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ABSTRACT: Direct estimation of the reaction environment, e.g., local
pH at the anode side of a membrane electrode assembly (MEA) of zero
gap electrolyzer, is essential to understand possible key factors, which are
influencing the sustainable operation of industrial electrolyzers. Herein,
we demonstrate a scanning electrochemical microscopy-based strategy to
measure the local pH in the close vicinity of an operating MEA. Local
proton concentration changes during the oxygen evolution reaction were
monitored in the nonzero gap electrolyzer and MEA systems. The
measurements constitute a methodology to evaluate the ion transport
efficiency of the MEA. The strategy was extended to investigate the effect
of an activation process, buffering of the electrolyte, and poisoning effect
on the change in proton transport efficiency. This novel strategy enables
the estimation of the actual pH of the MEA system during operation and is of great relevance in understanding the process
conditions during sustainable fuel production.

Sustainable production of fuels through renewable
resources is a long-term requirement and must be
operated on a large scale throughout the world to satisfy

future energy demands and combat global warming. Water
electrolysis is a key technology that is already available on the
market. However, further scale-up is needed to address existing
challenges. The stability of the employed catalysts and the
improvement of energy efficiencies are the major hurdles that
need to be overcome for sustainable long-term operation. The
change in the local pH value at the electrode−electrolyte
interface during operation, although important, is hardly
discussed, and in situ measurements are challenging, especially
at high current densities. Both the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) are proton-
coupled electron transfer reactions that are dependent on
changes in the local pH value, e.g., by modulating the reaction
kinetics.1 In the case of proton-conducting membranes in
acidic water splitting, nonzero gap electrolyzer2 configurations
and membrane electrode assembly (MEA)-based zero-gap
configurations are distinguished. In the case of nonzero gap
electrolyzers, at the anode side, substantial acidification is

expected due to the proton liberation during the OER, and the
local concentration of protons can be orders of magnitude
higher during operation. A low pH value at the catalyst can
influence its stability and hence affect the cell voltage and the
overall performance of the electrolyzer. Moreover, the nonzero
gap configuration has an efficiency loss due to electrolyte
resistance due to defined spacing between the electrodes,
which is minimized in the zero-gap/MEA configuration. In the
MEA configuration, an optimal and efficiently working
membrane would transport the protons fast enough toward
the cathode side and away from the anode−electrolyte
interface, which would prevent the dissolution of the employed
OER catalyst and most likely mitigate local acidification.
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Therefore, knowing the local pH value at high current densities
is of high importance, since it may substantially deviate in
typical catalyst evaluation experiments such as, e.g., rotating-
disk electrode measurements (RRDE). Any kind of catalyst
and/or membrane degradation is expected to have a
detrimental effect on the overall cell performance, leading to
an increased cell voltage during long-term operation.3

The OER at the anode during water electrolysis is the rate-
limiting reaction due to its sluggish kinetics. Moreover, the
locally generated protons during O2 evolution provoke local
acidification, which directly influence the stability of the OER
catalysts.4,5 Geiger and co-workers introduced a metric called
stability number to assess the dissolution of the Ir-based
catalyst.4 Later, Knöppel et al. studied the correlation of
stability of the OER catalysts with the real pH condition of the
operating MEA and emphasized the requirement of tuning and
testing the catalysts in MEA configuration.3 Thus, local
acidification may hamper the long-term operation of the
electrolyzer.
For this reason, the balance between the proton production

during the OER and the proton transport through the
membrane from the vicinity of the catalysts toward the
cathode side of the MEA needs to be verified in both nonzero
gap electrolyzer and MEA systems. This is essential to develop
an improved understanding of the local acidification effect, as
well as potential catalyst and membrane permeability
degradation. Membrane degradation may be caused by
mechanical, thermal, or chemical means, which will result in
membrane thinning, pinhole formation, and a decrease in
proton conductivity.6−8 Probing the proton concentration at
the anode-electrolyte interface can hence provide vital
information about the integrity of the membrane and catalysts.
Substantial efforts have been made in probing the interfacial

pH which includes techniques such as RRDE,9,10 fluorescence
spectroscopy,11,12 micro-Raman spectroscopy,13,14 and scan-
ning electrochemical microscopy (SECM).15−17 However,
fluorescence spectroscopy and micro-Raman spectroscopy
face limitations, such as the requirement of pH-sensitive
fluorophores, which are stable in the electrolyte as well as a
response in the pH range of interest. SECM has been explored
to measure the local pH changes in the proximity of operating
electrode surfaces during HER,10 OER,17 and the CO2
reduction reaction.18 We recently demonstrated the use of
Au nano- and microelectrodes combined with shear-force
mode SECM positioning to determine the local pH during the
OER, which provides the advantage of sensing the pH in a
broad range even at high acidic conditions and simultaneously
avoiding interference from the oxygen reduction reaction
(ORR) at the gold microelectrode.17 These measurements
were performed with electrodes immersed in the electrolyte
solution in front of the catalyst-modified surface and hence
monitoring changes in interfacial properties, e.g., the pH value.
In the case of a MEA system, where the produced protons are
expected to be transported through the cation-conducting
membrane to the cathode side of the MEA, the level of local
acidification was unknown.
We evaluated the local proton concentration in the vicinity

of the IrO2 side of a MEA in two different cell configurations,
separately, i.e., the placement of the counter electrode is
different for the two cell configurations. Specifically, Scheme 1a
shows the configuration in which the Pt cathode side of the
MEA itself is connected as counter electrode in a 3-electrode
setup including a reference electrode. This setup resembles a

zero-gap electrolyzer. In this case, we would expect that most
of the protons liberated during the OER are transported
through the Nafion membrane to be reduced at the Pt side of
the MEA. In contrast, Scheme 1b resembles an IrO2 side of a
MEA immersed in an electrolyte in a nonzero-gap situation
with an external counter electrode located in the same
electrolyte compartment. In this case, no proton gradient
through the underlying cation-exchange Nafion membrane is
established during the OER, and it is hence anticipated that the
liberated protons are diffusing from the IrO2 catalyst interface
into the electrolyte solution and toward the external counter
electrode. Therefore, a distinct difference in the local
acidification at the anode-electrolyte interface is expected for
the two different configurations shown in Scheme 1. The
quantification of the proton concentration was performed by
positioning a Au microelectrode in the immediate vicinity of
the anode while applying potentials sufficiently high for the
OER. By investigating the proton concentration in the vicinity
of the IrO2 side using the same MEA but differently connected
counter electrodes, we can evaluate the proton transport
efficiency through the membrane.
We further explored these two configurations to investigate

the effects of membrane activation by hydrating as well the
influence of a buffer electrolyte to prevent large local pH
changes during operation. To the best of our knowledge, no
attempts have been disclosed reporting changes in the local pH
in the proximity of the anode/electrolyte interface in an
operating MEA system in pure water. Finally, by actively
inducing chemical membrane degradation, we emphasized
studying how membrane degradation impacts cell perform-
ance. The effect of chemical degradation on the proton
conductivity of MEA was evaluated indirectly by probing the
change in the local proton concentration using the proposed
local pH determination methodology by comparing activated
and poisoned MEA systems.
Similar to the approach proposed in our previous report,17 in

this work we used a microelectrode with a gold disc to record
voltammograms to provoke the oxidation of Au followed by
the Au−Ox reduction. The changes in local acidification of the
electrolyte were calculated by monitoring the shift of the Au−
Ox reduction peak potential in the Au ultramicroelectrode
(UME) cyclic voltammograms, with the Au UME being
positioned in close proximity to the anode side of the MEA.

Scheme 1. Schematic of the Two Configurations Explored in
the Studya

a(a) Zero gap electrolyzer (MEA) where the counter electrode is the
cathode of the MEA and (b) nonzero gap electrolyzer, where the
counter electrode is an external Pt mesh positioned in the electrolyte.
Note the Au pH sensor is positioned in very close proximity of the
anode surface using SECM positioning. The blue arrow in the zoom-
in figure represents the movement direction of protons.
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The morphologies of the anode and cathode side of the
commercial MEA are shown in Figure S1. The SECM-based
setup for local pH studies at an operating MEA is shown in
Figure S2.
Before the local pH measurement, a calibration curve was

made by registering voltammograms using Au UME in
electrolytes with a known proton concentration (Figure S3).
More details on the calibration procedures and Au probe
dimensions (Figure S4) are provided in the SI (experimental
section). In the nonzero gap system, the local proton
concentrations in dependence on the applied potentials at
the MEA anode were measured by positioning the Au UME
close to the anode (Figure 1a). With increasing current density
at higher applied potentials due to the increasing OER, the
Au−Ox/Au reduction peak potential positions shifted in
correspondence with the local proton concentration. Note:
The data are representing a relative shift in the Au−Ox/Au
reduction peak potential, starting from the peak potential
observed during polarization of the sample at a resting
potential at which no OER occurs (Vrest = 1.19 V vs RHE).
Changes of the peak potential (ΔEAu‑Ox/Au) were used due to
exceeding the pH scale, which requires consideration of water
and proton activities (see also SI for more information).
Therefore, we show the data in Figure 1b as the relative shift of

the Au−Ox/Au reduction peak potential since the water
activity decreases due to undercoordination at extremely high
proton concentrations, which must be considered in the
corresponding Nernst equation. The results in Figure 1b
indicate that, at high anodic potential (>2.0 V vs RHE), the
OER imposed a modulation of the local proton concentration
even exceeding 9.7 M, which is beyond the calibration regime.
The results are demonstrating the presumed high local
acidification at the catalyst−electrolyte interface in dependence
of the OER,3 which might be responsible for the dissolution of
the Ir-based catalyst3 in nonzero gap configurations. This
questions the transferability of typical catalyst characterization
procedures such as rotating-disk or rotating-ring-disk voltam-
metry to the conditions in nonzero gap electrolyzers.
The use of a buffer in the electrolyte was reported to be

effective in electrolysis processes at near-neutral pH con-
ditions.1,14,19 In the presence of a buffer, the local pH should
remain constant at the electrode interface, increasing the
performance compared to the unbuffered system. To evaluate
the buffer effect in terms of stabilizing the local pH during the
OER, we determined the local pH in the vicinity of an
operating OER electrode in the presence of phosphate buffer
solution (0.1 M, pH 7).20 An experiment in the nonzero gap
electrolyzer configuration was performed using the buffer

Figure 1. (a) Schematic of probing the proton concentration in a nonzero gap electrolyzer system by means of a Au microelectrode and (b)
changes in current density and proton concentration measured in terms of ΔEAu‑Ox/Au as a function of the applied potential on the anode side
using the nonzero gap electrolyzer system.

Figure 2. (a) Schematic of probing the local proton concentration in MEA configuration by using an Au microelectrode; and (b) recorded
current density and corresponding change in the local proton concentration displayed in terms of ΔEAu‑Ox/Au as a function of the applied
potential on the anode side of the MEA. The counter electrode is the MEA cathode (Pt) separated by the membrane from the polarized
anode.
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electrolyte. As anticipated, an improvement in the catalytic
current was observed (Figure S5a), demonstrating that the
proton concentration gradient can be modulated, and the
buffer capacity was sufficient to decrease the local pH shift
when the sample was polarized in a potential window of 1.0 to
1.8 V vs RHE (Figure S5b). At potentials beyond 1.8 V, the
buffer capacity of the used phosphate buffer was insufficient to
maintain the local proton concentrations which decreased by
about ∼40%. Evidently, the presence of a buffer cannot
eliminate the shift of the local proton concentration at high
current densities in the nonzero gap electrolyzer configuration.
In contrast, when the MEA Pt-cathode is connected as a

counter electrode (Scheme 1a), the anode and the cathode are
only separated by a proton-conducting membrane. Although
many publications indicate a possible high proton concen-
tration and its effect during electrolyzer operation, a sound
investigation is necessary to ascertain the difference in the local
electrolyte acidification in a nonzero gap electrolyzer and in
MEA configuration. The proton transport can then take place
through the proton-conducting Nafion membrane (Figure 2a),
and even if polarized to high anodic potentials the detected
local proton concentration does not change (Figures 2b, S6)
due to high proton conducting property of the pristine Nafion
membrane. Interestingly, the current density was higher using
the MEA configuration than in the nonzero gap electrolyzer.
We anticipate that the low conductivity of pure water was the
main factor causing a lower current in the nonzero gap
electrolyzer configuration.
After an induction period of hours to days performing water

splitting in the MEA configuration, the activity improved and
reached an optimum and stable performance. This is in
accordance with previous reports, in which it is well
documented that different types of conditioning protocols
are necessary to improve the activity in terms of the required
overpotential at a given current density.21,22 This activation
process may contribute to dissolve impurities present in the
MEA, to activate catalytic sites, and to completely hydrate the
MEA to facilitate the transfer of reactants. Hydration might
require a few hours to days to reach equilibrium.23

Based on these observations, an activation protocol was
established (Figure S7) for a pristine MEA, in which the MEA
was subjected to a galvanostatic pulse sequence with periodic
changes in the polarization to 50 mA cm−2 followed by a
relaxation period (no polarization). After activation, the MEA
was washed and transferred into the SECM cell for evaluating

the OER activity, as described above. The activated MEA
performance improved, as seen in the higher current density at
a lower applied potential compared to the pristine MEA
(Figure 3a). The observed increased current density is
attributed to the formation of channels in the MEA for
facilitating the mass transport of ions, gases, and liquids, the
hydration of the Nafion membrane and the Nafion network in
the catalyst layer, as well as the removal of contaminants.22 A
positive ΔE indicates an increase in proton concentration, and
a negative ΔE corresponds to a decrease in proton
concentration. For the activated MEA, the corresponding
changes in the local proton concentration were indeed smaller
compared with that of the pristine MEA in the Esub range from
1.40 to 2.58 V vs RHE (Figure 3b). This can be attributed to
an effective bubble distribution24 and the fast mixing of the
electrolyte adjacent to the electrode which reduces acid-
ification.
These results suggest that the proposed methodology may

be advantageously applied to monitor the proton transport
efficiency through the ion-conducting membrane in a MEA
system. We hypothesize that local pH measurements at the
anode surface could be the basis to investigate the influence of
possible membrane degradation onto the proton transport
capability through the membrane. It is known that the proton
conductivity of the membrane can decay due to degradation
processes, such as exposure to high temperature or ion
blocking effects.25 This in turn leads to a deficiency of protons
at the cathode and in consequence to a lower overall water
electrolysis performance.26 Moreover, simultaneous local
acidification at the anode side will accelerate catalyst
degradation. An initial indication is the current density
where we observed a drastic increase or decrease in the
current density values after activation of the membrane or
subjecting the membrane to a treatment to highly active
oxygen radicals generated by means of Fenton’s reaction,
respectively. This change in current density could be induced
by changing the properties of both catalysts and membrane.
Catalyst poisoning and/or a decrease in membrane proton
conductivity are assumed to be the major parameters
contributing to this. Hence, we used the proposed method-
ology to determine the local pH value to assess the proton
transport ability of the MEA system, since any degradation or
blocking effect in the membrane and/or catalyst layer of MEA
will be reflected as a change in the local proton concentration
at the anode-electrolyte interface (Figure 4a). To evaluate the

Figure 3. (a) Substrate potential dependent current densities for a pristine and an activated MEA in zero-gap electrolyzer configuration, i.e.,
counter electrode is the Pt cathode separated by the membrane from the polarized anode. (b) Change in the local proton concentration as a
function of the applied potential in a zero-gap electrolyzer. All measurements were carried out in water.
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degradation of the MEA, an active accelerated degradation was
chosen based on a Fenton’s process to locally create radicals
which can degrade the Nafion polymer structure.27 The
Fenton’s degradation process is explained in more detail in the
Supporting Information (Figure S8a). The membrane
degradation was monitored with individual MEAs which
were subjected to different durations of exposure to the
Fenton’s solution for 2 h (MEA-F1), 24 h (MEA-F2), 1 week
(MEA-F3), respectively. Afterward, the MEAs were washed to
remove any excess of Fe ions trapped inside the membrane.
Figure S8 shows the photographs of a MEA during and after
the Fenton’s treatment. The SECM-based local proton
concentration determination was performed in the zero-gap
MEA electrolyzer configuration. A significant decrease in the
current density after the Fenton’s process was evident for all
samples irrespective of their immersion time into the Fenton’s
solution, as depicted in Figure 4b. This may be attributed to a
poisoning effect, which can decrease the catalytic activity. In
addition, the Fe3+ formed during Fenton’s process can bind
with the sulfonate groups and block the proton sites in the
membrane and thus can decrease the proton conductivity.
With an increase in the immersion time of the MEA in the
Fenton’s reagent, more catalytic sites are poisoned with Fe ions
and the radicals produced during Fenton’s process can damage
the polymer backbone of the Nafion membrane, causing a
decrease in the proton transport activity, which is reflected by
the decrease in the current density during zero-gap MEA
electrolyzer operation.
Interestingly, the position of the Au−Ox/Au reduction peak

potential did not substantially shift for the MEA samples
treated for up to 24 h (MEA-F2). However, a clear deviation of
the local proton concentration was observed for MEA-F3,

which was exposed to the Fenton’s process for 1 week (Figure
4c) at potentials exceeding 2.0 V vs RHE. This acidification at
the anode interface reveals that the protons could not
efficiently be transferred from the anode to the cathode side,
suggesting a degradation of the MEA membrane and impacting
on the proton transport channels after the extensive Fenton’s
treatment. In the case of MEA-F1 and MEA-F2, the Fentons’s
process exhibits insignificant impact on the proton transport
efficacy, and the blocked sites in the membrane by Fe3+ ions
could be efficiently exchanged by protons at higher current
densities. After 1 week of Fenton’s process, the membrane
damage by excess radical formation is irreversible and
permeation of protons is impaired leading to a local
acidification at the anode surface as detected by the positioned
Au UME.
In summary, we successfully established an SECM based

operando-electrochemical methodology to probe the actual
local pH value at the anode-electrolyte interface during overall
water electrolysis in a MEA configuration. Probing, for
comparison, the local proton concentration at a MEA in two
configurations, namely in a nonzero gap configuration with the
counter electrode located in the electrolyte above the anode
and a MEA configuration using the MEA cathode as counter
electrode, enabled us to assess the proton transport ability
through the membrane during operation. The effect of an
activation process, buffering the electrolyte, and chemical
degradation of the membrane onto the proton conductivity of
the MEA was investigated via probing the local proton
concentrations in proximity of the operating anode. By
comparing activated and poisoned MEAs we could demon-
strate the capability of the proposed method for characterizing
water splitting in an operating MEA electrolyzer systems,

Figure 4. (a) Schematic showing the correlation of local pH changes due to membrane degradation and the resulting changes in the proton
transport capabilities. The measurements were carried out in MEA configuration using the MEA cathode as counter electrode. (b) Change in
OER current density as a function of substrate potential for MEAs treated for different time intervals in Fenton’s solution. (c) Shift of
ΔEAu‑Ox/Au as a function of the applied potential on the anode side.
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which is crucial for developing future proton exchange
membrane-based electrolyzers.
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