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ARTICLE INFO ABSTRACT

Keywords: Hydrogen peroxide (H202) is a valuable chemical currently produced industrially on a large scale by the

Fluorine doped-tin oxide anthraquinone process. Recently, carbonate and/or bicarbonate-induced selective water oxidation to hydrogen

Peroxide peroxide has been suggested as an environmentally friendly alternative. In this manuscript, we discuss the effect

Cations effect . Lo . s . .

Carbonat of electrolyte concentration and type of cation in selective water oxidation using carbonate-based electrolytes (i.
arbonate

e., NayCOs, K2CO3 and Cs3COs) on fluorine-doped tin oxide (FTO) electrodes. Based on the experimental ob-
servations and a techno-economic evaluation we reveal that KoCOs is preferred over NapCO3 and CsyCO3 elec-
trolytes. Using 5 M K5COj3 a Faradaic efficiency of > 60 % was achieved at industrially relevant current densities
of 100 mA cm 2. Although for 5 M Cs,CO5 electrolytes lower potentials are required at otherwise similar process
conditions, a lower efficiency for hydrogen peroxide formation has been observed which is assigned to higher
degradation in Cs-containing electrolyte, rendering the use of potassium-based electrolytes more efficient. In-
dependent of the electrolyte used, the electrodes suffered from stability issues as revealed by increasing con-
centrations of tin in the electrolyte and electrode failure after polarization for several hours. Overall, this work
provides detailed knowledge about the impact of electrolyte concentration and type of cation and reveals the
importance of appropriate cell design and process operation for meaningful hydrogen peroxide synthesis by
mediated-anodic water oxidation.

Electrode stability

1. Introduction

Hydrogen peroxide (H205) is a potential energy carrier and envi-
ronmentally benign oxidant that decomposes to water and oxygen only
[1,2]. This “green” chemical compound is widely used in several ap-
plications such as paper and textile bleaching [2,3], water treatment [4],
sanitization [5] and chemical synthesis [6], with a growing market value
that has been evaluated to be $6.6 billion by 2026 [7]. Industrially,
H20; is mostly produced by the anthraquinone autoxidation process,
which is energy-demanding, involves the use of harmful organic com-
pounds and requires expensive metal catalysts and downstream pro-
cessing including distillation steps to generate large volumes of
concentrated HoO5 [8-10]. For this reason, the development of sus-
tainable and simple approaches for HoO5 production is urgently needed.
Electrosynthesis is a cost-effective and environmentally friendly
approach and the reductive formation of Hy0, by selective oxygen
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reduction has been frequently studied. Recently also anodic H,O5 for-
mation via the two-electron water oxidation reaction (2~ WOR) (2 H,0
= Hy05 + 2H" + 2e7, E° = 1.76 V vs RHE [11]) has been considered as
an attractive process. A selective WOR process is particularly attractive
due to the possible coupling with other cathodic reactions, such as the
hydrogen evolution reaction (HER), or the hydrogen peroxide formation
by oxygen reduction with the opportunity to develop a paired electrol-
ysis cell with 200 % efficiency. Therefore, the overall cost efficiency of
the whole electrolysis to generate value-added products at the anode
and cathode can be enhanced and can thus fit industrial economic
demands.

Besides the growing interest in electrocatalyst development [12],
also the influence of bicarbonate (HCO3) and/or carbonate (CO%’) an-
ions on the WOR selectivity towards HoO5 has been studied [12-16]. For
example, Mavrikis et al. found that when CO% was the prevalent anion
in the electrolyte mixture, an increase of 26.5 % in the faradaic
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efficiency (FE) for HoO, production was observed, compared to HCO3
anions [17]. Pangotra et al. [13] showed that anodic H,O4 production,
using a commercial boron-doped diamond (BDD) electrode, increased
from 16.4 mmol L™ in KHCO3 to a maximum of 70 mmol L’l, with a
peak FE of 57 % in KoCO3 solutions. Similarly, Wenderich et al. [18]
observed Faradaic efficiencies of up to 31.7 % at 2.90 V vs RHE and
corresponding Hy0, production rate of 3.93 pmol min~! cm™2in 1 M
NayCOsg electrolyte. These studies demonstrate that carbonate electro-
lytes present undeniably beneficial effects for HyO, production.
Recently even highly concentrated potassium carbonate (5 M KyCO3)
electrolytes were used in combination with FTO electrodes and an
outstanding selectivity for HpO, was reported [17,19]. Interestingly,
Cs-based electrolytes have been rarely used despite their high solubility
and their reported positive influence on the oxygen evolution reaction
[16,20-22]. Thus, the role of cations on the selectivity of WOR to HyO4
should be further exploited. Finally, it is important to note that the
hydrogen peroxide quantification in carbonate and bicarbonate-based
electrolytes is challenging. According to Schanz et al. [14] the parallel
formation of oxidant species, aside from H30,, such as perox-
ymonocarbonate, can influence the quantification methods of HyO»
[14]. As such identifying the ideal electrolyte is still important.

Fluorine-doped tin oxide (FTO) is frequently used as support elec-
trode material [15,23-25] and accordingly its stability in different
electrolytes and within a wide potential window has been assessed [25,
26]. According to Geiger et al. [25], FTO is stable in the potential
window —0.34 Vgyg < E < 2.7 Vrgg with no indication of dissolution in
0.1 M H3SOy4 electrolyte, while dissolution occurs at higher potentials.
However, the stability of FTO electrodes in alkaline carbonate solutions
and specifically the impact of cations has not been addressed in detail.
Therefore, a consistent investigation on the selectivity and stability of
FTO in the context of selective water oxidation is needed.

In this work, we perform parallel analysis of the influence of (i)
carbonate-based electrolyte concentration, and (ii) alkali metal cations
on the H,0, formation. Additionally (iii) the stability of the FTO anodes
is assessed and with the generated data set (iv) the techno-economic
feasibility is evaluated. Combining electrochemical measurements,
thorough hydrogen peroxide quantification, inductively coupled plas-
ma—optical emission spectrometry (ICP-OES) and scanning electron
microscopy (SEM) it is shown that potassium containing electrolytes are
preferred for the anodic synthesis of hydrogen peroxide. Overall, a
higher FE for 2 M KyCO3 compared to 2 M NapCO3 and 2 M Cs3COs3
electrolytes is shown, suggesting lower HoO, degradation. In addition, a
direct relationship between the ionic concentration of CO%™ and
enhanced anodic H,0, formation is observed, leading to a maximum FE
of > 60 % when operated in 5 M K,CO3 at 100 mA cm 2 Yet the stability
of FTO electrodes was beneficial in Cs,CO3 electrolytes under anodic
polarization, particularly when compared to NayCOs electrolytes.
Considering this discrepancy in activity-stability relation we finally
reveal through a techno-economic evaluation the financial benefits of
K5CO3 over Na,CO3 and CsyCOs3.

2. Experimental

Fluorine-doped tin oxide (FTO) electrodes were purchased from
Sigma Aldrich (L x W x D 300 mm x 300 mm x 2.2 mm, surface re-
sistivity ~13 Q/sq). A custom-made Teflon divided cell has been used
for all electrochemical experiments (see the schematic representation in
Figure Sla-b). A three-electrode configuration was used, with FTO (1.22
cm?) acting as the working electrode, a Pt mesh as the counter electrode
and a Hg/HgO electrode (1 M NaOH) as the reference electrode.
NayCOs, K2CO3 and CsyCOsg electrolytes were used as anolyte and HoSO4
was used in the catholyte compartment (see details in supporting in-
formation A Nafion exchange membrane (Perfluorinated membrane,
Sigma-Aldrich, thickness 0.007 in) was used to separate the anolyte and
catholyte compartments. A potentiostat (Biologic VMP3 Multichannel
Potentiostat) was used for the electrochemical measurements. Cyclic
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voltammetry (CV) was obtained at a scan rate of 20 mV sL. For ex-
periments regarding the selective oxidation of water to HyO9, chro-
nopotentiometry measurements were performed in different periods of
time (10 min and 30 min), current densities (5, 12.5, 25, 50 and 100 mA
cm2) and also fixed charge (C) measurements until 10 C was reached.
Potentials were converted to the reversible hydrogen electrode (RHE)
scale using the Nernst equation: Eug) = Eng/Hgo) + 0.059*pH + E?Hg/
Hg0), With E?Hg/Hgo) =0.098 V, and the Vgyg was assumed to be equal to
Vcell- The ohmic drop correction was performed through the ZIR tech-
nique (at 85 % compensation). The resistance and pH measured for the
different electrolytes are summarized in Table S1. The experiments were
performed at room temperature. The experimental information of HyO2
quantification, including calibration curves (Figure S2) and character-
ization techniques used are described in detail in the Supporting Infor-
mation. Techno-economic evaluations were carried out using a modified
version of the models used in previous work done within our group [1,
18]. Here, the levelized cost of hydrogen peroxide (LCHP) is calculated.
An explanation on the techno-economic evaluation is provided in the
Supporting Information.

3. Results and discussion
3.1. Electrolyte effect in anodic H202 production

In this work, the 2e~ WOR performance of FTO electrodes has been
investigated using NapyCOs3, K5CO3 and CspCOs as electrolyte and the
Faraday efficiency has been evaluated in a large current density range (5
- 100 mA cm~2, Figure S3) and using different durations.

Benchmark experiments were performed in 1 M electrolyte solutions
and the selectivity of FTO towards HyO; synthesis was examined by
measuring the obtained HyO, concentration and consequently deter-
mining the corresponding faradaic efficiencies (FEg202 = 20.5 % in 1 M
KzCOg, FEH202 =171%in1 M N32C03 and FEH202 =149%in1 M
CspCO3 at 12.5 mA/cm?). Recently, Gill et al. [16] observed a similar
trend for the 2e~ WOR to H,Oo: an increasing order of Cs™ < Nat < K*
was observed for the partial HoO5 current density and the FE using a
combination of MHCO3/M3CO3 (M = cation) electrolytes. This suggests
that the use of KoCO3 over NaCO3 and CsyCOs3 electrolytes is preferred
for HyO» evolution. Considering the good performance in 1 M electro-
lytes, the time-dependent production and FE of HO5 in higher elec-
trolyte concentration (2 M K5CO3) was further evaluated in 30 min and
10 min, as shown in Figure S4a-b. The best H,O5 production rate (0.36
mmol min~! cm~2 at 100 mA cm~2) and the highest FE (30.1 % at 30 mA
cm™2) were observed in 10 min of chronopotentiometry in 2 M K,COs3
rather than 30 min. Even though a lower concentration of Hy0; is
observed after 10 min compared to 30 min operation (Table S2), the
longer duration experiments reveal that the selectivity towards
hydrogen peroxide is continuously decreasing, likely caused by parasitic
subsequent reactions, i.e., decomposition. To verify the effect of longer
chronopotentiometry times on the FE for HyO3 in the 2 M K3COs3
applying a current density of 25 mA cm ™2, we observe a decay in the FE
from FE = 29.1 % in 10 min to a FE = 6.7 % after 60 min (Figure S5).
Clearly Hy0, consumption by decomposition will cause the overall FE to
decrease, yet also HyO2 accumulation in the electrolyte during longer
experiments might lead to a decay in process selectivity [19]. The use of
continuous flow electrochemical cells is advised to study long term
performance of the process.

Furthermore, comparison of the influence of cations was performed
during shorter constant current experiments of 10 min. First, cyclic
voltammetry (CV) scans in three different 2 M electrolytes (Figure S6)
were performed. Slightly higher current densities were observed for the
Cs2CO3 compared to the KoCO3 and NayCOs, which indicates a higher
electrochemical activity for WOR. However, the highest production rate
was observed for 2 M K3COs, see Figure S7a. The highest FE was
observed for 2 M KyCOj3 electrolytes (FE = 30.1 %) for experiments
performed at 25 mA cm ™2, as depicted in Figure S7b. The FE in NayCOs3
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(FE = 25.4 %) and Cs3COg3 (26.8 %) are clearly lower. It is however
important to note that the overall trend changed and Cs-containing
carbonate electrolytes are superior to NaoCO3 when higher electrolyte
concentrations are used.

For all three electrolytes, higher current densities resulted in a lower
FE, and only minor differences were observed for the different cations,
as shown in Figure S7b. This optimum selectivity at 25 mA cm ™2 can be
related to the best correlation between a high production of HyO5 and its
oxidation/self-decomposition at high pH regimes. This is for example
evident when a high current density of 100 mA cm ™2 is applied: even
though a higher H2O; concentration and production rate are measured,
the lower FE observed indicates a combined effect of enhanced oxygen
evolution and electrolytic H,O2 decomposition [13,21].

Following recent literature [19] also short duration chro-
nopotentiometry measurements were performed, in which a maximum
of 10 C was passed through the system enabling proper data quantifi-
cation despite the low amounts of HyO, generated. As shown in Fig. 1 for
1 M electrolytes, we observe that the FE for hydrogen peroxide forma-
tion using K>COs3 electrolyte is higher than in Na;CO3 or CspCOs for all
current densities, reaching a maximum value of 41.6 % when applying
100 mA cm ™2 (Fig. 1a). When two molar electrolytes are used a FE of
46.9 % was achieved in 2 M K,COs3 (at 100 mA cm2). Overall, the FE in
2 M electrolytes were higher compared to 1 M electrolytes, reinforcing
the positive effect of carbonate concentration on the HyO5 formation.
Despite the higher FE measured at high current density, it is clear that a
similar electrolyte-concentration dependent cation trend with K > Na >
Cs for 1 M electrolytes and K > Cs ~ Na for 2 M electrolytes is observed.
In high concentrations of carbonate solutions, the bulk electrolyte pH is
more alkaline (see supporting information, Table S1). As such the
change in cation influence is likely associated with the alkalinity of the
system that might influence both Hy02 production and decomposition.
The stability of H2O» in alkaline solutions decreases in the order K >>
Na = Cs (Figure S8). Therefore, it appears that HoOy production in
Cs-containing electrolytes overrules its decomposition at higher elec-
trolyte concentrations. To obtain a more detailed understanding of the
reactivity correlations deriving the pH at the electrode surface under
operational conditions might be essential, particularly to resolve the
exact electrolyte composition and given that the carbonate/bicarbonate
concentration changes with pH. Again, considering that the FE for all
electrolytes was observed to be larger for short duration experiments
suggests that cell engineering is essential to avoid HyO2 decomposition
when its production reaches a high concentration after long duration
experiments in batch mode operation.

Finally, for potassium and cesium, the influence of cations has been
further explored using 5 M electrolytes (see Figures S9, S10 and Fig. 2).
For both cations the solubility limit enables the use of highly concen-
trated electrolytes (KoCO3: 1120 g/L at 20 °C and Cs2COs3: 2605 g/L at
15 °C) [20]. A maximum FE of 63.1 % using 5 M KyCO3 was achieved
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and a slightly smaller FE of 59.8 % using CsyCO3 was determined at 100
mA cm 2 (Fig. 2¢). Moreover, it is worth mentioning that longer dura-
tion experiments, i.e., 10 min, a maximum FE of 47.7 % was observed in
5 M K2COs, while a FE peak of 36.7 % was observed in 5 M CsyCOs3
(Figure S10a-c). Additionally, 5 M Cs;CO3 were not successful for cur-
rent densities > 50 mA cm 2 (see Figure S10b).

All these results suggest that FTO presents an intrinsic selectivity
towards the 2~ WOR, and also that the CO3~ concentration and the
cation can affect the selectivity to HyO,. During the carbonate mediated
2e~ WOR, intermediates such as CO3~, *OH and HCOj can be formed by
the application of oxidation potentials on FTO [17,27]. Based on a
recent report [19], the validation of the hydrolysis of HCO4 anions was
confirmed by oxygen exchange between 0'® isotope-labeled water and
carbonate anions, generating abundance of O'® in NayCOs electrolyte
after electrolysis.

The FTO electrode offers a stable and conductive catalytic surface to
oxidize molecules and form important intermediates for subsequent
chemical reactions. In the solution, the presence of carbonate species
(HCO3 or CO3") depends on the pH of the electrolyte, where co%~
species are favored in basic pH and HCOj3 species in close to neutral
chemical environment. In our study, carbonate-based electrolytes were
used to indirectly generate peroxide. Therefore, in a first important step,
the CO% anions can be oxidized on the positively charged FTO surface.
Then, the CO$ radical can be oxidized to peroxymonocarbonate anions
(HCOZ). These HCOZ can hydrolyze with water to finally generate HyOo
and HCO3. The bicarbonate can regenerate the CO3  anions to the
electrolyte environment, completing the cycle (Eq. (1)-4, Figure S11a)
[17,19]. During the water oxidation in carbonate electrolytes, the for-
mation of HCOj is reported to be necessary to further generate HyO2
[19].

CO; (aq)—~CO5 ™ (aq) + ey (€))
CO5™(aq) + H,O—HCO; (aq) + H{y, + €4 @
HCO; (aq) + H,0—-HCO; (aq) + H,0, 3
HCO; (aq) = CO; (aq) + H{y, 4

According to some reports, the cation can affect the electrochemical
performances for CO; reduction reactions and OER [22,28-31], how-
ever it is still unclear how the cation influences the HyO, production. Li
et al. [28] suggested that adsorbed Na®t forms a stronger noncovalent
interaction with OH™ through hydrogen bonding than adsorbed K,
leading to the decrease of interfacial OH™ mobility affecting the OER.
Moreover, Garcia et al. [22] elaborated on the positive impact of Cstin
OER. Using in situ surface enhanced Raman spectroscopy (SERS) it was
suggested that the cation dependence is related to the formation of
superoxo OER intermediate. Interestingly, whereas Garcia et al. report

60 60
B 1M Na,CO, (a) I 2M Na,CO, 0
50| EERMK,CO; S 50| HE 2M K,CO, = 28
= I 1M Cs,CO, <5 & |EEE2MCs,CO4 £2 . 5 ‘j:
o © 1R ~ o 1 35
8 40- £ sge | gel K. SR x
(] ) © o )
8 S S g R
s~ © : — i
£ 30 S3x o =30 &
o
= I ; %
T 20 = 5 20
5 o
i i
104 104
0 0
25 50 100 25 50 100

Current Density (mA.cm'z)

Current Density (mA.cm"z)

Fig. 1. Faradaic efficiencies for H,O, on FTO at 10 C in (a) 1 M and (b) 2 M Na,CO3, K,CO3 and Cs,COj3 electrolytes.
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Fig. 2. Faradaic efficiencies of H;O, on FTO after 10 C experiments using (a) 2 M and 5 M KCOj; electrolyte (b) 2 M and 5 M Cs,COj3 electrolyte (¢) 5 M KoCO3 and 5

M Cs,CO3 electrolytes.

an increasing trend in OER activity of Li* < K* < Na™ < Cs™, a different
trend in increasing OER activity was observed by Del Rosario et al. [31]:
Lit < Nat < CsT < K.

In our experiments, we observed higher FE for HyO, production
using K2CO3, when compared to NayCO3 and CsyCOs. Thus, a stabili-
zation of intermediate species as reported for OER might indeed also
occur during HyO» formation, yet the impact of peroxide decomposition
on the net HyO, generation might overrule the positive influence of the
larger Cs* ions. Interestingly, for short duration experiments (see Fig. 2)
at the highest concentrations of Cs™ and K* (5 M), the difference in FE
for both cations is significantly smaller compared with similar experi-
ments performed with 2 M electrolytes. Though, more detailed mecha-
nistic understanding is certainly still required, this trend might suggest
that Cs* indeed have a positive influence on the Hy0, formation.
Following a similar argumentation as suggested by Li et al. [28] and
taking into account that in our study the HyO, is indirectly formed
through WOR, the impact of cations might also be explained as follows,
taking into account that in our study the H3O, is indirectly formed
through WOR. Herein, the alkaline cations can interact through a non-
covalent or ionic bond with CO3 adsorbed on the FTO surface. In the
case of Na™, these cations form (HZO)XNa+-CO§5 clusters that have a
direct interaction with the adsorbed CO5 . These clusters can be
considered as a blockage of active sites (Figure S11b). The K" has a
minor effect on the WOR, once its larger ionic size can form (H20), —
1K34-H,0—CO0%7 clusters, with indirect weaker bonding between sol-
vated water with CO3~ adsorbed. In this way, in K3COs electrolyte we
can observe higher H,O, formation and higher FE comparing to NasCOs.
For Cs-based electrolyte it is discussed in literature that the alkaline
cations can influence product formation from CO reduction following
Cst > K' > Na't [29,30]. It is suggested by theoretical calculations and
experimental data that with increasing cation size, intermediates are
stabilized through local electrostatic interactions, [32], including the
CO3, in-turn leading to lower energy for the C-C coupling step to
generate products. Following this analogy, Cs' cations (as in Cs,COs
electrolyte) are potentially stabilizing CO3% radicals enabling the for-
mation of the HCO4 intermediates. Yet, the decomposition of HoO3 in
Cs-based electrolytes prevents even higher efficiencies and as such po-
tassium appears to be the ideal cation when operating in
carbonate-based electrolytes. These assumptions need a better funda-
mental and experimental understanding to uncover the reaction-
s/phenomena in various electrolytes studied herein.

3.2. Electrode stability

To make electrochemical production of Hy0 economically inter-
esting, high current densities need to be applied under stable and long
term conditions [33,34]. Therefore, long-term stability tests in different
concentrations of NayCO3, K2CO3 and CspCOs electrolytes were per-
formed. It is important to note that during stability evaluation, reaction
selectivity has not been explored. The long-term stability can be a big

challenge for oxidation processes due to the high oxidation potentials
that can influence the working electrode activity [34]. Detailed
description of FTO stability experiments during 30 min and 2hin1 M
NayCO3, K2CO3 and CsyCOsg electrolytes are provided in supporting in-
formation from Figures S12 to S17 and Tables S3 and S4. In general,
after 2 h applying 25 mA cm 2 the degradation of FTO becomes
apparent in 1 M NayCO3 electrolyte. After longer chronopotentiometry
tests, stability loss of the FTO electrode in 1 M NayCO3, KoCO3 and
Cs2CO3 could be observed, in which irreversible loss of activity in 1 M
NayCOs electrolyte was evidenced after 4 h, while the same was showed
after 5 h in 1 M K»CO3 and CsyCOg (Figure S16).

The activity and conductivity loss of FTO in NapCOs electrolyte can
be ascribed to a possible cation replacement between Sn** in the FTO
structure by Na* from the electrolyte due to the comparable ionic radius
of Na* (1.07 A) and Sn** (0.69 A) leading to an instability of the FTO
layer, while the ionic radii of K™ and Cs* are 1.38 A and 1.73 A,
respectively [35,36]. Leaching of tin from the FTO electrode to the
electrolyte is already indicated from the Pourbaix diagram, in which at
oxidative potentials in alkaline medium (pH > 12.6) formation of sol-
uble tin species (SnO%’ anions) is indicated [37]. The dissolution of tin
from FTO was quantified by ICP-OES complementary analysis
(Figure S14). The Sn concentration in the electrolyte is higher when
operated in NapyCOgs than in KoCOs. This increased dissolution is also
apparent by the increased porosity of the FTO surface after chro-
nopotentiometry in 1 M NapCOs3 and 1 M KyCOs (Figure S13c-f).
Particularly, FTO stability has been evaluated in a series of experiments
using concentrated electrolytes, i.e., 2 M (Figure S18) and 5 M. The FTO
is shown to be more stable in K,CO3 and CsoCO3 compared to NayCOs,
for which an increase in potential caused by electrode failure is already
observed after 3 h when a current density of 50 mA cm™2 is applied.

We further evaluated the stability of FTO during electrochemical 2e™
WOR performance of FTO electrode in 5 M K»CO3 and Cs3COg electro-
lytes. The FTO electrode presented excellent stability in 5 M Cs2COs,
maintaining a stable potential ranging between 3.3-3.4 V vs RHE for 10
h (Fig. 3a). Nevertheless, pronounced changes of the morphology of the
FTO are revealed (Fig. 3c-d), when compared to Fig. 3b and Fig. S13b.
This is evidenced by the decrease of FTO particle size (71.2 nm)
compared to unused FTO with an average particle size of 96.6 nm as
evidenced by the particle size histograms (Figure S19a-b). Moreover,
cross-section images reveal a possible electrolyte leakage along the FTO
layer until it reaches the silica layer (see Fig. 3d). Nevertheless,
elemental mapping of the FTO electrode surface (Figure S20) shows the
uniform distribution of Sn, O, F on the glass substrate. Therefore, even
though morphology changes after long stability tests in 5 M CsyCO3
electrolyte concentration are observed, the activity of the anodic system
remained stable during all experiments indicating the positive effect of
the higher concentration of electrolyte on FTO lifetime. On the other
hand, electrode failure was already observed after 5 h operation in 5 M
K5COj3 electrolyte (Figure S21a-b).

It is important to point out that we have used the well-known and
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Fig. 3. (a) Long-term chronopotentiometry test (10 h) in 5 M Cs,CO3, (b) SEM image of new FTO before chronopotentiometry and (c¢) SEM image and (d) cross-

section images of FTO after 10 h chronopotentiometry in 5 M Cs3COs3.

low-cost FTO, as a working electrode to selectively produce HyO5. To the
best of our knowledge, the electrolytic cation effect on the electro-
chemical formation of HyO» using carbonate-based electrolytes, and the
corresponding FTO electrode stability, are reported here for the first
time. The performance parameters, such as FE and production rates, are
comparatively lower to some observed in literature, which opens pos-
sibilities for further improvements by using other active electrode ma-
terials. Such investigations on the selectivity and stability of FTO
electrodes in different chemical environments are crucial for future
technical electrochemical applications. Moreover, the transfer from
batch mode operation to steady-state electrochemical flow rates appears
to be crucial to enable simultaneous evaluation of electrolyte governed
performance and electrode stability.

3.3. Technoeconomic evaluation

Techno-economic studies are performed based on models designed in
earlier work within our group [1,18]). A flowchart depicting the model
used is presented in Figure S22. Alterations and the most important
calculations in this model are described in detail in the supporting in-
formation. Briefly, an industrial plant is assumed where a membrane
electrode assembly (MEA) in a flow configuration is used, with HyO9
being produced at an FTO anode and Hj at a Pt cathode. Current for the
electrolyzer stack is provided through a photovoltaic (PV) configuration.
Because only the financial consequences of using different electrolytes
are of interest, we focus on the product evolved at the anode, i.e.
hydrogen peroxide. Therefore, the levelized cost of hydrogen peroxide
(LCHP) rather than the levelized cost of hydrogen (LCH) is calculated (i.
e., the price at which the Hy02 needs to be sold to achieve a net present
value of 0, see supporting information). It should be noted that in the
model no profit for Hy evolution is assumed [1,18]. Importantly, due to
the flow configuration, it is assumed that hardly any degradation of
H,0; at the electrode surface takes place; therefore, the FE values re-
ported at a fixed charge of 10 C as reported in Figs. 1 and 2 are used.

Furthermore, the electrolyte is replaced every 7 years, unless noted
otherwise.

Calculations of the LCHP for 2 M NayCOs, K;CO3 and CsoCO3 are
provided in Fig. 4. Here it is evident that the influence of the pricing of
the electrolyte is not significant: despite the much higher pricing of the
Cs3CO3 compared to Na;CO3 and KoCOj3 (a 9-fold higher), the LCHP is in
the same order of magnitude. This can be explained due to the low
contribution of the anolyte costs compared to the CAPEX excluding the
soft balance of systems (0.129 % for KoCO3 vs. 0.927 % for CsyCO3).
From figure 4a, it becomes clear that at every current density, KoCO3
yields the lowest LCHP and is thus financially more attractive than
NayCO3 and CspCO3. Other conclusions which can be drawn, is that the
LCHP becomes lower with an increasing current density and concen-
tration. The lowest LCHP ($1.225 kg™ 1) is found at a current density of
100 mA cm 2 at a concentration of 5 M K5COs3. This is a promising value,
as the price-range reported in 2006 was $0.5-1.2 kg~! [38]. Taking
inflation into account, it is very likely that the LCHP determined here
can financially compete with industrially produced H,05. Regarding the
trends observed, it is likely that higher current densities and concen-
trations will even further reduce the LCHP.

Interestingly, Gill et al. calculated through a techno-economic eval-
uation a HyO5 price of only $0.46 kg ™! when an optimized electrolyte of
0.5 M KHCOj3 and 3.5 M K,COs is used [16]). The discrepancy in costs
found in this work can be explained by the financial input used: only the
levelized cost of renewable energy is considered in ref [16], whereas the
PV costs in our model only makes up a fraction of the CAPEX (10.8 % for
5 M KCO3). Importantly, both in the work of Gill et al. and in this
manuscript, the importance of choosing the proper electrolyte is
highlighted.

Lastly, we assume in our techno-economic model an electrolyte
replacement time of 7 years. This input is regarded from an idealistic
perspective. Therefore, we changed the electrolyte replacement time to
1 year in the techno-economic model. Remarkably, we find that the
influence of the electrolyte replacement time is negligible. For 5 M
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Fig. 4. . Levelized cost of hydrogen peroxide (LCHP) values for (a) 2 M Na,CO3, K,CO3 and Cs,CO3 and (b) 1 M, 2 M and 5 M K,COj3 at different current densities.

K,COs, the LCHP is $1.225 kg™ ! vs $1.227 kg™ ! for electrolyte
replacement times of 7 years and 1 year (Figure S23). This means that
the LCHP only increases by 0.2 %. Therefore, we conclude that not only
experimental results, but also techno-economic analysis clearly in-
dicates that KoCOg is most suitable as an electrolyte for HyO, produc-
tion, used at a high current density and at a high concentration.

4. Conclusions

In this work, we demonstrate that important parameters including
time of experiment, the type of electrolytic cation and the electrolyte
concentration influence the FE and production rate of anodically
generated HyoOy and the stability of the FTO electrodes used in this
study. With higher carbonate electrolyte concentrations, higher FE’s
were attained, where the CO%~ anions becomes crucial for the successive
chemical reactions to HyO; formation. In K»COs electrolyte, a maximum
FE of 63.1 % was achieved at 100 mA c¢cm 2 (10 C test) using 5 M K,CO3.
Thus, potassium-based carbonate electrolyte outperforms carbonate-
based electrolytes using Cs or Na. The techno-economic evaluation
supports that the use of KoCOj3 electrolyte is beneficial, and financially
more attractive than the use of Na,CO3 and Cs,COs. The lowest LCHP
($1.225 kg’l) was reached at a current density of 100 mA cm 2andata
concentration of 5 M. Our results suggest the importance in choosing the
most suitable electrolyte, K2COs, to reach higher FE and long-term sta-
bility reactions, which can represent a good perspective for future HoO»
industrial applications. FTO represents a low-cost, stable (depending on
the electrolyte) and selective electrode for WOR to HyO». As an addi-
tional advantage of the anodic Hy02 production, this electrochemical
process could be coupled to hydrogen production, thereby making the
whole water splitting process more valuable to the hydrogen industry.
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