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ARTICLE INFO ABSTRACT

Keywords: The anodic co-production of hydrogen peroxide (H,0,) during alkaline water electrolysis has gained interest
Alkaline water electrolysis as a sustainable alternative for anthraquinone oxidation. However, electrochemical H,0, production is often
Anodic hydrogen peroxide studied with idealized laboratory setups to determine the H,O, formation kinetics. In this work, we perform the

Electrochemical reactor model
Hydrogen
Mole balance

reaction with industrially relevant operating principles using a flow cell with separately recirculating anolyte
and catholyte. We then fit the data to an analytical model that we derive based on mole balances that accounts
for anodic generation, anodic oxidation, and bulk disproportionation of H,O,, as well as electrolyte volumes
and electrode surface area. We performed experiments at 100, 200, and 300 mA cm™ to derive values for the
reaction system. At 200 mA cm?, we found a generation rate of 0.037 mmol min™ ecm? (FEy,,, = 59%) and
an anodic decomposition rate constant of 0.304 cm min'!, with a bulk disproportionation rate constant of 1.85
x 10" min'!. We successfully applied our model to two sources in literature to derive values for their systems
as well. In all cases, the contribution of anodic oxidation of H,O, was found to be the larger loss mechanism
in comparison to bulk disproportionation. Using the analytical model, we show that decreasing the reservoir
volume is a simple way to increase the H,O, concentration over time. Further refinement of the model can
be achieved through the use of mass transfer relationships based on electrolyzer geometries to describe the
anodic oxidation of H,O, in the mole balance equations.

1. Introduction anode material and electrolyte [8]. This form of paired electrolysis

makes use of both the cathode, by producing a valuable, carbon-free

The use of electrochemistry, when powered by renewable energy energy carrier in H,, and of the anode, by producing a high-value
resources, offers a promising pathway for the sustainable production commodity chemical in HyO, alongside O,.

of chemicals. One of these chemicals that requires a more sustainable The main difficulty of anodic HyO, production is that the potential

pathway is hydrogen peroxide (H;0>), which is used as a green oxidant required to produce H,0, is higher than that required to produce O,.

in industries such as paper milling and textile bleaching [1,2]. How- The thermodynamic half cell potential to produce Hy,O, under alkaline

ever, it is currently produced by the anthraquinone oxidation process,
which has a large energy demand of 17.6 kWh kg! due to high solvent
use and separation requirements [3-5]. A more sustainable route would
be via alkaline water electrolysis. During alkaline water electrolysis,
we typically produce hydrogen gas (H,) at the cathode and oxygen gas
(O,) at the anode [6]. While research into the cathodic co-production
of H,0, via oxygen reduction reaction is more commonly investigated,
cathodically produced H,0, has some notable drawbacks. One draw-
back is that in order to effectively deliver oxygen to the cathode, a
more complex gas-diffusion electron must be used, which can lead
to mass transfer limitations. The other issue is that in cathodic HyOo
production, the valuable H, product is replaced, and the anode still
produces low-value O, [7]. A more attractive alternative is to instead
electrochemically produce H,0, at the anode by carefully selecting the iments are also often performed with refreshed anolyte, or single-pass

conditions as per Eq. (1) is 1.76 V versus the Reversible Hydrogen
Electrode (RHE). Because the thermodynamic half cell potential to
produce O, is only 1.23 V versus RHE as per Eq. (2), the generation
of H,0, at the anode is always in competition with the formation of
O,. While different anode materials may display different selectivities
towards H,O, generation over O, evolution, there is still no reported
material with 100% Faradaic efficiency to HyO,.

Much of the research into anodic H,O, production focuses on
finding more selective anode materials or on elucidating the reaction
mechanism [9-13]. In either case, experiments are typically performed
in a one-compartment cell or in a separated H-cell configuration to
study the fundamental anode performance over time [14-16]. Exper-
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anolyte in the case of flow cells, to avoid the effect of HyO, loss mecha-
nisms [17,18]. A cation exchange membrane such as Nafion 117 is also
frequently used, presumably to prevent H,O, crossover to the catholyte.
However, this would be inadvisable for an alkaline electrolyzer system
as it inhibits the transport of hydroxide (OH") anions, which allow
the reaction to proceed. In order to scale up a system for industrial
electrochemical HyO, production, we must examine how the system
behaves with more relevant industrial operating conditions, which
include separately recirculating electrolyte flows, a porous separator
material, and constant pH and temperature throughout the reaction.

For example, operating a flow cell with single-pass anolyte using
high flow rates yields an anolyte product stream with very low HyOo
concentration. This low concentration results in a more difficult down-
stream separation to extract the product. One could feed anolyte at
lower flow rates to achieve a higher concentration, but the total HyO,
production rate would then be lower. Such lower flow rates come
with the drawback of the unavoidable loss mechanisms, namely the
anodic oxidation of H,0, as per Eq. (3) at 0.67 V versus RHE, and
the disproportionation of H,O, in bulk electrolyte as per Eq. (4). One
solution would be recirculating the anolyte at high flow rates for some
time before the separation stage, thus increasing H,O, concentration
over time, easing downstream separation, and lowering cost. However,
recirculating anolyte comes with the same unavoidable loss mecha-
nisms. As HyO,-charged anolyte recirculates past the anode, the chance
for anodic oxidation of the H,O, increases. Additionally, the increased
time for recirculation increases the time for bulk disproportionation to
occur in the anolyte reservoir, further decreasing the achieved H,0,
concentration. Therefore, we must study how the network of reactions
behaves in the relevant case. This network of reactions is shown
schematically in Fig. 1.

20H — Hy0p+ 2"
40H — 2H,0+0y+ 4e”
H202+20H7—> 2H20+02+2€7

E° =1.76 V versus RHE (€D)
E° =1.23 V versus RHE 2)
E° =0.67 V versus RHE 3)

2H,05 — 2H,0 + 0, @

Anode Bulk
20H

2¢
H2O2
H,0, +20H

2¢ 2H,0, - 2H,0+ 0,
2H,0 + 0,
40H

4e
2H,0 + 0,

Fig. 1. A simplified schematic of the reactions detailed in Eqs. (1)—(4) occurring in
the anode chamber of the electrolyzer, with the anode wall on the left.

In this work, we study an industrially relevant electrolyzer system
that separately recirculates anolyte and catholyte, and includes the
standard porous separator material used in alkaline water electroly-
sis, Zirfon Perl UTP 500. We formulate a system of transient mole
balance equations for the process and perform experiments to derive
individual terms of the mole balance equations. The terms we derive
experimentally are the generation rate of H,O, and the rate constant
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Table 1

List of symbols used in this work.
Symbol Parameter Units
Vi Volume of anolyte in anode chamber L
Vr Volume of anolyte in reservoir L
v, Total anolyte volume L
Cour H,0, concentration out of electrolyzer mM
Ciu H,0, concentration into electrolyzer mM
t Time min
0 Electrolyte flow rate L min’!
S H,0, generation rate mmol min? c¢m?2
k, H,0, anodic decomposition rate constant cm min’!
ky H,0, bulk disproportionation rate constant min!
k, H,0, crossover rate constant cm min?
A Electrode surface area (geometric) cm?
Aw Separator surface area (geometric) cm?
& Extent of reaction -
j Current density mA cm?
FEg,o, Faradaic efficiency to HyO, %
D Effective diffusion coefficient cm? st
L, Separator thickness cm

of bulk disproportionation of H,O, in the electrolyte. We then fit
our experimental data to the analytical solution of the mole balance
equations, which provides the rate constant for the oxidation of HyO4
at the anode. We repeat this analysis using data from two references
in literature that perform the reaction in a similar manner. Lastly, we
simulate a change in design parameters to inform our recommendations
on reactor and system design.

2. Analytical model
2.1. List of symbols

Table 1 lists the variables used in this work and their accompanying
units.

2.2. Mole balance equations

We follow the analysis method outlined by Pickett involving two
separate mole balances, one over the electrolyzer, and the other over
the electrolyte reservoir [19]. In our analysis, we interchangeably use
the terms “electrolyzer” and “electrolyzer volume” to denote the anode
chamber and the volume of the anode chamber, because they are the
system under investigation. A simplified diagram of the system is shown
in Fig. 2. The mole balance over the electrolyzer is written in Eq. (5),

dcaut A >
VET =Qc;, — Oc,, + SA—k,Ac
where V;/L is the volume of the anode chamber, c,,(r)/mM is the
concentration of HyO, out of the electrolyzer, /min is time, /L min’!
is the volumetric flow rate of electrolyte, ¢;,(r)/mM is the concentration
of H,0, going into the electrolyzer, S/mmol min! cm? is the constant
anodic generation rate of H,O,, A/cm? is the geometric anode surface
area, k,/cm min’! is the rate constant for anodic oxidation of H,0, as
per Eq. (3), and k,/min’! is the rate constant for bulk disproportiona-
tion as per Eq. (4). Note that these units require the anodic oxidation
term, k,A, to be multiplied by a conversion factor of 0.001 L cm3,
which carries throughout.

A similar mole balance is expressed in Eq. (6) for the change in
concentration across the electrolyte reservoir,

- kaE Cout (6]

out

de;,

dt
where V/L is the reservoir volume. The total anolyte volume, V, /L, is
equal to Vj + V. This definition treats the small volume of electrolyte
in the tubing between electrolyzer and reservoir as belonging to the
reservoir, and is addressed in Section 3.1. The terms involving S and k,
appear only in the electrolyzer mole balance, while the term involving
k, appears in both balances, as bulk disproportionation can occur
everywhere.

Vr = Ocyyy — Oc;, — kyVirey, (6)
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Fig. 2. A simplified diagram of the overall system. The dashed boxes indicate the
boundaries of the mole balance equations.

2.3. Assumptions

We assume a perfectly mixed anode chamber due to bubble mixing
and flow such that the outlet concentration of the electrolyzer, c,,(?),
is the concentration everywhere in the anode chamber, including the
anode surface. This assumption is acceptable for systems with low
single-pass conversion rates, which for our system was between 0.9%
and 3.0%, validating the assumption. We similarly assume a perfectly
mixed anolyte reservoir, which we achieve experimentally via magnetic
stirring. We also assume that V,, Vj, Vi, and Q are constant.

In Eq. (5), we express the anodic oxidation of H,O, as a surface
reaction described by a first order rate equation using a homogeneous
H,0, concentration in the electrolyzer. This is a simplifying assumption
for a surface concentration that would actually involve a mass transfer
term, [6] but it allows us to more easily express the reaction term
without involving more complex mass transfer relationships for various
electrolyzer geometries. Incidentally, a mass transfer limited reaction
would also be expected to be a first order reaction, so this generalized
form may cover more than one possible situation.

We assume that only the reactions in Egs. (1)—(3) take place at the
anode. We further assume that .S is constant, although in reality there
will be a ratio of how much current goes towards H,0O, generation
versus H,O, oxidation, O, evolution, or any other side reactions at
the anode. Finally, we assume that there is no loss of H,O, due to
crossover into the catholyte. This was observed experimentally and
further examined in Section 4.4.

2.4. Solutions

Eq. (6) can be rearranged to solve for c,, (1) as a function of c;,(1),
and then differentiated to find an expression for dc,,,(t)/dt as a function
of ¢;,(t). These expressions can be used to eliminate ¢, from Eq. (5),
leading to the second order, non-homogeneous differential equation
in Eq. (7),

2 ) O kA (kA kK
Pe (L, 2 54 o)y (o 2l 2o X
a2 " \Vy Vg Vg dr ViVe Vi Vg
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k, Ak ;
+ 2L k2)c= SAQ %)
VE VEVR

where we have dropped the subscript of ¢;,(r) and examine simply
c(t)/mM, the concentration of H,O, in the anolyte reservoir over time.

We make a final simplification of Eq. (7) for the case that the flow
rate, Q, is very large. The full solution to Eq. (7) and the justification of
the high flow rate assumption are shown in Appendices A and B. In the
case of large O, the O term cancels out and we obtain the first order
differential equation in Eq. (8).

k,A
ﬂzi—a—c—kbc (8)
dt ~ Vg+Vg Vp+VWg
Using the initial condition that ¢(f) = 0 at t+ = 0, we reach the final
result in Eq. (9).

SA k,A
c=——"2  (l-exp|—(———+k ]t €)]
kA4 ky(Vig +Vg) Ve + Vg

As t approaches oo, we find the expected steady state concentration
in Eq. (10), which takes the form of the H,O, generation term over a
weighted sum of the H,O, decomposition terms.

SA

_ 10
CSteady State kaA T kb(VE T VR) 10

We can also define an extent of reaction, 0 < ¢ < 1, such that &c(r)
is the fraction of the steady state concentration reached in the anolyte.
Using this definition and solving for 7., the time it takes to reach ¢
fraction of the steady state concentratidn, we arrive at Eq. (11).

__~Ind-9

€T [ k4 X an
(VE+VR + b)

3. Methods

3.1. Materials

Experiments were performed using a flow cell constructed of laser-
cut PMMA sheets with silicone and EPDM gaskets layered in between,
compressed together with bolts. Titanium plates were used as current
collectors, and the electrodes were kept at a distance of 0.7 cm to the
separator. The anode and cathode chamber dimensions were 3 cm wide
by 4 cm tall by 0.7 cm deep (V; = 0.0084 L). The cathode was nickel
fiber felt (12 cm?, geometric) from Hebei Aegis Metal Materials Co.,
Ltd, 0.4 mm thickness, with 40 pm fiber diameter and 60% porosity.
The anode was boron-doped diamond (2.5 cm x 4 cm = 10 cm?,
geometric) from NeoCoat on a niobium substrate, with 5 pm thick, p-
doped, 2500 ppm boron doping, polycrystalline coating. The separator
used was the porous diaphragm, Zirfon Perl UTP 500 (Agfa) with a
thickness of 500 pm. The electrolyte used was 1 M Na,CO3; (Merck-
Sigma, ACS Reagent, > 99.5%, powder or granules) plus 11 g L
(approximately 90 mM) Na,SiO3; (Merck-Sigma, SKU 307815). Flow
was maintained at 0.1 L min! using a Longer BT100-3J peristaltic
pump with DG15-24 two-channel pump head, with the anolyte and
catholyte recirculated separately. The tubing for anolyte held a volume
of 8.04 cm3, which was negligible compared to the anolyte volume of
V4 = 0.4 L. The anolyte reservoir was magnetically stirred to ensure
good mixing.

Because S, k,, and k, are expected to vary based on temperature,
pH, electrolyte composition, presence of a stabilizer, etc., these param-
eters were kept constant across all experiments. The anolyte pH was
maintained between 13.25 and 13.10, just above the base electrolyte
pH of 13.10, by manual monitoring and addition of aliquots of 5
M NaOH (Merck-Sigma, ACS Reagent, > 97.0%) solution. The high
NaOH concentration served to lower the amount of anolyte volume
change upon NaOH addition. The overall combination of reaction,
sampling, NaOH addition, and any possible liquid flux through the
porous separator resulted in overall volume changes of < 10% over
7 h across all experiments. The temperature was controlled to be just
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Fig. 3. (a) Photo of the experimental setup with (1) power supply (2) two-channel peristaltic pump (3) pH and temperature sensors (4) Anolyte reservoir with magnetic stirring
and external container for cold water bath (5) electrochemical flow cell with cathode compartment near and anode compartment away (6) catholyte reservoir. (b) Plot of the

maintained pH and temperature of the anolyte reservoir for a typical experiment with recirculating flows. The vertical spikes in pH were the moments of NaOH solution addition,
and are required less frequently as the pH of the catholyte slowly increases during the experiment.

under room temperature, at approximately 16 + 1 °C, by immersing the
anolyte reservoir in a cold water bath. The anolyte pH and temperature
were measured using a Prominent PHEP-H 314 SE sensor and a Promi-
nent Pt 100-SE sensor, respectively. Catholyte was recirculated for all
experiments, with no maintenance of pH or temperature. Fixed current
(galvanostatic operation) was supplied at 1.0, 2.0, or 3.0 A in two-
electrode operation using an OWON SPE6103 power supply. Fig. 3(a)
shows a photo of the experimental setup and Fig. 3(b) shows the typical
curves for pH and temperature in the anolyte reservoir over time during
an experiment with recirculating flows.

3.2. H,0, quantification

The H,0, concentration was quantified using the potassium per-
manganate (KMnO,) titration method as outlined by Gill et al. [20]. In
short, the method comprises of taking a sample of electrolyte (typically
2.5 mL) and immediately acidifying with equal volume of a 1:5 dilution
of HySO, (Merck-Sigma, 95%-98%, ACS Reagent) in milli-Q water
(Merck-Millipore, resistivity = 18.2 MQ cm). Electrolyte samples from
both anolyte and catholyte were taken from the reservoirs at regular
intervals. For single-pass experiments, electrolyte was sampled directly
from the reactor outflow. The titrant used was a 2 mM solution of
KMnOy, diluted ten-fold from stock solution (Merck-Sigma, 0.02 M,
standardized against oxalate, Titripur). To start, three drops of 2 mM
KMnOy, solution were added to the magnetically stirred, acidified sam-
ple until the pink color disappeared (starting the reaction). These three
drops defined the limit of quantification for a 2.5 mL sample to be
0.3 mM. The titrant was further added drop-wise until a light-pink color
remained in the sample, indicating the titration endpoint.

3.3. Determination of S

The majority of literature shows that for fresh electrolyte passed
across the anode, the generation of H,O, tends to be constant over
time for a fixed operating potential [17,18]. This observation could
also be reasoned for an electrode that is very stable over time, such
as boron-doped diamond. So for a corresponding fixed current density,
this formation rate can be expressed as,

S

OCSinglePas j
_ inglePass _ LFEHZOZ (12)

A n¥F

where cg;y0pass 1S the HyO, concentration achieved in electrolyte
flown in single-pass over the anode, j is the current density, n=2 is the
ratio of moles of electrons to moles of HyO,, ¥ is Faraday’s constant,
and FEy o, is the Faradaic efficiency towards HO». The generation
rate, .S, for a single current density can be experimentally quantified by
flowing electrolyte in single-pass at a high flow rate and measuring the
outlet H,O, concentration immediately. The high flow rate and quick
measurement ensure that the residence time for anodic oxidation and
the time for bulk disproportionation are low enough to be negligible.
Fig. 4 shows the schematic of the flow setups of the experiments. The
first expression in Eq. (12) can be used to find a value for S from the
experiment, while the second can be used to calculate the Faradaic
efficiency.

3.4. Determination of k,

The experimental determination of the rate constant for bulk dis-
proportionation, k,, required first running the electrolyzer with recir-
culating flow in order to charge the anolyte with H,0,. After two hours
of operation with pH and temperature maintained, the electrolyzer

10 cm?

H,0,+0,
Flow Rate = Q
i
=l
)
=
<
Single-Pass
Anolyte Anolyte

Collection

Volume = Vy

Separator
H,
Q
i=1
=
=]
o
i<}
0.7 cm
—_—
Catholyte
Volume =V

Fig. 4. Diagram of the different flow configurations (not to scale). The solid arrow leaving the anode chamber and returning to the anolyte reservoir represents recirculating flow,
while the dashed arrow leaving the anode chamber towards a separate collection vessel represents single-pass flow. For experiments using recirculating flow, anolyte is sampled
from the reservoir. For experiments using single-pass flow, anolyte is sampled directly from the outlet of the anode chamber, not the collection vessel.
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contents were drained into the reservoirs, and samples of anolyte
were periodically taken for H,O, quantification. This procedure was
performed for three different current densities in order to compare
concentration curves with different initial concentration values.

3.5. Numerical fitting of k,

Because the anodic oxidation of HyO, is an electrochemical reaction,
k, is expected to increase as the cell potential increases. However,
due to its lower thermodynamic half cell potential of E° = 0.67 V
versus RHE compared to the generation of HyO, at 1.76 V versus RHE,
these two reactions are in direct competition. As such, k, cannot be
independently measured. Instead, after experimentally deriving values
for S and k, as described in Sections 3.3 and 3.4, the electrolyzer is run
for seven hours with recirculating flow. Samples of electrolyte are taken
for H,O, quantification as described in Section 3.2. With the known
values of V; and V3, the data points of ¢(¢) for a given current density
are fitted to Eq. (9) in Python using the ‘curvefit’ function from the
SciPy module. This function runs a non-linear least squares regression
to find the best fit. Fitted parameters were given no constraints and
only supplied with an initial guess to ease computation.

4. Results and discussion
4.1. H,0, generation

The results of the single-pass flow experiments are shown in
Fig. 5(a). Using the average concentrations at each of the three current
densities, we use Eq. (12) to calculate S = 0.017, 0.037, and 0.054
mmol min! em?2 at 100, 200, and 300 mA cm?, respectively. The
calculated Faradaic efficiencies at each of the three current densities
were similar, with values of 54%, 59%, and 58% for 100, 200, and
300 mA cm, respectively. These constant H,O, generation rates and
the calculated Faradaic efficiencies are consistent with the literature
report of boron-doped diamond materials by Mavrikis et al. using
refreshed electrolyte [17]. At the same current densities in 1 M carbon-
ate/bicarbonate electrolyte, they report H,O, generation rates between
0.016 and 0.076 mmol min! cm™? and Faradaic efficiencies between
50% and 70% for a set of boron-doped diamond anodes.

A AN
o o o o o
T T T T T

100 mA cm?

-0 -0 0-90-0-0 ¢ 90-0-0o @

g
o
T

H,0, Concentration / mM
s

5
=
T

0 15 30 45 60

Time / min
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4.2. H50, loss via bulk disproportionation

The results of the experiments for k, quantification are shown in
Fig. 5(b). Each of the curves represent a batch of anolyte that was
charged with H,0, for two hours at 100, 200, or 300 mA cm™ with
separately recirculating flows. The power supply was then switched off,
its contents drained, and the anolyte concentration was measured over
time. Literature indicates that the disproportionation of H,O, should be
a first order decomposition reaction [21]. Examining the data, we see
a constant slope on a semi-log plot for all three data sets, indicating a
first order decomposition reaction with an average rate constant of 1.85
x 10 min’l. This value is consistent with the value for bulk dispro-
portionation found by Li et al. who used an electrolyte of 2 M KHCO3
at room temperature, and Lee et al. who studied H,O, decomposition
for a range of electrolytes including Na,CO3; with Na,SiO5 stabilizer
[21,22].

4.3. Full system - Fitting k,

After deriving .S and k,, we now perform seven hour experiments
with separately recirculating electrolyte, a porous Zirfon separator,
and with anolyte pH and temperature maintained. Fig. 6 shows the
accumulation of Hy,O, over time in the system, along with the fit of
Eq. (9). The fitted values of k, are 0.136, 0.304, and 0.349 cm min!
at 100, 200, and 300 mA cm™, respectively. The modified anodic
decomposition term as it appears in Eq. (8), (k,A)/(Vg + V), was
calculated to be 3.40 x 103, 7.59 x 103, and 8.73 x 103 min, in
order of increasing current density. These values are all greater than
k, = 1.85 x 10" min!, indicating that the anodic oxidation of H,0,
in the anolyte was the dominant loss mechanism in our system. The
fit appears to match the experimental results well, though there is a
slight underprediction of the concentration at r < 240 min and a slight
overprediction of the steady state concentration at 1 > 360 min. This
likely originates from our definition of the constant generation of HyO,.
In the case of a competing surface reaction, .S would no longer be
constant, but be expected to decrease over time as c¢(¢) increased over
time, due to the increased rate of anodic oxidation. Nevertheless, the fit
is good and displays the expected trend of increasing k, with increasing
current density.

100 F

s 90f b)

E 80t

Z 70t

.S

Z 60}

S s0f

g . k, = 1.85x 10 min’

S 40t et

S T

= 30} .
0 30 60 90 120 150 180

Time / min

Fig. 5. (a) The constant generation of H,0O, under single-pass flow for a given current density. The dashed lines indicate the average measured concentrations over one hour
of 1.68, 3.65, and 5.40 mM at 100, 200, and 300 mA cm2, respectively. These average concentrations are used to calculate S = 0.017, 0.037, and 0.054 mmol min cm?, in
order of increasing current density. (b) Comparison in semi-log scale of the homogeneous decomposition of H,0, in anolyte from different starting concentrations without applied
current. These starting concentrations were achieved by operating the electrolyzer with recirculating electrolyte flow for two hours at different current densities. Dashed lines are
linear regressions of the data sets. These data sets share a constant slope, indicating a first order bulk disproportionation reaction with an average rate constant of k, = 1.85 x

10 min’.
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Fig. 6. Seven-hour experiments for the anodic production of H,O, with recirculating
anolyte. The dashed lines show Eq. (9) using fitted k, values of 0.136, 0.304, and
0.349 cm min? for 100, 200, and 300 mA cm?, respectively.

4.4. Exclusion of crossover effects

It was observed that the H,O, concentration in the catholyte was
always at or below the limit of quantification (0.3 mM as mentioned
in Section 3.2). This indicated that either the decomposition of H,O,
in the catholyte far outpaced the diffusive flux through the Zirfon
separator, or that the diffusive flux itself was negligible. At pH greater
than the pKa of H,O, (11.7), the H,O, exists primarily in its deproto-
nated form as HO,. This anion experiences a force of electric migration
towards the anode, which is in the opposite direction of the diffusive
flux. We therefore reason, as we operate at pH > 13, that nearly all
of the anodically produced H,0, is retained in the anolyte. To confirm
this, we modify Eq. (5) to add a term to account for H,O, crossover,
—k¢Aqepcou(t), where A, is the separator surface area. The k, term can
be calculated by analogy to Fick’s law for diffusion across the separator,
assuming a concentration of zero on the cathode side, as per Eq. (13),

k=@

c
Lsep

13

where k./cm min! is the rate constant for crossover, D is the effective
diffusion coefficient, and L, is the thickness of the separator. Using
the values of our setup (4,,, = 12 cm? and L, = 0.05 cm) and
assuming a typical liquid diffusion coefficient at ambient temperature
of D=1 x10° cm? s, we find k. = 2.0 X 10* cm min!. The modified
crossover term as it would appear in Eq. (8), (ke Agep)/ (Vi + V), was
calculated to be 3.60 x 10" min'!. Comparing this value to the anodic
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decomposition terms that we found in Section 4.3 (all > 3.40 x 103
min1), we see that any effect of crossover is negligible in comparison
to the anodic oxidation in the anode chamber. The modified crossover
term is also negligible in comparison to the bulk decomposition rate
constant of 1.85 x 10 minl.

4.5. Extension to literature data

One of the strengths of the outlined analytical model is that knowl-
edge of the precise details of the system are not required. Neither
the specific reaction mechanism for H,O, generation, the particular
electrolyte composition, nor the electrolyzer geometry have to be taken
into consideration. The only relevant parameters are the physical di-
mensions (A4, V, and Vy), the overall generation rate (5), and the
rate constants (k, and k). As such, the model remains versatile. We
demonstrate this versatility by examining two sources from literature,
Pangotra et al. [23] and Li et al. [22], and use their data to calculate
rate constants as per their experimental setups.

The setup of Pangotra et al. uses a 10 cm? anode and an electrolyte
flow rate of 0.1 L min’!, and is very similar to our own. The main
difference is that they use Nafion 117 as a separator and keep their
anolyte in an ice bath to maintain the temperature. Using their data,
we found a k, value of 5.70 x 104 min’! for 2 M K,CO3 with 90 mM
Na,SiO3 electrolyte. This value is about three times lower than for
our system, which is consistent with a lowered reaction rate due to
lower temperatures. We fitted their data for both .S and k, at the same
current densities as we use, and the fit is shown in Fig. 7(a). The
fitted curve shows excellent agreement, likely due to the additional free
parameter available for fitting, .S. Table 2 lists the computed values
for all of the experimental data sets analyzed. The values of S from
Pangotra et al. are comparable to ours, but the k, values are much
higher, particularly at 300 mA cm™. This leads to their overall lower
steady state concentrations and their observed optimal current density
of 200 mA cm2.

The setup used by Li et al. was not a flow setup but rather a
separated batch reactor system. The anolyte was magnetically stirred
to ensure mixing. Li et al. operate their system potentiostatically, but
observed a relatively constant current at each potential, allowing our
analysis to continue. While they do not maintain pH or temperature,
they operate at low currents of < 35 mA and observe a very small pH
change from 8.31 to 8.68. We therefore assume that the temperature
and pH have not changed significantly over the course of the experi-
ment, such that the model can still be applied. The analytical model
can be reformulated by simply setting V; and Q equal to zero, which
causes Eq. (6) to cancel out entirely. The resulting mole balance across
the electrolyzer takes the following form.

de,

VEd—”t"' = SA—kyAcy, — kyVico, 14
90t b)
o ° 23V vsRHE
_e
601 o-?
o
o
o
30t .
9
@
2
é@
0.0 &
0 60 120 180 240 300 360 420

Time / min

Fig. 7. Fits to data from literature sources, with open symbols to indicate data points not from our work. See Table 2 for a summary of parameter values. (a) Dashed lines showing
the fit of Eq. (9) to the data of Pangotra et al. [23]. Both .S and k, were fitted to this data using k, from their data. (b) Dashed lines showing the fit of Eq. (15) to the data of

Li et al. [22]. Only k, was fitted to this data using S and k, from their data.
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The solution to Eq. (14), replacing c,,, with ¢, is shown in Eq. (15),

SA 1 KA )t (15)
I 7 SR (e
TR ATk, exp v, Tl

where V; = 0.06 L is the anolyte volume. Eq. (15) takes the same
overall form as Eq. (9), but setting V; equal to 0. This is a result of
all reactions taking place in the same batch reactor, without a separate
reservoir. Li et al. [22] arrive at a similar expression to Egs. (9) and
(15) and fit it successfully to their data. However, they combine their
k, and k, terms into a single parameter and neglect the solution volume
and electrode surface area. Our more versatile analytical model based
on mole balances successfully accounts for these differences, and the
fit of Eq. (15) to their data is shown in Fig. 7(b). Our fit matches
well to the experimental data obtained by Li et al. However, the data
sets do not continue until a very clear steady state, so we cannot
comment on any underprediction or overprediction of the model with
respect to time. Li et al. performed a similar experiment to quantify
the contribution of bulk disproportionation as we did and found &k,
= 1.83 x 103 min! [22]. This value is very close to the value for
our system, despite using a different electrolyte of 2 M KHCO;. The
values of .S (calculated using data from Li et al.) are significantly lower
than our values due to the lower total current of their experiments
with a 0.5 cm? anode, but follow the predicted trend of increasing
with increasing current density (see Table 2). However, the k, values
(fitted) are quite large, and are comparable to those of Pangotra et al.
who operate at much higher current densities. These large anodic
decomposition rate constant values may also have led to the lower
concentrations seen in the experiments of Li et al. This result highlights
the drawback of running such a system in batch reactor, as there
is a large opportunity for any produced H,0O, to oxidize further. In
contrast, a flow cell system has a lower residence time of H,0, in
the electrolyzer, thereby lowering the chance for anodic oxidation of
H202.

4.6. Model validation and implications for scaled-up operation

The scaled-up electrochemical process to produce H,0, with high
flow rates faces the obstacle of low single-pass conversion. A low H,0,
concentration makes later separation and purification more difficult,
and low flow rates result in overall low product yield, thus necessitating
anolyte recirculation to charge it with higher concentrations of Hy0,.
The objective of the process design should then be to maximize HyO,
concentration in the anolyte stream in the minimum required time.
While S, k,, and k, are dependent on the electrode—electrolyte system
chosen, A, Vg, Vi, and Q can all be easily changed as desired to fit the
requirements of a separation system or target production rate.

To validate our model’s ability to predict the change in c(r) with
varying V or V, we perform experiments at 200 mA cm? and overlay
the predicted curves using fixed parameter values of S, k,, and k, for
different V; and Vj. The results of these experiments are shown in
Fig. 8. The model slightly underpredicts the effect of increasing the
anolyte reservoir volume, and largely misses the effect of changing
the electrolyzer volume. The data gathered with V; = 0.0036 L was
obtained by assembling the electrolyzer using a thinner PMMA plate
for the anode chamber, altering the cell geometry and bringing the
anode closer to the separator. Eq. (9) predicts that changing V; while
keeping V, constant should have no change on the accumulated H,O,
concentration. However, it appears that modeling the anodic oxidation
of H,0, as a surface reaction using a homogeneous concentration value
across the electrolyzer chamber was insufficient to model the system. It
is likely that the effect of cell geometry is too significant to be captured
by a first order expression using a homogeneous concentration. Future
refinement of this model should instead use a mass transfer expression
based on electrolyzer geometry to find a surface H,O, concentra-
tion value and examine different electrolyzer geometries and current
densities to validate the expression.
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Table 2

Summary of parameter values from fitted data. Entries marked “(fit)” were fitted using
Eq. (9) or (15), while the others were derived from available data. Eg, indicates the
full cell potential.

This work A/em?  Vp/L Vi /L 0O/L min!
10 0.3916 0.0084 0.1
S/mmol min?! cm? k, (fit)/cm min?!  k,/min?
100 mA cm? 0.017 0.136 1.85 x 103
(Ecen ~ 5.5 V)
200 mA cm 0.037 0.304 1.85 x 1073
(Ecen ~ 7.5 V)
300 mA cm 0.054 0.349 1.85 x 103
(Ecen ~ 91V)
Pangotra et al. [23] A/em?  VR/L Vi/L 0O/L min!
10 0.191024 0.008976 0.1
S (fit)/mmol min! cm?2 k, (fit)/cm min?  k,/min!
100 mA cm 0.016 0.423 5.7 x 10*
(Egay ~ 4.4 V)
200 mA cm? 0.036 0.641 5.7 x 10
(Ecan ~ 5.9V)
300 mA cm 0.069 1.830 5.7 x 10*
(Ecen ~ 6.7 V)
Li et al. [22] A/cm? Vg/L Vg/L Q/L min?
0.5 0 0.06 0
S/mmol min?! cm?2 k, (fit)/cm min?!  k,/min?
2.3 V vs. RHE 6.37 x 102 0.456 1.83 x 103
(~25 mA cm?)
2.5 V vs. RHE 8.88 x 103 0.707 1.83 x 1073
(~42 mA cm?2)
2.7 V vs. RHE 0.013 1.113 1.83 x 10

(~69 mA cm2)

Ve=0.0036 L ¥,;=0.0084L

1207 Ve=03964 L V,=03916L
A
A AL Aaa
90 IO

H,0, Concentration / mM
(O8] [N}
(=] (=]

(=]
T
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Time / min

Fig. 8. Experimental validation of the model for different V, and V; at 200 mA
cm?. The lines show the predicted concentration curves for the given parameters.
The predicted concentrations for the base case (black line) and the lowered V, case
(green line) overlap completely because the total anolyte volume, V,, was not changed.
The prediction for changing V; underpredicts the experiment, and the prediction for
changing V does not match.

Because the effect of changing V was predicted relatively well, we
extend the predictions to other values of Vj, using a base case with Vj
=0.0084 L and V = 0.3916 L as per our experimental setup. These pre-
dictions are shown in Fig. 9(a). As expected by examination of Eq. (10),
decreasing Vy leads to higher steady state concentrations. Fig. 9(a)
also shows that decreasing Vj leads to higher concentrations of H,0,
earlier in time as the anolyte is charged with H,O,. However, due to the
large change in anolyte volume with V, the trend for the total number
of moles is reversed. Fig. 9(b) shows the predicted accumulation of
H,0, in moles, where a low ¥ achieves a correspondingly low amount
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Fig. 9. Simulated results using Eq. (9) at 200 mA cm? with changing reservoir volume, with ¥, = 0.3916 L and V; = 0.0084 L. (a) The concentration of H,O, reaches a higher
steady state value more quickly with decreasing V. As V; approaches 0, the predicted curve approaches the case of a batch reactor. (b) Simulated results for the amount of H,O,
in mmol at 200 mA cm? with changing reservoir volume, V. Because the total electrolyte volume decreases strongly with decreasing Vj, the total number of moles produced

also decreases.

of Hy0,, reversing the trend seen in Fig. 9(a). Therefore, the target
H,0, production rate must be considered in tandem with the system
geometry to find the optimal design parameters and recirculation time.
This could be accomplished by setting a desired extent of reaction, &,
or a desired reaction time, 7, and then optimizing for the number of
moles of HyO,.

5. Conclusions

The large-scale electrochemical production of H,0O, is hampered by
low single-pass conversion, and thus requires electrolyte recirculation
to charge the anolyte with enough H,0, for further separation. Our
work provides an analytical solution for how the concentration devel-
ops over time and a methodology to find individual reaction terms for
a given system geometry. With simple experimentation, the individual
rate constants for anodic generation and bulk disproportionation of
H,0, can be quantified. A rate constant for anodic oxidation can then
be numerically fitted, but this value is best taken as an estimation of
the anodic oxidation for a particular electrolyzer geometry. We found
for our system, as well as two others in literature, that the H,O,
decomposition due to anodic oxidation was always greater than the
decomposition due to bulk disproportionation. As a result of describ-
ing anodic oxidation using a homogeneous concentration across the
electrolyzer chamber, our analytical model predicted that changing the
volume of electrolyte in the anode chamber would have no effect on the
achieved concentration of H,0,. However, this description was found
to be unsuitable for a differing electrolyzer geometry, and the model
should be refined with a more generalized expression that accounts for
electrolyzer geometry and mass transfer in order to extend the model
using surface concentrations. We recommend that the anolyte reservoir
volume, Vy, be selected to meet the target production rate at a desired
reaction time, but further work can be done to find the optimal balance
between these parameters and the overall cost of the scaled-up system.
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Appendix A. Low flow rate solution to Eq. (7)

Starting with Eq. (7), we make the following substitutions:

d“c de
il = = Al
ae % the=vy GRY
) A
=2 + 9 + == +2k, ;
Ve Ve Ve
o kA k k k,Ak SAC
p=0( 2t p by 2o )y e e, SAQ
VEVR Ve Ve Vi VEVR
This leads to the general solution,
¢ = Crexp (—Ayt) + Crexp (—Ayt) + % (A.2)

where C; and C, are constants, and
a—va2-4p a+ Va2 —4p
2 ? 2
Using the initial conditions that ¢(r) = 0 at + = 0 and dc(t)/dt =
(SA)/Vy at t = 0, we arrive at the complete solution in Eq. (A.3).

c= (—SAﬂ — 74V > exp (—4,1) — (—SA'B —rh Ve > exp (—4y1) + r

A= Ay =

BVr (Ay = 4) BVr (42— 4) p
(A.3)

At t approaches oo, the steady state concentration reached can be
expressed as Eq. (A.4),

4 SA
CSteady State = E = AT VT (A.4)
koA+ky (Vi + Vi) + =g + 5=

which simplifies to Eq. (10) for large Q.



S.A. Phadke et al.
Appendix B. High flow rate justification

In Section 2.4, we use a simplification of Eq. (7) in the case of large
0. Here, we fix the values of S, A, k,, k;, V}, and V} using the values
for our setup at 200 mA cm, and vary Q in Eq. (A.3) to confirm that
our assumption is valid. Using a base case of 0 = 0.1 L min’!, as used
in our experiments, we show the predicted effect of changing Q using
Eq. (A.3) in Fig. B.1. The curves for the fastest three flow rates (2 Q,
0, and 0.5 Q) overlap, indicating that our flow rate of O = 0.1 L min’!
was sufficiently fast to use Eq. (9) in our analysis.

100 | 0. 050
z
~ 80 I~ >
= 0.050
S
E oeof .
£ 0.01 0
3
S 4ot
]
= 20
o, 7
= L

120 180 240 300 360 420 48

Time / min

0 60

Fig. B.1. Simulated results for changing flow rate, Q, where the highest three flow
rates (corresponding to 0.2, 0.1, and 0.05 L min™) overlap, indicating the validity of
the high flow rate assumption at 0.1 L minl.
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