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Abstract 

The photoelectrocatalytic (PEC) valorization of glycerol is emerging for the co-generation of 

hydrogen and value-added organics like glyceraldehyde (GAD) or dihydroxyacetone (DHA). In this 

work, we have designed, tested and optimized a pioneering photoelectrolyser with a non-noble metal-

based photoanode (WO3), operating in near-neutral conditions and using .a proton-exchange 

membrane (PEM) which ensures the elution of a purified hydrogen stream from the cathode side 

while selectively oxidizing glycerol on the anode. The influence of light irradiation, external bias and 

cell temperature has been investigated, leading to GAD and DHA production rates of 11.1 and 5.2 

mmol m
-2

 h
-1

 at 60 ºC and 1.2 V, along with 44.0 mmol H2 m
-2

 h
-1

. The long-term stability of the 

photoelectrolyser has also been validated and the particularities of this system with respect to other 

conventional devices have been discussed. PEC stands as a promising sustainable technology for the 

simultaneous H2 generation and biomass valorization. 
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1. Introduction 

Glycerol is an important by-product (~2.2 Mt worldwide in 2019 [1]) of the production of biodiesel as 

an alternative to fossil fuels and of soap manufacture. Being largely available and cheap, its 

valorization is not only encouraged for the global consensus on carbon neutralization, but also highly 

economically profitable. This is especially relevant when dealing with the selective production of its 

primary 3C oxidation products, glyceraldehyde (GAD) and dihydroxyacetone (DHA), which are key 

precursors in the synthesis of cosmetics, polymers and biodegradable emulsifiers [2–6]. Besides, 

green hydrogen is regarded as one of the most important energy carriers for global energy 

transformation and development, given its high gravimetric energy density and its potential 

environmentally friendly implementation [7,8]. In this sense, a promising pathway for simultaneous 

glycerol valorization into value-added chemicals and pure green hydrogen is the photoelectrocatalysis 

(PEC) using renewable energy sources. This technology is more efficient than photocatalysis (PC) 

because external voltage can promote the separation of photogenerated electrons and holes. Therefore, 

PEC has gradually attracted the attention of academia and industry in recent years [9–11]. 

Glycerol-upgrading by PEC process is composed of two half-reactions: glycerol 

electrooxidation/oxygen evolution reaction (OER) at the anodic catalyst, and hydrogen evolution 

reaction (HER) at the cathodic catalyst. Despite recent several achievements, four main bottlenecks 

need to be addressed:  

i) There is insufficient attention on both half-reactions simultaneously, i.e., glycerol oxidation 

and hydrogen evolution. Many studies are focused only on the cathodic hydrogen production 

and the anodic reactions are to some extent ignored. The products of the glycerol 

electrooxidation have not been analyzed in some cases [12–17] and, when they have been, 

the reaction has not always resulted in the production of the desired primary products. For 

example, in some cases, the selectively obtained product is glycerate [18–20], glycolate 

[20,21], lactate [20] or formate [22–25]. 
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ii) The utilization of precious metals like Pt [20,26–29], Au [30–32] and Pd [33–35], either as 

main active phase or as co-catalyst, decreases the PC and PEC economic competitiveness. In 

particular, in this work, the concern of replacing the noble metals has been focused on the 

anodic catalyst. 

iii) Most of the studies are carried out under harsh reaction conditions, i.e., using acid (e.g., 

H2SO4) [24,36–38] or alkaline concentrated solutions (e.g., KOH, NaOH) [18–22] as 

electrolytes, increasing the safety risks of storage and transportation and environmental 

hazards in large-scale production. For instance, Wang et al. proposed a CoNiFe-LDHs-

decorated Ta3N5 nanotube array for the simultaneous generation of anodic formate and 

cathodic hydrogen in a 1.0 M NaOH electrolyte, [22] while the highest DHA selectivities 

(above 50%) have been reached by using solutions with pH = 2 [24,36–38]. There are very 

few PEC works performed under neutral or near-neutral conditions [25,39–41] and only two 

of them achieved the selective generation of C3s, by Gu et al. [39] and by this group [40]. In 

both cases, WO3-based anodes showed to be excellent materials for the selective glycerol 

oxidation, with selectivities up to c.a. 90% for GAD+DHA.  

iv) Apart from the unavoidable purification concerns regarding anodic liquid products (their 

separation from the liquid electrolyte), the generation of pure H2 stream from glycerol 

electrolysis/photoelectrolysis is not ensured in the traditional 3-electrode PEC cells, unless 

there is a complete absence of any other gaseous products derived from the anode (e.g., CO 

or CO2 from undesired glycerol oxidation reactions under neutral or acid conditions, or O2 

from the competitive water oxidation reaction at high enough potentials) [42,43]. 

Furthermore, the non-separation of the anodic and cathodic compartments may lead to side 

reduction reactions or poisoning phenomena at the cathode due to adsorbed organics 

adsorption. This is the case of the above-mentioned works, where both anodic and cathodic 

half-reactions took place in the same gas/liquid compartment. In view to its practical 

application, this configuration may increase the process complexity and economical cost due 

to the need for hypothetical products post-purification operations.  
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Polymer electrolyte membrane (PEM) cells using a thin solid electrolyte membrane to separate anode 

and cathode electrodes show several advantages with respect to liquid electrolyte cells, such as the 

separation of any possible gaseous oxidation products from the cathodic hydrogen effluent, typically 

lower ohmic resistance, higher compactness and better fluid dynamics, which lead to improved 

durability and efficiency [44,45]. PEM cells have been widely used in the field of electrocatalytic 

hydrogen generation from alcohols [46–51]. In particular, glycerol electrolysis was studied in PEM 

configuration with a proton-conducting membrane by Kim et al. [52], Marshall and Haverkamp [53], 

and Fan et al. [54]. There are also several works using an anion-exchange membrane, from the groups 

of Linares [55,56], Vizza [57] and Schuhmann [58–60]. However, the employed anodes were found to 

mainly produce glycerate [52,55–57], tartronate [55–57,59] or formate [54,58–60]. Therefore, to the 

best of our knowledge, the present study is the first one that simultaneously investigates the 

production of hydrogen and the selective glycerol valorization to GAD or DHA in a PEM cell, for 

either glycerol electrolysis or photoelectrolysis. Furthermore, the photoelectrocatalytic route is also 

herein explored, for the first time, to boost the glycerol selective oxidation in a PEM configuration. 

To date, there are very few studies in literature employing compact PEM cell configurations under 

PEC conditions and they were used for water splitting at room temperature, either in liquid-phase 

[61–64] or in gas-phase [64–66]. Thus, the application of the PEC approach to glycerol electrolysis in 

a PEM device is totally innovative. 

In this work, a PEM Photoelectrolyser was designed to perform the separated glycerol oxidation to 

high value-added products in the anode compartment, together with the simultaneous green H2 

generation in the cathodic compartment. Monoclinic WO3 synthesized by a simple hydrothermal 

method with proper crystallinity, acidity and redox properties (oxygen vacancies due a ratio of 

W
5+

/W
6+

 of ~18%/82%) was selected as the photoanode electrode due to its high selectivity towards 

GAD under near-neutral pH conditions observed in our previous work [40]. The operation parameters 

of this cell have been optimized, focusing not only on the applied potential but also on the cell 

temperature. This latter key parameter could significantly affect the reaction kinetics, mass transfer 

and photo- or electro-induced charge separation rate, but has been only scarcely studied in a three-
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electrode cell configuration. For this purpose, the bifunctional PEM system, dedicated not only on the 

anodic glycerol selective oxidation but also on the cathodic green energy H2 generation, has been 

studied under (thermo)catalytic (TC), photocatalytic (PC), electrocatalytic (EC) and combined PEC 

conditions. The performance of the system has been evaluated in terms of obtained photocurrent, 

product selectivity, faradaic efficiency and stability, and the synergy between photo- and electro-

induced mechanisms has been discussed. Thus, we believe that this study provides a meaningful 

reference for PEC technology in the solar-to-chemical energy conversion in academic research and 

industrial application.  

2. Experimental section  

2.1 Preparation of WO3 photoanode 

The synthesis procedure of monoclinic WO3 was based on that reported in a previous study [67]. 

Typically, 0.6 g of WCl6 (Sigma-Aldrich) was firstly dissolved in Ethanol (99.8% purity, Sigma-

Aldrich) solution (120 mL) and transferred to a 200 mL of Teflon-lined stainless-steel autoclave for 

hydrothermal treatment at 180 
o
C for 12 h. Then, the light-blue WO3 was carefully withdrawn and 

washed using Ethanol and deionized water 3 times. The collected powder was dried at 80 
o
C 

overnight. Finally, the bright yellow monoclinic WO3 with high crystallinity and suitable oxygen 

defects (with a ratio of W
5+

/W
6+

 of ~0.18/0.82 as determined in ref [40]) was obtained by post-

calcination treatment at 450 
o
C for 1 h (5 

o
C min

-1
 of heating rate) in air. Samples were well-grinded 

before use. A catalyst ink was prepared by mixing the obtained WO3 catalyst powder with a 5 wt.% 

Nafion (Sigma-Aldrich) perfluorinated resin solution in aliphatic alcohols and water (to reach a 

WO3:Nafion wt. ratio of 1:1) and 5 mL isopropanol (HPLC-isocratic grade, Carlo Erba Reagents). 

Then, the ink was sprayed with an aerograph on a carbon cloth (W1S1011, FuelCellStore) electrode-

support with a thickness of 410 µm and an area of 5.3 cm
2
. The alcohol/water solvent was evaporated 

at 80 ºC, and the catalyst loading on the carbon cloth was controlled by weight measurement, reaching 

a value of 3.5 mg cm
-2

. Details on the physicochemical characterizations of this WO3 material can be 

found in our previous [40]. 
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2.2 Membrane Electrode Assembly (MEA) and PEM cell setup 

The synthesized carbon cloth-supported WO3 was used as the photoanode, and a commercial carbon 

cloth-supported Pt (20% wt.)/C (Fuel Cell Store) with a loading of 0.2 mg·cm
-2

 was used as cathode. 

In the latter case, the carbon cloth behaves as gas diffusion layer (GDL) with a microporous layer 

(MPL) and a thickness of 365 µm. In the former case, the carbon cloth with a MPL and a thickness of 

410 µm serves as a substrate which is a low-cost alternative to GDL materials. A Nafion
TM

 117 

membrane was used as the proton-exchange membrane (PEM) with a thickness of 183 μm, which 

does not only serve as a solid electrolyte, but also as a physical separator for the obtained redox 

products. Prior to assembly, the membrane was pretreated by successive immersions in 3 different 

150 mL-solutions, 3% wt. H2O2, 0.5 M H2SO4 and deionized water, in that order. The membrane 

electrode assembly (anodic photoelectrode/PEM/cathodic electrode) was prepared by hot-pressing 

under 1 metric ton at 120 
o
C for 3 min. In this MEA, the anode electrode was placed facing the 

membrane by the carbon cloth side that was not sprayed with the catalyst ink, while the commercial 

cathode electrode was placed facing the membrane by the catalyst-MPL side (Fig. 1). 
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Figure 1. Scheme of the Proton-exchange membrane (PEM) photoelectrocatalytic (PEC) cell set-up 

employed in this study. 

The employed (photo)electrochemical cell was adapted from a 5 cm
2
-commercial electrochemical cell 

(Dioxide Materials), by designing and constructing one of the two bipolar plates, i.e., the anode side, 

to house a suitable quartz window for the PEC measurements. The PEC was also modified to 

introduce heating resistance rods (see Fig. S1 in Electronic Supplementary Information). The 

MEA was held between two Teflon gaskets to ensure the correct sealing of the Photoelectrolyser and 

was placed in a way that the catalyst-sprayed side of the photoanode faces the cell window (3.8 cm
2
). 

As depicted in Fig. 1, a temperature control system was used, and 30 mL-solutions of 0.1 M glycerol 

and pure water (pH 5.5 both) were continuously fed (recycled) by means of a peristaltic pump 

(ISMATEC SA, Switzerland) through the anode and cathode sides of the cell from the respective 

reservoirs at a flow rate of approximately 3 mL min
-1

 each. 

2.3 Electrochemical characterization  

An Origalys OGBO5A electrochemical station (OrigaLys ElectroChem SAS, Rillieux-la-Pape, France) 

was used to measure the photoelectrochemical properties of the PEC PEM system, by feeding either 

0.1 M glycerol (or pure water) to the anodic side of the cell, while feeding pure water to the cathodic 

side. Photocurrent, linear sweep voltammetry (LSV), cyclic voltammetry (CV), and open circuit 

potential (OCP) measurements were performed. The transient photocurrent tests were carried out at 

different applied cell potentials from 0.3 V to 1.5 V with 15 seconds of irradiation interval, using a 

LED UV lamp as the light source (41 mW cm
-2

), with an incidence area of 1 cm
2
. Prior to these 

measurements, the system was kept in dark conditions for 2 min to stabilize the current derived from 

the external bias. CV was recorded between 0 and 1.5 V (cell potentials) at a scan rate of 10 mV s
-1

 

for 10 cycles under light irradiation. All the tests presented in this study were carried out in the same 

system, without changing the electrodes nor the membrane. 

2.4 TC/PC/EC/PEC glycerol oxidation   
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PEC experiments were carried out under ultraviolet light using the same setup and LED UV lamp 

above mentioned. The PEC was measured under different applied cell voltages, between 0.3 and 1.2 

V, and at different temperatures between 25 and 80 ºC. Purely PC, EC and TC experiments were also 

carried out at different cell temperatures in the absence of either external bias, light irradiation or both, 

respectively. Prior to all measurements, the cell and all lines of the experimental setup were 

systematically deep cleaned. Then, the anolyte and catholyte solutions were initially flowing through 

the cell for 30 min under dark and open-circuit conditions, at room temperature, to achieve the 

adsorption-desorption equilibrium of glycerol on the surface of the WO3 catalyst. Then, the 

PEC/PC/EC/TC measurements were initiated and, every hour, a sample (0.6 mL) was collected from 

the anode solution and immediately filtered by a Millipore 0.45 µm (hydrophilic PVDF) membrane 

using a plastic syringe. The reaction time was generally 6 h, except for the long-term experiment (27 

h). The concentrations of glycerol and derived products were analyzed by a Shimadzu SPD-M20A 

ultrafast high-performance liquid chromatography (HPLC) equipped with a Transgenomic ICSep 

ICE-COREGEL-87H3 organic acid column. 5 mmol L
-1

 of H2SO4 with a flow rate of 0.7 mL min
-1

 

served as the mobile phase and the column temperature was 30 
o
C. The products of glycerol oxidation 

were determined by the ultraviolet detector at the wavelength of 210 nm. Glycerol was analyzed by 

the refractive index detector (RID). The concentration of total organic carbon (TOC) of the solutions 

before and after the PEC tests were measured using a Shimadzu TOC-VCPN analyzer equipped with 

an auto-sampler. 

According to the liquid products detected, the photo- (or electro-)catalytic reactions (1-5) were 

assumed to take place on the WO3 catalyst surface, by considering the transfer of either holes left in 

the valence band (h
+

VB) upon illumination (under PEC or PC operation conditions) or electrons (e
-
, 

under EC conditions). 

            
                   (GAD/DHA)     (1) 

                 
                    (tartronic acid)    (2) 

                   
                       (glycolic acid)   (3) 
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                      (oxalic acid)    (4) 

                 
                   (formic acid)    (5) 

The total amount (Nt,i, in mmol) of unreacted glycerol and of each produced chemical, i, at a given 

time (i.e., sampling time), t, was calculated from the concentration values quantified by HPLC, 

according to equation (6): 

                        
   
           (6) 

where Vt (in L) and      (in mM) are the solution volume and the concentration of the chemical i in the 

cell, respectively, at the time t, Vs is the sample volume (i.e., 6 x 10
-4

 L) and, thus, the term [   

      
   
   ] stands for the accumulated amount of product or unreacted glycerol collected in previous 

samplings. 

The Glycerol conversion (in %) at a given time was calculated according to equation (7): 

                        
                          

              
                                                                   (7) 

Where V0 (in L) and C0,glycerol (in mM) stand for the initial electrolytic solution volume and glycerol 

concentration, respectively, and Nt,glycerol is the unreacted amount of glycerol at a given time, t. 

The Yield (in %) and the Selectivity (in %) of every product were calculated at a given time, t, 

according to equations (8) and (9), respectively: 

          
    

                 
                                                                                                          (8) 

                
    

                               
                                                                             (9) 

where fi is the stoichiometric factor of the product i with respect to glycerol (i.e., according to 

reactions (1-5)). 

Then, the faradaic efficiency of each target product, FE (in %) was calculated through equation (10). 
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                                       (10) 

Where Ni and Ne (in mmol) stand, respectively, for the number of electrons/holes that would be 

transferred for the EC/PEC production of the quantified amounts of product i, and those 

electrochemically transferred according to the measured electric charge, Q (in C), which can be 

calculated, at a given time, through equations (11) and (12): 

                                   (11) 

   
 

 
       

     
 

 

 
                            (12) 

Where ne,i is the number of mol of electrons/holes theoretically transferred for the production of each 

mol of target product i (i.e., according to reactions (1-5)), F is the Faraday constant (96485 C mole-
-1

) 

and I (in mA) is the current obtained at a given time, t (in h). 

3. Results and discussion 

3.1 Photoelectrochemical characterization 

The homemade WO3 photoanode was coated on a commercial carbon cloth and tested in the PEC 

proton-exchange membrane (PEM) cell shown in Fig. 1 and Fig. S1, where a commercial Pt/C 

electrode behaved as the cathode. Through the quartz window, the UV light with a radiation density 

of 41 mW cm
-2

 activates the photocatalyst to excite electrons to the conduction band (e
-
CB), leaving 

the same number of holes in the valence band (h
+

VB), which may participate in the glycerol 

valorization (reactions (1-5)) and/or water oxidation (reactions (13-14)). Meanwhile, the resultant 

protons and electrons are transferred to the cathode through the proton-exchange membrane and the 

external circuit, respectively, leading to the hydrogen evolution reaction (HER, reaction (15)). Hence, 

the external bias contributes to separating the photo-generated electrons from the holes, thus hindering 

their recombination and increasing the holes availability for oxidation reactions, while the PEM 

configuration is expected to improve the EC performance and allows the elution of a purified H2 

cathodic stream. 
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                    (13) 

         
                   (14) 

        
              (15) 

Transient photocurrent response tests were performed at different applied cell potentials (0.3, 0.6, 0.9, 

1.2 and 1.5 V) and temperatures (25, 40, 60 and 80 
o
C) to investigate the photoelectrochemical 

performance of the synthesized photoanode in 0.1 M glycerol (Fig. 2). A first sharp decrease of the 

current is typically observed for the first seconds which is mainly due to the decay of the 

capacitive current, after which rather stable photocurrents have been obtained in all cases. 

Both currents and photocurrents increase with the cell voltage at any reaction temperature. One can 

observe that this PEM PEC system is electrocatalytically active in a potential range (0.3-1.5 V) in 

which other WO3-based photoanodes [17,39,40,67] were inactive in a 3-electrodes cell configuration 

under dark conditions. Indeed, the high contribution of the electrocatalytic activity likely diminished 

the effect of the increase of the photocurrent due to the light irradiation. It suggests that the PEM 

configuration implies an especially important upgrading from the electrocatalytic (rather than 

photocatalytic) point of view. It could be attributed to the compactness of the MEA configuration, 

which leads to presumably much lower ohmic losses between anode and cathode, as well as enhanced 

interaction between the catalyst/support/electrolyte elements, than a 3-electrodes cell. Also, the use of 

carbon cloth as catalyst support and gas diffusion electrode herein increases the electrode roughness 

and enhances the diffusion of reactants and products, thus favouring their access to the catalyst active 

sites. For instance, at 60 
o
C, the obtained current (in the dark) was enhanced from 0.4 to 3.1 mA at 

cell voltages from 0.3 to 1.5 V, with photo-induced current increments from 0.1 to 0.5 mA, 

respectively, upon illumination, which denotes a slight increasing trend of the generated photocurrent 

with the applied voltage.  
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Figure 2. Transient photocurrent response at different cell voltages (0.3-1.5 V) and temperatures (25-

80 ºC). Anode: WO3/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117; 

anodic solution: 0.1 M glycerol (30 mL); cathodic solution: water (30 mL). Each pulse of current 

corresponds to an illumination of UV light pulse of 41 mW cm
-2

. 

The rise of the temperature also favored the obtained currents, reaching a value at 1.5 V that was four 

times higher at 80 ºC than that at 25 
o
C. However, this influence was much less pronounced on the 

photo-generated currents, with similar current increases upon illumination above 40 ºC, which can be 

attributed to a likely detrimental temperature effect on the charge carriers’ separation [68,69]. On the 

other hand, if we compare these transient photocurrent tests in the presence of glycerol (Fig. 2) with 

those performed in pure water at the same temperatures and applied potentials (Fig. S2), we can 

observe that the obtained current intensities in the dark are all in the same range and are probably 

strongly related to the large capacitive current of the photoanode, as typically found on carbon-

supported photoanodes [70], and maybe also to its EC activity for water electrooxidation in the 
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experiments performed at 1.5 V. However, very interestingly, there is a significant increase in the 

photo-generated current upon irradiation in the presence of glycerol, which acts as a hole-scavenger 

and benefits the separation of photo-induced charges [71,72]. It should also be noted that the 

photocurrent densities obtained in this work are lower than those reported in other studies with 

conventional 3-electrodes PEC cells, for instance using BiVO4-based photoanodes [25,38]. However, 

the performance of the WO3 electrode used herein would be expected to be enhanced after a further 

upgrading in terms of morphology, structure and composition. 

Cyclic voltammetry (CV) tests have also been performed upon UV irradiation, and the 10
th
 cycle 

obtained at each temperature is shown in Fig. 3, both in the presence and in the absence of glycerol. 

At low cell potential (0-0.3 V), apart from some cathodic hydrogen evolution on the WO3 electrode, 

cathodic and anodic peaks were expected due to the intercalation/de-intercalation of H
+
 in the WO3 

[73–75]. Then, during the forward scan in pure water (Fig. 3a), an increase in the anodic current can 

be observed at 0.5-0.6 V, likely due to the intercalation of oxygen into the vacancies of the 

photoanode oxide network [76,77], followed by the oxygen evolution curve at higher potentials. On 

the other hand, in the presence of glycerol (Fig. 3b), the anodic peaks obtained at low potentials were 

likely overlapped with the current increase derived from glycerol oxidation. Indeed, under cell 

voltages below c.a. 0.7 V, the obtained currents are higher in glycerol solution than in pure water (e.g., 

2.4 mA with 0.1 M glycerol vs. 1.8 mA with pure water at 0.6 V and 80ºC), which can be attributed to 

the low onset oxidation potential of glycerol oxidation (typically lower than 0.4 V vs. RHE on W-

based electrodes [25,39,40]). Then, in the potential range of 0.7-1.5 V, the currents obtained in the 

presence of glycerol are lower, and a reasonable hypothesis is the partial poisoning of the catalyst 

surface by adsorbed reaction intermediates at this potential range. However, as the potential or 

temperature are further increased and these surface species are desorbed/oxidized, the currents 

obtained in glycerol solution reach again similar values than those obtained in pure water (e.g., 6.6 

and 6.7 mA, respectively, at 1.5 V and 80ºC), derived from the contribution from oxygen evolution 

reaction and the oxidation of fresh glycerol and its derived molecules. 
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Figure 3. Cyclic voltammetry (CV) performed in the Photoelectrolyser at different temperatures (25-

80 ºC) under UV light irradiation (41 mW cm
-2

) using (a) water or (b) 0.1 M glycerol as anodic 

solution, and water as cathodic solution. Scan rate: 10 mV s
-1

. The 10
th
 cycle is shown in each case. 

Anode: WO3/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117. 

Thus, from the transient photocurrent and CV measurements, it is clear the beneficial influence of 

both the cell voltage and temperature on the overall photo-electro-catalytic activity of the PEM 

Photoelectrolyser. It is worth noting that, under given PEC operation conditions, the expected 

hydrogen production rate in this PEM cell is directly related to the obtained current intensity, since 

both glycerol oxidation and water oxidation reactions at the anode imply the reduction of protons at 

the cathode. Thus, regardless of the products obtained in the anodic side of the cell, an increase in 

both parameters, i.e., potential and temperature, was found to be beneficial when dealing with the 
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maximization of the obtained current intensity and, therefore, of the hydrogen production on the 

cathode side (reaction (15)). However, for the optimization of the bifunctional Photoelectrolyser, the 

anodic performance for biomass valorization (in terms of products selectivity) must be also evaluated. 

3.2 Glycerol valorization by PEC 

The operation conditions of the PEM PEC system have also been optimized for the selective glycerol 

valorization to produce high-value-added products, by focusing on the obtained liquid products, and 

with special interest in GAD and DHA, claimed as the most valuable ones. 

3.2.1 Effect of cell voltage 

In all the tests, under light irradiation on the WO3 photoanode, GAD and DHA were obtained as the 

main products, along with some formic acid (FA) and trace amounts of glycolic (GA), tartronic (TA), 

and oxalic (OA) acids. Other unknown product was also detected by HPLC in some cases and, given 

that the overall liquid products selectivity always remained below 100% in all cases, significant 

amounts of CO2 were also expected to be evolved, derived from glycerol mineralization. However, it 

should be noted that the use of a PEM membrane to separate anodic and cathodic compartments still 

ensures the elution of pure H2 gas stream from the latter in any case. Fig. 4a-c and Fig. 4d-f show the 

dynamic results obtained at 60ºC under photocatalytic (PC) conditions (i.e., in the absence of any 

electric polarization) and under PEC conditions at 1.2 V, respectively, while Fig. S3 shows those 

obtained under intermediate cell voltages between 0.3 and 1.2 V. Note that all concentration profiles 

shown in the manuscript refer only to the anodic liquid products that have been identified. In all cases, 

one can observe that the concentration of the target liquid products in the cell linearly increased with 

time, leading to constant production rates (11.1 and 5.2 mmol m
-2

 h
-1

 for GAD and DHA, respectively) 

upon increasing glycerol conversion with an average consumption rate of 42.0 mmol m
-2

 h
-1

. Thus, 

increasing yields and larger or, at least, stable selectivities were obtained with the reaction time. When 

comparing the obtained GAD production rate with those reported in the field of electrocatalytic 

glycerol oxidation, it is noteworthy that there are only two studies using flow-through electrochemical 
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reactors where GAD was quantitatively generated, by means of Pt-based anodes. The GAD 

production rate obtained herein on the WO3 photoanode in the near-neutral media is similar to that 

obtained at 60ºC using a Pt/C catalyst and a Nafion membrane (15.6 mmol m
-2

 h
-1

) [52], and lower 

than that reported with a membrane-less configuration at room temperature using a Pt9Bi1/C catalyst 

(1950 mmol m
-2

 h
-1

) [78]. However, in the latter case, strongly alkaline conditions were employed (0.5 

M NaOH) and the glycerol feeding rate was also two orders of magnitude higher than in the present 

work (40 vs. 0.3 mmol min
-1

). 

Figure 4. (a,d) Time evolution of liquid products concentration in the anodic solution, and evolution 
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of (b,e) yield and (c,f) selectivity of liquid products with glycerol conversion, during experiments 

performed under photocatalytic (PC) conditions and PEC at 1.2 V. Anode: WO3/carbon cloth; 

cathode: Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117. Cell temperature: 60 
o
C. Initial 

glycerol concentration in anodic solution: 0.1 M.
 
Initial volume of anodic solution: 30 mL. UV 

irradiation intensity (PEC): 41 mW cm
-2

. 

Regarding the external bias influence, in our previous study using a similar WO3 photoelectrode for 

the selective glycerol oxidation in a conventional PEC reactor, the light showed to be the trigger of 

the reaction while the external voltage seemed to promote the separation of photogenerated electrons 

and holes in the photocatalyst, thus raising the PEC activity and the GAD and DHA yields, in 

particular, highlighting the promising properties of this photoelectrode for the selective glycerol 

valorization [40]. A similar promoting effect of the external bias on the DHA and GAD yields was 

observed in the PEM Photoelectrolyser (Fig. 5). Under purely PC conditions, GAD and DHA were 

already selectively generated with a cell concentration after 6 h of 0.50 and 0.26 mmol L
-1

, 

respectively. Their production was very similar upon 0.3 V but increased upon the application of 

higher cell voltages to reach 1.29 and 0.61 mmol L
-1 

for GAD and DHA after 6 h, respectively. 

Similar glycerol conversions were reached under all applied potentials after 6 hours-test, i.e., 4.2-

4.7%. Given the negligible current obtained at low potentials (i.e., 0.3 V, Fig. S4a) the conversion 

observed under such conditions is rather attributed to a bare thermos-catalytic decomposition of 

glycerol as will be shown below. However, what is most interesting is that GAD and DHA yields 

were increased by more than 2 times from 0.3 V to 1.2 V (Fig. S3e-h). Indeed, in the case of GAD, 

the yield showed to increase linearly in this potential range, at a rate of 0.82% V
-1

. On the other hand, 

the GAD+DHA selectivity gradually increased with the applied potential from c.a. 15.2% (0.3 V) to 

38.3% (1.2 V) (Fig. S3i-l). With respect to purely PC conditions (Fig. 4), the GAD and DHA 

selectivity only slightly increased, but the corresponding glycerol conversion more than doubled by 

PEC at 1.2 V after 6 h on stream. This explains the enhanced yield of the desired products at 1.2 V 

compared with the purely PC conditions. Besides, the influence of the potential was even greater on 

the obtained current, and therefore on the hydrogen production at the cathode (Fig. 5 and Fig. S4a).  
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Figure 5. Influence of the cell voltage on the liquid products concentration in the anodic solution and 

on the obtained current after 6 h. Anode: WO3/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; 

Membrane: Nafion 117. Cell temperature: 60 
o
C. Cell voltage: open circuit potential (PC) and 0.3-1.2 

V (PEC). Initial glycerol concentration in anodic solution: 0.1 M.
 
Initial volume of anodic solution: 30 

mL. UV irradiation intensity (PEC): 41 mW cm
-2

. 

Given the important competition of glycerol overoxidation reactions expected in the studied potential 

range, the enhanced C3s selectivity by PEC upon increasing potentials is of especial relevance. Apart 

from being the first photoelectrocatalytic study of glycerol oxidation in a PEM-type cell, the obtained 

selectivity results also stand out with respect to the published works on purely electrocatalytic systems. 

Table 1 collects a selection of results obtained on glycerol electrooxidation in all kinds of flow-

through cells, like compact PEM electrolysers [52–57], other flow reactors employing polymer 

electrolyte membranes [58–60,79] and recently explored membrane-less configurations [78–82]. 

Although the glycerol conversion values in literature (the reported ones) were in several cases higher 

than those obtained herein, one can stress that most of the anodes were tested in strongly alkaline 

electrolytes and proved to be completely unselective for GAD or DHA. The main products usually are 

GRA, TA or FA, with only two cases where bulk GAD production was reported using platinum-group 

metal (PGM) catalysts [52,78], as mentioned above. Moreover, it is also noteworthy that, in 

conventional EC systems, the increase of the applied potential, in the range studied herein, typically 

results in the generation of increasingly oxidized glycerol products (e.g., glyceric, hydroxypyruvic 
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and tartronic acids), which is evident from the decrease of GAD selectivity with the cell voltage in the 

two aforementioned works [52,78]. This contrasts with the stable GAD and DHA selectivity obtained 

herein, likely due to the selective PEC behavior of the WO3 material, and represents one of the main 

advantageous aspects of the proposed PEC technology compared to conventional EC. It must be also 

noted that, in terms of obtained current densities, those obtained in this work are c.a. 2 orders of 

magnitude lower than those reported with conventional EC glycerol electrolysers, as it is also 

typically found in the field of PEC water splitting [61–64]. This is likely influenced by the different 

nature of the materials employed as anodes/photoanodes and to the different light- and electrolyte-

exposed surface phenomenon taking place. However, the PEC approach offers the possibility of 

operating at lower voltages than conventional EC systems, with the consequent energy saving, while 

employing renewable energy sources. This, along with the outstanding C3 selectivity found in this 

integrated system could make PEC an efficient and sustainable alternative technology for glycerol 

valorization after the proper photoelectrode engineering and operation conditions optimization.
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Table 1. Glycerol (GLY) oxidation selectivity reported with different flow-through electrochemical cells.  

Cell 

configuration 

Membrane / 

Separator 
Anode Anolyte 

Operation 

conditions
a
 

GLY conv. 

/ %
a
 

Main liquid products (Selectivity / %)
a,b

 Ref. 

PEC PEM cell 

with MEA 
Nafion 117 WO3 / Carbon cloth 0.1 M GLY 60 ºC, 1.2 V, 6 h 4.5 

GAD (26) + DHA (12) + FA (2) + GA + 

TA 

This 

work 

PEM cell with 

MEA 

Nafion 115 Pt (20 wt.%) / C 0.1 M GLY 60 ºC, 1 V, 5 h 9 GRA (80) + GAD (8) [52] 

Nafion 212 
Pt (20 wt.%) / 

RuIrOx 
8.5 M GLY 

70 ºC, 5 mA cm
-2

, 

0.5 h 
Liquid products not analyzed [53] 

Proton-

exchange 

CoNiCuMnMo / 

Carbon cloth 
0.1 M GLY + 1 M KOH 

RT, 10 mA cm
-2

, 

12 h 
- FA (FE = 93.5%)

c
 [54] 

KOH-doped 

PBI 

PtRu / C (20 wt.% 

metal) 

1 M GLY + 4 M KOH 60 ºC, 20 mA cm
-2

 - TA (61) + GRA (31) + GA + LA [55] 

2 M GLY + 4 M KOH 75 ºC, 80 mA cm
-2

 - TA (45) + GRA (36) + OA + FA + GA [56] 

Tokuyama 

A006 

Pd-(NiZn) / C / Ni 

mesh 
1.1 M GLY + 2 M KOH 

RT, 19 mA cm
-2

, 

15 h 
- TA (36) + GRA (35) + GA + OA + FA [57] 

3-electrode 

membrane-

separated cell 

Fumasep 

FAA-3-PK-

130 

NiOx / O-MWCNT / 

Carbon paper 
0.1 M GLY + 1 M KOH 

1.5 V vs. RHE, 6 

h 
80 FA (55) + OA + GA + GRA + AA [58] 

NixB / Carbon paper 0.5 M GLY + 2 M KOH 
1.54 V vs. RHE, 4 

h 
10 

FA (55) + TA (17) + GA (11) + GRA + 

OA 
[59] 

LaFe0.31Co0.69O3 / 

Carbon paper 
1 M GLY + 1 M KOH 

1.59 V vs. RHE, 

24 h 
15 

FA (17) + GA (6) + GRA + LA + OA + 

AA 
[60] 

Fumasep 

FAA-3-PK-75 
Ni9Au1 / C 2 M GLY + 2 M KOH 20 ºC, 1.5 V - FA (-)

d
 + LA (-)

d
 [79] 

Compact 

membrane-less 

cell 

Filter paper 

Pt9Bi1 / C / Carbon 

cloth 
2 M GLY + 0.5 M NaOH RT, 0.55 V, 4 h 6 GAD (80) + GRA (10) + HPA + TA [78] 

Ni8Pd2 / C 0.1 M GLY + 1 M KOH 50 ºC, 1.3 V, 6 h 28 
GRA (47) + FA (39) + GA + TA + OA + 

LA 
[80] 

Ni9Bi1 0.1 M GLY + 1 M KOH 50 ºC, 1.3 V, 6 h 25 
GRA (41) + FA (38) + TA + OA + GA + 

LA 
[81] 

Ni95Bi5 / C 0.1 M GLY + 1 M KOH 75 ºC, 1.35 V, 3 h <10 FA (51) + GRA (31) + GA + TA +  LA [82] 

Ni8Pd2 / C 0.1 M GLY + 1 M KOH 20 ºC, 1.55 V, 6 h 73      100) [79] 
a
Data drawn or estimated from the information reported in the articles (RT: Room temperature; polarization in terms of cell voltage unless otherwise stated). 

b
Selectivity values for the main products obtained (minor when not specified). GAD: Glyceraldehyde; DHA: Dihydroxyacetone; FA: Formate; GA: Glycolate; TA: Tartronate; 

GRA: Glycerate; LA: Lactate; OA: Oxalate; AA: Acetate; HPA: Hydroxypyruvate. 
c
Faradaic efficiency (FE) values (selectivity not reported). 
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d
In this case, the anodic glycerol oxidation is coupled with cathodic CO2 reduction (mainly to CO). No quantitative data on glycerol conversion or anodic products selectivity. 
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3.2.2 Effect of cell temperature 

Fig. 6 and Fig. S5 show the effect of cell temperature on the PEC performance, in the range from 25 

to 80 ºC, at a fixed applied cell potential of 1.2 V, in order to provide the strongest possible capability 

to accelerate photo-induced charge separation without water oxidation occurrence. As opposed to the 

cell voltage, the temperature did not have a significant promoting effect on the PEC glycerol 

valorization. GAD and DHA production was only slightly enhanced by heating up to 60°C and even 

decreased at 80 ºC. Although there are very few publications about the effect of reaction temperature 

on PC and PEC performances, in general terms, the temperature increase is expected to enhance the 

reaction kinetics and electrolyte conductivity, as reported for water splitting [83,84] and organic matter 

degradation [85,86]. For instance, Velazquez et al. [84] found a positive effect of the cell temperature 

in the PC production of H2 from water and water/methanol solutions. However, the rise of the 

temperature may also hinder the charge carriers’ separation, as recently reported, for instance, by 

Chen et al. [68]. These authors observed that the PC activity of TiO2-based materials for the 

degradation of methylene blue decreased at temperatures higher than 70 ºC. Moreover, the 

temperature may also strongly influence the products’ desorption and reactants’ adsorption, which are 

typically considered the rate-limiting steps in PC systems at temperatures below 20 ºC and above 80 

ºC, respectively [69,87]. For these reasons, the temperature range of 20-80 ºC seems to be optimum for 

the PEC oxidation of organic matter. In the present work, the glycerol conversion values reached after 

6 hours-test slightly increased from 2.8 to 4.9% in this temperature range, with stable low GAD and 

DHA yields of 0.9-1.2% and 0.4-0.5%, respectively (Fig. S5e-h).  
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Figure 6. Influence of the Photoelectrolyser temperature on the liquid products concentration in the 

anodic solution and on the obtained current after 6 h. Anode: WO3/carbon cloth; cathode: Pt (20 

wt.%)/C/carbon cloth; Membrane: Nafion 117. Cell temperature: 25, 40, 60 and 80 
o
C. Cell voltage: 

1.2 V. Initial glycerol concentration in anodic solution: 0.1 M.
 
Initial volume of anodic solution: 30 

mL. UV irradiation intensity: 41 mW cm
-2

. 

Regarding the selectivity obtained for the identified liquid products (Fig. S5i-l), the overall value after 

6-hours test slightly decreased from 55 to 42% by heating from 25 to 60 ºC. In particular, fairly stable 

selectivity values of 26-34% and 12-16% were obtained for GAD and DHA, respectively. These 

values therefore denote a significant overoxidation of glycerol and/or its derived products (> 50%) to 

CO2 or other organic compounds, especially at 80 ºC, in which case the C3 product selectivity clearly 

shows a decreasing trend with time and with the GLY conversion (Fig. S5l). Indeed, the amount of 

the aforementioned unknown liquid product detected by HPLC increased with the temperature (see 

Fig. S6). Likewise, the obtained current after 6 hours seemed to find an optimum at 60 
o
C (Fig. 6 and 

Fig. S4b). As previously mentioned, this current can be directly related to the production of hydrogen 

at the cathode. Thus, in view of these experiments, we can conclude that the maximum operating 

temperature to enhance both the hydrogen generation (at the cathode) and the selective glycerol 

valorization (at the anode) by PEC is 60 ºC. Under these conditions, the application of an optimum 

cell voltage of 1.2 V allows to obtain stable GAD and DHA production rates at the anode side of 11.1 
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and 5.2 mmol m
-2

 h
-1

, respectively, and a simultaneous H2 production rate at the cathode side of 44.0 

mmol m
-2

 h
-1

, as estimated from a steady-state current intensity of c.a. 1.25 mA. 

3.2.3 Stability evaluation   

In order to evaluate the stability of the system, another PEC measurement was performed under 

relatively harsh conditions (1.2 V, 80 
o
C) for three successive days, with 3 successive operation 

periods of 9 hours (27 h in total) (Fig. S7). After each pulse, the cell was cooled down to room 

temperature and the flow kept running. Results after 6 hours are similar to those reported in Fig. 6 and, 

interestingly, the targeted value-added products, GAD and DHA, were still the main obtained 

products after 27 h, reaching yields of 3.6% and 1.5%, respectively, with a still low formic acid yield 

of 0.3% and an increase in the glycerol conversion up to ～40%, i.e., around 8 times higher than that 

reached in the short-term experiment (6 h), with an average consumption rate of 79.6 mmol m
-2

 h
-1

. 

According to the continuous increase in glycerol conversion and the stable current intensity observed 

during this test (with a decrease of c.a. 0.1 mA in the last 24 hours, Fig. S7e), the proposed PEM 

Photoelectrolyser using a WO3 photoanode showed not only the capability for simultaneous hydrogen 

generation and glycerol valorization, but also a good stability in long-term operation. However, it 

should be noted that, under the studied operation conditions, GAD and DHA production rates slowed 

down for the last operation hours, with a presumably increase of CO2 formation. Consequently, the 

joint selectivity of the targeted C3 compounds continuously decreased for the 27 hours-test, down to 

13.4%. In view to the practical application of the PEC PEM cell for the selective glycerol valorization, 

higher solution volumes should be treated, thus operating under low-conversion conditions and, 

preferably, the targeted products should be continuously separated from the anode effluent and 

collected, in order to avoid their recycling and overoxidation. On the other hand, the repeatability of 

the PEC measurements has also been verified by replicating those performed under reference PEC 

conditions (an applied bias of 1.2 V and a cell temperature of 60ºC and 80ºC), as it can be observed in 

Fig. S8. 

3.3 Technology comparison with EC, TC and PC 
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The PEC performance of the PEM cell for glycerol valorization has also been evaluated in a broader 

context by comparing the above-discussed results with those obtained at different temperatures under 

purely electrocatalytic (EC), photocatalytic (PC) and thermocatalytic (TC) conditions, i.e., by 

removing the light irradiation, the external bias, and both stimuli, respectively. An overview of the 

results obtained with the different technologies can be found in Fig. S9. Among them, the only 

technology capable to produce value-added organics and pure hydrogen gas separately, apart from 

PEC, is the electrocatalysis. In this way, glycerol electro-oxidation (reactions (1-5)) takes place on the 

WO3 catalyst surface releasing protons and electrons that are transferred through the proton-exchange 

membrane and the external circuit, respectively, to the Pt cathode, where H2 evolves. Fig. 7 and Fig. 

S9i-l show the liquid products distribution obtained by EC glycerol oxidation at different 

temperatures between 25 and 80 ºC under an applied cell voltage of 1.2 V. The temperature increase 

is expected to enhance the reaction kinetics, the mass transport and the membrane electrical 

conductivity. Indeed, the PEM cell configuration has been widely employed for hydrogen production 

from alcohols electro-reforming at temperatures closed to 80 ºC [49–51,53,55]. However, in the present 

case, although a significant EC activity for GAD production (0.382 mmol L
-1

) was observed at room 

temperature, it was still much lower than that obtained by PEC of (1.059 mmol L
-1

) and the heating 

showed a clear detrimental effect on the selective glycerol valorization, which became negligible at 

80 ºC. Instead, the obtained currents increased with the temperature, as expected from the previous 

results on transient photocurrent measurements in dark conditions (Fig. 2). This enhanced EC activity 

can be mainly attributed to glycerol overoxidation reactions to gaseous CO2 or other compounds 

which, in turn, are expected to be favored by hydroxyl or oxygen radicals generated from water 

[88,89]. 
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Figure 7. Influence of the cell temperature on the liquid products concentration in the anodic solution 

and on the obtained current after 6 h under electrocatalytic (EC) conditions (without any illumination). 

Anode: WO3/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117. Cell 

temperature: 25, 40, 60 and 80 
o
C. Cell voltage: 1.2 V. Initial glycerol concentration in anodic solution: 

0.1 M.
 
Initial volume of anodic solution: 30 mL. 

The EC behavior is therefore different from that observed in PEC measurements, in which both the 

GAD/DHA production rates and the obtained currents were slightly enhanced with temperature up to 

60 ºC (Fig. 6). Hence, if this dual compartment cell is used for pure EC reactions at 1.2 V, a high 

temperature is favorable for hydrogen production, while a low temperature is beneficial for selective 

glycerol valorization. Besides, a suitable external voltage is also necessary for the hydrogen 

generation by EC. For instance, at a low cell voltage of 0.3 V, the obtained current was negligible, 

even at 60 ºC (Fig. S10), and the observed glycerol oxidation products were likely derived from a 

purely thermocatalytic (TC) process, as can be observed in Fig. S9. Glycerol can be fully converted 

into DHA, glyceric acid or other organic compounds by TC at temperatures between 25 and 160 ºC 

by using 1-10 bar oxygen, as reviewed by Dodekatos et al. [90]. In this work, the measurements 

carried out in the absence of any light irradiation or external bias showed a negligible TC activity of 

the WO3 catalyst at room temperature, but significant GAD production rates were observed upon 

increasing the temperature (Fig. S9a-d), even overpassing those obtained by electrocatalysis, which 

can be attributed to the promoting effect of EC operation on organic molecules mineralization and 
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thus CO2 generation, as will be discussed below. On the other hand, it is important to note that under 

either PEC or EC conditions, not only fresh glycerol but any other organic product derived from 

concurrent EC/PEC/TC/PC conversion processes is prone to be further oxidized. 

Regarding pure PC reactions (Fig. S9e-h), the WO3 photoanode showed an important production of 

GAD, with an optimum temperature of 40 ºC in this case. As discussed in section 3.2.2, the sensitivity 

to temperature in the range of 25-80 ºC mostly stems from the influence on the recombination 

efficiency of photogenerated electrons and holes in WO3 [68,69]. This was also evidenced in the PEC 

measurements performed at different temperatures (Fig. 6) although, in this operation mode, the 

optimum value was 60 ºC. Another sign of the temperature effect on the PC activity was noticed by 

analyzing the time response of the open circuit potential (OCP) upon illumination (Fig. S11). At 25 

ºC, the decay in the OCP for the first seconds under light irradiation was higher than that observed at 

80 ºC, which could be linked to a higher photoactivity in the former case due to a higher accumulation 

of photogenerated electrons [70,91]. This pioneering analysis of the glycerol oxidation results obtained 

in all operation modes, i.e., PEC, PC and EC, demonstrates that PEC performance for glycerol 

valorization, in terms of target C3-product yield, is not only better than that obtained by PC, due to the 

promotional effect of the external bias on the charge carriers separation, but also greater than the sum 

of the individual yields obtained by PC and EC, at a given cell temperature. The superior PEC 

performance was especially evident at high temperatures. In fact, at 80 ºC, the production rates of 

GAD, DHA and all other identified liquid products were negligible (with glycerol conversion values 

of 2-5%) in all configurations except in PEC. 

The synergistic effect between photo- and electro-catalysis was also found in terms of obtained 

current intensity, and thus hydrogen generation. For instance, one can observe that the steady-state 

current intensities obtained by PEC at 1.2 V at different temperatures (Fig. 6) were higher than those 

obtained by EC (Fig. 7) in all cases, with enhancements from 32% (at 80ºC) to 154% (at 40ºC). This 

demonstrates that the application of an external potential facilitates the separation of the charge 

carriers and thus increases the availability of the photogenerated holes for the glycerol oxidation 
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reactions. At the same time, the light irradiation and the consequent generation of those charge 

carriers can enhance the overall number of electrons transferred between the photoanode and the 

cathode for their consumption in HER. In other words, PEC technology proves to be the most 

promising among the explored technologies for the synthesis of both hydrogen and value-added C3 

compounds. 

3.3.1. Electron transfer efficiency assessment 

In order to get more insights into the reactions preferably taking place on the WO3 photoanode, the 

faradaic efficiency (FE) obtained under the different PEC and EC operation conditions has also been 

evaluated, along with the total organic carbon (TOC) measurements. Fig. 8a shows the electric 

charges transferred in the EC and PEC measurements performed for 6 h-each at different temperatures, 

as calculated from the intensity vs. time curves. The accumulated charges transferred in the PEC 

reactions were 4.53, 6.93, 7.62 and 7.79 mA·h at 25, 40, 60 and 80 
o
C, respectively. These values are 

1.77, 2.54, 2.10 and 1.32 times higher than those obtained in pure EC processes at the corresponding 

temperatures (PEC/EC ratios in Fig. 8a). The charge enhancement observed by increasing the 

temperature, and also by operating in the Photoelectrolyser configuration with respect to EC, can be 

linked to an increase in the consequent hydrogen production as above discussed. The improvements in 

the production rates of GAD and DHA by PEC vs. EC observed in the previous section were even 

greater than the respective increases in the transferred charges, which denotes that the faradaic 

efficiency (FE) values of the selective glycerol valorization reactions were higher by PEC than by EC, 

as can be observed in Fig. 8b and Fig. 8c. 

The influence of the temperature on the faradaic efficiency was different depending on the operation 

mode, i.e., EC or PEC. The FE values obtained for the targeted C3 products by pure electrocatalysis 

strongly decreased with the temperature, from 25.7% at room temperature to less than 1% at 80 ºC 

(Fig. 8b). This denotes that, in dark conditions, the increase in the electric charge transferred from the 

WO3 catalyst with the temperature (Fig. 8a) is mostly attributed to the enhancement of glycerol 

overoxidation reactions, CO2 probably being the main obtained product, especially at high 
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temperature. However, in the tests performed under both light irradiation and external bias (Fig. 8c), 

the FE values obtained for GAD+DHA were higher and much more stable with the temperature, 

decreasing from 49.9% (25 ºC), to 30.3% (80 ºC). At this high temperature, the C3 FE even increased 

to 40.1% when the measurement was extended from 6 to 27 hours, indicating the good stability of C3 

FE. To understand this FE enhancement with time, one must take into account that the long-term 

decrease in the current density is more pronounced than the corresponding decrease in the C3 

production. The higher C3 production by PEC is also evidenced by the higher stability of the TOC 

value obtained under these conditions. Fig. S12a and S12b show the variation of the TOC with the 

temperature under EC and PEC conditions, respectively. In the former case, a decreasing trend was 

obtained between 25 and 60ºC, with an average value of 3589 ± 82 mg L
-1

, while the TOC was more 

stable in this temperature range under PEC conditions, with an average value of 3603 ± 33 mg L
-1

. In 

the latter conditions, a significant TOC decrease was only observed at 80ºC. Thus, the results obtained 

in this operation mode seem to indicate that the increased number of electrons transferred under PEC 

conditions by increasing the temperature from 25 to 60 ºC is mainly derived from the selective 

glycerol oxidation reactions. One can conclude that, from the energy efficiency point of view, the 

Photoelectrolyser is also more favorable for the simultaneous hydrogen generation and glycerol 

valorization than the conventional EC configuration. These results open new doors in the application 

of the PEC approach to the electrolysis of organic molecules easily adapting commercially available 

PEM cells, although further efforts should be made to maximize their photo- and photo-

electrocatalytic features, for instance, by optimizing the light source, the light-exposed photoelectrode 

surface and, very specially, by tailoring more efficient photoelectrodes through the tuning of their 

nanostructure and/or composition. 
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Figure 8. (a) Comparison of the charge transferred during electrocatalytic (EC) and 

photoelectrocatalytic (PEC) processes at 1.2 V and different temperatures (25-80 ºC) as well as the 

enhancement PEC/EC ratio; Faraday efficiencies (FE) of liquid products in EC (b) and PEC (c) 

experiments. These data are associated with those shown in Fig. 6 and Fig. 7.  

4. Conclusions 
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A photoelectrocatalytic (PEC) cell with a proton-exchange membrane (PEM) configuration has been 

developed, for the first time, for the simultaneous glycerol valorization and green H2 generation under 

soft pH conditions. For this purpose, a WO3 catalyst which is selective for glyceraldehyde (GAD) and 

dihydroxyacetone (DHA) production has been employed as photoanode. The electrocatalytic (EC), 

photocatalytic (PC) and thermocatalytic (TC) effects have been assessed and the following 

conclusions can be drawn from this study: 

- An increase of the temperature and, specially, the voltage enhances the current generated by the 

photoelectrolyser, and thus the hydrogen production rate at the cathode. The cell voltage has also a 

positive effect up to 1.2 V on the selective glycerol oxidation to C3 compounds at the anode, in 

contrast to conventional EC systems, due to the enhanced photogenerated charge carriers’ separation. 

- Under optimum PEC operation conditions, 60 ºC and 1.2 V, stable GAD and DHA production rates 

of 11.1 and 5.2 mmol m
-2

 h
-1

 are obtained, respectively, along with the simultaneous production of 

44.0 mmol H2 m
-2

 h
-1

. Under such conditions, the selectivity of GAD+DHA reaches 38% after 6 hours 

operation, corresponding with 4.5% glycerol conversion. 

- In this PEM configuration, the WO3 photoanode shows a much higher EC activity in dark conditions 

than conventional PEC systems operating in batch configuration. The increase of either the 

temperature (up to 80 ºC) or the cell voltage (up to 1.2 V) enhances the EC hydrogen production at 

the cathode and favours the deep oxidation of glycerol and/or its derived molecules, likely to CO2, vs. 

glycerol partial oxidation at the anode. 

- Under PC conditions, the catalyst shows a high selectivity for GAD production with an optimum 

operation temperature of 40 ºC. While the direct electron transfer from the anode under EC conditions 

favours the glycerol mineralization, the holes photogenerated by PC seem to be rather involved in the 

selective glycerol oxidation reactions to produce the targeted C3s. 

- A strong synergistic effect is observed between electro- and photo-catalytic effects. Thus, PEC 

proves to be the most promising among the explored technologies studied for the synthesis of both 

hydrogen and GAD/DHA in a PEM cell, as well as from the energy efficiency point of view. 
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