance spectra of BiVO4 and 5% Nb:BiVO4 films and (d) Tauc plot of BiVO4. 

 

Electrochemical Impedance Spectroscopy (EIS) was employed to gain insights 

into the charge transport process in the obtained photoanodes. The EIS data, Figure 

B2, show that both pristine BiVO4 and Nb-doped samples exhibit similar behavior 

under dark conditions, as expected, since the crystalline properties were not 

significantly affected by Nb5+ doping. However, under illuminated conditions, Figure 

22a, the 5% Nb:BiVO4 sample demonstrated significantly lower total impedance, when 

compared to the 1% Nb:BiVO4 and the undoped sample, with both displaying a more 

capacitive response, characterized by higher phase angles when compared to the 5% 

Nb:BiVO4, Figure 22b. 

The EIS data was fitted using a simplified Randle’s circuit as a model, Figure 

22a (insert), in which Rs is the resistance of the electrolyte, Cdl is the capacitance of 

the double-layer and Rct is the charge transfer resistance. The fitting data parameters, 

Table B2 , indicates no relevant changes in the electrochemical properties between 

BiVO4
 and 1% Nb:BiVO4, however, the 5% Nb:BiVO4 films showed a much lower 
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charge transfer resistance of 634  under simulated sunlight, when compared to the 

1290  obtained by the pristine BiVO4 film at the same conditions. This behavior was 

further investigated using Mott-Schottky plots, Figure 22c,d, which show that the 5% 

Nb:BiVO4 films exhibit a charge carrier density of -8.15*1019 cm-3, twofold higher than 

that compared to the pristine sample of -4.40*1019 cm-3. On the other hand, the 

flat-band potential (Vfb) was not significantly affected by Nb5+ doping, with both 

samples displaying similar Vfb values ranging from -0.012 (BiVO4) to 0.069 V vs RHE 

(5% Nb:BiVO4), consistent with the literature (PARK et al., 2011; DRISYA et al., 2020; 

KALANUR; SEO, 2022). Thus, Nb5+ doping greatly improved charge transport, 

resulting in an increased charge carrier density across the photoanode surface, 

however, without significantly shift either the conduction band or the bandgap energy 

of BiVO4. 

 

 

Figure 22. (a) EIS Nyquist plots of BiVO4, 1% Nb:BiVO4 and 5% Nb:BiVO4 in 0.1 M 

K2SO4 at different potentials and 100 mW cm-2 illumination. (b) Bode plots under the 

same conditions. Mott-Schottky plots of (c) BiVO4 and (d) 5% Nb:BiVO4 under 

simulated sunlight (AM 1.5G 100 mW cm-2). 

 

Rs Cdl

Rct

Element Freedom Value Error Error %

Rs Free(±) 32 0.16371 0.51159

Cdl-T Free(±) 3.2446E-05 3.2762E-07 1.0097

Cdl-P Free(±) 0.89526 0.0020313 0.22689

Rct Free(±) 16898 303.37 1.7953

Chi-Squared: 0.0035169

Weighted Sum of Squares: 0.38686

Data File: C:\Users\lucas\OneDrive\Drive\Doutorado\

Dados Doutorado\BiVO4 e Nb\Dados fotoele

troquimicos\Dados eletroquimicos\Impedan

cia Zview arquivos\BiVO4 Monoclínico Esc

uro\impedancia escuro BiVO4 Mon 0,6V.txt

Circuit Model File:

Mode: Run Fitting / Selected Points (0 - 56)

Maximum Iterations: 500

Optimization Iterations: 100

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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EPR spin trapping experiments with DMPO (0.1 M) in distilled water 

suspensions (pH~6), containing 5%Nb:BiVO4 powder under magnetic stirring show 

the formation of radical adducts under white light illumination. Figure 23a,b display the 

EPR spectra of DMPO spin adducts as a function of time in pure water and mixed 

water/glycerol (10%) suspensions. The radical adducts were identified by spectral 

simulation of the spectra using the Easyspin@ routine in Matlab, Figure 23c. The two 

DMPO adducts were identified as DMPO-•OH and DMPO-•R. The EPR spectrum of 

DMPO-•OH adduct is characterized by a hyperfine interaction between the electron 

spin S = ½ and the nuclear spin I = 1 (from 14N) and the nuclear spin I = ½ (from 1H) 

leading to aN = aHβ = 1.49 mT, resulting in the well-known four-line spectrum with 

intensity ratios of 1:2:2:1 (BUETTNER, 1987). The EPR spectrum of DMPO-•R adduct 

is described by a six-line spectrum with equal intensities and hyperfine parameters of 

aN = 1.57 mT and aHβ = 2.29 mT.. This latter DMPO adduct is less specific, but it is 

probably of organic nature attributed to a carbon-centered radical adduct of DMPO 

(aHβ > aN) and references therein, different to the DMPO-•OH adduct, which is 

oxygen-centered (aN > aHβ). In mixed water/glycerol (10%) suspension, DMPO formed 

two different spin adducts, while only one spin adduct was observed in pure water. 

These results indicate that the organic radical is produced from glycerol, while hydroxyl 

radicals from water. The concentration of the organic radicals depends on the ratio of 

water/glycerol mixture. Higher glycerol ratio increased the related EPR DMPO-•R 

adduct concentration (not shown). 
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Figure 23. Formation of DMPO spin adducts during spin trapping experiments for 5% 

Nb:BiVO4 photocatalyst powder under white light (0 – 20 min) for (a) distilled H2O and 

(b) H2O containing 10% of analytical glycerol at pH ~ 6; EPR spectra calculations using 

Easyspin® identifying DMPO-•OH and DMPO-•R spin adducts; (d) same as in (b) but 

at pH ~ 2; (e) same as in  (b) but using a BiVO4: Nb(5%) photoanode coupled with Pt 

cathode with applied bias of about 1.0 V; and (f) DMPO-•OH spin adduct concentration 

as a function of time using different Nb doped BiVO4 photoanodes. 
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Acidic pHs also favors the formation of these organic radicals. The reaction 

kinetics are strongly influenced by the pH of the solution. When doing the same spin 

trapping experiments at pH ~ 2, the same DMPO spin adducts were observed as for 

pH ~ 6, however with increased concentrations, Figure 23d, similar result reported 

elsewhere [13]. On the other hand, in mixed water/ glycerol (10%) suspensions at pH 

~ 2, we noticed also some formation of spin adducts in the dark (not shown). 

When doing the spin trapping experiments with the 5% Nb:BiVO4 photoanode 

coupled to Pt cathode under a bias of about ~1.0 V vs RHE in the presence of DMPO 

(0.2 M) in mixed water/glycerol (10%) solution and K2SO4 electrolyte (0.1 M) at pH ~ 

6 the EPR results, Figure 23e, reveal the formation of the same spin adducts observed 

before, however, with higher intensities, indicating an accelerated kinetics of the 

reactions and higher yield for the formation of •OH radicals. Comparing different BiVO4 

photoanodes, Figure 23f, the higher Nb5+ doped sample (5 %) showed higher 

efficiency (~ 35 %) in the formation of DMPO-•OH adducts under white light 

illumination than the undoped BiVO4 or 1% Nb:BiVO4 ones. These results indicate a 

significantly enhanced ability to generate organic radicals and hydroxyl radicals, which 

aligns with the EIS results, as the 5% Nb:BiVO4 photoanode also exhibited a higher 

charge carrier density compared to pristine BiVO4. Moreover, radical formation is 

largely dependent on the applied bias and illumination, correlating with the much lower 

charge transfer resistance due to surface defects (oxygen vacancies and/or Nb4+ ions) 

as observed for 5% Nb:BiVO4 films under illumination. 

Our findings with DMPO EPR spin trapping align well with the reaction 

mechanism proposed before (BUETTNER, 1987). Dong Liu et al. utilized a 

nanoporous BiVO4 photoanode for the photoelectrochemical oxidation of glycerol and 

discovered that glycerol strongly adsorbs onto the BiVO4 surface. In the initial step of 

reaction, the adsorbed glycerol molecules are converted into glycerol radicals through 

direct hole oxidation. These radicals then react with water from the electrolyte, 

followed by a dehydration step leading to different subproducts of glycerol. In our 

experiments using DMPO EPR spin trapping, we also observed the generation of 

organic radicals, although their exact nature remains unknown. Additionally, we 

detected hydroxyl radicals (see Figure 19. 6 a,b), which may play an important role in 

guiding the complex photoreforming reaction mechanisms of glycerol towards different 

subproducts. 
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The pristine and Nb-doped BiVO4 films were applied as photoanodes in 

photoelectrochemical cells for photoelectroreforming of crude glycerol and flegmass, 

Figure B3. For reference, experiments with purified glycerol (glycerin) were also 

carried out. The glycerol residue was collected at a soybean biodiesel plant and its 

composition consists of glycerin, with several contaminants such as water, ethanol, 

methanol and many solid impurities. Flegmass residue is an aqueous byproduct from 

sugarcane ethanol distillation, consisting of a mixture of various organic compounds, 

which include ethanol, organic acids and fusel alcohols, such as isobutanol, isoamyl 

alcohol, and propanol. Although the organic content of the employed sample was 

relatively high (chemical oxygen demand of 3000 mg mL-1), the concentration of each 

organic species is small. Ethanol was identified as the main constituent of flegmass, 

albeit in concentrations below 5% m/m, along with traces of isoamyl alcohol. Flegmass 

composition is highly dependent on the species of sugarcane used, the fermentation 

conditions and the following processing steps. 

Light-chopped linear sweep voltammograms (LSVs), Figure 24, shows all 

tested photoanodes with a similar photoresponse profile, consisting of a sharp 

increase in photocurrent upon light exposure and a prompt decrease when the light is 

switched off. The LSVs with glycerin (Figure 24a) show that the 5% Nb:BiVO4 

photoanode achieved the highest photocurrent, approximately 70% higher than that 

of the pristine BiVO4 sample, which in turn produced similar photocurrents than the 

1% Nb:BiVO4 photoanodes. When crude glycerol was used, Figure 24b, the same 

trend was observed, although the overall photocurrent was 20% lower. Finally, with 

flegmass, Figure 24c, the 5% Nb:BiVO4 photoanodes yielded the same level of 

photocurrent as with pure glycerin, showing nearly 100% increase compared to the 

other photoanodes. Under all tested conditions, the 5% Nb:BiVO4 films consistently 

outperformed the others, while the 1% Nb:BiVO4 and pristine BiVO4 films produced 

similar results, suggesting that lower Nb5+ doping levels did not significantly impact 

BiVO4 performance. 
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Figure 24. Light-chopped linear sweep voltammetries of pristine BiVO4, 1% and 5% 

Nb:BiVO4 films in (a) glycerin 10% v/v in K2SO4 0.1M, (b) crude glycerol 10% v/v in 

K2SO4 0.1M and (c) raw flegmass with added 0.1 M K2SO4. 

 

Long-term photoreforming of crude glycerol was conducted using pristine BiVO4 

and 5% Nb:BiVO4 films, as the latter exhibits the best-performing among the Nb-doped 

photoanodes. The 5% Nb:BiVO4 yielded a higher oxidative photocurrent, Figure 25a, 

converting 91.4% of glycerol, compared to 73.3% for pristine BiVO4, after 6 hours of 

irradiation (A.M. 1.5 100 mW cm-2). The H2 evolution rate was also significantly higher 

for 5% Nb:BiVO4, reaching 4.2 mol H2 cm-2 h-1 versus 2.3 mol H₂ cm-2 h-1 with BiVO4, 

Figure 25b. The Faradaic efficiency for H₂ evolution was 96% for 5% Nb:BiVO4 and 

98% for BiVO4, indicating that crude glycerol photoreforming is viable for sustained 

green H2 production. Regarding oxidation products, formic acid was the main product 

for both pure glycerin and raw glycerol, with a C-based selectivity of 88.9% for 5% 

Nb:BiVO4 and 71.1% for BiVO4. Other minor products, including oxalic acid (2%), 

acetic acid (5%), and dihydroxyacetone (< 1%), were also detected. The superior 

performance observed for the 5% Nb:BiVO4 photoanodes can be explained by the 

increased charge carrier density, decreased charge transfer resistance at the 

BiVO4/electrolyte interface and the higher presence of reactive surface states due to 

the Nb5+ doping. 
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Figure 25. (a) Chronoamperometry graphs of BiVO4 and 5% Nb:BiVO4 in crude 

glycerol 10% /v in K2SO4 0.1M under, 1.0 V vs RHE and 100 mW cm2 AM1.5G 

illumination. (b) H2 evolution from an average of 3 chronoamperometry experiments 

for BiVO4 and 5% Nb:BiVO4 photoanodes. 

 

A similar behavior was observed when flegmass was used as a sacrificial agent 

in long-term photoreforming experiments. The current density was consistently higher 

for 5% Nb:BiVO4, Figure 26a, which also resulted in a higher H₂ evolution rate of 

2.4 mol H2 cm-2 h-1, compared to 0.42 mol H2 cm-2 h-1 achieved with the pristine 

BiVO4 photoanode, Figure 26b. As flegmass is a more complex matrix than crude 

glycerol, the quantification and identification of liquid oxidation products proved 

challenging. Acetic acid was the primary oxidation product for both samples, and the 

performance was evaluated based on Chemical Oxygen Demand (COD) removal for 

both materials, Figure 27. Once again, 5% Nb:BiVO4 exhibited superior COD removal 

of up to 51%, compared to 24% for BiVO4 after 12 h irradiation, Fig 10. These results 

are promising, especially given that flegmass was used as received, without dilution 

or pre-treatment, an important consideration for enabling practical applications. 
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Figure 26. (a) Chronoamperometry graphs of BiVO4 and 5% Nb:BiVO4 in raw 

flegmass with added K2SO4 0.1 M, under 1.0 V vs RHE and 100 mW cm2 AM1.5G 

illumination. (b) H2 evolution from an average of 3 chronoamperometry experiments 

for BiVO4 and 5% Nb:BiVO4 photoanodes. 

 

 

Figure 27. COD removal from flegmass after photoreforming experiments with 

different durations. 

 

Other researchers have explored similar strategies to enhance the biomass 

photoelectroreforming capabilities of BiVO4. Some representative results are shown 

in Table 5. Bora and co-workers reported Mo-doped BiVO4 photoanodes with 

improved current density in the presence of glycerol (BORA et al., 2022). This 

enhancement was attributed to the formation of a capacitance layer and a reduction 

in charge transfer resistance on the photoelectrode, described as a photocharging 

phenomenon. However, no direct comparison was made with pristine BiVO4 
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photoanodes. Similarly, Tateno et al. investigated the effect of Ta-doping on BiVO4 

photoanodes for the photoelectrochemical oxidation of glycerol (TATENO et al., 2022). 

They observed a significant increase in photocurrent of over 60% compared to 

undoped BiVO4, along with enhanced photoanode stability in acidic electrolytes. 

Notably, Ta doping did not significantly alter the band positions or structural properties 

of BiVO4, similarly to what we have observed for Nb-doped samples. However, Nb 

doping resulted in a superior increase of 80% in photocurrent evidencing its 

effectiveness in improving BiVO4-based photoanodes. 

 

Table 5. Photocurrent density of metal-doped BiVO4 photoanodes compared to this 

work, under glycerol photoreforming conditions with AM 1.5 G, 100 mW cm-2 

illumination, and 1.0 V vs RHE. 

Photoanode 

Undoped 
BiVO4 

photocurrent 
densitya 

Metal-doped 
BiVO4 

photocurrent 
densitya 

Experimental 
remarks 

Ref. 

W:BiVO4 NA 3.1 mA cm-2 
0.5 M potassium 

borate buffer with 0.1 
M glycerol 

(WU, Y.-
H. et al., 

2021) 

Mo:BiVO4 NA 4.6 mA cm-2 

Glycerol 20% v/v with 
0.1 M phosphate 

buffer. After 
photocharging effect 

(BORA et 
al., 2022) 

Ta:BiVO4 1.6 mA cm-2 2.6 mA cm-2 
Glycerol 1.0 M with 

H2SO4 25 mM 

(TATENO 
et al., 
2022) 

Nb:BiVO4 1.2 mA cm-2 2.2 mA cm-2 
Glycerol 10% v/v with 

0.1 M K2SO4 
This work 

Nb:BiVO4 0.8 mA cm-2 2.4 mA cm-2 
Flegmass with added 

0.1 M K2SO4 
This work 

a: Estimated based on reported LSV curves (± 0.1 mA cm-2). 

 

In summary, Nb doping at 1% and below did not significantly affect the 

properties of BiVO4. However, when the Nb content was increased to 5 wt.%, charge 

transfer across the photoanode bulk and surface was enhanced, as evidenced by the 

higher charge carrier density and significantly lower charge transfer resistance of the 

5% Nb:BiVO4 photoanode compared to pristine BiVO4, which was attributed to the 
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introduction of Nb5+ in the lattice and surface defects (oxygen vacancies and/or Nb4+ 

species). This improvement was reflected in the photoreforming results, where 5% Nb: 

BiVO4 demonstrated more than twice the photocurrent and hydrogen evolution from 

both glycerol and flegmass photoreforming, compared to pristine BiVO4. The excellent 

performance is followed by improved stability under irradiation and in the presence of 

real biomass-derived residues, which is a proof of concept for possible large-scale 

application of photoelectroreforming. 

 

3.4. Conclusions 

Niobium-doped BiVO4 was synthesized via a facile hydrothermal method, 

varying the niobium doping content. Nb⁵⁺ occupied V⁵⁺ sites mainly at the surface, 

yielding oxygen vacancies, which are beneficial to the photoelectrochemical 

performance. The materials were then screen-printed into thin films and tested for the 

photoelectroreforming of real industrial biomass-derived wastes: crude glycerol and 

raw flegmass. The BiVO4 sample doped with 5% Nb content demonstrated superior 

performance, converting 91.4% of glycerol with 88.9% selectivity toward formic acid 

formation after 5 hours of simulated sunlight illumination, achieving a low-carbon H2 

production rate of 4.2 μmol H2 cm-2 h-1, 84% higher than that of unmodified monoclinic 

BiVO4. 5% Nb:BiVO4 photoanodes also exhibit better performance for flegmass 

photoelectroreforming, showing a sixfold increase in H2 production and twice the COD 

removal efficiency compared to pristine BiVO4. The improved performance of 5% 

Nb:BiVO4 was attributed to increased charge density, decreased charge transfer 

resistance at photoanode/electrolyte interface and surface defect states caused by the 

Nb5+ doping. The present work brings a sustainable approach for green H2 production 

using real industrial waste streams as platform, an important step towards a cleaner 

society. 

 

 

  



86 
 

 

 

 

 

4. Covalent Organic Frameworks 

(COFs) for enhanced 

photocatalytic hydrogen evolution 

over Pt co-catalyst 
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Covalent Organic Frameworks (COFs) are an emerging class of crystalline, 

porous materials constructed from light elements (typically C, H, B, N, and O) linked 

through strong covalent bonds. Their modular and tunable design allows for precise 

control over structural, chemical, and optoelectronic properties, making them highly 

attractive for applications in catalysis, energy storage, gas separation, and 

photocatalysis. Recently, COFs has drawn attention as a new class of organic 

photocatalysts for the photocatalytic hydrogen evolution reaction (HER). While the 

influence of COF structural and optoelectronic properties on HER is well-studied, the 

role of surface charge in optimizing interfacial interactions with reactants remains 

underexplored. 

The present study explores and demonstrates the effect of different protonation 

behavior of imine-and amide-linked COFs in acidic conditions on the COF's surface 

charge and photocatalytic HER. The imine-linked COF was synthesized from 

benzo[1,2-b:4,5-b′]-dithiophene-2,6-dicarboxaldehyde (BDT) and 4-fold amine 

functionalized tetraphenylethylene (1,1′,2,2′-tetra-p-aminophenylethylene) (ETTA) 

building blocks under solvothermal conditions. A post-modification method was 

applied to induce imine-to-amide linkage conversion. This approach resulted in a 

crystalline Amide-BDT-ETTA COF, which demonstrated a 300% increase in 

photocatalytic HER rate compared to its imine form. Zeta potential measurements of 

the suspensions of the COFs in the presence of ascorbic acid serving as an electron 

donor reveal a switch from positive to negative surface charge of the COF upon 

imine-to-amide linkage conversion. The influence of the surface charge on the 

mechanism of the in situ Pt-photodeposition and subsequent proton reduction will be 

discussed among the observed changes in hydrophilicity, and optoelectronic 

properties. 

 

4.1. Specific Objectives 

The specific objectives for the work showed this chapter were: 

• Synthetize COFs 

using  benzo[1,2-b:4,5-b′]-dithiophene-2,6-dicarboxaldehyde (BDT) and 

4-fold amine functionalized tetraphenylethylene 

(1,1′,2,2′-tetra-p-aminophenylethylene) (ETTA) building blocks 

• Convert imine to amide linkages with high yields in the BDT-ETTA COF 
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• Compare the performance of both amide and imine COFs for 

photocatalytic hydrogen evolution over in situ photoreduced Pt0 

co-catalyst sites 

• Study the effect of different protonation behavior of imine-and 

amide-linked COFs in acidic conditions on the COF's surface charge, Pt 

particle growth and photocatalytic hydrogen evolution 

 

4.2. Methodology 

Imine-BDT-ETTA COF was prepared by suspending BDT 

(benzo[1,2-b:4,5- b′]dithiophene-2,6-dicarboxaldehyde, 74 mg, 0.30 mmol) and ETTA 

(1,1,2,2-tetra(p-aminophenyl)ethylene, 58.6 mg, 0.15 mmol) in a solvent mixture of 

benzyl alcohol and mesitylene (v/v 9:1, 5 mL) in a 25 mL Schott-Duran vial, under 

argon atmosphere. Acetic acid (6 M, 500 μL) was added to the vessel, and the mixture 

was placed in a preheated oven at 120 °C for 3 days. The resulting orange precipitate 

was vacuum filtered, Soxhlet-extracted with dry THF, and dried under reduced 

pressure, yielding 70 mg of the final material (53% yield). 

Conversion of BDT-ETTA from imine to amide linkages, resulting in 

Amide-BDT-ETTA COF,  was adapted from the literature (WALLER et al., 2016). 10 

mg of  Imine-BDT-ETTA was dispersed in 10 ml of dioxane and the mixture was 

ultrasonicated for 30 min to obtain a uniform dispersion. The mixture was then 

centrifuged to separate the solid and liquid phases, and the excess dioxane was 

removed to obtain a final volume of 1 ml. 2-methyl-2-butene (1274 μL, 12.0 mmol, 480 

equiv), aqueous sodium chlorite solution (200 μL, 3.3 M, 0.66 mmol, 26.4 equiv), and 

glacial acetic acid (68.8 μL, 1.2 mmol, 48 equiv) was added in sequence to a 

suspension of Imine-BDT-ETTA (10 mg, 0.025  mmol by imine) in dioxane (1 mL). The 

biphasic suspension was let stand without stirring at room temperature in the dark for 

48 h, after which an additional portion of sodium chlorite solution (200 μL, 3.3 M, 0.66 

mmol, 26.4 equiv) was added. Thereafter, Amide-BDT-ETTA was isolated by filtration 

and washed with water (10 mL), then 10% sodium thiosulfate (10 mL), then water (10 

mL) and finally acetone (10 mL). This resulting powder was Soxhlet-extracted with 

methanol and dry THF in sequence, followed by drying under reduced vacuum at room 

temperature for 16 h, yielding 4 mg of the final material (40% yield). 
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Reference-COF-1 was prepared by dispersing 10 mg of  Imine-BDT-ETTA in 

10 ml of dioxane and the mixture was ultrasonicated for 30 min to obtain a uniform 

dispersion. The mixture was then centrifuged to separate the solid and liquid phases, 

and the excess dioxane was removed to obtain a final volume of 1 ml. To a final 

suspension of Imine-BDT-ETTA (10 mg, 0.025  mmol by imine) in dioxane (1 mL) was 

added 2-methyl-2-butene (1274 μL, 12.0 mmol, 480 equiv), and glacial acetic acid 

(68.8 μL, 1.2 mmol, 48 equiv) in sequence. The biphasic suspension was let stand 

without stirring at room temperature in the dark for 48 h, after which Reference-COF-1 

was isolated by filtration and washed with water (10 mL), then 10% sodium thiosulfate 

(10 mL), then water (10 mL) and finally acetone (10 mL). The resulting  material was 

Soxhlet-extracted with methanol and dry THF in sequence, followed by drying under 

reduced vacuum at room temperature for 16 h.  

Reference-COF-2 was prepared by dispersing 10 mg of  Imine-BDT-ETTA in 

10 ml of dioxane and the mixture was ultrasonicated for 30 min to obtain a uniform 

dispersion. The mixture was then centrifuged to separate the solid and liquid phases, 

and the excess dioxane was removed to obtain a final volume of 1 ml. To a final 

suspension of Imine-BDT-ETTA (10 mg, 0.025  mmol by imine) in dioxane (1 mL) was 

added 2-methyl-2-butene (1274 μL, 12.0 mmol, 480 equiv), aqueous sodium chlorite 

solution (40 μL, 3.3 M, 0.66 mmol, 26.4 equiv), and glacial acetic acid (68.8 μL, 1.2 

mmol, 48 equiv) in sequence. The biphasic suspension was let stand without stirring 

at room temperature in the dark for 48 h, after which Reference-COF-2 was isolated 

by filtration and washed with water (10 mL), then 10% sodium thiosulfate (10 mL), then 

water (10 mL) and finally acetone (10 mL). The resulting  material was 

Soxhlet-extracted with methanol and dry THF in sequence, followed by drying under 

reduced vacuum at room temperature for 16 h. 

Reference-COF-3 was prepared by dispersing 10 mg of  Imine-BDT-ETTA in 

10 ml of dioxane and the mixture was ultrasonicated for 30 min to obtain a uniform 

dispersion. The mixture was then centrifuged to separate the solid and liquid phases, 

and the excess dioxane was removed to obtain a final volume of 1 ml. To a final 

suspension of Imine-BDT-ETTA (10 mg, 0.025  mmol by imine) in dioxane (1 mL) was 

added 2-methyl-2-butene (1274 μL, 12.0 mmol, 480 equiv), and aqueous sodium 

chlorite solution (200 μL, 3.3 M, 0.66 mmol, 26.4 equiv in sequence. The biphasic 

suspension was let stand without stirring at room temperature in the dark for 48 h, 

after which Reference-COF-3 was isolated by filtration and washed with water (10 mL), 
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then 10% sodium thiosulfate (10 mL), then water (10 mL) and finally acetone (10 mL). 

The resulting  material was Soxhlet-extracted with methanol and dry THF in sequence, 

followed by drying under reduced vacuum at room temperature for 16 h.  

Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 

77 K within a pressure range from P/P0 = 0.001 to 0.98. Prior to the measurement of 

the sorption isotherms, the samples were heated for 24 h at 120 °C under 

turbo-pumped vacuum. For the evaluation of the surface area the BET model was 

applied between 0.05 and 0.28 P/P0. Pore size distributions were calculated using the 

QSDFT equilibrium model with a carbon kernel for cylindrical pores. Solid state 13C 

NMR analysis. The solid state 13C cross-polarization magic angle spinning (CP/MAS) 

spectra were obtained on a Bruker Avance III-500 solid state NMR spectrometer with 

a 4 mm double resonance MAS probe and at a MAS rate of 10.0 kHz with a contact 

time of 2-5 ms and a pulse delay of 4 s. Powder X-ray diffraction measurements were 

performed on a Bruker D8 Discover diffractometer using Ni-filtered Cu Kα radiation 

and a position sensitive LynxEye detector in Bragg-Brentano geometry. 

The structure models of the COFs were constructed on the basis of the 

previously reported Imine-BDT-ETTA COF structure (SICK et al., 2018) using the 

Accelrys Materials Studio software package. For each COF P6 symmetry was applied. 

The structure models were optimized using the Forcite module with the Dreiding 

force-field. Structure refinements using the Pawley method were carried out as 

implemented in the Reflex module of the Materials Studio software. 

Thompson-Cox-Hastings peak profiles were used, and peak asymmetry was 

corrected using the Berar-Baldinozzi method. 

Infrared (IR) spectra  were recorded on a Perkin Elmer Spectrum BX II FT-IR 

system and a Thermo Scientific Nicolet™ 6700 FT-IR spectrometer in transmission 

mode. IR data are reported in wavenumbers (cm–1). Scanning electron microscopy 

(SEM) images. SEM images were recorded with an FEI Helios NanoLab G3 UC 

scanning electron microscope equipped with a field emission gun operated at 3 kV. 

Prior to the measurements, the samples were sputtered with carbon. Transmission 

electron microscopy (TEM) images. TEM images were recorded with an FEI Titan 

Themis 60 - 300 equipped with a field emission gun operated at 300 kV. X-ray 

photoelectron spectroscopy (XPS) measurement. The XPS measurements were 

performed with a VSW TA10 X-ray source providing non-monochromatized Al 

Kα radiation (hν = 1486.6 eV) set at 15 mA and 12 kV and a VSW HA100 
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hemispherical analyzer. The spectra were recorded with a pass energy of 22 eV and 

a dwell time of 0.1 s per measurement point. The samples were prepared by 

drop-casting a dispersion of the respective COF powder in acetonitrile on a silicon 

wafer. After drying the samples by 60 ºC for 24 h they were transferred to the UHV 

chamber. The obtained spectra were fitted in Igor Pro 6.0.2.4 using a convolution of 

Doniach-Ŝunjić and Gaussian functions after a linear background subtraction. 

For each photocatalytic assay, 5 mg of the as-prepared COFs were dispersed 

in 50 mL of ascorbic acid (H2A) aqueous solution with concentration varying from 2 to 

10 mM. Following, a proper amount of platinum precursor (H2PtCl6) was added to the 

suspension in order to obtain 1.0 wt% of platinum loading. The suspension was 

sonicated for 30 minutes. A custom-made jacketed borosilicate reactor was used to 

conduct the photocatalytic reactions, which was kept at 20 ºC through a circulating 

bath. The reactor was illuminated by a Newport 300 W arc Xe lamp, using a 420 nm 

LP filter. The irradiation intensity was adjusted to 100 mW cm-2 using a Newport 

1916-C powermeter equipped with an 818-UV/DB optical detector. 

During the H2 evolution experiments, aliquots of 500 μL were sampled from the 

headspace of the reactor, using a gas-tight syringe, and then injected in a PerkinElmer 

Clarus 580 gas chromatograph equipped with a thermal conductivity detector 

(GC-TCD). A molecular sieve coupled with a Porapak N column was used to separate 

the gas products. Argon was used as carrier gas at 10 mL min-1 and the TCD filament 

was kept at 250 ºC. The produced H₂ was quantified using a calibration curve, which 

was obtained by sampling known concentrations of analytical standard H₂ under the 

same experimental conditions as the photocatalytic assays. 

The photonic efficiency of a photocatalytic system is determined by the ratio 

between the number of reacted molecules and the number of incident photons. It is 

expressed as follows: 

ξ =
vH2
I0
 × 100% 

Where νH2 represents the H2 evolution rate (mol s-1) and I0 is the photon flux at 

450 nm (einstein s-1), the wavelength at which both samples exhibit maximum 

absorption. 

COF working electrodes were prepared using an ink made by mixing 5 mg of 

COF and 3 mg of carbon black in 50 uL of Nafion (∼5 % in a mixture of lower aliphatic 

alcohols and water) and 450 uL of dimethylformamide. The mixture was then 
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sonicated for 30 minutes. Subsequently, the prepared ink was drop-cast onto the 

surface of clean FTO glass. The obtained films were dried under vacuum and then 

used as anodes for the electrochemical experiments. The electrochemical setup was 

made of a single chamber electrochemical cell, filled with 0.1 M NBu4PF6 in 

acetonitrile, using a Pt wire as counter electrode and Ag as pseudo-reference 

standardized to the ferrocene/ferrocenium couple. The CV measurements were 

carried out on an Autolab PGSTAT204 potentiostat/galvanostat at 0.1 V s-1 scan 

speed. The pH dependent absolute potential for the HER was calculated as follows: 

EAbs, pH = -4.5 eV + 0.059 · pH 

The band edges of the studied COFs were calculated considering that the 

absolute energy of the Fc/Fc+ redox couple is -5.14 eV relative to the vacuum level, 

as described elsewhere (SICK et al., 2018). 

Zeta potential measurements were recorded using a Malvern Zetasizer 

instrument at room temperature using 10 mm path length cuvettes by determining the 

electrophoretic mobility and then applying the Henry equation. The electrophoretic 

mobility was obtained by performing an electrophoresis experiment on the sample and 

measuring the velocity of the particles using Laser Doppler Velocimetry (LDV).  

Henry equation: 

𝜁 =  
3𝜂𝑈𝑒
2𝜀𝑓(𝜅𝑎)

 

ζ:  zeta potential, calculated from electrophoretic mobility (mV), 

η: viscosity of the medium (in this study 0.8872 mPa s), 

Ue: electrophoretic mobility, measured directly in a given sample in each round of 

experiment (m2 V-1 s-1), 

 ε: dielectric constant (in this study 78.5), 

 f(κa): Henry's function. According to the Smoluchowski approximation, which is 

typically used for aqueous samples, f(κa)  = 1.5. 

The samples for the measurement were prepared as follows. 1 mg of the COF 

was dispersed in 20 ml water following by adding the appropriate amount of H2A to 

achieve 2 to 10 mM in the final suspensions. Measurements were performed in three 

independent rounds, with each round consisting of 50 measurement cycles. 
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4.3. Results and Discussion 

Imine-BDT-ETTA COF was synthesized according to the previously reported 

procedure using an acceptor-type ETTA building block and a donor-type BDT linker 

(ROTTER et al., 2019) The obtained Imine-BDT-ETTA was subsequently 

post-modified to convert imine to amide linkages using Pinick oxidation reaction 

(MOHAMED; YAMADA; TOMIOKA, 2009)  where sodium chlorite is used as an 

oxidizing agent, 2-methyl-2-butene as a free radical scavenger, and acetic acid as a 

buffer during the oxidation process, Figure 28a. The powder X-ray diffraction pattern 

shown in for Imine-BDT-ETTA COF in Figure 28b and in Figure 28b for 

Amide-BDT-ETTA confirm successful synthesis and post-modification of the COF 

revealing high crystallinity through the presence of a pronounced and sharp 100 

reflection along with well-defined higher-order reflections. The structures of 

Imine-BDT-ETTA and Amide-BDT-ETTA were simulated using force-field methods 

(RAPPE et al., 1992) comprising a dual-pore Kagome structure in symmetry (Space 

Group No. 168) (see Figure C1, Figure C2, Table C1, Table C2) with the unit cell 

parameters being a = b = 4.64 nm, c = 0.446 nm (Rwp = 4.6 %, Rp = 3.7 %) and a = 

b = 4.78 nm, c = 0.448 nm (Rwp = 5.7 %, Rp = 3.8 %), respectively. The increase of 

a, b and c parameters for amide-linked COF in comparison to those for the imine 

counterpart can be attributed to the bond length change resulting from the conversion 

of the C=N double bond (0.129 nm from structural simulations) to the C-N single bond 

(0.135 nm from structural simulations). For comparison, the structure of 

Amide-BDT-ETTA was also simulated assuming 50 % conversion (see Table C3). The 

simulated and experimental XRD patterns were consistent (Rwp = 7.8 %, Rp = 5.2 %), 

demonstrating that regardless of conversion degree to amide bonds, there are no 

significant changes in the structure of the COF. 

Nitrogen physisorption isotherms were used to monitor the changes in porosity 

of the COF after the linkage conversion. Like the imine counterpart (Figure C3a) 

Amide-BDT-ETTA exhibits a sorption isotherm of type IV with two steep nitrogen 

uptake steps (Figure C3b). The Brunauer–Emmett–Teller (BET) surface area of 

Amide-BDT-ETTA decreased to 688 m2 g-1 in comparison to Imine-BDT-ETTA being 

1679 m2 g-1. Previous studies have reported a decrease in the surface area as a result 

of post-synthetic modification (WALLER et al., 2016; HAN et al., 2018; ZHOU, Z.-B. et 

al., 2022). However, the linkage conversion of the Imine-BDT-ETTA did not induce 
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substantial changes in the pore sizes. Using equilibrium QSDFT method with carbon 

kernel for cylindrical pores, pore sizes for Imine-BDT-ETTA were calculated to be 1.79 

nm and 3.68 nm (vs. 1.72 nm and 3.58 nm based on structural simulations (Figure C1) 

aligning well with previous reports (WALLER et al., 2016). Pore sizes for 

Amide-BDT-ETTA were found to be 1.79 nm and 3.55 nm (1.72 nm and 3.58 nm from 

structural simulations Figure C2).  

The morphological characteristics of both COFs were further investigated via 

SEM (Figure C4). SEM images suggest that Imine-BDT-ETTA features a spherical 

morphology constructed from particles organized in a rose-shaped agglomerates. 

Notably, Amide-BDT-ETTA shows a more mixed morphology, featuring rod-like 

agglomerates alongside remaining rose-shaped particles. The chemical conversion of 

the imine-COF involves a series of processes, including ultrasonication, treatment with 

different solvents (dioxane, 2-methyl-2-butene), utilization of the inorganic oxidant 

NaClO2 and exposure to glacial acetic acid which serves as a buffer. To identify the 

origin of the morphological changes, the following control experiments were 

conducted: Reference-COF-1 was obtained in the absence of NaClO2, 

Reference-COF-2 with fivefold reduction in NaClO2 concentration and 

Reference-COF-3 in absence of acetic acid, while keeping other ingredients consistent 

with the original conversion procedure (see the Supporting Information). All three 

reference samples retained crystallinity after all treatment steps, respectively (Figure 

C5a). As expected, Fourier transform infrared (FT-IR) analysis reveals that for the 

linkage conversion the oxidant is required (Figure C5b). The rod-shaped particles were 

observed in all three reference samples (Figure C6), thus indicating that the formation 

of such structures is not related to the amidation process itself but rather the result of 

the ultrasonication and the treatment with organic solvents. 

13C cross-polarization magic angle spinning (CPMAS) analysis allowed us to 

determine the local chemical changes of the COF after linkage conversion (Figure 

28d). In the 13C NMR spectrum of Amide-BDT-ETTA, a distinctive peak at 161 ppm 

appeared, which is not present in the NMR spectrum of Imine-BDT-ETTA prior the 

oxidation. This new signal arises from the formation of amide carbonyl C=O moieties 

(WALLER et al., 2016). Additionally, a residual signal attributed to C=N bonds at 151 

ppm remains detectable in Amide-BDT-ETTA. This observation implies partial 

oxidation and suggests that the final structural configuration of Amide-BDT-ETTA 

includes both newly introduced carbonyl C=O functionalities and unreacted imine C=N 
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bonds from its imine precursor COF. We note that harsher conditions, such as 

prolonged reaction times and increased amount of oxidative agent to induce a full 

conversion from imine to amide linkages, resulted in a non-crystalline sample. As 

demonstrated in previous studies, exposure so strong oxidizing agents can disrupt the 

crystalline structure by breaking imine bonds (WANG, J.-R. et al., 2024). 

FT-IR spectroscopy was applied to further explore the chemical changes 

induced through linkage conversion, Figure 28e. Imine-BDT-ETTA exhibits a 

prominent band at 1611 cm-1 corresponding to the stretching vibrations of the C=N 

functional group (WALLER et al., 2018; ZHANG, Y. et al., 2023). Observed vibration 

peaks in the FT-IR spectra of Imine-BDT-ETTA are in a good agreement with the 

previously published results (ROTTER et al., 2019) (FEIJOO; PALIUŠYTĖ; 

SCHNEIDER, 2024). The emergence of a new band at 1315 cm-1 in the 

Amide-BDT-ETTA spectrum reveals the formation of the C–N–C moiety, indicative of 

the amide linkage (NGUYEN, H. L.; GROPP; YAGHI, 2020). Another pronounced 

band at 1515 cm-1 can be attributed to the in-plane N–H bending vibrations of the 

secondary amide group (Instrumentation for Fluorescence Spectroscopy, 2006; 

FOGGIA et al., 2012). As previously substantiated by 13C solid-state NMR analysis, 

the presence of imine bonds is evident in the FT-IR spectrum of Amide-BDT-ETTA as 

well. Typically, the stretching vibrations of imine and amide bonds are observed in the 

spectral range of 1600~1690 cm-1 (WALLER et al., 2016; MAGALHÃES et al., 2017; 

WALLER et al., 2018; KRISHNARAJ et al., 2019; GENDY et al., 2022; KRISHNARAJ 

et al., 2022; ZHANG, Y. et al., 2023; XUE et al., 2024). However, within the spectral 

range of Amide-BDT-ETTA, there are multiple overlapping signals, which require more 

complex analysis. For a  deeper analysis of the vibrations associated with the newly 

formed bonds in the polymeric structure, the FT-IR spectrum of Imine-BDT-ETTA was 

subtracted from the spectrum of the Amide-BDT-ETTA (Figure C7). In the resulting 

FT-IR difference spectrum the C=O stretching vibration of the amide bond is evident 

at 1645 cm-1 (Instrumentation for Fluorescence Spectroscopy, 2006; DI FOGGIA et 

al., 2011; WALLER et al., 2016). 

X-ray photoelectron spectroscopy (XPS) analysis was conducted to examine 

the changes in the oxidation states of the elements present in both COFs (Figure C8). 

Survey spectra evidence the absence of any impurity and only peaks related to C, S, 

O and N atoms were identified. High resolution data for each peak were acquired for 

both COFs and compared to those for the BDT linker (Figure C9). Looking first at C1s 
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for Imine-BDT-ETTA (Figure C9a), one can observe a major peak at 284.6 eV 

attributed to carbon atoms in COF structure itself along with a small peak at higher 

binding energy, 289.5 eV, which can be attributed to unreacted aldehyde groups on 

the COF surface. For the Amide BDT-ETTA COF, a new feature at 288.1 eV can be 

identified and attributed to the carbonyl (C=O) moiety, Figure C9b (NAGAKURA, 2006; 

WANG, W. et al., 2023). 

In the S 2p region, the presence of two distinct sulfur environments can be 

identified for both COFs, each characterized by specific binding energy values of the 

S 2p₃/₂ photoelectron peak at 164.2 eV and 169.0 eV (Figure C9d,e). These peaks 

correspond to "neutral" sulfur species (S–S, S–C) and oxidized sulfur species (S=O), 

respectively. Amide-BDT-ETTA contains 20 % sulfur in an oxidation state of +VI while 

Imine-BDT-ETTA contains about 15 % of oxidized sulfur species. Additionally, the 

presence of oxidized sulfur species (15 %) is also presenting in BDT linker which was 

utilized for initial synthesis of Imine-BDT-ETTA COF. This data evidence that the COF 

amidization does induce some additional sulfur oxidation in the COF structure, 

although relatively small to really induce electronic or structural changes. 

The main peak in the O 1s spectra of both COFs (Figure C9g,h) is assigned to 

surface-adsorbed oxygen species (ZHOU, Z.-B. et al., 2022). For the 

Amide-BDT-ETTA COF, this peak appears at 533.6 eV, shifted in relation to that for 

Imine-BDT-ETTA (532.5 eV), evidencing the different surface properties. Moreover, 

for the Amide-BDT-ETTA a second feature with lower binding energy is observed at 

531.0 eV, which agree well with previous reported data for C=O bonds resulted from 

the amidization reaction (GIEROBA et al., 2020). 

In the N 1s region, distinct differences are observed between the two COFs. 

For Imine-BDT-ETTA COF (Figure C9j), the spectrum can be deconvoluted into two 

components at binding energies of 398.7 and 402.8 eV, corresponding to imine groups 

(─C═N─C─) and unreacted amino groups (─C─NH₂) from the ETTA building block, 

respectively (ZHOU, Z.-B. et al., 2022) (WANG, W. et al., 2023). The comparison 

between the N 1s spectra of Imine-BDT-ETTA (Figure C9j) and Amide-BDT-ETTA 

(Figure C9k) reveals a shift toward higher binding energy after the amidization process 

(from 398.7 to 399.2 eV, Figure C9i). This shift confirms the efficient conversion, 

consistent with previously reported binding energy changes associated with 

imine-to-amide transformation. 
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However, the N 1s peak does not allow for direct quantification of 

imine-to-amide conversion yield. Complementary evidence from ¹3C─NMR and FTIR 

confirms the presence of residual imine groups in Amide-BDT-ETTA COF. To reliably 

estimate the conversion yield, we have taken the ratio between the corresponding area 

for the peaks attributed to the amide C═O (C1s at 288.1 eV and O1s at 531.0 eV) and 

the N1s in the survey spectra, which should be ideally 1:1. The calculated C═O/N ratio 

was 0.9, suggesting an approximate conversion yield of 90%. 

 

 

Figure 28. (a) Schematic representation of Imine-BDT-ETTA to Amide-BDT-ETTA 

conversion. Experimental and Pawley refined PXRD patterns of b) Imine-BDT-ETTA 

and c) Amide-BDT-ETTA. d) 13C NMR spectra and e) FT-IR spectra of 

Imine-BDT-ETTA (black) and Amide-BDT-ETTA(red). 
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The as-prepared imine and amide COFs were tested for the photocatalytic 

hydrogen evolution. The photocatalytic tests were performed in the presence of 1.0 

wt% (Pt/COF) H2PtCl6 precursor and ascorbic acid (H2A) acting as sacrificial electron 

donor (Equations 5-8) upon illumination with visible light (λ > 420 nm, 100 mW cm-2). 

After excitation of the COFs, photogenerated electrons (e-) and holes (h+) are formed 

(Equation 5). The holes can oxidize H2A to dehydroascorbic acid, A, either directly by 

two-electron transfer or by one-electron oxidation via formation of ascorbyl radical, 

HA•, as an intermediate Equation 6 and Equation 7) thus suppressing the undesired 

recombination. Simultaneously, the photogenerated electrons can reduce 2H+ to H2 

on surface of in-situ formed Pt particles Equation 8. 

COF 
ℎ𝑣
→  e– + h+         (Equation 5) 

H2A + h+ → HA• + H+  (Equation 6) 

HA• + h+ → A + H+   (Equation 7) 

2H+ + 2e– → H2   (Equation 8) 

 

Figure 29a shows the hydrogen evolution obtained with Imine- and 

Amide-BDT-ETTA COFs in the experiments lasting 13 hours. From the linear increase 

of H2 production with time, the HER rates for Imine-BDT-ETTA and Amide-BDT-ETTA 

were quantified to be 0.22 mmol g-1 h-1 and 0.95 mmol g-1 h-1, respectively. These 

results reveal a pronounced promotion of hydrogen evolution through the linkage 

conversion. Both COFs were also tested in the absence of light and in the absence of 

Pt, but no hydrogen evolution was detected. The irradiation of the Pt0 precursor in the 

presence of ascorbic acid also does not lead to H2 evolution. Long-term photocatalytic 

experiments were performed in which hydrogen evolution was monitored over three 

cycles of 13 h for 39 h in total (Figure 29b). Both COFs were able to continuously 

sustain an average HER rate of 0.22 mmol g-1 h-1 for Imine-BDT-ETTA and of 

0.95 mmol g-1 h-1 for Amide-BDT-ETTA. In subsequent three cycles of 3 hours each 

and in the presence of 2 mM H2A, even higher evolution rates for both COF were 

detected, with the Amide-COF showing an average HER rate of 1.7 mmol g-1 h-1 while 

Imine-BDT-ETTA delivered 0.40 mmol g-1 h-1 (Figure C10). All experiments were 

performed in triplicate at least. 

The HER rate was measured in the presence of different H2A concentrations 

using Amide-BDT-ETTA as the photocatalyst to investigate the origin of the increased 
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HER rate observed at lower H2A concentration. The increase in H2A concentration 

from 2 mM to 6 mM resulted in a gradual increase of HER rate up to 2.6 mmol g-1 h-1 

(Figure C11a). Further increase in the H2A concentration from 8 mM to 10 mM led to 

a drop in the HER rate. A similar dependence of H2 evolution on the concentration of 

the sacrificial electron donor has been already reported and assigned to a 

Langmuir-type catalytic behavior (ZHENG et al., 2009; HAMID; DILLERT; 

BAHNEMANN, 2018; ŠETKA et al., 2019). At low H2A concentrations, the HER rate 

is limited by the mass transfer of the H2A to the Pt/COF surface. At high H2A 

concentrations, the coupling of the surface-adsorbed H• radicals on the Pt surface to 

form H2 gas might be hindered through competing acid adsorption. It has been 

reported that H2A adsorbs at the Pt surface, occupying hydrogen adsorption 

sites(MOZIA; HECIAK; MORAWSKI, 2011). Moreover, H2A oxidation is very sensitive 

to the pH of the reaction media and is favored at higher pH values (ROIG; RIVERA; 

KENNEDY, 1995; SALKIĆ, 2016). Photocatalytic tests were also performed in the 

presence of triethanolamine (TEOA) with Amide-BDT-ETTA to investigate the 

influence of the sacrificial donor on the photocatalytic performance (Figure C11b). 

Here, the HER rates were significantly lower reaching only 0.63 mmol g-1 h-1 for 

Imine-BDT-ETTA and 0.39 mmol g-1 h-1 for Amide-BDT-ETTA. Usually, the difference 

in H2 production when using H2A or TEOA as electron donors is explained by changes 

in the pH of the suspensions, which can influence the adsorption and desorption 

dynamics and equilibria of reactants and products at the photocatalyst surface(XIE et 

al., 2019; WANG, Y. et al., 2022; ZHANG, J. et al., 2022). Additionally, the presence 

of TEOA leads to higher pH values of the reaction medium (pH = 10.75) thus reducing 

the availability of free H+ which in turn decreases the availability of protons (DU et al., 

2009; PELLEGRIN; ODOBEL, 2017).  

To explore the origin of the enhanced H2 evolution with Amide-BDT-ETTA in 

comparison to Imine-BDT-ETTA, the optoelectronic features of both COFs were 

examined using cyclic voltammetry (CV), UV-vis absorption spectroscopy (UV-vis), 

and photoluminescence spectroscopy (PL). CV measurements allowed to quantify the 

energetic positions of the HOMO levels from half wave potentials for both COFs 

(Figure C12). Herein, the experiments were conducted using the Fc/Fc+ redox couple 

as reference in 0.1 M NBu4PF6 acetonitrile solutions as described elsewhere (SICK et 

al., 2018). The HOMO levels for Imine-BDT-ETTA and Amide-BDT-ETTA are 

positioned at -4.94 eV (0.44 V vs. SHE) and at -5.31 eV (0.81 V vs. SHE), respectively. 
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For a photocatalyst to facilitate photo-oxidation via photogenerated holes, the HOMO 

or valence band energy must be more positive (higher potential) than the redox 

potential of the target oxidation reaction. The more positive HOMO potential of 

Amide-BDT-ETTA compared to its imine counterpart reveals that it is a stronger 

photooxidizing agent, enhancing its effectiveness in driving photocatalytic oxidation 

(DANCE, 2006; KUMAR; SEVILLA, 2018). 

 

 

Figure 29. (a) Time course of H2 evolution and (b) hydrogen evolution rates for three 

cycles, each 13 h obtained with Imine-BDT-ETTA (black) and Amide-BDT-ETTA (red) 

including the error bars. Solid lines in (a) represent the linear fitting to extract evolution 

rates. Conditions of photocatalytic tests: λ > 420 nm, 100 mW cm-2, 0.1 g/l COF 

suspension containing 10 mM H2A and 1.0 wt% (Pt/COF) H2PtCl6 precursor. (c) F(R) 
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and Tauc plots (inset) as well as (d) determined energy levels of Imine-BDT-ETTA 

(black) and of Amide-BDT-ETTA COF (red) including the redox potentials of the 

studied photocatalytic reaction. (e) Volumetric water vapor adsorption isotherms of 

Imine-BDT-ETTA (black) and Amide-BDT-ETTA (red). (f) Zeta potential of 

Imine-BDT-ETTA (black) and Amide-BDT-ETTA (red) as a function of pH, adjusted 

using varying concentrations of H₂A (0, 2, 4, 6, 8, and 10 mM) including the error bars 

(blue). 

 

The optical properties of the COFs were evaluated by UV-vis measurement 

applying the Kubelka-Munk conversion for solid materials (Figure 29c). In contrast to 

Imine-BDT-ETTA, Amide-BDT-ETTA exhibits a strong visible-light absorption in the 

spectral region above 510 nm. These findings are consistent with prior studies.(ZHU 

et al., 2024). Assuming direct optical transitions for both polymers, the optical band 

gap energies were calculated employing Tauc plots, thereby revealing values of 

2.25 eV for Imine-BDT-ETTA and 2.20 eV for Amide-BDT-ETTA (TAUC; 

GRIGOROVICI; VANCU, 1966; TAUC, 1968; MAKUŁA; PACIA; MACYK, 2018). The 

stronger optical absorption of the amide-linked COF above 510 nm might originate 

from the presence of defect states which could reduce the Schottky barrier thus 

facilitating electron transfer to the Pt and enhancing the proton reduction (GHOSH, R.; 

PAESANI, 2021). A Schottky barrier at the semiconducting polymer/metal interface 

has been reported to result from the large band offset between the electron affinity of 

the polymer vs. the work function of the metal (RIKKEN et al., 1994). Schottky barriers 

should impede the electron injection into the metal, however, the presence of surface 

states in the polymer can dramatically reduce the barrier, thus allowing fast electron 

injection and enhancing the photocatalytic performance (KHANCHAITIT et al., 2013; 

WANG, Y. et al., 2021).  

The LUMO energy levels for both COFs were calculated from the HOMO 

energy levels obtained by the CV measurements and the optical bandgap energies. 

As evident from Figure 29d, the imine to amide linkage conversion has caused a shift 

in HOMO and LUMO energies to more negative potentials. Xiang et al. reported similar 

changes upon amidation and attributed the behavior to a more pronounced negative 

charge accumulation in amide COF as a result of the stronger electron-withdrawing 

properties of amide linkages (WANG, W. et al., 2023). PL spectra of the COFs were 

recorded by exciting the materials at 375 nm. Imine-BDT-ETTA and Amide-BDT-ETTA 
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exhibit strong emission bands centered at 617 nm and 608 nm, respectively (Figure 

C13). The blue-shift for the latter can be explained by the weakened conjugation 

arising from oxidation of the imine bonds (MEIER et al., 2017) (KELLER et al., 2019). 

The band energy levels for both COFs compared to the redox potentials of the 

studied photocatalytic reactions is exhibited in Figure 29d. It reveals the low 

thermodynamic driving force for the Imine-BDT-ETTA to induce the one-electron 

oxidation of H2A in the pH range of photocatalytic experiments (from 3.10 to 3.53 as 

shown in Table C4). On the other hand, Amide-BDT-ETTA can efficiently initiate one 

and two-electron oxidation of the H2A, thus enabling more efficient electron 

accumulation required for the targeted H2 evolution. Additionally, both COFs are 

thermodynamically suitable to promote the hydrogen evolution reaction, 2H+/H2 

(Equation 8). Here, the potential variation of the HOMO and LUMO levels of the COFs 

as function of the pH was neglected based on prior studies (SICK et al., 2018). 

Moreover, the difference in the thermodynamic driving force for proton reduction 

between Imine- and Amide-BDT-ETTA (see Figure 29d) is less relevant as no H2 was 

generated in the absence of Pt. This evidences that the proton reduction proceeds via 

electron transfer at the metal surface. 

Among the thermodynamic driving force for the photocatalytic reaction the 

interactions at the interface between reactants/products and the photocatalyst is 

essential. In the photocatalytic hydrogen evolution reaction in aqueous media, the 

hydrophilic character of the COF might influence the efficiency of the process. Herein, 

volumetric water sorption experiments were conducted for both COFs. Figure 29e 

shows that at lower relative pressures (P/P0 < 0.45) Amide-BDT-ETTA has a greater 

water vapor sorption in comparison to Imine-BDT-ETTA, thus evincing its higher 

affinity for adsorbate (DE LUCA et al., 2001; BURTCH et al., 2013; KORMAN et al., 

2020) and stronger hydrophilic character. This is most likely arises from the presence 

of the carbonyl groups of the amide. The total water vapor uptake for 

Amide-BDT-ETTA was 348 cm3 g-1 while for Imine-BDT-ETTA a value of 443 cm3 g-1 

was found. For an adequate comparison, the previously determined BET surface area 

has to be considered (Figure C3). Accordingly, the water vapor uptake normalized to 

the BET surface for Amide-BDT-ETTA is higher (0.51 cm3 m-2) in comparison to 

Imine-BDT-ETTA (0.26 cm3 m-2). Hence, the inherent hydrophilic characteristics and 

increased polarity arising from the presence of C=O bonds and higher concentration 

of oxidized sulfur in Amide-BDT-ETTA contribute to the elevated HER rate and 
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supports the formation of stable suspensions in aqueous media in contrast to 

Imine-BDT-ETTA, Figure C14 (MA et al., 2021). 

The observed HER rate dependence on the H2A concentration for 

Imine-BDT-ETTA (see Figure C10a) and Amide-BDT-ETTA (see Figure C10b) 

underscores the effect of the COF structure on the hole-driven H2A oxidation, aiming 

at promotion of H2 evolution. The efficiency of the H2A oxidation depends on the 

thermodynamic driving force (discussed above) and its adsorption at the COF surface. 

In the studied pH region, H2A is present in a protonated form and it can interact with 

both COFs only through weak H-bonding formed either with the imine linkage or the 

C=O bond of amide linkage. Consequently, no adsorption of H2A onto the surface of 

either COF was detected in the dark (see Figure C15). However, Amide-BDT-ETTA 

has a greater tendency to form stronger H-bonds with water molecules, thereby 

potentially aiding in the eventual reduction of protons (MARINHO et al., 2022a).  

The interfacial interactions between the COF and the H2PtCl6 precursor present 

mainly as [PtCl6]2- are crucial for photocatalytic H2 evolution, as they dictate Pt growth 

and distribution on the COF surface. The coordinating sites for metal complexes in the 

COF structures have been reported to enable controlled growth of Pt particles (LI, Y. 

et al., 2022). However, the formation of the coordinative bonds may be slower than 

the charge transfer to the transition metal complexes as the latter is known to happen 

on nanoseconds to picoseconds timescale (YANG, W. et al., 2019). Additionally, 

coordinative binding often requires thermal treatment (WU, Q.-J. et al., 2023). Hence, 

interactions such as electrostatic attraction and repulsion between charged particles 

are most likely to govern the in-situ photodeposition of Pt.  

For studies of the columbic interactions between the COFs and 

[PtCl6]2- precursor, the surface charge of both COFs was determined by measuring 

the zeta potential in water-based suspensions (0.1 g L-1) with different H2A 

concentrations (0 to 10 mM). As shown in Figure 29f, both COFs have negative 

surface charge in the absence of H2A. Imine-BDT-ETTA ([H2A] = 0 mM) shows a zeta 

potential of -24.4 ± 0.3 mV, while the zeta potential value for Amide-BDT-ETTA is -48.6 

± 0.5 mV. The Amide-BDT-ETTA exhibits more negative zeta potential (below -30 

mV), indicating improved stability in aqueous suspensions compared to its imine 

counterpart (SHUKLA et al., 2018). The addition of H2A shifted the zeta potential of 

Imine-BDT-ETTA to positive values. As shown in previous studies (BOCIAN; 

DZIUBAKIEWICZ; BUSZEWSKI, 2015; SERRANO-LOTINA et al., 2023), such shift 
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can be caused by the protonation of functional groups. Imine bonds are known to act 

as weak bases and are capable of being protonated (YANG, J. et al., 2021). In order 

to calculate the ratio between protonated and non-protonated forms of the COFs, the 

Henderson-Hasselbalch equation for weak bases was used (Equation 9) (MIONI; 

MIONI, 2015)(RADIĆ; PRKIĆ, 2012). 

pOH = pKb + log
[AH+]

[A]
                   (Equation 9) 

(pKb: base dissociation constant; [A]: concentration of the base; [AH+]: 

concentration of conjugate acid)  

 

Here pKb values for imine bonds range between 8 to 10, and their conjugate 

acids (protonated imines) have pKa (acid dissociation constant) values between 4 and 

6 (because pKb + pKa = 14),(TREPTOW, 1986) suggesting that protonation of imine 

linkages occurs at pH levels below 6 (RICE, 2014; LONG et al., 2017). During 

photocatalytic tests in the presence of H2A an acidic environment is achieved (pH = 

3.10 - 3.53) i.e. Imine-BDT-ETTA-COF is predominantly present in protonated form 

([A] < [AH+]). The positive shift of the zeta potential was also observed for 

Amide-BDT-ETTA, however, it remained in the negative range. The positive shift can 

be attributed to the protonation of unreacted imine bonds while amide bonds remain 

non-protonated due to their lower basicity (pKb values ranging between 13 and 16 

while pKa for conjugate acids (protonated amides) varies between -2 to 1) (RAMAN; 

MORTLAND, 1969; AYYANGAR; SRINIVASAN, 1984; LOTINA-HENNSEN et al., 

1987). This aligns well with well-known fact that more acidic functional groups typically 

exhibit more negative zeta potential than the more basic functional groups 

(POSCHMANN; LILLERUD; STOCK, 2023). The protonation of amide linkages occurs 

in the presence of strong acids at pH values below 1. In the experimental conditions 

employed for the photocatalytic tests, the amide linkages are in the non-protonated 

form ([A] > [AH+]) causing negative zeta potential and negatively charged COF 

particles. These results suggest the electrostatic attraction of negatively charged 

Pt-precursor [PtCl6]2- with positively charged Imine-BDT-ETTA and electrostatic 

repulsion with negatively charged Amide-BDT-ETTA. Further analysis requires 

post-characterization of both COFs. 

The consistent and stable rates of hydrogen production observed during the 

illumination lasting 48 hours reveal fair photochemical stability of both COFs. 
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Accordingly, structural characterization of both COFs was conducted after 13 and 56 

hours of illumination in the presence of 10 mM H2A and 1 wt% Pt loading. The PXRD 

patterns presented in Figure 30a,b reveals that after 13 and after 56 hours illumination, 

both COFs exhibit retention of crystalline structure. 

 

 

 

Figure 30. PXRD patterns of (a) Imine-BDT-ETTA and (b) Amide-BDT-ETTA before 

and after 13 h and 56 h of photocatalytic test. STEM-HAADF images showing 

distribution of Pt particles in the polymeric structure of (c) Imine-BDT-ETTA and (d) 

Amide-BDT-ETTA after 13 h of photocatalytic test. Conditions of photocatalytic test: λ 
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> 420 nm, 100 mW cm-2, 1 g/l COF suspension containing 10 mM H2A and 1.0 wt% 

(Pt/COF) H2PtCl6 precursor. Schematic representation of interparticle electron 

transport along agglomerates of (e) Imine-BDT-ETTA and (f) Amide-BDT-ETTA 

towards the Pt particles (red: COF domains, grey: Pt particles). 

 

To gain insights into structural distribution of Pt particles, scanning transmission 

electron microscopy (STEM) analysis was performed for both COFs after the 13 hours 

photocatalytic test. Figure 30c and Figure C16a,b evidences a random distribution of 

small Pt clusters dispersed within the matrix of Imine-BDT-ETTA. Statistics on Pt size 

distribution, Figure C17a, evidence an average size of 3.9 nm with a full width at half 

maximum (FWHM) of 3.6 nm. In contrast, Amide-BDT-ETTA (Figure 30d and Figure 

C16c,d) displays large Pt particles with more dispersed size distribution. As shown in 

Figure 17b, the Pt particles in the Amide COF lies within two distinct size ranges. A 

broad one comprised by particles with average size of 90 nm and a FWHM of 35 nm 

and a second narrower distribution with average size of 12 nm with a FWHM of 4 nm. 

From the statical analysis, it is clear that 90% of the Pt particles on the 

Amide-BDT-ETTA exhibits a bigger size than those on Imine-BDT-ETTA. These 

results suggest that Pt0 growth mechanism depends on the linkage of the COF which 

influences the interactions between COF and Pt precursor. 

The attractive interaction between positively charged Imine-BDT-ETTA with the 

negatively charged Pt-precursor [PtCl6]2- should promote the high Pt nucleation rate 

at numerous sites and  resulting in homogeneous distribution of small (1-2 nm) Pt 

particles in the framework (Figure 30e). In contrast, Amide-BDT-ETTA is negatively 

charged in the acidic environment, leading to repulsion between the COF and the 

[PtCl6]2- anions, which is proposed to cause the formation of larger Pt particles. 

Hereby, the interparticle electron transport along the BDT-ETTA agglomerates to 

pre- formed metal particles enables the formation of larger particles (Figure 30f). 

These results reveal the ability of the COF to serve as an antenna for electron 

transport. The influence of the surface charge on the formation of Pt particles and in 

the photocatalytic performance is corroborated by the results in the presence of TEOA 

as sacrificial agent. In this condition, the medium pH is alkaline and both COFs remain 

negatively charged. As a result the H2 evolution rate is decreased when compared to 

those obtained in the presence of ascorbic acid and the Imine-BDT-COF exhibits 

better performance than the Amide COF. Thus, the linkage conversion allowed for 
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tuning of the surface charges of the COF through different protonation behavior of the 

imine and amide linkage, which had a direct impact on the growth of the Pt particles 

on the COF surface. Hence, an additional tool for controlling the photocatalytic process 

was demonstrated. 

The influence of the Pt particle size on the hydrogen evolution reaction remains 

a topic of ongoing debate in the literature (CHEN, S.; KUCERNAK, 2003; CHENG et 

al., 2016; VAMVASAKIS; LIU; ARMATAS, 2016; NAKIBLI et al., 2018). In general, the 

overall photocatalytic performance is governed by a sequence of key steps (omitting 

here the role of the sacrificial donor): i) light absorption, charge separation, and charge 

transport within the (COF) photocatalyst to the metal co-catalyst, ii) interfacial electron 

transfer between the photocatalyst and the metal co-catalyst, and iii) proton reduction 

to form hydrogen atoms on the metal surface, followed by H2 formation and 

desorption. While the first step is primarily determined by the intrinsic electronic 

properties of the (COF) photocatalyst, the second and third steps are influenced by 

the nature and distribution of the metal particles, particularly their size and interfacial 

characteristics, including electronic coupling to the COF. The efficiency of charge 

separation and interfacial electron transfer can indeed be modulated by the Pt particle 

size, which plays a critical role in facilitating or hindering these processes (NAKIBLI et 

al., 2018; LIU, Y. et al., 2022). However, the Volmer step—the initial formation of 

adsorbed hydrogen atoms (H•) on the Pt surface—is the rate-limiting step in catalytic 

hydrogen evolution. Bard and co-workers demonstrated that the kinetics of this step 

are accelerated as Pt particle size increases on Bi and Pb substrates (ZHOU, M.; BAO; 

BARD, 2019). Considering these findings, we propose that the larger Pt particles 

formed on Amide-BDT-ETTA may enhance H₂ production due to improved kinetics of 

the Volmer step. However, we emphasize that systematic studies on the relationship 

between Pt particle size, charge separation efficiency, interfacial electron transfer, and 

hydrogen formation kinetics in COF-based systems are still lacking and warrant further 

investigation. 

 

4.4. Conclusions 

This study demonstrates how the structural, optoelectronic, and interfacial 

properties of the BDT-ETTA COF are modulated through linkage conversion from 

imine to amide and their resulting influence on photocatalytic performance. Retaining 
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its crystallinity upon amidization, the amide-linked COF exhibits a shift in energy levels 

toward more positive potentials (E vs SCE), enhancing its oxidizing power. This 

stronger oxidation capability facilitates more efficient hole scavenging, thereby 

promoting proton reduction while suppressing charge carrier recombination. 

Additionally, the increased hydrophilicity of Amide-BDT-ETTA, attributed to the 

presence of C═O bonds, leads to an improved HER rate and enhances the stability of 

its suspensions in aqueous media compared to Imine-BDT-ETTA. Notably, our 

findings reveal, for the first time, that surface charge modulation, driven by the distinct 

protonation behavior of imine and amide linkages, plays a critical role in photocatalytic 

performance. This interfacial modification strategy effectively switches the surface 

charge of COFs and alters the in situ Pt-photodeposition mechanism. Specifically, the 

negatively charged Amide-BDT-ETTA promotes proton adsorption and facilitates the 

formation of large Pt particles (up to 100 nm), which are highly effective for proton 

reduction. By highlighting the impact of interfacial properties on reaction mechanisms 

and photocatalytic hydrogen evolution, this study expands the functional versatility of 

COFs in photocatalysis. We anticipate that this approach can be further applied to a 

wide range of photocatalytic reactions and diverse linkage motifs, offering new 

pathways for designing advanced COF-based photocatalysts. 
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5. Novel materials for photocatalytic 

H2 evolution under visible light 
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As previously discussed in Chapter 3 of this thesis, Bi2WO6 offers several 

advantages for photoreforming reactions, including physicochemical stability and 

suitable band edge positions. However, its photocatalytic performance is limited by its 

absorption being restricted to the UV region and by the low photocurrent densities 

generated under simulated sunlight, which hinders practical applications. Engineering 

oxygen vacancies was shown to be an effective strategy to extend the photoresponse 

of Bi2WO6 into the visible spectrum. Another promising approach widely reported in 

the literature is doping. Nickel was selected as a dopant due to its favorable 

combination of cost-effectiveness, catalytic activity, and ability to tailor the electronic 

structure of wide-bandgap semiconductors (ROCHA et al., 2013; ISMAEL, 2023; WU, 

F. et al., 2024). Unlike platinum, which is widely used as a benchmark co-catalyst for 

hydrogen evolution but is scarce and expensive, nickel is earth-abundant and 

economically viable for large-scale applications. Incorporation of Ni2+ not only 

contributes to band gap narrowing by introducing mid-gap states but also surface 

Ni-based species can act as active catalytic sites for the hydrogen evolution reaction, 

supporting the adsorption and reduction of protons (MACHADO; AVACA, 1994), thus 

eliminating the need of a co-catalyst. 

In addition to Bi2WO6, Nb2O5 is a material of great interest within our research 

group due to its favorable surface chemistry and the ease with which its morphological 

and structural properties can be tuned via hydrothermal treatment. In previous work, 

we demonstrated that hydrothermal treatment of optical-grade Nb2O5 at pH 8 yields a 

material with optimized surface and structural properties for photocatalytic hydrogen 

production. 

Finally, by integrating both of the aforementioned strategies, titanium niobium 

oxynitride (NbTiON) was also investigated as a promising candidate for 

visible-light-driven hydrogen evolution. By co-doping TiO2 with niobium and nitrogen, 

it is possible to obtain a material that combines the desirable surface and structural 

properties of TiO2 with a significantly reduced band gap, thereby enhancing its light 

harvesting capability across a broader spectral range. 
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5.1. Specific Objectives 

The specific objectives for the work showed this chapter were: 

• Obtain visible-light-active materials by doping Bi2WO6 and Nb2O5 with 

Ni2+/Ni3+ through hydrothermal synthesis 

• Synthesize titanium oxynitride doped with niobium through an alternative 

route, using urea as nitrogen source 

• Characterize the structure of the resulting materials  

• Test the obtained materials for the photoreforming of biomass-derived 

waste streams under visible light and simulated sunlight conditions 

 

5.2. Methodology 

Nickel doped Bi2WO6 was obtained by dissolving 2 mmol Bi(NO3)3.5 H2O 

(Aldrich) in 50 mL of HNO3 (1.0 mol L-1) under constant stirring and 1 mmol Na2WO4.2 

H2O in 20 mL deionized water. The tungstate solution was added dropwise into the 

Bi(III) solution, and the resulting mixture stirred constantly for 20 min. Then, 0.25 mmol 

of Ni(NO3)2.6H2O was dissolved in 1 mol L-1 NH4OH solution, resulting in a bluish 

solution due to the formation of [Ni(NH3)6]2+ complex. Then, the nickel solution was 

added dropwise to the tungstate solution, under vigorous stirring. The pH of the 

resultant solution was adjusted to 10 by adding NH4OH, to keep nickel coordinated 

with ammonia. The mixture was transferred to an autoclave, kept at 200 ºC for 4 hours 

(160~180 psi). 

Nickel doped Nb2O5 was prepared by adding dropwise the forementioned 

[Ni(NH3)6]2+ solution in a suspension containing 1 g of optical grade Nb2O5 (CBMM) in 

50 mL of deionized water, under vigorous stirring. The pH of the resulting suspension 

was 8. In a previous study, pH = 8 was found to be the best condition for Nb2O5 

hydrothermal treatment, yielding the material with the best structural and 

morphological properties for Hydrogen evolution (NUNES, P. H. H., 2022), so the pH 

was kept at 8. The mixture was transferred to an autoclave and kept at 200 ºC for 24 

hours (160~170 psi). 

In both cases, the obtained powders were washed with deionized water, ethanol 

and dried at 80 ºC. 
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The oxynitride was prepared according with previous reported methodology 

(BRANCHO et al., 2017). In a typical synthesis, 0.175 mmol of NbCl5 were dissolved 

using the minimum volume of anhydrous ethanol, followed by the addition of 3.5 mmol 

of titanium isopropoxide (TTIP) . After homogenization, 4.5 mmol of urea were added 

to the mixture, which was kept under vigorous magnetic stirring until it became a glassy 

film. The solid film was transferred to a ceramic crucible and then calcinated at 750 ºC 

in N2 atmosphere for 3 hours with a 5 ºC min-1 heating and cooling profile. The resulting 

material, niobium titanium nitride, a fine black powder, went through a second 

calcination step in air atmosphere, 500 ºC for 30 minutes (10 ºC min-1), resulting in a 

partially oxidized nitride, namely titanium niobium oxynitride. 

The photocatalytic assays were conducted using a jacketed borosilicate 80 mL 

reactor, filled with 50 mL of a suspension containing 25 mg of photocatalyst in 10% 

v/v of meOH, glycerol or vinasse. For the flegmass photoreforming experiments 25 mg 

of photocatalyst were suspended in raw flegmass. The reactor was illuminated by a 

300W arc Xe lamp and the suspension was kept at 20 ºC by circulating cooling water. 

X-ray diffraction analysis (XRD) was executed utilizing an XRD600 powder 

diffractometer (Shimadzu) functioning at 40 kV and 30 mA with Cu Kα radiation as the 

excitation source. Raman spectroscopy was carried out on a LabRAM HR Evolution 

spectrometer (Horiba). X-ray photoelectron spectroscopy (XPS) measurements were 

conducted using a Thermo Scientific model K-Alpha spectrometer, which is equipped 

with an Al Kα X-ray source. All spectra underwent calibration against the C 1s peak, 

considering a standard binding energy of 284.6 eV. The morphologies of the films were 

assessed through Scanning Electron Microscopy (SEM) employing a TESCAN Vega3 

microscope. Diffuse Reflectance Spectra (DRS) were collected using a UV 2600 

spectrophotometer (Shimadzu) that is equipped with an integrating sphere. The 

transmittance values were converted to absorption equivalent values using the 

Kulbelka-munk function (PATTERSON; SHELDEN; STOCKTON, 1977; YANG, L.; 

KRUSE, 2004). 

 

5.3. Results and Discussion 

Figure 31 illustrates the experimental band edge positions for the base 

materials studied in this thesis. It can be seen that, although Bi2WO6, Nb2O5 and TiO2 

possess conduction band positions that are thermodynamically favorable for driving 
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hydrogen evolution, their wide band gaps still compromise practical applications. The 

influence of Ni2+, Nb5+ and N3- doping on the band positions of the materials can be 

predicted based on the known electronic configurations of these systems. In such 

metal oxide semiconductors, the valence band is primarily composed by oxygen 2p 

orbitals, while the conduction band is derived mainly from the cation d orbitals 

(AHMED, MANAN; XINXIN, 2016; SAKAR et al., 2020). Accordingly, Ni2+ doping is 

expected to shift the conduction band edges of Bi2WO6 and Nb2O5 toward lower 

potentials. In the case of oxynitrides, a more pronounced shift is expected in the 

valence band toward less positive potentials, owing to the contribution of N 2p orbitals 

introduced by nitrogen which is assumed to be the main factor causing the band gap 

reduction. This explains how the photoactivity of the materials can be shifted to the 

visible region after the modifications.  

 

 

Figure 31. Energy diagram indicating the valence band and conduction band positions 

for the unmodified semiconductor materials studied in this work. 

 

Both the Nb2O5 and Bi2WO6 were modified with Ni2+ (1% wt/wt.) via 

hydrothermal treatment, resulting in fine greenish powders. The diffraction patterns of 

the Bi2WO6-based samples were indexed to the orthorhombic phase of Bi2WO6 (ICCD 

39-0256) without any visible impurities (Figure 32a). No additional peaks were 
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observed in the diffraction pattern of the nickel-modified sample, only a shift toward 

higher 2θ angles, indicating that Ni²⁺ ions were incorporated into the crystal lattice of 

Bi2WO6, thereby doping the material. In the case of Nb2O5-based samples, the 

diffraction patterns display a multiphase profile with a mixture of orthorhombic and 

monoclinic phases; however, the presence of other phases was evident and could not 

be conclusively assigned using the databases available during this study Figure 32c. 

No additional peaks were observed in the 1%Ni:Nb₂O₅ sample, but slight changes in 

the relative intensities were observed in relation to the pristine oxide, possibly due to 

the hydrothermal treatment. 

 

 

Figure 32. (a) XRD patterns and (b) Raman spectra of Bi2WO6 and 1% Ni:Bi2WO6; (c) 

DRX patterns of Nb2O5 and 1% Ni:Nb2O5; (d) UV-Vis spectra of the powder samples. 

 

The Raman spectrum of the 1% Ni:Bi2WO6 sample is also characteristic of 

orthorhombic Bi2WO6 (Figure 32b). The vibrational modes in the 146–165 cm⁻¹ range 

are attributed to translational modes of Bi3+ ions. The peaks at 213, 287, 419, and 
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724 cm⁻¹ are associated with vibrations of the WO₆ octahedra. The most intense peak 

at 310 cm⁻¹ arises from apical oxygen stretching (Eg) within the WO₆ octahedra. At 

795 and 820 cm⁻¹, symmetric (A₁g) and asymmetric (A₂u) stretching modes are 

observed in WO₆. Finally, the only additional peak observed in the 1%Ni:Bi2WO6 

sample, at 940 cm⁻¹, is assigned to the transverse and longitudinal stretching of the 

Ni–O bond, indicating that nickel modification affected the material’s surface. 

The ionic radius of Ni2+ and Ni3+ (69 and 56 pm, octahedral coordination) are 

significantly smaller than that of Bi3+ (103 pm) (SHANNON, 1976), which implies that 

direct substitution of Bi3+ sites by Ni2+/3+ would generate considerable lattice strain and 

require the formation of compensatory defects, such as oxygen vacancies, to maintain 

charge balance. The observed shift of the diffraction peaks toward higher 2θ angles 

supports a reduction of lattice parameters, consistent with structural defects. However, 

the high mismatch in both ionic size and charge also suggests that a substantial 

fraction of the Ni2+ ions are likely accommodated in interstitial positions or adsorbed 

onto the surface as Ni–O or Ni–OH species. This interpretation is corroborated by the 

presence of an additional Raman band at ~940 cm-1, attributed to Ni–O vibrations, and 

the XPS signals characteristic of Ni–OH surface groups, as further discussed below. 

Replacement of W6+ is less likely due to the large mismatch between the charge of the 

cations. 

In the case of Nb2O5, the comparison of ionic radii suggests that Ni2+/3+ 

incorporation into is structurally favorable. The ionic radius of Ni2+ (69 pm) and Ni3+ (56 

pm) is very similar to that of Nb5+ (64 pm) in octahedral coordination (SHANNON, 

1976), indicating that substitutional doping is unlikely to induce significant lattice 

distortion. However, the substantial difference in ionic charge means that 

compensatory defects such as oxygen vacancies or mixed-valance states (Nb5+ and 

Nb4+) would be required to maintain charge neutrality. 

The DRS spectra of the Ni-modified samples exhibited a shift towards the 

visible region when compared to their pristine counterparts. 1% Ni:Nb2O5 exhibited an 

absorption tail extending up to 450 nm, while 1% Ni:Bi2WO6 showed absorption 

extending up to 500 nm (Figure 32d), evidencing that in both cases, the absorption 

was shifted into the visible range. SEM images of the powder samples, Figure 33, 

revealed that the 1% Ni:Bi2WO6 sample presented a morphology of well-organized 

thin micrometer-scale sheets, while the pristine Bi2WO6 exhibits nanosized scale 
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sheets. In contrast, the 1% Ni:Nb2O5 sample showed aggregates of irregular 

nanometric spheres deposited on larger plates, consistent with its multiphasic 

composition, similarly the pristine Nb2O5 is formed by an irregular agglomerate of 

inhomogeneous structures. 

 

 

Figure 33. SEM images of (a, b) 1% Ni:Bi2WO6 and (c, d) 1% Ni:Nb2O5 samples at 

different magnification levels, (e) Pristine Bi2WO6 and (e) pristine Nb2O5. 

 

The composition of the samples was investigated through XPS, Figure 34. No 

significant contamination was identified in the survey spectra of the materials studied, 

Figure 34a. Additionally, in the high-resolution spectra the Ni 2p doublet, a typical 

profile of Ni–OH bonds with significant contribution from Ni3+, probably due to the 
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highly oxidizing hydrothermal synthetic media (JIANG et al., 2015), was observed 

confirming the incorporation of Ni2+ and Ni3+ species in both samples, Figure 34b. The 

nickel content in the samples was quantified by atomic absorption measurements, 

revealing approximately 0.050 ± 0.01 wt.% nickel in 1% Ni:Nb2O5 and 0.040 ± 0.01 

wt.% in 1% Ni:Bi2WO6, indicating that only half of the total Ni2+ content employed in 

the hydrothermal synthesis was incorporated into the crystalline lattice of the doped 

materials. 

 

 

Figure 34. XPS spectra of the nickel-modified samples. (a) Survey spectrum of 1% 

Ni:Nb2O5; (b) Ni 2p HR spectrum of 1% Ni:Nb2O5; (c) Survey spectrum of 1% 

Ni:Bi2WO6 and (d) Ni 2p HR spectrum of 1% Ni:Bi2WO6. 

 

The photocatalytic performance was evaluated in terms of conversion efficiency 

and H₂ production in glycerol photoreforming experiments. The materials were 

suspended in aqueous solutions containing 10% v/v analytical grade glycerin or crude 

glycerol, and the resulting suspension was irradiated with visible light (λ > 400 nm, 

100 mW cm-2), Figure 35a. The unmodified Bi2WO6 and Nb2O5 samples exhibited no 
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photoactivity under any of the tested conditions, as these materials lack activity in the 

visible spectrum. However, for both modified materials, H₂ production was comparable 

when either raw glycerol or analytical-grade glycerol was used. The 1% Ni:Bi2WO6 

photocatalyst maintained an H2 production rate of 1.82 ± 0.1 mmol g-1 h-1, while 

1%Ni:Nb2O5 reached 0.25 ± 0.05 mmol g-1 h-1 over 5 hours of reaction. Nevertheless, 

1% NI:Nb2O5 was more efficient in converting crude glycerol, achieving 36% 

conversion compared to 26% for 1% Nb:Bi2WO6. 

 

 

Figure 35. (a) Reactor used in the crude glycerol photoreforming experiments and (b) 

hydrogen evolution from crude glycerol (10% v/v) photoreforming using 

nickel-modified materials (λ > 400 nm, 100 mW cm⁻²) 

 

Additionally, vinasse from sugarcane refineries was employed as a sacrificial 

reagent in the photoreforming experiments. Vinasse is the main liquid residue 

generated during sugar and bioethanol production. It has a complex composition and 

is characterized by a high Chemical Oxygen Demand (COD), strong odor and high 

turbidity. Therefore, the photocatalysts were also evaluated for their capacity to 

remove COD from raw vinasse. The vinasse was diluted to 10% v/v to allow light 

penetration into the suspension. Two illumination conditions were assessed: simulated 

solar irradiation (Air Mass 1.5G) and visible light (λ > 400 nm), both at 100 mW cm⁻². 

None of the materials produced H2 from vinasse photodegradation. Under visible light, 

1% Ni:Bi2WO6 removed 60% of the initial COD after 5 hours of photocatalytic testing, 

while 1% Ni :Nb2O5 removed only 19%, Figure 36. This difference in performance in 
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attributed to the broader absorption spectra of 1% Ni:Bi2WO6. However, when 

simulated sunlight was employed, both photocatalysts performed similarly, reducing 

the initial COD by 20%. Control experiments were also performed by illuminating 

vinasse without a photocatalyst, whereas no changes on COD were observed. These 

results are promising and suggest that vinasse can act as an electron donor 

photoinduced reactions.  

 

 

Figure 36. COD removal of vinasse (10% v/v in water) after 5 hours of illumination 

under (a) visible light (λ > 400 nm, 100 mW cm-2) and (b) simulated sunlight (AM 1.5G, 

100 mW cm-2). 

 

Another material that was investigated was titanium and niobium oxynitride. 

Oxynitrides are a category of materials that have also drawn significant attention 

recently (AHMED, MANAN; XINXIN, 2016; JIANG, S.; LIU; XU, 2021). These 

materials exhibit properties of both oxides and nitrides derived from their precursor 

metals, making them promising candidates in the field of photocatalysis. Additionally, 

the incorporation of nitrogen into the crystalline structure of oxynitrides reduces their 

band gap energy, thereby shifting their absorption into the visible spectrum. A 

secondary metal is often introduced to stabilize the charge imbalance caused by 

replacing oxygen with nitrogen in the crystal lattice, leading to an increase in cell 

volume and improved electronic mobility compared to the precursor oxides. 

The synthesis of TiO2-based oxynitride involves two stages. In the first stage, 

precursors of Ti(IV) and Nb(V) are combined in the presence of excess urea, which 

acts as a nitrogen source. This mixture is calcined at 750°C in a nitrogen atmosphere 
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to produce a titanium-niobium nitride. The nitride is then calcined in air, undergoing 

partial oxidation to form titanium oxynitride doped with niobium and nitrogen (NbTiON).  

The diffraction pattern of the material obtained after the first calcination stage 

in N2 atmosphere reveals a mix of anatase, rutile, and titanium nitride (TiN), Figure 37. 

Rietveld refinement shows that approximately 25% of the material is converted to TiN, 

while 40% corresponds to the anatase phase and the remaining 35% to rutile. Brancho 

and collaborators (BRANCHO et al., 2017), describe that this phenomenon could be 

attributed to the formation of oxynitride during the nitride synthesis stage. After the 

second synthesis stage, Raman spectra show only the anatase and rutile phases, 

unlike the 100% anatase oxynitride reported by Brancho et al. (BRANCHO et al., 

2017). Furthermore, the diffraction pattern of the oxynitride indicates it keeps TiO2 

structure, predominantly composed of the rutile phase with some anatase. Diffuse 

reflectance analyses demonstrate that the absorption of oxynitride extends up to 500 

nm in the visible spectrum, in contrast to TiO2, whose absorption is confined to the 

ultraviolet range. 

 

 

Figure 37. (a) Diffractogram of NbTiON after the first calcination in N2 atmosphere; (b) 

Raman and (c) DRX spectra of NbTiON after the last calcination step. (d) UV-Vis 

spectra of TiO2 P25 and NbTiON. 
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The high-resolution XPS spectra of NbTiON confirm that the synthesis was 

effective in producing the target material as no significant impurities are visible in the 

survey spectra Figure 38a. After the final calcination step under an air atmosphere, 

two distinct N 1s peaks are observed, Figure 38b, indicating the partial oxidation of the 

material. The peak at 403.2 eV corresponds to nitrogen directly bonded to titanium 

(Ti—N), while the peak at 396.5 eV is associated with nitrogen species bonded to TiO2 

(N—TiO2) (MACKENZIE; CRAVEN; HATTO, 1999; PIALLAT et al., 2016). Peaks 

corresponding to Nb(V) species incorporated into the structure are also evident, Figure 

38c. Moreover, in the O 1s region, Figure 38d, two peaks are observed in the sample, 

a phenomenon attributed to the presence of adsorbed water and/or oxygen vacancies 

in a manner analogous to BiWO(vac). Ti 2p high-resolution XPS spectrum shows 

features attributed to TiO2 and TiON which are characteristic of titanium-based 

oxynitride. Finally, the N1s XPS spectra of the sample collected after the first 

calcination step in N2 atmosphere (NbTiN), Figure 38f exhibits a distinct behavior 

identified a shift towards lower binding energy (397 eV) and by the presence of a 

significant satellite feature at 400 eV, which are characteristic of nitrogen in TiN 

(MACKENZIE; CRAVEN; HATTO, 1999; ZUO et al., 2022) corroborating the nitride 

and, thus, the oxynitride formation. 
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Figure 38. (a) Survey XPS spectra of NbTiON. (b) High-resolution N1s XPS spectrum 

of NbTiON (c) High-resolution Nb3d XPS spectrum of NbTiON, (d) High-resolution 

O1s spectrum of NbTiON (e) high resolution spectrum of Ti2p of NbTiON and (f) 

High-resolution N1s XPS spectrum of NbTiN after the first calcination step in N2 

atmosphere, confirming the formation of the nitride. 

 

While promising results were obtained using vinasse as a sacrificial agent, its 

application presented significant challenges due to the high turbidity of the solution 

and the presence of recalcitrant organic components. To overcome these limitations, 

flegmass, a distillery residue derived from sugarcane processing, was selected as the 

photoreforming substrate for the experiments involving NbTiON. The main advantage 

of flegmass is its suitability for direct use, requiring no dilution or additional 

pre-treatment. A 5% v/v methanol solution was used as a benchmark for hydrogen 
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evolution, as methanol is known to be an excellent sacrificial electron donor (NUNES, 

B. N. et al., 2019). Under visible light irradiation (λ > 400 nm, 100 mW cm⁻²), NbTiON 

achieved an H2 evolution rate of 35.0 ± 4.2 µmol g-1 h-1, with production continuously 

increasing over the 10 hours experiment. In contrast, when flegmass was used as the 

sacrificial agent, the H2 evolution rate increased fourfold, reaching 140 ± 18 µmol g-1 

h-1 under the same conditions. Control experiments conducted using TiO2 P25 showed 

no detectable hydrogen production under visible light, owing to its absorption being 

restricted to the UV range. 

 

 

Figure 39. Photocatalytic hydrogen evolution of NbTiON using (a) methanol and (b) 

flegmass as sacrificial agent. (λ > 400 nm, 100 mW cm-2). 
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5.4. Conclusions 

It was verified that oxynitrides are a promising class of materials for developing 

visible-light-active photocatalysts. NbTiON achieved a H2 evolution rate of 140 μmol 

g-1 h-1 under visible light (λ > 400 nm, 100 mW cm-2). The NbTiON oxynitride combines 

the favorable morphological and structural properties of TiO2 with a narrower band gap 

and consequently enhanced light harvesting capabilities. This synergistic effect may 

hold the key to the development of novel photocatalysts enabling scalable biomass 

photoreforming solutions. 

Moreover, Ni doping was successful in shifting the photoactivity of Bi2WO6 and 

Nb2O5 to the visible region. The doped materials showed promising results for glycerol 

photoreforming and vinasse. 1% Ni:Bi2WO6 removed 60% of COD of vinasse and 

achieved a H2 evolution rate 1.82 ± 0.1 mmol g-1 h-1 from glycerol photoreforming. Its 

better performance compared to 1% Ni:Nb2O5 was attributed to broader absorption in 

the visible spectrum. 

Although these studies showed that both the Ni-modified materials and the 

oxynitride are good candidates for biomass photoelectroreforming, immobilizing them 

as thin films has proven a challenge due to their limited thermal stability. The annealing 

step is essential to remove organic impurities and enhance the mechanical stability of 

the films. However, upon calcination, the surface Ni species at the Ni2+/3+-doped 

materials undergo oxidation, generating NiO which poisons the photoanode hindering 

its performance. Similarly, calcination of NbTiON leads to further oxidation resulting in 

mixtures of TiO2 and Nb2O5. Therefore, additional studies are needed to develop 

strategies for fabricating stable photoanodes based on these materials. 
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6. Bridging the Gap: Toward 

Practical Light-Driven Low 

Carbon Hydrogen Production 
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The pressing global demand for sustainable energy solutions has intensified 

the search for alternative routes to low-carbon hydrogen production. While 

photocatalysis and photoelectrochemical reforming represent promising approaches, 

their large-scale implementation remains limited by challenges such as poor light 

harvesting, rapid charge carrier recombination, insufficient stability, and the limited use 

of real-world substrates in testing protocols. This thesis contributes to bridging these 

gaps by systematically investigating and engineering a range of materials, based on 

Bi2WO6, Nb2O5, TiO2, and novel oxynitride and COF-based systems, for sunlight-

driven hydrogen evolution, with particular attention to their performance in complex, 

industrial biomass-derived waste streams. 

Through rational design strategies including oxygen vacancy engineering, 

metal doping, and the synthesis of oxynitride (NbTiON) and covalent organic 

frameworks, significant progress was made toward extending the photoresponse of 

wide band gap semiconductors into the visible region, thus increasing the sunlight 

harvesting capabilities of these materials. The Ni-doped Bi2WO6 and Nb2O5-based 

photocatalysts exhibited notable activity for hydrogen evolution and chemical oxygen 

demand (COD) removal when tested against crude glycerol and vinasse, confirming 

their viability in handling real substrates. The BiWO(vac) with engineered oxygen 

vacancies stood out for its high visible-light absorption when compared to the 

unmodified Bi2WO6 and glycerol photoelectroreforming performance under simulated 

sunlight conditions. Notably, the COF materials delivered sustained H2 evolution 

through ascorbic acid photoreforming during several days of continuous operation, 

highlighting the robustness of this system.  

The photoelectrochemical approach is highlighted due to its increased H2 

evolution kinetics when compared to regular photocatalysis. Moreover, it was shown 

that the proposed photoelectrochemical systems could reach similar performance 

when either analytical grade model molecules or real industrial waste streams, such 

as crude glycerol and flegmass, were employed as substrates. In this context, among 

all systems studied, Nb-doped BiVO4 emerged as the most efficient and robust 

photoanode. It demonstrated excellent PEC performance, achieving over 90% 

glycerol conversion and an 89% selectivity toward formic acid, with a hydrogen 

evolution rate of 4.2 μmol H2 cm-2 h-1 under AM 1.5G irradiation, an 84% increase over 

undoped BiVO4. Moreover, the 5% Nb:BiVO4 photoanodes yielded the highest 

photocurrent density among the studied systems. Importantly, the system exhibited 
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good operational stability during extended operation, making it a leading candidate for 

practical photoelectroreforming applications. 

Therefore, this work reinforces the importance of combining material 

engineering strategies with realistic testing protocols using actual waste streams as 

platform for low-carbon hydrogen evolution. It positions Nb-doped BiVO4 photoanodes 

as a benchmark system for future research on solar-driven biomass valorization and 

low carbon hydrogen production, while also highlighting the potential of emerging 

material classes such as oxynitrides and COFs to address the next generation of 

photo(electro)catalytic challenges. 

Building on the promising results obtained in this work, future research will focus 

on the scaling and practical implementation of the developed photocatalytic and 

photoelectrochemical systems. Particular attention will be placed on 

photoelectrochemical approaches, given their superior hydrogen evolution kinetics 

and potential for system integration. The main challenge ahead lies in bridging the gap 

between laboratory-scale experiments and industrial applications. To this end, flow-

cell configurations capable of operating with real waste streams must be further 

developed and optimized. Advancing these systems will not only move toward 

sustainable hydrogen production but also contribute to the valorization of industrial 

biomass-derived residues, supporting the transition to cleaner and more circular 

energy technologies. 
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7. Overall Conclusions 
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This thesis demonstrates that rational design and engineering of photocatalyst 

materials can significantly enhance their performance in visible-light-driven 

photocatalytic and photoelectrochemical hydrogen evolution from biomass-derived 

real industrial wastes.  

Solvothermal synthesis in ethylene glycol successfully produced 

oxygen-deficient Bi2WO6 (BiWO(vac)) with improved visible light absorption and charge 

transport when compared to its counterpart obtained hydrothermally, demonstrating 

the role of synthetic media in defect generation. The BiWO(vac) photoanodes exhibited 

improved charge dynamics and conductivity, which resulted in a hydrogen evolution 

rate of 63 µmol cm-2 h-1 with a faradaic efficiency of 91%, two times bigger than pristine 

Bi2WO6. Glycerol conversion was found to be 24.5% at pH = 6 with 85% selectivity 

toward formic acid production. 

Doping strategies were successfully employed into known semiconductor 

oxides through hydrothermal synthesis, Ni2+/3+ incorporation into Bi2WO6 and Nb2O5 

were efficient in extending the absorption edge into the visible region and improving 

the photocatalytic activity of the materials, although photoelectrocatalytic applications 

are still limited. In the case of BiVO4, the Niobium doping significantly enhanced the 

photoanode performance, with 5% Nb:BiVO4 exhibiting 80% increase in photocurrent 

during long-term crude glycerol photoelectroreforming. Moreover, 

photoelectroreforming of crude glycerol with 5% Nb:BiVO4 after 6 hours of irradiation 

achieved 91.4% substrate conversion, producing green H2 at a rate of 

4.2 mol cm-2 h-1, much higher than 2.3 mol cm-2 h-1 obtained by undoped BiVO4. 

EPR spin trapping experiments indicated that the main reaction mechanism involves 

direct hole transfer to adsorbed glycerol on the catalyst surface forming organic radical 

species. Therefore, 5% Nb:BiVO4 consistently outperformed bare BiVO4 photoanode, 

highlighting its potential for valorizing low-cost, biomass-derived residues into valuable 

chemicals and renewable fuels. 

NbTiON oxynitride exhibited remarkable visible-light-driven hydrogen evolution 

when reforming flegmass. The material retained the favorable surface and structural 

properties of TiO2 while displaying a shorter band gap and, thus, improved light 

harvesting capabilities, confirming the potential of oxynitrides as robust photocatalysts 

for real waste streams. 
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Covalent Organic Frameworks (COFs) were synthesized as proof-of-concept 

materials with tailored linkage chemistries, offering promising pathways to engineer 

porosity, optoelectronic properties, and interfacial interactions for photocatalytic 

applications. We have demonstrated that demonstrate that converting imine to amide 

linkages in a thiophene-based COF allows for altering surface charge through different 

protonation behaviour of the linkages. The amide-linked COF, acts as an antenna that 

facilitates interdomain electron transport along COF agglomerates, promotes both Pt 

growth and subsequent proton reduction demonstrating 300 % increase in 

photocatalytic hydrogen evolution rates compared to its imine form. This work 

introduces surface charge modulation as a novel tool for controlling photocatalytic 

processes in COF-based systems expanding the COF functionality in photocatalysis 

Overall, this work highlights the importance of combining material innovation 

with mechanistic understanding to enable scalable, efficient solar-fuel production 

technologies. The present work brings many sustainable approaches for green H2 

production using highly diversified platforms, representing an important step towards 

a cleaner society. 
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9.1. Appendix A – Supporting information of chapter 2  

 

Figure A1. XPS survey spectra of Bi2WO6 (red) and BiWO(Vac) (black) powder 

samples. 

 

 

Figure A2. Chronoamperometry of pristine Bi2WO6 photoanodes in crude glycerol 

electrolyte (10% glycerol v/v in K2SO4 0.1 M) under 0.8 V vs Ag/AgCl and illumination 

(AM 1.5G, 100 mW cm-2) and (b) H2 evolution from the chronoamperometric 

experiment. 
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Figure A3. (a) EIS Nyquist and (b) Bode plot of pristine Bi2WO6 photoanode taken 

under illuminated conditions (AM 1.5G, 100 mW cm-2) at 1.0 V vs Ag/AgCl. Fitting 

parameters: RCT = 23.2 k, RTP = 6.0 k 

 

 

Figure A4. Power law decay fitting of (a) Bi2WO6 photoanode and (b) BiWO(vac) probed 

at 900 nm and under applied bias of 0.8 V vs Ag/AgCl. 
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Figure A5. Transient photocurrent trace spectrum of BiWO(vac) photoanodes. 

 

  

Table A1. EIS data fitting parameters for the BiWO(vac) photoanodes. 

Bias 
(V vs Ag/AgCl) 

RTp (Dark) RCT (Dark) RTP (Light) RCT (Light) 

1.0 V 2.9 k 23.5 k 5.7 k 14.0 k 

0.8 V 1.8 k 49.6 k 6.2 k 23.7 k 

0.6 V 0.2 k 69.9 k 6.1 k 30.0 k 

0.4 V 0.5 k 76.2 k 6.0 k 31.6 k 

0.2 V 0.4 k 86.4 k 5.3 k 32.8 k 
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9.2. Appendix B – Supporting information of chapter 3 

Table B1. Fitting parameters of the XPS data. 

Sample C (%) Bi (%) V (%) O (%) Nb (%) Bi/V 

BiVO4 10.46 23.84 13.61 52.09 - 1.75 

5% Nb:BiVO4 6.88 20.22 8.73 59.10 5.07 2.32 

1% Nb:BiVO4 20.0 23.48 10.98 45.22 0.45 2.175 

0.1% Nb:BiVO4 13.6 23.93 12.34 50.13 - 1.94 

 

 

Figure B1. TEM-EDS mapping of 5% Nb:BiVO4 powder(a - e) and (f) EDS sum 

spectrum. 
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Figure B2. Nyquist and bode EIS plots of (a) BiVO4, (b) 0.1% Nb:BiVO4 and (c) 5% 

Nb:BiVO4 at different potentials. All measurements were performed in dark with 0.1 M 

K2SO4 electrolyte. 
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Table B2. EIS data fitting parameters. 

Sample 
Bias 
(RHE) 

Rs() Rct () CPE (sn) n 2 (10-3) 

5% Nb:BiVO4 (light) 1.0 V 31.6 634 7.3x10-5 0.81 2.7 

5% Nb:BiVO4 1.0 V 32.4 16854 2.8x10-5 0.90 3.0 

BiVO4 (light) 1.0 V 31.8 1290 3.9x10-5 0.88 1.1 

BiVO4 1.0 V 32.2 14485 2.7x10-5 0.90 1.6 

BiVO4 0.6 V 32.0 19416 2.8x10-5 0.91 1.3 

BiVO4 0.4 V 32.0 17224 4.57x10-5 0.86 2.4 

BiVO4  0.2 V 32.0 18738 6.1x10-5 0.85 2.3 

 

 

 

Figure B3. (a) Crude glycerol and (b) flegmass that were used in this study. 
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9.3. Appendix C – Supporting information of chapter 4 

 

Figure C1. Simulated Kagome structure of Imine-BDT-ETTA. 

 

Structural parameters of Imine-BDT-ETTA: 

Unit Cell Parameters (P6): 

a = b = 4.641 nm, c = 0.447 nm 

α = β = 90 º, γ = 120 º 

 

Table C1. Fractional coordinates of Imine-BDT-ETTA. 

C1 C 0.48488 148.320 0.27866 

C2 C 0.51472 0.54810 0.28876 

C3 C 0.54703 0.52009 0.32098 

C4 C 0.57525 0.54268 0.15422 

C5 C 0.60616 0.54449 0.19731 

C6 C 0.60923 0.52384 0.41010 

C7 C 0.58184 0.50322 0.58725 

C8 C 0.55167 0.50259 0.55024 

C9 C 0.46020 0.42402 0.44830 

C10 C 0.46340 0.39632 0.52071 

C11 C 0.49111 0.39437 0.43094 

C12 C 0.51510 0.41916 0.25108 
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C13 C 0.51285 0.44705 0.17380 

N14 N 0.50224 0.62709 0.55696 

C15 C 0.49283 0.64461 0.69314 

N16 N 0.63889 0.52197 0.45301 

C17 C 0.66745 0.53819 0.31775 

C18 C 0.49687 0.32253 0.61467 

S19 S 0.46352 0.29767 0.34968 

C20 C 0.47186 0.26430 0.42403 

C21 C 0.49747 0.27299 0.62728 

C22 C 0.51131 0.30666 0.73550 

C23 C 0.50801 0.25069 0.71007 

C24 C 0.49177 0.21909 0.58145 

C25 C 0.46596 0.20993 0.37917 

C26 C 0.45541 0.23242 0.29525 

C27 C 0.45299 0.17604 0.27100 

C28 C 0.46890 0.16145 0.39059 

S29 S 0.50186 0.18726 0.65424 

H30 H 0.43913 0.42443 0.54517 

H31 H 0.44527 0.37716 0.66617 

H32 H 0.53703 0.41799 0.18828 

H33 H 0.53437 0.46629 0.06758 

H34 H 0.53125 0.31766 0.89847 

H35 H 0.52801 0.25749 0.86879 

H36 H 0.43562 0.22572 0.13452 

H37 H 0.43324 0.16431 0.10728 

H38 H 0.44331 0.11526 0.14900 

H39 H 0.52604 0.36730 0.86435 

H40 H 0.62692 0.56104 0.05796 

H41 H 0.57300 0.55797 0.01601 

H42 H 0.58421 0.48774 0.75540 

H43 H 0.53060 0.48739 0.68770 
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Figure C2. Simulated Kagome structure of Amide-BDT-ETTA. 

 

Structural parameters of fully (100%) amidized Amide-BDT-ETTA  

Unit Cell Parameters (P6): 

a = b = 4.781 nm, c = 0.448 nm 

α = β = 90 º, γ = 120 º 

 

 

Table C2. Fractional coordinates of fully (100%) oxidized Amide-BDT-ETTA. 

C1 C 0.48369 148.521 0.33321 

C2 C 0.52241 0.54821 0.33528 

C3 C 0.54474 0.51214 0.36387 

C4 C 0.57274 0.53115 0.18995 

C5 C 0.60124 0.52990 0.23550 

C6 C 0.60253 0.50973 0.45772 

C7 C 0.57461 0.49027 0.62587 

C8 C 0.54663 0.49256 0.58555 

C9 C 0.44904 0.42667 0.47581 

C10 C 0.44250 0.39460 0.49319 

C11 C 0.46443 0.38614 0.37885 

C12 C 0.49242 0.40972 0.23659 



165 
 

C13 C 0.49889 0.44180 0.21559 

N14 N 0.54176 0.64639 0.41138 

C15 C 0.51749 0.65345 0.51616 

N16 N 0.63138 0.50794 0.51263 

C17 C 0.66389 0.53407 0.46122 

C18 C 0.47741 0.31317 0.49350 

S19 S 0.44395 0.28097 0.27960 

C20 C 0.45949 0.25512 0.39199 

C21 C 0.48703 0.27049 0.56985 

C22 C 0.49700 0.30428 0.62475 

C23 C 0.50238 0.25383 0.67696 

C24 C 0.48894 0.22113 0.59735 

C25 C 0.46130 0.20576 0.42078 

C26 C 0.44601 0.22243 0.31316 

C27 C 0.45132 0.17203 0.36452 

C28 C 0.47111 0.16316 0.49127 

S29 S 0.50475 0.19529 0.70394 

H30 H 0.43167 0.43159 0.58390 

H31 H 0.42081 0.37645 0.60634 

H32 H 0.50947 0.40309 0.14583 

H33 H 0.52183 0.45829 0.12074 

H34 H 0.51780 0.32048 0.75988 

H35 H 0.52386 0.26560 0.81602 

H36 H 0.42461 0.21069 0.17309 

H37 H 0.43047 0.15590 0.22962 

H38 H 0.62193 0.54404 0.09179 

H39 H 0.57246 0.54692 0.01774 

H40 H 0.57499 0.47426 0.79612 

H41 H 0.52558 0.47877 0.71954 

O42 O 0.13911 0.50733 0.62913 

O43 O 0.89245 0.33146 0.39605 

H44 H 0.56552 0.66565 0.38945 

H45 H 0.62882 0.48690 0.61184 
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Structural parameters of partially (50%) oxidized Amide-BDT-ETTA  

Unit Cell Parameters (P6): 

a = b = 4.749 nm, c= 0.447 nm 

α = β = 90 º, γ = 120 º 

 

Table C3. Fractional coordinates of partially (50%) oxidized Amide-BDT-ETTA. 

C1  C 0.48432 148.461 0.38418 

C2  C 0.51927 0.54774 0.38439 

C3  C 0.54538 0.51508 0.40932 

C4  C 0.57251 0.53551 0.23115 

C5  C 0.60187 0.53578 0.26161 

C6  C 0.60481 0.51526 0.47096 

C7  C 0.57813 0.49539 0.65177 

C8  C 0.54930 0.49634 0.62704 

C9  C 0.45327 0.42585 0.52296 

C10  C 0.44866 0.39449 0.53153 

C11  C 0.47148 0.38751 0.41026 

C12  C 0.49915 0.41204 0.27012 

C13  C 0.50448 0.44361 0.25494 

N14  N 0.53394 0.64495 0.43012 

C15  C 0.50887 0.65207 0.50951 

N16  N 0.63381 0.51315 0.50190 

C17  C 0.66179 0.53232 0.37952 

C18  C 0.48554 0.31470 0.47330 

S19  S 0.45191 0.28421 0.25146 

C20  C 0.46618 0.25691 0.35089 

C21  C 0.49346 0.27083 0.53285 

C22  C 0.50438 0.30459 0.59932 

C23  C 0.50760 0.25287 0.63550 

C24  C 0.49327 0.22033 0.54624 

C25  C 0.46604 0.20650 0.36336 

C26  C 0.45191 0.22443 0.26118 

C27  C 0.45508 0.17281 0.29547 
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C28  C 0.47361 0.16255 0.42326 

S29  S 0.50726 0.19275 0.64687 

H30  H 0.43491 0.42906 0.63342 

H31  H 0.42727 0.37546 0.64170 

H32  H 0.51695 0.40680 0.17385 

H33  H 0.52742 0.46109 0.16548 

H34  H 0.52517 0.31964 0.73954 

H35  H 0.52878 0.26368 0.77909 

H36  H 0.43071 0.21362 0.11768 

H37  H 0.43443 0.15785 0.15331 

H38  H 0.44718 0.11295 0.24398 

H40  H 0.62149 0.55131 0.11336 

H41  H 0.57082 0.55106 0.06511 

H42  H 0.57985 0.47951 0.81549 

H43  H 0.52904 0.48174 0.76732 

H44  H 0.55792 0.66413 0.42032 

O45  O 0.56058 0.89147 0.58254 

 

 

Figure C3. Nitrogen sorption isotherms with resulting pore size distribution of (a) 

Imine-BDT-ETTA and (b) Amide-BDT-ETTA. 
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Figure C4. SEM images of (a,b) Imine-BDT-ETTA and (c,d) Amide-BDT-ETTA. 

 

 

 

Figure C5. (a) PXRD pattern  and (b) FT-IR spectra of three reference samples: 

Reference-COF-1 (black), Reference-COF-2 (purple) and Reference-COF-3 (orange). 
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Figure C6. SEM images of three reference samples: (a,b) Reference-COF-1, (c,d) 

Reference-COF-2  and (e,f) Reference-COF-3. 
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Figure C7. FT-IR difference spectrum obtained through the subtraction of the 

Imine-BDT-ETTA spectrum from Amide-BDT-ETTA spectrum.  

 

 

 

Figure C8. Full XPS spectrum of (a) Imine-BDT-ETTA COF, (b) Amide-BDT-ETTA 

COF and (c) BDT linker. O KLL Auger lines correspond to oxygen Auger transitions 

with an initial K-shell vacancy and a final double L-shell vacancy. Their kinetic energies 

remain independent of the ionizing radiation. Ni peak originates from the screws or the 

sample holder.  
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Figure C9. Carbon 1s XPS spectra of (a) Imine-BDT-ETTA, (b) Amide-BDT-ETTA and 

(c) BDT linker. Two carbon environments for both COFs: 284.7 eV and 289.5 eV for 

Imine-BDT-ETTA, and 284.3 eV and 288.1 eV for Amide-BDT-ETTA. The carbon 

signals 284.7 eV and 284.3 eV correspond to overlapping C=C, C–N, and C=N bonds. 

The higher binding energy peaks indicate oxidized carbon species from surface 

oxidation. The 288.1 eV peak in Amide-BDT-ETTA suggests a carbonyl (C=O) moiety, 

while the 289.5 eV peak in Imine-BDT-ETTA likely originates from unreacted aldehyde 

groups, indicating lower electron density in Imine-BDT-ETTA. S 2p XPS spectra of (d) 
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Imine-BDT-ETTA, (e) Amide-BDT-ETTA and (f) BDT linker. Oxygen 1s XPS spectra 

of (g) Imine-BDT-ETTA  COF, (h) Amide-BDT-ETTA COF and (i) BDT linker. Oxygen 

species between 532 eV and 536 eV correspond to carbonyl groups, amide bonds 

and sulfonyl groups. Nitrogen 1s XPS spectra of (j) Imine-BDT-ETTA and (k) 

Amide-BDT-ETTA. For Imine-BDT-ETTA revealed two nitrogen species at 398.6 eV 

(C=N and C–N bonds) and 402.8 eV (ammonium salts). The presence of 402.8 eV 

signal exclusively in Imine-BDT-ETTA suggests the presence of unreacted amino 

groups remaining after COF formation. For Amide-BDT-ETTA, one nitrogen species 

was observed at 399.0 eV, which implies in the existence of the C=N and C–N bonds. 

(l) The comparison between the N 1s spectra of Imine-BDT-ETTA (black) and 

Amide-BDT-ETTA (red) reveals a shift toward higher binding energy after the 

amidization process (from 398.7 to 399.2 eV), confirming the efficient conversion of 

imine to amide. 

 

 

 

Figure C10. HER rates using 10 mM H2A (1st-3rd cycles) and 2 mM H2A (4th-6th 

cycles) for (a) Imine-BDT-ETTA  and (b) Amide-BDT-ETTA. Conditions of 

photocatalytic tests: λ > 420 nm, 100 mW cm-2, 1 g/L COF suspension in H2A, 1.0 wt% 

(Pt/COF) using H2PtCl6 precursor. 
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Figure C11. (a) HER rates depending on the concentration of H2A for the 

Amide-BDT-ETTA. (b) H2 evolution using 0.75 M TEOA suspension for the 

Imine-BDT-ETTA (black) and Amide-BDT-ETTA (red). Conditions of photocatalytic 

tests: λ > 420 nm, 100 mW cm-2, 1 g/L COF suspension, 1.0 wt% (Pt/COF) using 

H2PtCl6 precursor 

 

 

  

 

Figure C12. CV plot of (a) Imine-BDT-ETTA and of (b) Amide-BDT-ETTA recorded in 

0.1 M NBu4PF6 in acetonitrile. 
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Figure C13. PL spectra for Imine-BDT-ETTA (black) and Amide-BDT-ETTA (red).  

 

 

 

Table C4. pH Values measured at different concentrations of H2A. 

Concentration of H2A (mM) pH value 

0 6.51 

2 3.53 

4 3.34 

6 3.23 

8 3.16 

10 3.10 
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Figure C14. Suspensions in water of Amide-BDT-ETTA and Imine-BDT-ETTA (a) 

after the ultrasonication  and (b) one hour after the ultrasonication. 

 

 

 

 

Figure C15. FT-IR spectra of (a) Imine-BDT-ETTA (black), Imine-BDT-ETTA treated 

with H2A (green) and H2A (blue) and (b) Amide-BDT-ETTA (red), Amide-BDT-ETTA 

treated with H2A (green) and H2A (blue). 
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Figure C16. Images of Pt particles within (a,b) Imine-BDT-ETTA-COF and (c,d) 

Amide-BDT-ETTA structure obtained after 13 h illumination. Conditions of illumination: 

λ > 420 nm, 100 mW cm-2, 1 g/L COF suspension containing 10 mM H2A, 1.0 wt% 

(Pt/COF) using H2PtCl6 precursor. 

 

 

Figure C17. Pt size distribution in the Imine-BDT-ETTA-COF (a) and in the 

Amide-BDT-ETTA-COF (b) following 13 h of irradiation in the presence of 10 mM H2A. 
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