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Photoelectrochemistry holds the promise of directly converting sunlight
to valuable chemical products. Photoelectrochemical (PEC) methods,

however, lag behind their electrochemical counterparts in terms of
current density. In this work, we demonstrate that, by using concentrated
sunlight, we can achieve current densities similar to electrochemical
methods, but with lower energy input. Specifically, we combined the
direct PEC oxidation of glycerol with the dark hydrogen evolution or
CO,reductioninamembrane-separated continuous-flow PEC cell. We
achieved over 110 mA cm™ photocurrent density, which is at least an order
of magnitude larger than those typically reported in the literature. We
demonstrated that the product distribution of glycerol oxidation is notably
differentin PEC and electrochemical scenarios at the same current density,
and the parasitic oxygen evolution reaction can be suppressed in the PEC
case. This approach raises opportunities to drive complex electrochemical
reactions in amore selective manner.

Electrosynthesis is having its renaissance and several industrial
processes are being electrified”. A key opportunity to unleash the
full potential of electrocatalysis is the coupling of two electrochemi-
cal reactions, each of which produces industrially useful products®.
The concept of paired electrolysis builds on the successful history of
chlor-alkalielectrolysis, where chlorine and hydrogen are cogenerated.
Arecent technoeconomic analysis of 295 electrochemical coproduc-
tion combinations evaluated the economic feasibility of CO, reduction
(CO,R) technology combined with value-added organic oxidationand
has found several profitable candidate combinations®. Despite the
impressive achievements, the following key challenges and bottlenecks
hinder the electrification of many processes: selective catalysts are
necessary, whichavoid the parasitic hydrogen evolution reaction (HER)
inthe case of cathodic processes and allow selective organic oxidation
reactions, instead of CO,and O, formation as anodic reactions; low-cost
catalysts are needed to enable easy and cost-efficient scale-up of the
eventually developed technologies. Thisissue canalready be seen for
polymer electrolyte membrane water electrolysis, especially consider-
ing the steep growth in Ir cost’. Catalysts shall allow operation at low
overpotential, which resultsin high energy efficiency. Thereactionrate

and selectivity are inherently coupledin the electrochemical scenario
because of the Butler-Volmer relationship. This means that the current
density and the electrode potential cannot be changed independently;
therefore, ensuring high reaction rate often sacrifices the selectivity
(thatis, intended product distribution). This is especially problematic
for reactions and catalysts where even small changes in the electrode
potential alter the product distribution completely (for example, in
the case of CO,R to C2+ products on Cu)®’.

Considering the above challenges, the question comes, whether
photoelectrochemical (PEC) methods can overcome some of these
challenges. So far, PEC reduction studies have been mostly limited
to water splitting (H, generation)®, CO,R to C1 products’ " and most
recently N, reduction to NH; (ref.12). Althoughin principleintegrated
PEC methods can provide a cost-efficient alternative to the photo-
voltaic + electrochemical (PV + EC) approach™™, they are not really
competitive for the above reactions, according to our recent litera-
ture review in which more than 300 papers were analysed from the
recent past'®. Small conversion rates and low conversion efficiencies
together with low durability are all of concern. At the same time, we
found that PEC methods often outperform their photochemical and
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PV +EC counterpartsin terms of selectivity’. Note that this resonates
with the key lesson learned from natural photosynthesis where excep-
tionally high selectivity can be obtained.

PEC processesin continuous-flow cells have been mostly restricted
to water splitting"”. As for CO, conversion, most PEC studies used a
photoanode for oxygen evolution reaction (OER),and CO,R occurred at
the dark cathode'®'* >, The lack of cell and system developments have
been hinderingthe proper assessment of different PEC reactions. When
moving from batch-type experiments to continuous-flow cells, the
following parameters have to be considered: the type of reactant feed
used (liquid or gas), which electrode(s) is (or are) illuminated, whether
anion-exchange membraneis used or not, mass transport conditions,
cellimpedance, pressure capability, applicable temperature and flow
rate. Furthermore, one has to consider the interplay of the two half
reactions, how to match the current densities, provide an optimal pH
and temperature range and so on. Finally, to ensure proper reactant
feed, the use of gas diffusion electrodes (GDEs) is highly recommended
for gas phase reactants.

PEC valorization of organic wastes is also in its infancy, mostly
focusing on wastewater treatment viacomplete mineralization. When
CO,Riscoupled with OER asthe anode process, OER consumes approxi-
mately 90% of the electricity input in the electrochemical scenario®.
This issue can be addressed by coupling other anodic oxidation reac-
tions with lower or at best zero® voltage requirement and higher-value
products. As an example, oxidation of glycerol” (a by-product of bio-
diesel and soap production in large quantities, a few million metric
tons annually) can lower electricity consumption by over 50% (ref.
24). In addition, high-value products can be obtained, including for-
mic acid, acrolein, 1,3-dihydroxyacetone or 3-hydroxypyruvic acid,
glyceraldehyde and lactic acid****. PEC oxidation of methanol, benzyl
alcohol, 5-hydroxymethylfurfural (HMF) was also performed onn-type
semiconductor photoanodes. Anotable feature was the high selectiv-
ity values (approaching 100% in certain instances)”?°. None of these
processes were performed in continuous flow or under concentrated
sunlight, therefore, the achieved photocurrent values remained low
(upto4 mA cm™).

Couplingalternative anodic oxidation reactions (that s, not OER)
with lower electricity needs and higher-value products is an increas-
ingly studied approachin electrosynthesis****°*', This strategy offers
opportunities for PEC methods as well, because there will be no need
to cope with the energy need, and the sluggish kinetics of OER, there-
fore abroader pool of semiconductors can be used. At the sametime,
the complete mineralization (that is, CO, formation) of the organic
molecules hastobeavoided, because that would undermine the envi-
ronmental relevance of the whole process. Although a few examples
demonstrated such coupling, only two of them focused on the CO,
at the cathode®*. Furthermore, they were performed in batch cells,
which hinders future scale-up efforts. Combined biomass valorization
and H, production was demonstrated, where the oxidation of HMF
into 2,5-furandicarboxylic acid occurred at the anode of a PEC cell”.
Using amolecular redox mediator a near-quantitative yield and 100%
Faradaic efficiency (FE) was achieved. In another, bio-PEC approach®,
aMo:BiVO, photoanode was employed to generate H,0, in situ, which
simultaneously supplied peroxygenases to drive a selective hydroxyla-
tionreaction.

Todecreasethe footprint of PECtechnologiestoalevel thatis com-
petitive with electrochemical processes, the current densities have to
beincreased substantially (that is, by order(s) of magnitude)***. Using
concentrated sunlight is the only way to increase the current density
from the theoretically achievable limits (for example, 45 mA cm™ for
Si with abandgap of 1.1 eV) to industrially relevant values. The solar
power input can be concentrated up to 1,000 sun, which in combina-
tion with proper buried photovoltaic cells already allowed current
densities similar to those inindustrial electrolysers. For water splitting,
0.88 A cm™current density was demonstrated with a solar-to-hydrogen

conversion efficiency over 15%, under concentrated solar irradiation
(up to 474 kW m™2)*, A similarly integrated PV + EC setup was devel-
oped for CO,R as well, where 17% solar-to-CO conversion efficiency
was achieved at 150 mA cm™ current density”. Similar arrangements
can be envisioned for other high-value PEC processes, where proper
electrode development, light and thermal management, and sufficient
stability can be ensured.

On the basis of all the above-discussed advantages and disad-
vantages, here we present a PEC cell design containing an n-type
silicon-based photoanode and dark gas diffusion cathode to perform
the combined reduction of water or CO, at the cathode with the oxi-
dation of glycerol at the anode. We use concentrated sunlight and a
continuous-flow PEC cell to decrease the cell voltage and to achieve
selective formation of glycerol oxidation products without OER, which
isdifficult toimplementvia electrochemical methods. We demonstrate
that PEC methods can resultin lower voltage requirement and higher
selectivity at high current density, by decoupling the overpotential
and the number of generated charge carriers.

Results

The design of the PEC cell

All experiments presented in this paper were performed in a
custom-designed flow PEC cell (Fig. 1). This is a markedly different
design from the traditional PV + EC reactors, where a photovoltaic
cellis connected to the electrodes through external wires. In our case,
the whole photoanodeisimmersedinthe electrolyte and the catalyst
covered part of the electrode is the only electrochemically active
part of the PEC assembly (Supplementary Fig.1and the description
inthe Supplementary Note 1). The disruptive potential of this cell is
that front illumination can be used during the experiments, which
allows the application of non-transparent substrates and expands the
list of suitable semiconductors (such as silicon (Si)). Note that front
illumination can overcome two limitations that strongly affect the
PEC performancein flow cells operated with backside illumination.
On one hand, more light can reach the photoactive material, which
is a limiting factor in the case of gas diffusion layers as supporting
electrodes. Onthe other hand, the use of perfectly transparent fluo-
rine doped tin oxide or indium doped tin oxide introduces higher
cell resistance, due to the lower conductivity of these substrates.
Another advantage of this PEC cell is that the temperature can be
precisely controlled by a tempered inert medium flowing through
a fluid chamber designed in the end plate. There are examples in
the literature where the cell temperature is set by the recirculated
electrolyte®®; however, at lower flow rates the accurate temperature
cannot be maintained in this way. Moreover, concentrated sunlight
heats the cell continuously, which makes the temperature control
even more important.

PEC CO, reduction and glycerol oxidation at high currents

To achieve selective conversion of reactants in both half reactions,
the mostimportant parameter that needs to be consideredisthelocal
chemical environment®. In this regard, the electrochemical oxidation
ofglycerolis favouredin alkaline mediabecause the first deprotonation
step (alcohol to alkoxide) is base catalysed*’. Therefore, astrongly basic
solution should be used as the anolyte, where the type of alkali cation
can also have an important role in the glycerol oxidation reaction*.
These cations can interact with the intermediates thereby affecting
selectivity. Asfor CO,R, the presence of large cations (such as caesium)
increases the partial current density for CO formation and at the same
time suppresses the parasitic H, production*. This can happen because
of the cation crossover from the anode to the cathode through the
anion-exchange membrane (AEM), which changes the local chemical
environment on the cathode side and promotes the CO,R (ref. 43).
Considering all of these observations, glycerol containing CsOH elec-
trolyte was employed in all experiments.
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Fig.1|Design of the PEC cell. a, Schematic exploded view of the PEC cell with the detailed structure of the photoanode. b, A photograph of the PEC cell under
operation. AEM, anion-exchange membrane; GDE, gas diffusion electrode; PP, polypropylene; PCB, printed circuit board.

The PEC behaviour of the custom-designed flow cell was first
probed by photovoltammetry (Fig. 2a) in the potential range between
-0.2and 1.0 V (versus Ag/AgCl) using concentrated (10 sun) solar illu-
mination (the solar spectrumis showninSupplementary Fig.2a). The
onset potential of the photocurrent related to glycerol oxidation was
around O V (versus Ag/AgCl), thenacontinuousincrease was observed
withaphotocurrent maximum of more than 110 mA cm This photo-
current density valueis about an order of magnitude higher compared
to precedent literature reports on PEC glycerol oxidation, which are
all below 10 mA cm™ (Fig. 2b)?***52, Moreover, the observed photo-
current densities in this work are comparable with the dark currents
achieved with the best Ni-containing catalysts (Ni(OH), (ref. 41) and
Ni-Mo-N, ref. 53) (Fig. 2b), even though the electrochemical surface
areais much lower inour case (we deposited the Ninanoparticlesona
flat Si wafer, while in the two literature examples, Ni(OH), nanoflakes
were deposited on Nifoam, and Ni-Mo-N nanoplate structure—com-
posed of nanoparticles—was grown on carbon fibre cloth). In addition,
the onset potential achieved with the photoelectrode is much lower, as
the photopotential of Siis harnessed (later). At the same time, there are
recent reports on dark electrocatalytic studies, where higher current
densities have been achieved in different organic oxidation reactions®.

A potentiostatic measurement was performed at 1.0 V (versus
Ag/AgCl) to check the stability of the photocurrent (Fig. 2c). Dur-
ing this experiment, the product distribution was also analysed at
both the cathode and anode sides (Fig. 2d). Then, 95% CO and 5% H,
were identified as the cathodic products (that is, FE), while a mixed
product distribution was detected in the anolyte with formate, glyc-
erate, glycolate, oxalate, tartronate and lactate (the exact FE of each

product was calculated with the equations given in Supplementary
Note 2 using the electron numbers in Supplementary Table 1). The
total FE belonging to stable (unreactive) products was roughly 85%
ontheanodesside, whichis one of the highest values compared to the
reported FEsin the literature related to glycerol oxidation, especially
athigh current densities (inmany cases, FE values are not even shown,
only selectivity data are presented)*~**, The remaining roughly 15%
FE can be rooted in the formation of multiple by-products. If there is
CO,formation (viaformate oxidation) during the oxidation process, it
candissolveimmediatelyin the alkaline solution producing carbonate.
Carbonateions are difficult to quantify in the strongly basic medium,
especially at such low concentrations. To examine the possibility of
PEC formate oxidation to carbonate, formate containing CsOH was
used as the anolyte in a control experiment. In this case, the two pos-
sible processes are the oxidation of formate and the OER. We proved
thatthereis noformate oxidation on our catalyst, as the concentration
of formate was not decreased after the PEC reaction (Supplementary
Fig. 3). Crossover of the anodic products to the cathode through the
AEM, can also lead to an apparent loss in the FE. While this is unlikely,
as the cathode is negatively charged, so the anions have a potential
barrier in that direction, we have quantified their amount. The total
FE related to the product crossover from the anode to the cathode
wasonly1.10 + 0.24%.

Furthermore, some C3 and C2 oxidation products (such as glycer-
aldehyde, dihydroxyacetone and glycolaldehyde) are not chemically
stable under highly basic conditions, they can decompose spontane-
ously to produce formate and other products®. These by-products
appear on the ion chromatogram as small peaks® (indicated by the
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using asolar simulator (AM 1.5) as the light source operated at 1,000 mW cm™
(10 sun). The anolyte was 0.5 M glycerol containing 1.0 M CsOH. CO,Rwas
performed on the cathode side using 25 cm® min™ CO, flow, while the anolyte
was non-recirculated and the flow rate was 2 cm® min™. The temperature of the
celland the anolyte was 35 °C. The missing FE on the anode side (d) is related
to dihydroxyacetone, glyceraldehyde and oxygen. RHE, reversible hydrogen
electrode.

black arrows in the inset of Supplementary Fig. 4) beside the main
products (Supplementary Fig. 4) that are not evaluated during the
calculation of the FEs. To further verify that these unstable by-products
arereally producedin the PEC glycerol oxidation reaction and to find
out exactly which intermediates are involved in this process, several
control measurements were performed and will be discussed below.
Finally, thereis always a possibility for the parasitic OER where another
reactive intermediate (O,) isformed. These intermediates together are
now noted asreactive products and account for the remaining roughly
15% FEin Fig.2d.

Asapartial conclusion, the paired PEC CO,R and glycerol oxidation
can be performed effectively without the complete mineralization of
glycerol (thatis, CO,formation). Onthe other hand, when CO,R occurs
onthecathodeside, thereis an unintended extra source of carbonate
through the AEM**; therefore, an excess amount of carbonate will
beinthe anolyte, which may affect the product distribution (and also
the stability, asitis shown below). Because of this, HER was performed
onthe cathodesidein those experiments where the anolyte composi-
tion was studied. In these cases, a continuous argon flow was fed to
the cathode to exclude the other possible processes (for example,
oxygenreduction).

Effect of the operational parameters
Ni catalysed glycerol oxidation starts simultaneously with the trans-
formation of Ni(OH), to NiOOH, which is responsible for the catalytic
activity in this reaction®”**, NiOOH is a widely used material in OER
as well, which raises the possibility of the competition between the
two processes. Because of this, the PEC behaviour of the Ni-coated Si
photoanode was examined in 1.0 M CsOH with and without the pres-
ence of glycerol (Fig. 3a). The oxidation of glycerol started at 200 mV
lower potential (-0 V versus Ag/AgCl) compared to OER (-0.20 V versus
Ag/AgCl), while the maximum photocurrent density recordedat1.0 V
(versus Ag/AgCl) was two times higher (105.8 versus 57.0 mA cm™).
This signals that glycerol oxidation is both thermodynamically and
kinetically more favoured compared to water oxidation. As the next
step, the intensity dependence of the photocurrent was determined
(Fig. 3b). There was a linear relationship between the photocurrent
andtheintensity (atleastinthe range betweenland 10 sunasshownin
Supplementary Fig. 2b), which shows that more charge carriers canbe
generated using higher light intensities and, mostimportantly, these
carriers can be extracted.

The effect of two external parameters were also examined, namely
the effect of temperature (Fig. 3¢c) and glycerol concentration (Fig. 3d).
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using asolar simulator (AM 1.5) as the light source operated at 1,000 mW cm™
(10 sun). The sweep rate was kept at 10 mV s and the light-chopping frequency
was 0.2 Hz. HER was performed on the cathode side using 25 cm® min™argon
flow and the anolyte flow rate was 10 cm?® min™. The error bars represent the
standard deviation from the average (mean), originated from three separate
measurements performed on three different Ni/Si electrodes.

A continuous photocurrentincrease was observed as the temperature
wasraised from5to 35 °C, while furtherincreasein the temperature had
no influence on the photocurrent. Changing the glycerol concentra-
tion in the anolyte, an interesting current trend was observed. There
was an increase in the photocurrent between 0.1and 0.5 M; however,
a decrease was measured at higher concentrations. Electrochemi-
cal impedance spectroscopy and dynamic viscosity measurements
were carried out to explain the trends in the photocurrent (Supple-
mentary Figs. 5 and 6). As both the diffusion coefficient and the ion
mobility decrease with the increasing viscosity, the alterations in the
cell resistance are a direct consequence of the change in electrolyte
viscosity. Between 5and 35 °C, both the cell resistance and the viscos-
ity decreased, which explains the photocurrent trend perfectly (Sup-
plementary Fig. 6a,b). In the case of concentration dependence, the
cell resistance and the viscosity were almost constant up to 1.0 Mand
onlyincreased at higher glycerol amounts (Supplementary Fig. 6¢,d).
By contrast, the photocurrent firstincreased (between 0.1and 0.5 M),
then a decrease was observed (between 0.5 and 5.0 M). This shows
that glycerol oxidationis more favoured compared to water oxidation
(Fig.3a). Atlow glycerol concentration, thatis the limiting factor for the
photocurrent. As glycerol concentrationincreases, the photocurrent
increasesin parallel, while the water oxidationis gradually suppressed.
This is confirmed by the product analysis, where more than 20% FE is

related to oxygen formation at 0.1 M (Fig. 4b) and at higher glycerol
amounts the contribution of water oxidationis undetectable. After an
optimal concentration (0.5 M), however, the anolyte viscosity deter-
mines the achievable photocurrent density. The increasing viscosity,
and therefore the limited mass transport, is the reason for the gradual
decrease in the photocurrent at the concentrations higher than the
optimal value (0.5 M).

To evaluate the effect of operational parameters on the product
distribution, potentiostatic measurements were carried out and the
anolyte composition was examined by NMR (nuclear magnetic reso-
nance) spectroscopy and ion chromatography. Six different products
were detected after the electrochemical oxidation of glycerol: for-
mate, glycerate, glycolate, oxalate, tartronate and lactate. The rela-
tive quantity of these products can be controlled by varying the cell
temperature, the concentration of glycerol and the anode potential
(Fig.4a-c). The parasitic oxygen formation was also monitored during
these experiments by an oxygen sensor and was only detectable at the
lowest glycerol concentration (0.1 Min Fig. 4b).

To explain the changes in the product distribution at different
operational parameters, the reaction mechanism of glycerol oxida-
tion should be examined carefully (Fig. 5). According to the litera-
ture>*’, glycerol oxidation starts with a base-catalysed deprotonation
step, followed by a second one with the contribution of the catalyst.
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Theresulting glyceraldehyde and dihydroxyacetone are in equilibrium
inalkaline solutions. The electrochemical oxidation of these reaction
intermediates results in different products (marked in blue in Fig. 5),
inaddition, thereis anon-electrochemical pathaswell, which consists
ofadehydrationand arearrangement step, producinglactate (marked
withyellowinFig.5). The electrochemical path can produce glycerate,
tartronate, glycolate, formate, oxalate or even carbonate (this last one
being an unintended product affecting the overall CO, balance of the

coupled process; however, it does not occur in the PEC process in our
system, as discussed before). This reaction pathway can be favoured by
using low temperatures, low glycerol concentrations and high anode
potentials (Fig. 4). Note that the amount of C3 products is very low,
whichis notsurprisinginthe case of Ni catalysed glycerol oxidationin
strongly alkaline media where C-C cleavage is favoured*">.

Higher temperatures, higher glycerol concentrations and lower
anode potentials favour the non-electrochemical formation of lactate
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(Fig. 4). On the basis of these observations, three conclusions can be
drawn: the temperatureincrease has a positive effect on lactate forma-
tion (Fig. 4a), parasitic oxygen formation can completely suppress the
non-electrochemical path (at the lowest concentration of glycerol in
Fig. 4b) and when the electrochemical oxidation slows down (that is,
lower current densities can be measured), relatively more glyceralde-
hyde and/or dihydroxyacetone can transform to lactate through the
non-electrochemical process (Fig. 4b,c).

All the above-mentioned conclusions suggest the formation of
dihydroxyacetone and/or glyceraldehyde reactive intermediates
that are not stable under the experimental conditions: they are not
chemically stable in highly alkaline electrolytes that manifestsin their
spontaneous decomposition®, they are sensitive to dissolved oxygen
and undergo a chemical oxidation resulting glycerate® (first step
of glyceraldehyde and/or dihydroxyacetone transformation in the
reaction path marked with blue in Fig. 5), they are also sensitive to
high temperatures. To prove the formation of these products during
the PEC reaction, the product distribution was compared in an argon
deaerated and oxygen saturated anolyte under otherwise identical
conditions (Supplementary Fig. 7). A yellow colour was observed in
the argon deaerated electrolyte after the PEC experiment, while the
oxygen saturated sample remained transparent. This suggests that at
least one of the products (which has yellowish colour) is not detected
in the argon deaerated samples and that is the reason for the unac-
counted roughly 15% FE. Using ultraviolet-visible (UV-vis) absorbance
measurements we found that the yellow colour and the missing FE
come from dihydroxyacetone and glyceraldehyde (details in the Sup-
plementary Note 3, and UV-vis absorbance spectrain Supplementary
Figs. 8 and 9), but the quantification of these products is not possible
as their concentrations continuously change. Moreover, when the
parasitic OER can also occur (at 0.1 M concentration of glycerol in the
PEC process and also in the dark oxidation: below), the exact amount
ofbothintermediates and oxygenis unknown, as they react witheach
other. Consequently, dihydroxyacetone, glyceraldehyde and oxygen
are all part of the reactive products that contribute to the missing FE
inallfigures related to anodic product distribution.

To prove that the magnitude of the current density influences the
reaction pathway the most (and not the anode potential), the product
distribution was compared in potentiostatic and galvanostatic experi-
ments underland10 sun (Supplementary Note 4 and Supplementary
Figs.10 and 11). There was aslight differencein the product distribution
under potential control. The difference was due to the higher FE of
lactate and glycolate (Supplementary Fig.10). By contrast, the product
distribution was independent from the light intensity when the same
current density was applied, even though the potential response was
lower under10 sunirradiation (Supplementary Fig.11). This confirms
the basic principle of photoelectrochemistry that the valence band
position determines the energy of holes and not the applied potential.

Differences between the electrochemical and PEC scenarios

In general, PEC cells are less efficient than dark electrolysers in terms
of maximum current densities (that is, reaction rates) (at least under
1sunofirradiation as shownin Fig. 2b). A great advantage of these
systems, however, lies in the lower electricity consumption (that is,
lower external bias to maintain the given current density) and/or in
the higher selectivity, which is especially important in the reactions
where multiple products can be produced. This can be explained by
the appearance of the photopotential under illumination, which low-
ersthe onset potential of the given process, resulting in lower half-cell
potential and therefore lower cell voltage. In most cases, however, the
photocurrent reaches asaturation level at acertain potential, whereas
the current increases monotonously in dark (unless there are mass
transport limitations). Therefore, dark electrochemical cells usually
outperformthe PEC systemsin terms of currents, but at the same time
the selectivity is more difficult to control even at low current densities.

To demonstrate the differences between the two scenarios, we
compared the dark and photooxidation of glycerol under otherwise
identical conditions. Dark measurements were performed with a Ni
sheet (acting as the catalyst layer) that was soldered to the printed
circuitboard (PCB) by anindium layer. Linear sweep voltammograms
showed roughly 0.45 Vlower onset potential of glycerol oxidationinthe
case of the photoelectrode, and this photopotential value was constant
up to 30 mA cm?, while it became higher at higher current densities
(Supplementary Table 2). This trend is due to the shoulder observed
onthedark currenttrace thatis not presentin the photocurrent curve
(Fig. 6a). This signals that an additional process takes place in the dark
measurement over 30 mA cm™ current density, which is most probably
associated with water oxidation as continuous bubble formation was
observed on the surface of the Ni sheet. The photopotential lowered
the anode potentials in the case of the PEC setup (Fig. 6b and Supple-
mentary Fig.12a), and also the cell voltages (Fig. 6c and Supplementary
Fig.12b) in asimilar manner.

Even moreinterestingly, notable differences were observedinthe
productdistribution between the electrochemical and PEC scenarios
atthe same current density (Fig. 6d and Supplementary Fig.12c). The
main differences are the lower total FE of glycerol oxidation products
in the case of the electrochemical process (in agreement with the
literature*~***); and the higher FE of formate and lactate, as well as
the lower FE of glycerate and oxalate in the PEC oxidation. Both are
the direct consequences of the parasitic OER in the electrochemical
scenario, competing with glycerol oxidationin the dark and the form-
ing O, reacts with the intermediate products. As mentioned, glycer-
aldehyde and dihydroxyacetone are sensitive to dissolved oxygen
and are immediately oxidized chemically to glycerate (and different
other products)®. Thisis followed by the electrochemical oxidation of
glycerate toglycolate and formate. Glycolate canbe further oxidized to
oxalate or formate. By contrast, the dark electrochemical process (at
highanodic potentials) favours glycolate oxidation only to oxalate®. In
the case of the PEC process, there is no observable oxygen formation,
sointhis casea part of glyceraldehyde and dihydroxyacetone canturn
into lactate in the non-electrochemical step marked in yellow in Fig. 5
(especially whenthe photocurrent density is low). Glyceraldehyde and
dihydroxyacetone can also be oxidized electrochemically to formate
(thisis the favoured product of glycolate oxidation at lower potentials,
and thereforeinthe PEC process as the potential is fixed by the valence
band positionin this case).

To prove the participation of dissolved oxygen in the reaction,
we measured its concentration during photo- and dark electrolysis
at 100 mA cm ™ (Supplementary Fig. 13). While there is no detectable
oxygen formation in the PEC reaction, it is certainly present in the
dark process. Accordingly, the oxygen concentration decreased to
zero immediately after we started the PEC process, indicating that
the remaining oxygen in the anolyte (after the deaeration with argon
gas) was consumed by the intermediates. By contrast, a continuous
increase was observed in the oxygen concentration at the beginning
of the dark reaction that showed a decrease over time, signalling that
theintermediate products consume oxygen faster thanitis produced
inthe OER process. Asaresult, glyceraldehyde and dihydroxyacetone
intermediates were not detected in the anolyte after the dark reaction,
similarly to the case of the oxygen saturated anolyte after the PEC
oxidationreaction (Supplementary Fig. 14).

Combining two high-value processes

To examine the product distribution of CO,R as a function of potential,
we switched againto CO,feed onthe cathode side. The products were
analysed by gas chromatography during potentiostatic experiments
at five different potentials (Fig. 7). All measurements showed around
90% FE for CO and therest of the charge was used for H, production. In
light of these results, the custom-designed photoanode-dark cathode
cell can produce high-value products onbothssides, anditis suitable to
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25 cm® min™argon flow, while the anolyte flow rate was 10 cm® min™.

The temperature of the cell and the anolyte was 35 °C. The error bars represent
the standard deviation from the mean, originated from three separate
measurements performed on three different Ni/Si and Ni sheet containing
electrodes. The missing FEind is related to dihydroxyacetone, glyceraldehyde
and oxygen.

performother electrochemical processes by selecting the appropriate
catalysts and parameters for the desired products. Note, however, that
the synergistic coupling between the two half reactions is extremely
important for long-term operation. In this regard, NiOOH is not the
best choice as the anode catalyst when CO,R takes place on the cathode
side. Protons are generated in the anodic glycerol oxidation reaction
(Supplementary Equation (8)), which are completely neutralized in
the case of HER, by the hydroxide ions passing through the membrane.
Thisresultsin aconstant pH during the experiment (the pH was 13.54
before and 13.41 after the HER experiment at 1.0 V anode potential).
In the case of CO,R at the cathode, the ion conduction is maintained
by carbonateions®. Inthis case, the neutralization of protons formed
at the anode can only partially take place, which ultimately leads to a
decreaseintheanolyte pH (from13.54 t012.65at1.0 Vanode potential:
detailed descriptionand the chemical equations in the Supplementary
Note 5). Asaresult, the NiOOH starts to dissolve from the surface of the
Si*’, which leads to a gradual decrease in the photocurrent (NiOOH is
notonly the catalyst but also acts as a protection layer against the cor-
rosion of Si)®*. This process was confirmed by long-term potentiostatic
experiments at two different potentials (0.6 and 1.0 V versus Ag/AgCl)
under 10 sun, and at 1.0 V (versus Ag/AgCl) under 1 sunirradiation,

both with HER and CO,RR as the cathode reaction (Supplementary
Fig.15). The photoelectrode retained 80% of the initial photocurrent
after 3 hours with HER under concentrated sunlight, while only 30%
remained under CO,RR conditions (Supplementary Fig. 15a,b). The
observed 3 hour stability with HER is promising, as only the catalyst
deposition prevents the photocorrosion of Si (no additional protection
strategies were used). To determine the contribution of concentrated
solarirradiation to the degradation process, we performed 8 hours of
photoelectrolysis under 1 sun with both HER and CO,R (Supplemen-
tary Fig.15c). Clearly, the lower irradiation intensity and therefore the
lower photocurrent density resulted in an increased stability of the
electrode assemblies. The slower dissolution rate of the catalystin the
case of CO,Rresultedin 75% photocurrent retention after 4 hours. The
concentration of dissolved Ni was also quantified in the anolyte after
these experiments by inductively coupled plasma mass spectrometry.
Four times higher Ni?' concentration was determined in the anolyte
when CO,R was the cathode reaction, which proves the accelerated
dissolution of Ni catalyst.

We performed another 3 hour potentiostatic experiment coupled
with product analysis, where argon gas was fed to the cathode in the
first 2.2 hours, then the argon was changed to CO, (Supplementary
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Fig.7 | Distribution of CO,R products. The products were detected by

gas chromatography during potentiostatic measurements at five different
potentials. Constant parameters: 35 °C, 0.5 M glycerolin1.0 M CsOH, 2 cm® min™?
anolyte flow rate, 25 cm® min™ CO, flow rate. The difference in the anodic and
cathodic current density is caused by the different electrode area as detailed in
the experimental section (the total current is equal)./indicates the total current
density (thatis, equal to the current density at the anode as the surface of the
photoelectrode is 1 cm?);j,;, and ., denote the partial current density of H,and
CO, respectively, at the cathode.

Fig.16). Until water reduction occurred on the cathode side, the pho-
tocurrent was stable and not surprisingly 100% hydrogen was detected.
As soon as the gas was changed to CO,, the photocurrent started to
decrease, and CO became the main product of the gas phase.

To prevent or at least slow down the dissolution process, the
anolyte was non-recirculated and fresh solution was continuously
supplied to theanode when CO,R occurred onthe cathode side (Figs. 2
and 7). In these experiments the anolyte flow rate was decreased to
2cm®min™,

Selection of the appropriate catalyst and semiconductor

The onset potential difference of glycerol- and water photooxidation s
small (200 mV) on Ni catalyst (Fig. 3a), which means that the electricity
consumptionis almost the same in the two processes. Thisis surprising,
especially if we compare the thermodynamic potential difference of
thetwo electrochemical reactions, whichis around 0.8 V (ref. 24). This
indicates that Niis not the best catalyst in glycerol oxidation, while it
shows notable activity in OER. Using noble metal catalysts, the overpo-
tential of glycerol oxidation can be lowered’, and the reaction can be
performed even without C-C cleavage (thatis, mainly C3 products can
be obtained: Supplementary Note 6 and Supplementary Fig.17). These
catalysts, however, are quickly poisoned by the reaction intermedi-
ates (mainly by the adsorbed CO)’. To mitigate the poisoning effect of
CO, the anode catalyst should either bind CO weakly but still oxidize
glycerol, or it should oxidize the adsorbed CO at low potentials. In
this regard, PtRu seems to be agood candidate to overcome the men-
tioned limitation of pure noble metals®*. When using a PtRu catalyst we
observedasudden current decrease during glycerol oxidation starting
from —0.15V (versus Ag/AgCl), both in the electrochemical and PEC
processes (blackandred curvesin Fig. 8a, respectively). There are two
possible events that occur at the mentioned potential: Pt oxide forma-
tion on the surface, which is not active in glycerol oxidation®* and/or
dissolution of Ru from PtRu that hinders its beneficial properties®.
In addition to the current drop, the PEC reaction started at the same
potential as the dark current onset (black and red curvesin Fig. 8aand
red curvein Supplementary Fig. 18a), showing there was no photopo-
tentialunder illumination (to be discussed later). By contrast, Ni showed
remarkable stability, but the overpotential of glycerol oxidation was
roughly 1.0 V (blue curve in Fig. 8a and Supplementary Fig. 18a). This
overpotential can be halved by using a Ni-covered Si photoelectrode
(greencurveinFig.8aand Supplementary Fig.18a), but the efficiency

still lags behind PtRu that shows roughly 0.5 V lower onset potential
eveninthedark.

To explain the observations in Fig. 8a, thermodynamics should
be considered. Beside the catalyst, the valence band position and the
flatband potential (whichis close to the Fermilevel, E;) of the semicon-
ductor should also be carefully examined. In principle, the semicon-
ductor is suitable to perform an oxidation reactionif the energy level
of holes (that is, the valence band position) is more positive (on the
potential scale versus Ag/AgCl) than the redox potential of the given
process. Inthisregard, Siseems to be asuitable candidate for glycerol
oxidation (Supplementary Fig.18a) with presumably high selectivity,
since the thermodynamic driving force for the parasitic OER is low
(the valence band position is close to the theoretical onset potential
of water oxidation). A catalyst, however, must be used onits surface to
efficiently extract thelight generated holes from the valence band (that
is, enhanced charge separation). When the Fermi level of the catalyst
lies more negative on the vacuum scale than the £ of the semiconduc-
tor (this is the situation in the case of Ni), electrons will transfer from
the semiconductor to the catalyst until thermodynamic equilibrium
isreached®. Asaresult, the E; of Ni/Siwill be situated at more negative
potential on the vacuum scale compared to the E; of bare Si (Supple-
mentary Figs. 18b and 19a). By contrast, the £ of PtRu lies very close
to the original £; of Si, thus there will be negligible change in its value
in the case of PtRu/Si photoelectrode (Supplementary Figs. 18b and
19b). These energetics also dictate the observed photopotential under
illumination, as described in Supplementary Fig. 19.

Thetheoretical photocurrent onsetis determined by the flatband
potential that is, in principle, equal to the position of the original E;
before reaching equilibrium®. This is in good agreement with our
results (Supplementary Fig. 18a) as the determined flatband potential
(-=0.71V versus Ag/AgCl derived from Mott-Schottky analysis, Sup-
plementary Fig.20) was close to the EF; of bare Si (-0.57 + 0.08 V versus
Ag/AgCl). In the case of semiconductor-metal junctions, however,
the photocurrent onset can appear at notably higher (more positive)
potentials depending on the photopotential and the kinetic overpoten-
tial®“®, The photopotential is determined by the potential difference
between the electron and hole quasi-Fermi levels of the illuminated
semiconductor, which can be affected by the catalyst (Fig. 8b). As the
difference between the quasi-Fermi levels of electrons and holes is
negligible in the PtRu/Si electrode, no photopotential can build up
(Fig. 8b)®. This is the reason why the photo- and dark current onset
potentialsareidenticalinthis case. Onthe other hand, the photopoten-
tialis roughly 0.45 V on Ni-covered Si; accordingly, the photocurrent
onset is negatively shifted by 0.45 V in the case of Ni/Si, compared to
the process on Nisheet (greenand blue curvesinFig. 8a). Even though
aphotopotential can be observed on Ni/Si, the onset potential of the
photocurrentis positively shifted compared to PtRu/Si. Thisis because
ofthelarge (1.0 V) kinetic overpotential of glycerol oxidation on Ni that
canbe reduced by the value of the photopotential ™.

Operation at higher total current

To test whether the photocurrent scales with the geometrical surface,
the size of the photoelectrode was increased by sixfold (a detailed
description canbe foundin the Supplementary Note 7). The achievable
maximum photocurrent density decreased by 30% with the sixfold
increase of the electrode surface (Supplementary Fig. 21), which signals
that the scale-up either makes the contact preparation more difficult
(imperfect contact) or that the extraction of the light generated charge
carriers becomes sluggish because of the longer lateral transport. It
should be mentioned, however, that the total photocurrent was roughly
250 mA with the larger electrode even under 4 sun of irradiation.

Conclusions
A continuous-flow PEC cell was designed to perform the direct
photooxidation of glycerol combined with the dark electroreduction
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the quasi-Fermilevels of electrons and holes, respectively, while the difference
between them shows the measurable photopotential (V,;,). CB, conduction band;
GS, glass carbon; VB, valence band; V., loss of photopotential.

of water or CO,. A photocurrent density of more than110 mA cm2was
achieved under 10 sunirradiation using a high-performance Si-based
photoanode. The reaction rate and the selectivity of the oxidation
process was controlled by the operational parameters. We found that
simply by varying the cell temperature, the anode potential (the band
bending and therefore the number of holes reaching the surface) and/
orthe concentration of glycerol (the amount of the reactant), we could
shift the reaction pathway to produce larger amount of the desired
product, although stilla product mixture forms. We compared the PEC
and electrochemical oxidation of glycerol at the same current density,
and we found a notably different product distribution. The phenom-
enon canbeexplained by the atleast 0.45 Vlower cell voltages (rooted
in the anodic half-cell) in the case of the illuminated photoelectrode
that ultimately leads to higher selectivity (glycerol oxidation without
parasitic OER). The PEC scenariois therefore an exceptional case of the
Butler-Volmer relationship where the current and the overpotential
can be decoupled to a certain extent. With properly paired semicon-
ductor-catalyst assemblies, bias free operation can be possible at high
current densities, and such studies are in progress. Further studies
will also assess the challenges of limited stability, by engineering the
semiconductor(-protecting layer)-catalyst interface.

Methods

Materials

All chemicals were purchased from commercial suppliers
(Sigma-Aldrich, VWR International), and were of at least analyti-
cal grade and were used without further purification. MilliQ grade
(p =18.2 MQ cm) ultrapure deionized water was used to prepare all
the solutions.

Electrode preparation

In all experiments with the flow PEC cell, a Si-based photoelectrode
or aNisheet containing electrode was used on the anode side, while a
catalyst covered carbon cloth was used on the cathode side.

The photoelectrode consisted of two parts: acopper-based PCB as
the contact and asingle side polished n-type Siwafer (UniversityWafer,
Inc., dopant P, resistivity 0.1-0.5 Q cm, thickness 500 pum) as the pho-
toactive material. To have good contact between the two components,
several steps were performed during the preparation. First, the back-
side (unpolished side) of the Si wafers was scratched by a sandpaper,
then these electrodes were sonicated in acetone, isopropanol and

deionized water for 5-5 min. To remove the oxide layer from the sur-
face ofthe Si, the electrodes wereimmersed in buffered oxide etchant
solution for 3 min and then were rinsed with water. The buffered oxide
etchant solution contained 10 g of NH,F-HF, 15 ml H,0 and 2.5 ml of
concentrated hydrogen fluoride. As the next step, the PCB and the Si
were heated to200 °Conahotplate, then anindium piece was placed on
them. Theindium melts at this temperature and becomes spreadable.
Both the backside of the Si and the PCB contact were covered by the
melted metal, then the two parts were put together and cooled down to
room temperature. With this process arobust contact can be prepared.
The indium containing parts of the contact around the Siwas covered
with epoxy before the catalyst deposition. After the epoxy dried, the Ni
catalyst was deposited using atwo-step potentiostatic method: -1.4 V
(versus Ag/AgCl) was applied for1s,then-1.0 V (versus Ag/AgCl) was
used up to 25 mC cm~2charge density. The aqueous solution contained
0.1M NiSO, and 0.1 M H;BO; and was stirred during the deposition.
The Ni catalyst layer prepared thus consisted of nanoparticles (Sup-
plementary Fig. 22). By contrast, PtRunanoparticles (carbon supported
PtRu with a molar ratio of 1:1 from Tanaka) were spray coated on the
surface of the preheated Si wafer or glassy carbon electrode at 100 °C
fromal:lisopropanol:water suspension (2.5 mg cm™), together with
15 wt%ionomer (Sustainion XB-7) that acted as abinder. In this case, the
catalyst loading was ~25 pg cm™. In the dark measurements, Ni sheet
(Sigma-Aldrich, 299.9%, thickness 125 pm) was used instead of the Si
wafer and it was placed on the indium covered PCB in the same way.

Silver nanoparticles (d,,, <100 nm, Sigma-Aldrich) were used as
the catalyst onthe cathode side. These particles were spray coated on
preheated carbon cloth (gas diffusion layer) (ELAT-LT1400) at 100 °C
from a 1:1 isopropanol:water suspension (25 mg cm™), together with
15 wt%ionomer (PiperlONI-46). The spray-coating was performed with
ahand-held airbrush with compressed air carrier gas and the catalyst
loadingwas 1.0 £ 0.1 mgcm™.

The PECcell

The PEC cell used for all electrochemical experiments contains the
following components (from right to left in Fig. 1): an end ring that
holds the plexiglass window in its position; a Si photoanode on aPCB
held together by anindium layer; a polypropylene mesh thatactsasa
spacer to hold the AEM in place beneath the photoanode; a photoan-
ode holder that contains the anode current collector, the reference
electrode and the anolyte in- and outlet; a PTFE-reinforced 32 um
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thick PiperlON TP-85 AEM from Versogen; a GDE with its catalyst layer
facing the membrane; a spacer element to set the compression ratio
ofthe GDE (together with the polypropylene mesh); a cathode current
collector with a concentric flow-pattern with a central inlet and an
outlet on the perimeter and finally an end plate with a fluid chamber
thatallows the cell temperature to be precisely controlled (tempered
water is continuously flowed through the chamber and the actual cell
temperature can be tracked by athermometer). The whole cellis held
together by four M5 bolt screws (0.45 Nmtorque was applied). All cur-
rents were normalized to the photoanode surface, which was 1cm?,
while on the cathode side the active surface was circular and 2.9 cm
in diameter, resulting ageometrical surface of 6.6 cm?. Asaresult, the
current density was always 6.6 times lower on the cathode side when
the experiments were performed with the 1 cm? photoelectrode (Fig. 7).
We also carried out experiments (Supplementary Fig. 21) where the
anode and the cathode surface were similar (6.25 cm?).

Characterization methods

The dynamic viscosity of the anolyte was measured in a cone-plate
geometry (CPE-40 cone) with an LVDV-1I+ ProC/P viscometer (Brook-
field). The viscosity values were obtained by fitting the shear stress
versus shear rate data (that showed a linear relationship) with the
Bingham model.

The thickness of the deposited Ni film was identified by atomic
force microscopy (AFM) using an NT-MDT Solver AFM microscope
(Supplementary Fig. 23), operated in the tapping mode with a silicon
tip on a silicon nitride lever (Nanosensors, Inc., SSS-NCH-type 15 pm
longsilicon needle with 10° half cone angle and 2 nmradius curvature).

The surface morphology and the coverage were examined (Sup-
plementary Fig. 22) by a Thermo Fisher Scientific Apreo C scanning
electron microscope equipped with Everhart-Thornley detector.
The microscope was operated at 25 pA current and 10 kV accelera-
tion voltage.

Thelightabsorption and reflection properties of the Nilayer were
measured with an Agilent 8453 UV-vis diode array spectrophotometer
inthe range 0f300-1,100 nm (Supplementary Fig. 24).

The valence band position of Si and the Fermi level of bare and
catalyst coated Si electrodes were determined both by Kelvin probe
microscopy and ultraviolet photoelectron spectroscopy (UPS) (Sup-
plementary Fig. 25a-c). Kelvin probe microscopy measurements were
performed using aKP Technology APSO4 instrument. First, the contact
potential difference was measured between the sample and the tip
of the Kelvin probe after electric equilibrium was reached (Supple-
mentary Fig. 25a). The Fermi level was calculated from these data.
During the measurement, a2 mm diameter gold alloy-coated tip was
vibrated above the sample surface at a constant height (roughly 1 mm)
and amplitude (0.2 mm), with a constant frequency (70 Hz). Ambient
pressure UV-photoelectron spectroscopy measurements were car-
ried out with a stationary Kelvin probe tip (Supplementary Fig. 25b).
The sample surface was illuminated with a4-5 mm spot size, variable
energy UV light source. The UV light generates an electron cloud from
the semiconductor if hv > E,; (where h is the Planck constant and v is
thefrequency of thelight). Thisis followed by the formation of second-
aryionsthat canbe collected by the Kelvin probe tip: thus, acurrentis
measured. In the case of semiconductors, there is a cube root depend-
ence of this current on the excitation energy. The intersection of the
baseline and the rise in the cube root of the photoemission current
can be then related to the valence band of a given semiconductor.
Before measurements, the Fermi level of the gold alloy-coated tip
was determined by measuring the Fermi level of areference Ag target
(Ex purip =460 €V).

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a SPECS instrument equipped with a PHOIBOS 150
MCD 9 hemispherical analyser. The analyser was operated in fixed
transmission mode with 40 eV pass energy for acquiring survey scans.

For the high-resolution scans 20 eV pass energy was used. Al Ka radia-
tion (hv=1,486.6 eV) was used as an excitation source and operated at
150 W power. Ten scans were averaged to get a single high-resolution
spectrum (Supplementary Figs. 26 and 27). Charge referencing was
performed for the adventitious carbon C1speak (284.8 eV). For spec-
trum evaluation, the CasaXPS commercial software package was used.

UPSwas performed with He(l) excitation (21.22 eV) and 10 V exter-
nal bias was applied to the samplesto accelerate secondary electrons to
the analyser. The recorded UPS spectra were corrected for additional
He(l) satellites. The work function of the samples was determined
from the second derivative of the secondary electron cutoff at large
binding energies and the Fermilevel of metallic samples was extracted
fromfitting the first derivative of the small binding energy regiontoa
Gaussian function. The valence band of Siwas determined from fitting
the onset of the small binding energy region (Supplementary Fig.25c).

The conduction band position was calculated using the
optical bandgap value of Si (1.14 eV) obtained from Tauc analysis
(Supplementary Fig. 25d). Diffuse reflectance spectra were recorded
with a Shimadzu UV-3600 Plus spectrophotometer between 400 and
1,600 nm.

Electrochemical experiments and product analysis

During the electrochemical measurements the argon or CO, flow rate
on the cathode side was controlled with a Bronkhorst F-201CV type
mass-flow controller, while an Agilent ADM flow meter was used to
measure the flow rate of the gas outlet. The anolyte (40 cm®) was con-
tinuously purged with argon gas during the experiments and was cir-
culatedinthe anode compartment using a peristaltic pump (Ismatec).
All electrochemical experiments were performed using a Metrohm
Autolab PGSTAT302 type potentiostat-galvanostat in a standard
three-electrode setup. The Si-based photoelectrode functioned as
theworkingelectrode, the silver containing carbon cloth (GDE) as the
counterelectrode, and a Ag/AgClwire asapseudoreferenceelectrode,
whichwaslocated onthe anodeside. In this configuration, the potential
of the photoelectrode was controlled during the measurements and
thetotal cell voltage between the anode and the cathode was measured
and recorded by a voltmeter.

PEC experiments were carried out using a solar simulator (Sci-
encetech SL-50A-WS, AM 1.5) as the light source with a power density
0f1,000, 400 or 100 mW cm™. In all cases, the sweep rate was kept at
10 mV s, while the light-chopping frequency was 0.20 Hz.

Electrochemical impedance spectra were measured in a
two-electrode setup (between the anode and the cathode) at open cir-
cuitvoltage with 10 mV root-mean-square perturbationin the 200 kHz
down to the 10 Hz frequency range, with ten points per frequency
decade.

For the Mott-Schottky analysis,impedance spectrawererecorded
at different potentials between 100 kHz and 10 Hz in a batch cell and
the flatband potential was determined at 1 kHz. Before each measure-
ment, a pretreatment step was applied at the given potential for 1 min.

The composition of the products onthe cathode side was analysed
using a Shimadzu GC-2010 Plus type instrument, equipped with abar-
rier discharge ionization detector. A Restek ShinCarbon ST columnwas
used for the separation with 6.0 grade Helium carrier gas. An automa-
tized six-port valve was used to take samples inregular time intervals.

The effect of three different parameters was examined on the
productdistribution of the anolyte: the cell temperature, the glycerol
concentration in the anolyte and the anode potential. During these
measurements, only one parameter was changed while the others
were constant. The basic parameters were: 1.0 mol dm= CsOH and
0.5 mol dm=glycerol containing anolyte, 35 °C cell temperaure, 0.6 V
anode potential, 10 cm® min™ anolyte flow rate and 25 cm® min™ Ar/
CO, flow rate.

The anolyte composition after the electrochemical experiments
was analysed by a Bruker Avance Neo 500 NMR spectrometer and
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a Shimadzu Prominence LC-20AD liquid chromatograph equipped
with a ReproGel H (9.0 pm, 300 x 8 mm) column and an SPD-M20A
diode array detector. The semiquantitative analysis of glyceralde-
hyde and dihydroxyacetone was carried out by UV-vis spectroscopy,
using an Agilent 8453 UV-vis diode array spectrophotometer. In the
case of NMR samples, 450 pl of ten times diluted anolyte and 50 pl
of phenol and dimethylsulfoxide containing D,0 were mixed in the
NMR tubes. The one-dimensional 'H spectrum was measured using
asolvent presaturation method to suppress the water peak”. During
the high-performance liquid chromatography (HPLC) measurements,
5 mM sulfuric acid eluent was used with a flow rate of 0.5 ml minand
the column temperature was 55 °C. Before the HPLC analysis, 1 ml
undiluted anolyte and 250 pl of 2.0 M sulfuric acid were mixed and
20 pl of sample was injected into the column from this mixture. The
parasitic oxygen formation was monitored during the measurements
byan Orion3 Star Clark-type oxygen sensor. Before these experiments,
the anolyte was carefully deaerated by argon gas, then the electrolyte
container was closed to exclude the dissolution of oxygen fromthe air.
FE values were calculated from the amount of charge passed to produce
each productdivided by the total charge passed (adetailed description
canbefoundinthe Supplementary Note 2).

To determine the amount of products that have crossed over the
AEM fromthe anodeto the cathode during the reactions, the cathode
compartment was washed with 5 x 2 cm? of a solvent mixture of 25%
(v/v) isopropanol in water. This mixture wets the GDE properly without
dissolvingits polytetrafluoroethylene content or damaging the AEM.
These solutions were then analysed by NMR and HPLC.

The error bars on the figures represent the standard deviation
from the average (mean), originated from three separate measure-
ments performed with three different electrodes.

Data availability

The authors declare that all data supporting the findings of this study
are presented in the article and Supplementary Information or are
available from the corresponding author upon reasonable request.
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