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ABSTRACT

The electrolysis of HCl to form Cl, is an integral part of the production of polycarbonates and
polyurethanes. In recent years, the direct gas-phase electrolysis was shown to be significantly more ef-
ficient than the current state-of-the-art process based on the oxidation of hydrochloric acid. Still, three
phenomena significantly limit the performance and industrial applicability of this process and have so
far only been investigated theoretically. Firstly, a limiting behavior in the HCI oxidation reaction was ob-
served, which seems to be of purely kinetic origin. Secondly, also in the full-cell employing an oxygen
depolarized cathode, a limiting behavior was detected, which however appears to have a different origin.
Lastly, the performance of the oxygen reduction is significantly reduced in comparison to classical H,
PEM fuel cells. The present work utilizes a combined experimental and theoretical approach to confirm
that the HCl oxidation is purely reaction limited while the limiting behavior in the full-cell system em-
ploying an oxygen depolarized cathode is caused by flooding at low reactor temperatures and, lastly, that
the reduced performance of the oxygen reduction reaction is a consequence of significant HCI crossover
that can be mitigated by means of increased cathode humidification. These insights are furthermore used
to operate the HCI gas phase electrolyzer employing an oxygen depolarized cathode at current densities
of more than 5000 A/m? for the first time, while also substituting the previously employed platinum
based cathode catalyst with RhySy, decreasing the impact of HCI crossover and allowing for the lowest so
far measured cell potentials over a wide interval of current densities.
© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

production is responsible for not only the highest GHG emissions,
more than 80 million tons CO, equivalents in 2015 [2], but also

In light of climate change and the international goal to limit
the average global temperature increase to under 2 K compared to
pre-industrial levels, the European Union has set the objective of
reducing greenhouse gas emissions to 80 to 95 % below the lev-
els of 1990 [1]. The chemical and petrochemical industry is the
third largest industrial greenhouse gas (GHG) emitter and respon-
sible for 19.5 % of the overall European industrial energy consump-
tion. Within the chemical industry, Cl, is the base chemical, whose
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the highest energy demand with 35 TWh of electrical energy con-
sumed in 2010, which corresponds to 17% of the total electricity
consumption of the chemical industry in Europe [1]. Chlorine is
widely used for the production of organic solvents, monomers and
chemicals for water treatment with a capacity of 66 million tons
of Cl, worldwide in 2014. Cl, is mainly produced by brine elec-
trolysis [1,3]. One third of all substances produced with the aid
of chlorine do not contain Cl, themselves and use the halogen to
facilitate intermediate reactions. 50% of the employed Cl, is dis-
charged in the form of side products like HCl or chloride salts
[4]. Exemplary Cl,-facilitated processes with a growing industrial
relevance are the production of methylene diphenyl diisocyanate
(MDI), with a process capacity of 4.6 million tons in 2011 and a
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growth rate of 5%, and toluene diisocyanate (TDI) production, with
a production volume of 3 million tons in 2013 [5-7]. In the pro-
duction of both isocyanates, phosgene, which is synthesized from
chlorine and carbon monoxide, is employed as a reactant. There-
fore, for each mole of TDI and MDI, two moles of Cl, are consumed
and four moles of HCl emerge as a byproduct. Since processes that
potentially consume HCI, like the production of PVC, are grow-
ing at a much slower rate, the market for the HCl byproduct is
over-saturated [4,8]. One feasible and sustainable solution to this
is the electrochemical oxidation of HCl to Cl,, which is then re-
cycled back into the above-mentioned processes, and hence poses
another important source of chlorine.

Currently, the most efficient industrially-employed electro-
chemical process for the oxidation of HCI to chlorine is the Bayer-
UHDENORA process, using hydrochloric acid as feedstock and
employing an oxygen depolarized cathode (ODC). Recently, our
group proposed a novel process based on the direct electrolysis of
gaseous HCI, also employing an ODC that promises a 38% lower
exergy demand than the Bayer-UHDENORA variant [9]. The energy
demand of this gas phase reactor is also ~ 60 % lower than even
the most efficient version of the brine electrolysis process employ-
ing an ODC [2,6,10]. Given the significant production volume of
MDI and TDI and related chemicals, gas-phase electrolysis of HCl
has the potential to contribute to a more green and sustainable
chlorine sector of the chemical industry.

However, three phenomena have so far been identified to limit
the performance and industrial applicability of the gas-phase re-
actor [11,12]. First, a limiting behavior was observed in half-cell
investigations of the HCI oxidation reaction (HCIOR) [11]. Second,
a full-cell employing an ODC also exhibited a limiting-current be-
havior that appears unrelated to the HCIOR [12,13]. Third, the
ODC exhibits significantly reduced performance compared to in the
ones employed in low temperature polymer electrolyte membrane
(PEM) H, fuel cells. For these reason, operation of the gas-phase
reactor employing an ODC at 5000 A/m? has so far not been exper-
imentally achieved, and the measured open-circuit voltages (OCVs)
of the oxygen reduction reaction (ORR) within the gas-phase elec-
trolyzer of 680 and 750 mV as well as the high activation overpo-
tential suggest that there is significant room for further reducing
the cell potential.

A numerical model presented in our recent publications [11,12]
suggests a reaction limitation causes the observed limiting behav-
ior in the HCIOR, while in the full-cell reactor employing an ODC,
flooding and membrane dehydration were identified as the origin
of the limiting behavior. Which one of these mechanisms domi-
nates, strongly depends on the thermal management of the cell,
which due to the highly exothermal dissociation reaction of HCl in
water as well as the high overpotential, is more complex than in
classical H, fuel cells. Based on these insights, reactor optimiza-
tion strategies were proposed aimed at allowing for operation at
current densities > 5000 A/m2 while maintaining low cell poten-
tials. However, so far, these model-based insights and optimization
strategies have not been validated experimentally.

Concerning the reduced performance of the ORR, Kuwertz et
al. [13] mentioned crossover of HCl from the anode to the cath-
ode and consequent poisoning of their platinum-based catalyst as
a possible reason. There is a wealth of publications investigating
the effect of chloride anions [14] and even gaseous HCl [15] in the
cathode feed stream on the performance of the ORR in H, PEM
fuel cells. Motupally et al. [16] even investigated HCI crossover for
a reactor similar to the HCl gas-phase electrolyzer, however with
liquid water being fed into the cathode chamber, by means of mea-
suring the decrease of the pH in the cathode chamber. They pro-
posed that up to 0.1% of the HCI fed into the reactor crosses over
to the cathode side. However, it is not yet clear whether mainly
the crossover of HCl or Cl, caused the decrease in the pH. Since
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liquid water is fed into the cathode chamber of this reactor type,
the transport of species through the membrane differs significantly
from the gas-phase reactor employing an ODC as proposed by
Kuwertz et al. [13], which is the focus of the present work. Due to
the significant impact on the performance of the ORR, the extent to
which HCl and Cl, are crossing over under realistic process condi-
tions of the gas-phase electrolysis and the impact of this crossover
on the performance of the ORR are important to understand for
further reactor optimization.

In our previous publications [11] and [12], the limiting behavior
observed in both the previous half-cell investigations of the HCIOR
[8] and the full-cell investigations employing an ODC [13] was ana-
lyzed by means of a numerical reactor model of both electrochem-
ical cells. The present work focuses on an experimental valida-
tion and deeper understanding of the limiting behavior and the in-
volved physicochemical mechanisms. Moreover, these insights are
utilized to operate the reactor at industrially relevant current den-
sities of > 5000 A/m?2, which so far has not been achieved. Lastly,
the article investigates the extent and importance of HCl and Cl,
crossover in both a gas-phase reactor and a liquid-phase reactor,
resembling the one used in the Bayer UHDENORA process. Based
on insights from these crossover investigations, RhySy is employed
for the first time in the HCI gas phase electrolyzer as an alternative
cathode catalyst that is less prone to chloride ion poisoning.

The outline of this paper is as follows. First, the experimental
setups for investigating the HCIOR alone and in combination with
an ODC are presented together with the setup for investigating
the crossover of HCl and Cl,. Subsequently, a numerical crossover
model is introduced to support the experimental examinations. In
the second part, the crossover of both species and its impact on
the ORR is quantified by a combined experimental and theoretical
approach. Subsequently, the reaction limitation of the HCIOR is ex-
perimentally validated and first considerations about the nature of
Cl- surface species are made, supported by further simulations with
the numerical reactor model published in [11]. Similarly, previous
insights from [12] on the limiting behavior in the full-cell setup
employing an ODC are validated and used to operate the reactor at
current densities of more than 5000 A/m? for the first time, while
also applying a new cathode catalyst to mitigate the effect of HCl
and Cl, crossover.

2. Methods
2.1. Working principle of the reactor and experimental setup

For a holistic view of the explored phenomena, three different
cells are required: a) the full-cell employing an ODC b) the half-
cell for investigating the HCIOR, c) the half-cell for analyzing HCI
and Cl, crossover, as shown in Fig. 1a-c.

All experiments were carried out employing a cyclone flow cell,
as used by Martinez [8]. The working principle and distinct fea-
tures of this reactor type are described in detail in [8,17,18]. A main
feature is a homogenous concentration boundary layer over wide
areas of the MEA [17,18]. This allows for a more direct evaluation
of mass-transfer and kinetic effects, since, in comparison to a clas-
sical flow-field based cells, 2D and 3D effects are minimized.

An exploded view of the half-cell employed for the crossover
and HCIOR investigations as well as of the full-cell are depicted in
Fig. 2a and b, respectively. The cell potential in the crossover and
HCIOR experiments is measured against a reversible hydrogen elec-
trode (HydroFlex H,-Reference Electrode by Gaskatel, please see
#6 in Fig. 2a.
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Fig. 2. (a) Exploded view of the cyclone flow half-cell consisting of the working electrode compartment (1), the counter electrode compartment (2), the membrane electrode
assembly (3), a titanium plate (4) connected to a titanium pin screwed into the orifice (5), which both together work as the current collector, and the reference electrode
compartment (6). The reference electrode compartment contains the reversible hydrogen electrode, against which the cell potential is measured in all half-cell experiments.
The reactants and electrolyte enter the reactor at the inlets (7) and leave through the outlets (8) that are identical on both sides. (b) Exploded view of the cyclone flow
full-cell, equipped with current collectors on both sides instead of a reference electrode compartment. The parts are held together by a titanium frame and six titanium
screws fixed with a torque of 17 Nm. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

2.2. Membrane-electrode assembly

The membrane-electrode assemblies (MEAs) employed in all
half-cell measurements were supplied by HIAT and are based on
Nafion115 membranes (Dupont) with a catalyst suspension of Pt/C
(60 wt% Pt, by Alfa Aesar) in Nafion applied on one side of the
membrane. The final platinum mass loading normalized by cell
area is 1 mg/cm? and the Nafion loading is 0.5 mg/cm?2. To fa-
cilitate reactant distribution and product removal from the WE, a
gas diffusion layer (GDL) (by Quintech) with a thickness of 400 pm
is employed. The GDL consists of carbon cloth coated first with a
20 wt% PTFE suspension and subsequently with a mixture of Ket-
jenblack (Akzo Nobel) and PTFE, generating a microporous layer
(MPL), resulting in a total loading of 4.5 mg/cm? with 20 wt% PTFE.
To ensure electrical contact, the MEA by HIAT and the GDL are
thermally bonded together at a pressure of 50 bar and a tempera-
ture of 398 K for 150 s employing a laboratory press (Polystat 200
T by Servitec). The counter electrode (CE) is a platinum mesh im-
mersed in the electrolyte flowing through the CE compartment of
the reactor (see blue colored part in Fig. 2a). Depending on the ex-
periment, the electrolyte is either hydrochloric acid or sulfuric acid
(both supra quality by Roth). Since a platinum mesh is employed
as a CE, the membrane is only sprayed with catalyst on one side.

In the full-cell measurements, the same MEAs are employed,
but additionally, a gas-diffusion electrode (GDE) based on rhodium
sulfide (RhySy) serving as the cathode catalyst, is bonded together
with the above described MEA, including the anode GDL (aGDL),
for 4 minutes at a temperature of 398 K and a pressure of 50 bar.
To ensure better contact, the GDE is wetted with a few drops of
5 % Nafion in isopropanol (by Quintech) before the bonding step.

The RhyxSy GDE was kindly supplied by De Nora and details on its
composition are not known. The cell area is 2.27 cm? in all cases.

To compare the performance of the RhySy catalyst to the previ-
ously employed Pt/C catalyst [13], a second MEA kindly provided
by the research group of Prof. Turek at the Technical University
of Clausthal was employed. This MEA consists of a Pt/C catalyst
(BASF SE) sprayed on a Nafion 117 membrane (Dupont) and two
GDLs, all bonded together by the same method as for the RhySy
based MEA. The Nafion 117 membrane was pretreated according to
methods adopted in modified form from Ticianelli et al. [19] and
Zawodzinski et al. [20]. The platinum loading is 1 mg/cm? on both
the anode and cathode side and the Nafion loading is 2 mg/cm? on
the anode and 0.5 mg/cm? on the cathode side. The application of
the catalyst is done by a wet-spraying process, which is described
in detail in [21].

2.3. Operation and electrochemical measurements

The gases are supplied via pressurized gas bottles from Linde
and are of grade 5 (99.999 % purity) in the case of O, and N, and
grade 4.5 (99.995 % purity) in the case of HCl. The feed gas flow
rates of HCl, 05, and N, were set to 500 ml/min in all half- and
full-cell experiments. The oxygen feed was humidified at 100% rel-
ative humidity (RH) with a gas bubbler. All measurements were
carried out at atmospheric pressure and room temperature (RT)
and neither the feed gases nor the reactor were cooled or heated.
To observe temperature changes in the full-cell setup, the tem-
perature of the cathode outlet stream was monitored with Pt 100
thermal sensors and a PCE-T390 thermometer. In the half-cell ex-
periments, no temperature measurements were performed, since
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the half-cell can be assumed to be essentially isothermal, due to
the strong convective heat dissipation via the electrolyte circulat-
ing through the counter electrode chamber [11].

Three different methods; cyclic voltammetry, linear sweep
voltammetry, and chronoamperometry, were employed in the in-
vestigations involving the half-cell. The full-cell was investigated
by means of linear sweep amperometry. Martinez [8] showed that
linear sweep voltammetry with a scan rate of 1 mV/s leads to
essentially identical polarization curves as steady state measure-
ments. Due to the strong similarity with the experimental reac-
tor of this work, linear sweep voltammetry measurements were
recorded with a scan rate of 1 mV/s and linear sweep amper-
ometry measurements with a scan rate of 0.5 mA/s in order to
converge towards steady-state behavior. The cyclic voltammograms
were performed with a scan rate of 20 mV/s. All experiments were
carried out with a ModuLab XM ECS potentiostat (Solartron Ana-
lytics) with internal booster allowing for currents up to 2 A.

2.4. Numerical model for investigating the crossover of HCl and
chlorine

To enhance understanding of HCl and chlorine crossover
through the Nafion membrane, a numerical steady-state model was
employed. Both species are assumed to absorb in the water con-
stituting the hydrophilic domains of the Nafion membrane. Hence,
only the crossover of the aqueous form of HCl,q is considered,
which, due to the highly exergonic dissociation reaction of HCl in
water, appears to be a valid approximation. Similarly, in the case
of Cl,, only the transport of dissolved chlorine through the hy-
drophilic domains of the membrane is considered, while diffusion
through the hydrophobic Nafion domain is neglected due to signif-
icantly lower diffusion coefficients. At steady state, the divergence
of the flux N; across the membrane (1D, x-direction) is zero for all
species i [22].

ON;

—_—1_0 1
% (M)
The water flux across the membrane Ny, is defined as

ac .
Nw = —Dw 87;+%1 (2)

where D! is the effective diffusion coefficient of water in Nafion
considering both hydraulic and diffusive mass transfer [11]. For HCI
and Cl,, the flux consists of three terms: convection of the aqueous
solution through the membrane, diffusion through the hydrophilic
domains, and, for charged Cl~ species, migration [23,24,25].

ac; tv
— iy — DW L 1 ]
N; = ¢y - D} Ix + (ziF)] (3)

where ¢; is the concentration of species i, v is the velocity of the
aqueous solution relative to the membrane, D} and ¢} are the dif-
fusion coefficient and transference number, respectively, of i in the
aqueous solution-filled pores, and z; is the charge number of an
ionic species [23].

The two last terms on the right side of Eq. (3) account for dif-
fusion and migration of species relative to the movement of the
aqueous solution in the membrane pores, meaning that the aque-
ous solution is the reference velocity for these terms. The first term
accounts for the movement of the aqueous solution relative to the
membrane. For well-hydrated membranes considered in this study,
the concentration of ions is small compared to the concentration
of water in the membrane. As such, the velocity of the aqueous
solution through the membrane equals to the velocity of water, vy,
[22].

Ny
Cw

VxR Vy =

(4)
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Please note that Eq. (3) neglects frictional interactions between
the membrane, CI~, and Cl, and that the concentrations, velocities,
and fluxes have a superficial basis, meaning that quantities are av-
eraged over both the aqueous solution and the hydrophobic Nafion
domains of the wet membrane.

The diffusion coefficients D} are challenging to measure and re-
ported values vary by orders of magnitude [26]. In the crossover
model, they are calculated by correcting the diffusion coefficient
of species i in bulk water D?’o", with Dg’li" =1.89-10"° m?/s and
Dgigo =2.03-10"° m?/s [27], by the tortuosity of the hydrophilic
domains of the membrane 7, where the tortuosity is specified by
Archi’s law [28].

0, 0,
fx

Here, f is the water volume fraction in the membrane and yx is

a scaling coefficient set to 1.33 according to Crothers et al. [29].

The transference number ¢[" in Eq. (3) is related to the diffusion
coefficients according to dilute-solution theory [25]

F2\ z22D¥¢;
w_ 1 5T
= (RT) K ®)
. VO)"M
" Voiv +Vm

where Ay is the water content of the membrane, Vy the molar vol-

ume of water, Vy; = % the molar volume of the polymer and «

the membrane conductivity calculated as

w
Di
T

(5)

(7)

15000( 1 1)
R \303.15 T (f - 0.042)088
(8)

according to [12,30,31]. Solving conservation Eq. (1) with consti-
tutive Eqgs. (2) and (3) requires two boundary conditions for each
species, adding up to a total of six boundary conditions. Speci-
fying the concentration of species in the membrane at the an-
ode/membrane and cathode/membrane interfaces (x=0 and x =
dy respectively) provides these boundary conditions. The concen-
tration of both species at the cathode/membrane interface is set to
zero in all simulations.

As mentioned in the introduction, the crossover of HCl and Cl,
is investigated for the full-cell setup, as proposed by Kuwertz et al.
[13], and, in a second scenario, for a liquid-phase reactor resem-
bling the one employed in the Bayer UHDENORA process, where
aqueous HCl is fed into the anode chamber instead of gaseous HCI.
The concentrations of both species at the interfaces hence vary in
both scenarios and are obtained in three steps.

For the full-cell setup, the water content, the partial pressures
of Cl, and HCl in the anode catalyst layer (aCL) and the reactor
temperature are extracted from a simulation with the numerical
full-cell model introduced in our previous publication [12] as a
function of the current density. The reactor feed temperature was
set to 333 K, as in [12]. In the second step, these partial pres-
sures are converted into the above-mentioned aqueous interface-
concentrations by employing the same vapor/liquid equilibrium re-
lation for HCI-H,O already used in the full reactor model [11,12]
and Henry’s law for Cl, [32].

¢ = x5, = (9.397x10 [atm™1]) per, ¢ ®)

Here, pg, is extracted from the full-cell model as a function of the
current density and given in units of atmospheres and c{° is the to-
tal molar concentration of the aqueous solution, which is assumed
to be the reciprocal of the molar volume of water (55.6 M). This
assumption is valid since the total concentration of the aqueous
solution does not change strongly with the concentration of HCl,q)

Ky = kmo(f — 0.042)%88 = 50e
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Table 1
Parameters for the numerical simulation of HCI and Cl, crossover.

Parameter  Full-cell setup Liquid phase reactor
[opt current density dependent 2 mol/l

ca, Current density dependent 1.88»10’30?-"
o 55.6 mol/l 55.6 mol/l
Kw.cl, f f

Kn.c- 0.6363f 0.6363f

DY 2.03.1079 m?/s 2.03.1079 m2/s
Dci:" 1.89:10° m?/s 1.89-10° m?/s
X 1.33 1.33

T 333.15 293.15

du 178 pm 178 pm

under the investigated conditions [33] and because the concentra-
tion of dissolved Cl, is negligibly small.

In the third step, a partition coefficient, K, ;, relates the above
introduced concentrations ¢*(p;) to an actual concentration within
the membrane c;, considering that possible species-membrane in-
teractions and the presence of the polymer lead to a different con-
centration of a species in Nafion compared to pure water.

G = ¢ (Pi)Kwi (10)

For Clp, Ky, = f, because this species is not expected to
have significant electrostatic or other specific interactions with
the membrane and, therefore, it partitions uniformly into the hy-
drophilic phase of the membrane but not into the hydrophobic
polymer regions. Fitting a sorption isotherm from literature for
chloride ions in Nafion [34] gives Ky - =0.6363f. At chloride
concentrations relevant for this study (> 0.1 M), the HCI isotherm
displays negligible Donnan exclusion, so that this effect is not ex-
pected to impede the crossover of Cl~ [34]. The concentrations cal-
culated based on Eq. (10) can then be employed as boundary con-
ditions.

In the second scenario of a liquid phase reactor, the anode
chamber is filled with an aqueous solution of hydrochloric acid
(cq-) of 2 M, which partitions into the membrane according to
Ky c-- To allow for comparability with the experimental investiga-
tions of this work, the temperature was set to 293.15 K. Due to the
lack of precise data for Cl, partial pressures, a value of 1.013 bar
is assumed, leading to cg‘fz =1.88. 10*3c%° [32]. As in the full-cell
scenario, the concentration of Cl~ ions and Cl, in the cathode com-
partment is set to zero. The membrane water content at the anode
membrane interface is set to 17, due to the presence of hydrochlo-
ric acid [11]. The cathode is assumed to be at 90% RH, where the
membrane has a water content of 10 [35].

Egs. (1), (2), and (6) were solved simultaneously using the finite
element software COMSOL 5.4 with the MUMPS numerical solver.
The relative tolerance was set to 1-10~1° and 100 mesh elements
were employed. A summary of the relevant model parameters is
listed in Table 1.

3. Results and discussion

3.1. Investigations of the HCl and chlorine crossover in the liquid
phase reactor

First, the half-cell setup resembling the Bayer UHDENORA
liquid-phase reactor (please see Fig. 1c) is employed to determine
to what extend the presence of hydrochloric acid in the anode
chamber of the reactor influences the surface properties and the
ORR activity of the platinum catalyst in the cathode department.
Various literature studies showed that cyclic voltammograms of a
platinum electrode immersed in an electrolyte (e.g. sulfuric acid)
changes in the presence of chloride anions in three distinct ways.
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Fig. 3. Cyclic voltammograms of the Pt/C WE with sulfuric and hydrochloric acid
circulating through the CE chamber referenced versus RHE. Each time, 10 cycles
were recorded until essentially no changes in the cyclic voltammograms with in-
creasing number of cycles is observed. The scan rate was 20 mV/s and no ohmic
correction was performed.

First, the platinum oxide formation is delayed to higher poten-
tials as a consequence of surface passivation with chloride anions
[36,37,38], while oxide formation at higher potentials of more than
1.1 V vs RHE remains mostly unaffected [36]. Second, the corre-
sponding reduction peak declines with increasing chloride con-
centration [36,37,38]. Last, at ca 0.7 V, an additional peak is ob-
served in the presence of chloride anions that Hudak et al. [36] and
Priyantha and Malavipathirana [39] attribute to the reduction of a
platinum chloride complex, which might be formed during the ox-
idative scan.

Fig. 3 shows the cyclic voltammograms measured under N, at-
mosphere, when 1 M H,S04 or 0.9 M HCl was fed into counter
electrode chamber of the half-cell setup. If significant crossover
of chloride ions from the CE chamber to the working electrode
(WE) does occur, then the two cyclic voltammograms depicted in
Fig. 3 should exhibit the above mentioned differences caused by
the presence of chloride species.

As expected, the platinum-oxide formation is delayed upon
switching from sulfuric to hydrochloric acid, but remains mostly
uninfluenced at potentials greater than 1.1 V as in the work of
Hudak et al. [36]. Consequently, the reduction peak is also dimin-
ished. Whether there is an additional peak caused by the reduc-
tion of a platinum chloride complex cannot be determined due to
the dominant platinum-oxide reduction peak in the same poten-
tial range. While a detailed discussion of these cyclic voltammo-
grams and their implications on the state of the platinum catalyst
surface is out of the scope of the present work, the occurrence of
the expected phenomena upon changing the electrolyte in the CE
chamber to hydrochloric acid implies that indeed HCl or Cl, are
crossing over to an extent that markedly impacts the surface prop-
erties of the WE. Please note that this measurement does not allow
for a clear differentiation between HCl(aq) and Cl, crossover, since
Cl, emerges at the CE upon switching from sulfuric to hydrochloric
acid and is hence present in the electrolyte.

In an attempt to further understand the influence of this
crossover on the ORR, O, is fed into the WE chamber of the half-
cell setup instead of N, in and a chronoamperometry measurement
is carried out starting with 1 M sulfuric acid in the anode cham-
ber at a potential of 0.6 V vs RHE. After 600 s, the sulfuric acid
is substituted by 7 M hydrochloric acid without stopping the mea-
surement. The experimental data is depicted in Fig. 4.
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Fig. 4. Chronoamperometry at 0.6 V vs RHE with the sulfuric acid stream flowing
through the CE chamber being exchanged with hydrochloric acid after 600 s. No
ohmic correction was performed.

In the first 600 s, the current density is mostly constant at ca
800 A/m2. The low current density is a consequence of the signifi-
cant ohmic resistance of the electrolyte and membrane in-between
the WE and RE. Upon switching the 1 M sulfuric acid with the
more concentrated hydrochloric acid, the current density sharply
increases due to the reduced ohmic resistance of the electrolyte.
However, shortly after this spike, the current density continuously
declines until it reaches a value of essentially 0 A/m? after 1500 s.
As explained in the following, this decay is at least partly caused
by chloride ion poisoning.

One contribution to this decay is certainly the negative im-
pact of the 7 M hydrochloric acid on the proton conductivity of
the membrane compared to less concentrated sulfuric acid. The
ionic conductivity of a Nafion 117 membrane in contact with 1 M
H,S0,4 is 0.088 S/cm [40], compared to 0.018 S/cm in the case of
7 M HCI [26], so that switching to a 7 M HCI solution results in
a ca. 5 times lower ionic conductivity of the membrane. On the
other side, the ionic conductivity of the electrolyte in-between the
membrane and the reference electrode is increasing, compensating
the above mentioned increase in the total ohmic resistance of the
cell. Nonetheless, changes in the ohmic resistance do not account
for the full extent of the current-density decay since the ohmic
contribution to the overpotential diminishes with lower current
densities and hence does not explain the drop to essentially zero
current.

Second, the significant differences in the proton activity be-
tween the WE and reference electrode reduces the ORR overpo-
tential and hence the current density. The decrease in the ORR-
overpotential due to switching from 1 M sulfuric acid to 7 M HCl,

approximately gln( a:HSC(I) ), should not exceed 0.1 V. Since the
504

OCV of the ORR on Pt/C is known to be at least 0.9 V in the
absence of catalyst poisoning species [41], this Nernstian correc-
tion does not explain the drop to essentially zero current either.
Hence, the significant current density decay must partly be caused
by chloride ion poisoning of the platinum based WE. The time
scale of the above experiment also shows that the crossover and
subsequent catalyst poisoning occurs within a few minutes of op-
eration. Interestingly, Kuwertz et al. [21] measured an OCV of the
ORR half-cell reaction of 0.6 to 0.7 V vs RHE in the presence of
gaseous HCl in the anode chamber. This is in good agreement with
the observed decay of the current density to 0 A/m? at a potential
of 0.6 V.
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These experiments show the significant impact of chloride-ion
poisoning on the platinum cathode catalyst as a consequence of
crossover in the above discussed half-cell experiments. Since fur-
thermore platinum exhibits a lack of stability in the chemically
aggressive environment of the HCl electrolysis, especially under
open-circuit conditions [42], investigating alternative catalyst ma-
terials that are stable and less prone to chloride ion poisoning, is
of great importance for the industrial applicability of the process.

To allow for a more quantitative evaluation and a differentia-
tion between the fluxes of HCl and Cl, through the membrane in
the liquid-phase reactor, both fluxes were estimated using the nu-
merical crossover model and are depicted in Fig. 5a for CI~ and
Fig. 5b for Cl, as a function of the current density. Furthermore,
both figures include the contributions of diffusion, convection, and
migration to the overall flux.

Fig. 5a and b show a combined crossover of 10~3 mol/m?2/s HCI
and Cl, to the WE chamber. Given the fact that Cl, is reduced
at the cathode and that most of the crossed over species would
hence accumulate in the cCL due to the absence of an electrolyte
in the WE chamber, and since Schmidt et al. [14] showed that
chloride-ion concentrations of 10~* M reduce the ORR activity of
a carbon supported platinum catalyst by an order of magnitude,
such a flux would lead to significant poisoning effects within sec-
onds (at steady state). This once more supports the hypothesis of
a crossover related performance decay, at least in the liquid-phase
reactor setup.

Moreover, the flux of chloride ions clearly dominates over the
flux of Cl, through the membrane over the whole current-density
range. This is mostly due to the fact that while the diffusion coef-
ficient of Cl, in Nafion is slightly higher than the one of HCI, the
concentration of chloride anions in the CE chamber significantly
exceeds that of Cl,. The higher HCl concentration leads to an over-
all increased diffusive and convective flux. The concentration of Cl,
in the CE chamber is set to the upper limit of full saturation of the
liquid phase in the simulation, corresponding to a chlorine partial
pressure of 1 bar. This estimation was made due to a lack of exper-
imental data and to provide a liberal estimate of Cl, crossover. De-
spite this high estimate of Cl, crossover, chloride anion flux domi-
nates over the Cl, flux. Hence, the Cl, flux through the membrane
is even smaller than here depicted and can be neglected in the in-
vestigated current-density interval.

Another interesting insight is that the flux of chloride species
decreases with higher current densities while the Cl, flux in-
creases. The reason for this becomes clear when looking at the
contributions of diffusion, convection, and migration to the over-
all flux.

As a consequence of the potential gradient in the solution be-
tween both electrodes, chloride ions, due to their negative charge,
migrate to the anode. According to Ohm’s law, this potential gra-
dient is proportional to the current density. For this reason, the
migration flux of chloride species depicted in Fig. 5a becomes in-
creasingly negative with higher current densities leading to the
discussed decline in the overall flux. In contrast, Cl, does not mi-
grate due to the electric field because it is not charged.

The second component of the overall flux, convection, increases
with current density and becomes the most dominant of all three
flux components for both species at intermediate to high current
densities (>1000 - 3000 A/m?2). It consists of an osmotic compo-
nent, caused by a water activity gradient across the membrane due
to the presence of an aqueous solution in the CE compartment, and
an electroosmotic part due to the electroosmotic transport of pro-
tons. Consequently, the electroosmotic flux increases linearly with
current density. The osmotic flux remains fairly constant over the
whole current-density interval because the water content of the
membrane is set as a current-density-independent boundary con-
dition on both sides. The slight observable decrease in the osmotic
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Fig. 5. Contributions of diffusion, osmotic-driven convection, electroosmotic-driven convection and migration to the overall flux of (a) CI~ and (b) Cl, through the membrane

in the liquid phase reactor as a function of the current density.

flux with current density originates in the electroosmotic transport
flattening the water concentration gradient in parts of the mem-
brane close to the CE side. Similarly, the boundary conditions for
chloride anions and Cl, also lead to an almost constant diffusive
flux across the membrane.

These fixed boundary conditions are an approximation made
in the liquid-phase-reactor scenario due to a lack of experimen-
tal data on the concentration changes as a function of the current
density. One could either experimentally or through a numerical
model of the overall liquid-phase reactor determine the boundary
conditions as a function of the current density, as done for the
gas-phase reactor. However, such studies exceed the scope of the
present work.

It can be concluded at this point that the crossover of CI~ and
Cl, as well as its effect on the ORR is now experimentally and the-
oretically confirmed for the investigated half-cell resembling the
Bayer UHDENORA liquid-phase reactor. Since the concentration of
hydrochloric acid in the anode chamber was set to 2 M in the sim-
ulation, the crossover of Cl~ anions will be higher in the liquid-
phase reactor of the Bayer UHDENORA process where hydrochloric
acid at a concentration of ca. 4 M is employed. Furthermore, the
numerical model indicates that the crossover of chloride ions dom-
inates over the flux of Cl, over the whole current-density range.
Lastly, operating at higher current densities is not only beneficial in
an industrial application due to the decreased cell and stack size,
but also because it impedes the crossover of chloride anions sig-
nificantly.

3.2. Investigations of the HCl and chlorine crossover in the gas-phase
reactor employing an ODC

After investigating the CI~ and Cl, crossover in the liquid-phase
reactor, the following section investigates to what extent these in-
sights can be applied to the gas-phase reactor. Modeling was used
to ascertain these effects, where the concentrations of all relevant
species at both membrane boundaries and the reactor temperature
are taken from the simulation results of the validated numerical
full-cell model presented in [12], and are functions of current den-
sity.

As Fig. 6a and b show, the flux of chloride ions and, especially,
Cl, through the membrane in the full-cell setup is much lower
than in the liquid-phase reactor. The significant reduction in the
Cl, crossover is mainly a result of the lower Cl, concentration.
Moreover, since no liquid water is present in the gas-phase reac-

tor under the investigated conditions, the water content within the
membrane is lower compared to the liquid phase reactor, leading
to lower partitioning coefficients for Cl, and Cl~ as a consequence
of the reduced membrane water volume fraction f. Furthermore,
the direction of the convective flux changes, now impeding the
transport of both species through the membrane.

On the other side, there is a significantly higher concentration
of HCl in the anode of the gas-phase reactor compared to the 2 M
solution in the liquid-phase reactor, leading to an increased num-
ber of chloride ions in the membrane. Additionally, migration is
suppressed in this cell compared to the liquid-phase reactor as a
consequence of a lower water content, as can be extracted from
Fig. 6a. These effects somewhat offset the reduced crossover re-
sulting from the direction of convection and the low partition co-
efficient of the gas-phase cell compared to the liquid-phase cell. As
a result, there is only a slightly lower chloride-ion flux of 1.10~4 to
8.10~* mol/m?/s in this cell in comparison to 10~3 mol/m?2/s in the
liquid-phase reactor.

The surge in the Cl, crossover in the gas-phase reactor at higher
current densities observable in Fig. 6b is a consequence of the
Cl, production rate in the aCL increasing with the current density
(please see Fig. S1 in the supplemental information).

Furthermore, all three flux components (i.e. diffusion, convec-
tion, and migration) exhibit significant changes with current den-
sity, in comparison to the half-cell investigations. One reason for
this is the above-mentioned strong current-density dependence of
the membrane water content. Hence, Fig. 7 compares the crossover
of CI= and Cl, for three scenarios of different cathode RH. The ref-
erence case is the original simulation depicted in Fig. 6a and b, and
in both other cases, the water content on the membrane/cathode
(M|cCL) interface was increased or decreased by a value of 2 re-
spectively.

Increasing the water content at the membrane-cathode inter-
face, leads to a decrease in the Cl- and Cl, flux for all current
densities. The reason for this effect is the increase in the osmotic-
driven convection with increasing water activity in the cathode re-
sulting in higher water activity gradients across the membrane.
Also, the migration component grows with increasing RH. These
effects dominate over the increased diffusion flux of both species
that comes hand-in-hand with a higher water content leading to
the observed reduction in the overall CI~ and Cl, flux with increas-
ing RH. Hence, to minimization crossover in an industrial applica-
tion of the gas-phase electrolysis, it would be beneficial to operate
at high cathode RHs.
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3.3. Experimental investigations of the HCIOR

While earlier publications on the electrochemical oxidation of
gaseous HCI attributed the observed limiting behavior to mem-
brane dehydration [43] or mass-transport limitations [8], our re-
cent publication based on the developed numerical reactor model
[11] suggests that the limiting behavior is purely kinetic. To be
more precise, the chemical Tafel step, in which two adsorbed chlo-
ride species recombine forming chlorine, was suggested to be rate
determining. Hence, further increasing the cell potential beyond
full saturation of the catalyst surface does not accelerate the re-
action. In the following, this hypothesis is validated experimentally
by investigating the potential history dependence of the limiting
behavior in the HCIOR.

In Fig. 8, polarization curves of the HCIOR measured in the half-
cell setup are displayed. Two linear-sweep-voltammetry measure-
ments with a starting potential of 0.4 V and two additional ones
with a starting value of 0.8 V were performed. Besides the dif-
ferences in the starting potential conditions are identical in both
measurements. Please note that the observed scattering is likely

[Vl

cell

cell potential E

4 0.8 V starting potential
¢ 0.4V starting potential

0.4

4000 6000 8000

current density j[ Almz]
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Fig. 8. Experimental polarization data for a starting potential of 0.8 V (blue) and 0.4
V (red) measured at RT. The measurements are partly corrected for ohmic resistance
online. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

due to the pulsations of the peristaltic pumps used for the circula-
tion of the electrolyte through the CE compartment of the cell.

The reaction limited current is ca 5500 A/m? in the 0.8 V case,
while no limiting behavior can be observed up to a total current of
2 A, which is the technical limit of the employed potentiostat, in
the 0.4 V case. The fact that the limiting current density is poten-
tial dependent supports the claim of a reaction limitation instead
of a mass-transfer limitation, as explained in the following.

First, there is no difference in the steady-state mass-transfer re-
sistances in between the measurements. It is highly unlikely that
transient mass transfer or temperature effects play a significant
role either, due to the low scan rate of 1 mV/s in all experiments as
well as the convection of sulfuric acid through the cathode cham-
ber and the low conversions leading to almost isothermal condi-
tions. Hence, if mass transfer or membrane dehydration were the
cause for the limiting behavior, then the potential history should
not impact the limiting current density significantly.

Second, Gilman [44] showed that the adsorption of chloride an-
ions on a Pt electrode immersed in HClIO,4 containing hydrochloric
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acid in low concentrations of 10~4 M is strongly potential depen-
dent and reversible up to 0.8 V. Above 0.8 V, irreversible formation
of PtOH occurs, which competes with the adsorption of chloride
anions and vice versa. The author concluded that the surface cov-
erage of chloride species on the catalyst in the potential range of
0.8 to 1.6 V greatly depends on the path taken to reach this po-
tential. Raising the potential from a starting value lower than 0.8
V increases the surface coverage of chloride species also at poten-
tials beyond 0.8 V. Similarly, Arruda et al. [45] showed that already
small concentrations of HCl,q (~10=3 M) severely impaired the
formation of Pt-OH at potentials lower than 0.8 V, and upon subse-
quently increasing the potential to 1.4 V, chloride species remained
adsorbed on the catalyst.

In HCl gas-phase electrolysis, chlorine evolution starts at poten-
tials of ca. 1V, according to the experimental data of Martinez [8].
Contrary to the conditions in the work of Arruda et al. [45] and
Gilman [44], adsorbed chloride species recombine at potentials
greater than 1V, forming chlorine and leaving free adsorption sites
on which PtCl or PtOH species can again be formed. It is therefore
questionable whether the surface coverage still remains a function
of the path towards reaching the potential under conditions where
chlorine evolution takes place.

Interestingly, Conway and Novak [46]| demonstrated that during
the oxidation of chloride anions in solution, the formation of plat-
inum surface oxide can be observed upon halting the potential in
a potential regime at which chloride oxidation was taking place.
Furthermore, the surface oxide charge increased continuously with
halting time, even beyond 20 minutes. If this phenomenon is oc-
curring in the HCl gas-phase oxidation as well, it can be expected
that the potential history would impact the coverage of chloride
anions on the platinum catalyst, even under conditions where
chlorine evolution occurs. In that case, if the limiting behavior ob-
served in the experiments of Martinez [8] is indeed a consequence
of a reaction limitation in the Tafel step due to the saturation
of the catalyst surface with chloride species, the potential history
would not only impact the surface coverage but also the reaction-
limited current. This is supported by the experimental findings
presented in Fig. 8, indicating that the limitation is indeed kinetic.

Furthermore, a shoulder is visible in both polarization curves,
indicating a first limitation, which, in the 0.8 V case, is followed by
a second, final limitation. Interestingly, Chen and Kucernak [47] ob-
served a similar shoulder and second limitation in their investiga-
tions of hydrogen-oxidation reaction (HER) on submicron platinum
particles where mass transfer is sufficiently fast to observe kinetic
limitations. The authors attribute the shoulder in their polarization
data to a kinetic limitation in the Tafel step and the final limiting
current density to mass-transfer resistances.

In the following, further possible explanations of this shoulder
are discussed. First, a mass-transfer limitation can be ruled out in
these measurements. This is supported by our previous model of
the HCIOR [11] showing that no mass transfer limitations are to be
expected until current densities of at least 16000 A/m2. A further
interpretation of the observed shoulder could be the onset of the
oxygen-evolution reaction (OER) at ca. 1.6 to 1.8 V facilitated by
water present in the aCL. For this reason, the HCl feed was subse-
quently replaced with N, at the same flow rate and a linear sweep
with a scan rate of 5 mV/s was performed. The obtained polariza-
tion curve is depicted in Fig. S.3 in the supplemental information
and indicates that the OER current is negligibly small even at po-
tentials of up to 2 V compared to the HCIOR related current.

Another effect possibly playing a role in the occurrence of the
above discussed shoulder could be the HCIOR activity of the car-
bon support, which Martinez [8] proved to be significantly smaller
than that of platinum, yet still noticeable at kinetic overpotentials
of more than 15 mV. Hence, the acceleration of the HCIOR follow-
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ing the shoulder in Fig. 8 could be correlated to the onset of the
HCI oxidation on the carbon support.

A further cause that can be ruled out, is the possible involve-
ment of the Heyrovsky step in the reaction kinetics of the HCIOR.
This reaction cannot exhibit a kinetic limitation as discussed in
[11] and [47], but only a mass transport limitation in the diffusion
of Cl7(5q) to the catalyst surface, which was already refuted above.

Another explanation could be the onset of the direct electro-
chemical formation of hypochlorous acid with a standard poten-
tial E® = (1.482 +0.03pH) vs RHE. According to Vos and Koper
[48] this reaction is however only competing with chlorine evo-
lution at pH>4 and is hence not likely to play a significant role in
the here investigated HCIOR due to the highly acidic environment
in the aCL.

The most plausible explanation for both the shoulder and the
second limitation in the presented data is the presence of at least
two Cl- surface species and a reaction limitation in the recom-
bination step of both species (Tafel step), leading to two differ-
ent limiting-current densities. Chen and Kucernak [47] suggested
that there are two different hydrogen species on the catalyst sur-
face, a strongly and a weakly adsorbed one, whose surface cov-
erage exhibit a different potential dependence. Conway and No-
vak [46] suggested that the brine electrolysis might proceed to a
significant extent via Cl- species adsorbed on platinum oxide, pre-
senting a second surface species in addition to PtCl. According to
Sabatier’s principle, the recombination of Cl- adsorbed on platinum
oxide would exhibit a fast rate constant for the Tafel step than the
recombination of the more strongly adsorbed PtCl. Hence, the pres-
ence of two surface species would result in two limiting-current
densities manifesting itself in a shoulder and a subsequent final
limiting-current density as observed in the experimental data de-
picted in Fig. 8.

Which of the two species is responsible for the first and which
for the second limiting current density depends not only on the
rate constant of the recombination step but also the fraction of ac-
tive sites that are covered with the respective surface species. This
hypothesis is supported by another measurement started at a po-
tential of 1.05 V depicted in Fig. S4 in the supplemental informa-
tion. For this starting potential, only a minor shoulder is visible in
the polarization curve. This might be explained by the fact that,
as discussed above, PtCl formation is suppressed by the forma-
tion of platinum oxide at potentials higher than 0.8 V. The catalyst
surface in this experiment is predominantly covered with oxide
species and far less PtCl species compared to the measurements
with a lower starting potential. If the chloride oxidation also pro-
ceeds via Cl- adsorbed on platinum oxide, as suggested by Conway
and Novak [46], the lack of significant amounts of a second ad-
sorbed species (PtCl) would explain the less pronounced shoulder.
Similarly, the 0.4 V case exhibits a smaller shoulder than the 0.8 V
case, too, which could be again explained by the predominance of
one surface species; in this case PtCL.

To further validate this hypothesis, the numerical reactor model
presented in [11] was employed to simulate a cell at 333 K with
two separate surface species. One species was given a high rate
constant but low equilibrium constant of the adsorption/desorption
step of chloride species on the catalyst surface K, emulating a
strongly adsorbed surface species. A second species was given a
lower rate constant but increased equilibrium constant, emulating
the weakly adsorbed species. The equilibrium constant K is a func-
tion of the potential. Due to the difference in the Gibbs free en-
ergy of the adsorption/desorption step, the equilibrium constant
exhibits a different equilibrium potential. However, this difference
can be shifted into the potential-independent prefactor K; so that
the same (over)potential can be employed in the rate expressions
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for both surface species by adjusting K, accordingly,

naF

K = Koe (11)

The simulation only serves to show the effect of two surface
species rather than focusing on their exact adsorption/desorption
equilibrium constants. For simplicity, both reactions were mod-
eled in parallel without influencing each other. The simulation re-
sults are displayed Fig. 9, exhibiting a shoulder similar to the one
observed in the above discussed experimental investigations. The
simulation hence provides qualitative justification of the experi-
mental data and supports the hypothesis of a reaction limitation
and the presence of two (or more) different surface species.

The fact that the measurements of Martinez [8] do not exhibit
such a shoulder indicates that they stopped their experiments at
the first limitation. The shoulder and the final limitation should
appear if measurements were continued to higher potentials. In-
deed, their experimental data [8] demonstrate that the limiting-
current density is not fully reached. Alternatively, their high start-
ing potential close to the OCV could be the reason why the cat-
alyst surface is mostly oxidized and hence only small amounts of
PtCl were present. This scenario is similar to our measurement at
a starting potential of 1.05V, which also barely exhibits a shoulder.

Based on these findings, the limiting behavior observed in these
experiments and in the one of Martinez [8] can with great cer-
tainty be attributed to a reaction limitation in the Tafel step of the
HCIOR. If two different surface species are present, this leads to
two separate limiting-current densities and hence the formation of
a shoulder in the polarization curve. In future investigations, the
same methodology could be applied to other catalyst systems that
are more resistant to corrosion and dissolution in the aggressive
environment characteristic for the HCIOR. As such, these systems
are more suited for an industrial application of the process. Fur-
thermore, as Fig. 8 shows, reducing the starting potential of the
measurement to 0.4 V allows for increased platinum-chloride for-
mation and enables current densities of 10,000 A/m? with no signs
of a limiting current at a temperature of only 298 K. Future inves-
tigations should also focus on the stability of this potential his-
tory effect over a prolonged course of time. If it is long lasting, it
could enable the operation at significantly higher current densities
by simply preparing or reforming the catalyst surface with an ac-
cording potential sweep beforehand or periodically.
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3.4. Experimental investigations of the full-cell employing an ODC

The model based analysis of earlier polarization curves of
Kuwertz et al. [13] indicated that the limiting-current densities
observed in both simulation and experiment are mainly a conse-
quence of two opposing mechanisms, namely flooding of the cath-
ode catalyst layer and dehydration of the membrane and anode
catalyst layer. Which one of these mechanisms dominates strongly
depends on the thermal management of the cell. At ambient con-
ditions and low conversions, as in the experiments of the present
work, flooding can be expected. The experiments discussed in the
following section aim at validating these insights as well as using
them to reach current densities of more than 5000 A/m?2, which so
far has not been achieved but would be necessary in an industrial
application of the process.

Since the model predicts flooding to be at cause for the limiting
behavior at low temperatures, a higher HCl flowrate per cell area
than in the experiments of Kuwertz et al. [13] was chosen in the
experiments of this work. This leads to higher water concentration
gradients between anode and cathode due to fast convective re-
moval of water through the anode outlet stream, which increases
the water flux through the membrane and hence aids in removing
water from the cathode helping to avoid flooding of the cCL.

Furthermore, the reactor is not cooled so that the reactor tem-
perature increases slightly at higher current densities. The in-
creased temperature is also beneficial for delaying flooding of the
cathode to higher current densities [12]. As a consequence of the
highly insulated cyclone cell, an increase in the reactor temper-
ature appears indeed likely. Due to the small cell area and high
reactant flowrates it should however not be significant enough to
cause membrane dehydration, as it was known to occur at high
reactor temperatures and conversions as well as insufficient cool-
ing [12,49,50]. Furthermore, two different membrane thicknesses
(127 and 254 pm) were investigated, as a reduction of the mem-
brane thickness was shown to result in higher limiting current
densities [12]. Lastly, since chloride-ion poisoning of the platinum
based cathode catalyst was shown to occur, a RhxSy based cata-
lyst was employed. Besides validating the numerical model, the ex-
periments also serve to investigate whether these adjustments in
the flowrate, membrane thickness, thermal management and cata-
lyst system indeed lead to the predicted increase in the limiting-
current densities to more than 5000 A/m?.

Fig. 10a displays polarization data of two subsequent mea-
surements employing the MEA provided by Clausthal based on
Pt/C as a cathode catalyst and a Nafion 117 membrane, while
Fig. 10b provides corresponding polarization data employing the
RhySy cathode catalyst and a Nafion 1110 membrane (dry thickness
254 pm). Additionally, Fig. 10b depicts the experimental results
from Kuwertz et al. [13], who used thinner Nafion 117 membranes
(dry thickness 178 pm), for the same temperature as a benchmark.

Three major conclusions can be drawn from Fig. 10 about
the performance of RhySy as a cathode catalyst, the causes of
the observed limiting-current density and, lastly, the impact of
these results on the industrial applicability of the HCl gas-phase
electrolysis.

The first conclusion to be drawn is that the OCV is closer to
the thermodynamic value and the kinetic overpotential is signifi-
cantly lower when employing the RhySy catalyst. At a current den-
sity of 1000 A/m?, the cell potential is ca —0.64 V for the RhySy
based MEA, -1.15 V for the Pt based MEA and —0.83 V in the
measurements of Kuwertz et al. [13]. Moreover, the absolute OCVs
and cell potentials are lower than any values recorded by Kuwertz
et al. [13] up to a current density of 4500 A/m?, including their
measurements at higher temperatures, even though the membrane
employed in the present RhxSy experiments is 43 % thicker, leading
to increased ohmic losses. This again confirms the above discussed



S. Bechtel, A.R. Crothers, A.Z. Weber et al.

a 25 T g T T g
- 2}
>
3
w 15t
K
=
<
2
S !
8 1
° * 1st Experiment, Pt
? : *  2nd Experiment, Pt
0.5 f 1
{
0 L L L L L
0 1000 2000 3000 4000 5000 6000

current density j [ A/mz]

Electrochimica Acta 365 (2021) 137282

b 2
A
1.75
S 15}
3 1.25 § 4
Q

w :: A
E ! A A A AAA AAAADL, ‘}
§ o7sf 4t —
g. /’——' 4 Kuwertz RT
% 0.5 «  1st Experiment, thsy
o .
v 0251 2nd Experiment, thsy‘
|
O F
-0.25 ! :
0 1000 2000 3000 4000 5000

current density j[ Almz]

Fig. 10. Experimental polarization curves measured at RT employing a) the platinum based cathode catalyst from TU Clausthal on a Nafion 117 membrane and b) the RhySy
based cathode catalyst supplied by De Nora with a Nafion 1110 membrane in comparison to data from Kuwertz et al. [13] (blue). The anode catalyst is platinum and the
two experiments are carried out directly after each other in both cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

hypothesis that chloride-ion poisoning of the cathode catalyst due
to HCl and Cl, crossover has a significant impact on the ORR ki-
netics on Pt in the gas-phase electrolysis of HCI.

Although the performance of RhxSy compared to Pt-based cat-
alysts for ORR in the presence of hydrochloric acid has already
been investigated, for example by Gulla et al. [51], who employed
a rotating-disc electrode equipped with both catalysts immersed in
hydrochloric acid, this is to our knowledge the first time that RhySy
is being used as a catalyst in the gas-phase electrolysis of HCl em-
ploying an ODC. Interestingly, in the work of Gulla et al. [51], the
Pt/C based catalyst performed equal to or better than the inves-
tigated RhySy catalysts. The results presented in Fig. 10b however
indicate that the RhySy catalyst outperforms the platinum based
one in both the measurements of Kuwertz et al. [13] as well as
the present measurements depicted in Fig. 10a. RhySy has an ad-
ditional advantage of higher durability. As such, RhySy is a well-
suited system to be employed in an industrial application of HCl
gas phase electrolysis. The significantly higher overpotentials in
Fig. 10a compared to the data of Kuwertz et al. [13] are likely due
to increased uncertainties in the catalyst loading as a consequence
of the smaller cell size and the MEA preparation procedure as well
as higher anode Nafion loadings.

The second major conclusion concerns the causes of the experi-
mentally observed and simulated limiting behavior and the ther-
mal management of the reactor as discussed in more detail in
[12]. The two datasets in Fig. 10a and b correspond to measure-
ments taken directly after each other. Thermal sensors in the oxy-
gen outlet stream showed a temperature increase of 2 K from the
start of the first measurement to the end of the second measure-
ment in both cases. Based on the scan rate of 0.5 mA/s and the
cell area of 2.27 cm?2, each measurement takes approximately 40-
50 minutes. As a consequence of the high flowrate per cell area
in the present experiment and the geometry of the cyclone flow
cell as well as the highly insulating materials it is constructed
of, temperatures at the MEA can be expected to be even higher
than in the cathode reactor outlet stream. This experimentally ob-
served temperature increase in the second measurements leads to
higher limiting-current densities. This fact supports the hypothesis
of flooding as cause for the limiting behavior at low feed temper-
atures and points to the significance of the thermal management
as predicted by the numerical model. Furthermore, if flooding is
the cause for the experimentally observed limiting behavior, em-
ploying thinner membranes should lead to higher current densi-
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Fig. 11. Experimental polarization curves measured at RT employing the RhySy
based cathode catalyst by De Nora and a Nafion 115 membrane.

ties [12]. Comparing the limiting current densities of Fig. 10a and
b indeed shows an increase in the limiting current densities with
reduced membrane thickness. This is confirmed by a last experi-
ment with the same RhxSy catalyst but now employing a Nafion
115 membrane depicted in Fig. 11, displaying again a slight de-
crease in the limiting current density, further supporting the hy-
pothesis of flooding.

Interestingly, the slope in the ohmic regime is markedly steeper
than in Fig. 10b, even though the membrane is thinner. This might
be due to the differences in the membrane water content, although
before each measurement, the humidified oxygen stream was fed
through the cathode chamber of the reactor for ca. 45 minutes to
allow for a comparable membrane water uptake.

The third major conclusion concerns the limiting current den-
sity in Fig. 11, which is now ca. 5800 A/m?2, exceeding the limiting
current density of ca. 4300 A/m? in the measurements of Kuwertz
et al. [13] at the same temperature by 35%. Our results also outper-
form their higher-temperature measurements. As can be extracted
from Fig. 11, the cell potential at 5000 A/m? is 1.09 V, which is ca.
300 mV lower than the one for the Bayer UHDENORA liquid-phase
reactor at the same current density [8,13].
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The detailed analysis of the physicochemical phenomena occur-
ring in the gas-phase electrolyzer using the developed numerical
model [11,12] and the experimental investigations of the present
work allowed for successfully increasing the limiting-current den-
sity to an industrially relevant level while maintaining a signifi-
cantly lower cell potential compared to the Bayer UHDENORA reac-
tor. This result, together with the successful application of a RhySy
based catalyst, is an important step towards the realization of the
HCl gas-phase electrolysis on an industrial scale.

While adjustments in the cathode humidification, reactant feed
temperatures and other parameters discussed earlier in this work
are very likely to further positively affect the performance of the
reactor, it should be noted that the cell area in the investigated
reactor is comparatively small. In the future, challenges that come
with larger cell sizes should hence be tackled by the same com-
bined experimental and theoretical approach, now extending the
numerical model to consider 2D and possibly 3D effects comple-
mented by further experimental investigations employing larger
reactors.

4. Conclusions

In this publication, the origin of the limiting behavior observed
in previous experimental investigations of the HCIOR and the
full-cell employing an ODC, as well as the extent of HCI and Cl,
crossover on the reactor performance was investigated by means
of an experimental setup employing a cyclone flow cell, comple-
mented by a numerical crossover model. By investigating the effect
of the potential history, the limiting behavior in the HCIOR was
shown to be a kinetic limitation. We presented the first evidence
for the presence of at least two different surface species and dis-
cussed the possibility of utilizing the potential history dependence
of the limiting-current density for future reactor optimizations.
Furthermore, the crossover investigations indicated that significant
amounts of HCl permeate through the membrane, impacting the
performance of the platinum based ODC and motivating the use of
alternative cathode catalyst materials. Interestingly, Cl, crossover
was shown to be negligible under all operating conditions and
while operation at higher current densities leads to a reduction
in the HCI crossover in a liquid-phase reactor, an increase in the
cathode feed humidification appeared to reduce crossover in the
gas-phase reactor. Finally, in the case of the full-cell employing
an ODC, flooding was confirmed to be the cause of the limiting
behavior previously observed. Changes in the reactor operation
as well as the catalyst material allowed for achieving current
densities of > 5000 A/m? for the first time, while maintaining a
significantly lower cell potential compared to the current industrial
state-of-the-art reactor in the Bayer UHDENORA process.

List of Symbols

mol

(e Concentration in aqueous solution =
DY Diffusion coefficient of species i in bulk water m
Dy Diffusion coefficient of species i in in the aqueous r“TZ
solution-filled pores of the membrane

Dw Diffusion coefficient of water in Nafion %‘
du Membrane thickness m
Ecent Cell potential vs RHE \%
EW Equivalent weight membrane %
F Faraday constant As
f Water volume fraction membrane -

j Current density 4
K’ Equilibrium constant for chloride adsorption/desorption %
Ko Potential independent prefactor %
K3 Potential and temperature independent prefactor %
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Ky Partitioning coefficient -

N; Flux of species i mol
Di Partial pressure of species i Pa
T Temperature K
3 Transference number ",’;g‘f
Vo Molar volume of water r‘;‘—;
Vi Molar Volume of polymer —~
Vw Velocity water 5
n Overpotential \%
Ky Ionic conductivity membrane %
A Membrane water content -

& Drag coefficient membrane -
oM Density of dry membrane "T‘]—%
X Scaling coefficient -
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