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Abstract

Oxygen reduction reaction (ORR) was studied on a silver polycrystalline
electrode in different NaOH concentrations with a help of rotating disc and
rotating ring disc electrodes. Soluble reaction intermediate was detected at
all alkaline concentrations, but its concentration increased with an increase of
the level of impurities. ORR is not NaOH concentration dependent at low
concentrations (0.1 and 1 M). In 11 M NaOH ORR onsets at more positive
potentials in the region where underpotential silver oxide formation shows less
reversible behaviour. The nonlinear frequency response analysis spectra show
significant qualitative difference with NaOH concentration indicating a high
capability of this method for kinetic mechanism investigations.

Keywords: oxygen reduction reaction, polycrystalline silver, rotating ring disc

electrode, hydrogen peroxide, nonlinear frequency response analysis

1. Introduction

Oxygen reduction reaction (ORR) has high relevance for the development of
different technical processes, like energy conversion processes in fuel cells, and
recently batteries, as well as, some electrolysis processes. Due to its complex

kinetics, which involves the exchange of 2-4 electrons and different adsorption
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steps it is often the major source of performance loss, reducing significantly, the
overall efficiency of these processes. For this reason, ORR is very well studied
in literature and there are numerous studies on different aspects of this reaction
under different pH conditions, temperatures and on different catalysts, mainly
platinum [Il 2]. Due to high interest in the development of polymer electrolyte
fuel cell, most studies still refer to ORR under strongly acidic conditions and
ORR under alkaline conditions is, in general, less studied. In this respect only
a few studies in highly concentrated alkaline solutions on silver electrodes were
reported [3, [4]. However, these conditions are hugely relevant for a techni-
cal process of chlorine production. In a so-called chlor-alkali electrolysis with
oxygen depolarized cathode (ODC), ORR takes place on silver gas diffusion
electrode (GDE) in ca. 30 wt % NaOH. In such highly concentrated alkaline
solutions, due to salt-out effect, oxygen solubility drops significantly down and
it is almost 100 times lower than in 0.1 M NaOH (please see Table [1| for more
detailed information). The highly concentrated alkaline solution has not only an
effect on oxygen solubility but also on oxygen diffusivity. Both effects advise an
appearance of strong mass transfer limitations in the technical electrodes and
pose certain restrictions on liquid and gas phase distributions in porous gas-
diffusion electrodes or imply the use of pure oxygen (instead of air) in order to
achieve technical current densities at reasonable overpotentials under industrial
conditions [5]. Theoretical calculations by Pinnow et al [5] based on a thin-film
layer agglomerate model, show that the thickness of liquid film has to be only
ca. 60 nm in order to satisfy oxygen flux required to sustain ORR at technical
current densities. The same group has shown that the thickness of the reaction
zone based on simulations is only ca. 20 pym. Keeping in mind that amount of
silver catalyst in technical electrodes is quite significant and that the thickness
of technical electrodes is in mm range, the question is if the catalyst cost can be
reduced without compromising electrode activity. In this respect in addition to
oxygen solubility and diffusivity, it is interesting to know, how other parameters
related to ORR kinetics influence the reaction rate.

At the moment very little is known about ORR on silver at high alkaline
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concentrations. Chatenet et al. [3] studied ORR on a polycrystalline Ag elec-
trode and an Ag/C electrode under stationary conditions. The apparent kinetic
parameters (exchange current density and Tafel slopes) were determined under
different operating conditions (NaOH concentration (0.1-11.1 M) and temper-
atures (25 — 80°C)). The authors reported an increase of apparent exchange
current density with NaOH concentration on Ag/C electrodes. The Tafel slope
values in 1M NaOH were ca. 74 mV.dec! and not very temperature dependent,
while the Tafel slope value in 11 M solution was ca. 44 mV.dec'!. The authors
reported on only one Tafel slope region. In contrast to this study Pinnow et al.
[5] in their theoretical study required two different Tafel slopes (ca. 80 mV.dec™!
at low overpotentials and ca. 200 mV.dec™! at high overpotentials) in order to
describe polarization curve for ORR on GDE. Chatenet et al. [3] assumed that
ORR at high alkaline concentrations is 4 e process without significant peroxide
formation. In another study, Adanuvor et al. [4] studied ORR in 6.5 M alkaline
solutions. Interestingly they reported polarization curves with two plateaus,
which they assigned to 2 e and 4 ¢ ORR. In this study, peroxide formation
was also not monitored. In view of previous studies an interesting question
is if significant amounts of hydrogen peroxide are formed in ORR in highly
concentrated alkaline solutions, and how this might potentially affect so-called
three-phase interface in GDEs.

Having in mind that hydrogen peroxide might not be observed in experiments
with GDE, the main goal of the present contribution is to study the kinetics
of ORR in highly concentrated alkaline solutions on a smooth polycrystalline
silver electrode. In order to check the possible formation of soluble intermedi-
ates of ORR, rotating ring disc electrode was used. Additionally, kinetics of
ORR in alkaline solutions of lower concentrations was studied. In addition to
cyclic voltammetry and quasi-stationary characterizations, nonlinear frequency
response analysis was used to study ORR on silver in different concentrations

of NaOH.
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2. Experimental

Sodium hydroxide of two different purities was used (sodium hydroxide
monohydrate 99.99 % Suprapur® Merck - B1491866739, referred in the text
as pure and sodium hydroxide 99 % Carlroth-9356.3, referred in the text as
impure). All electrolyte solutions were prepared with high purity water (0.055
pS.cm™t).  Electrolyte solutions were saturated either with argon (Linde plc,
purity grade 5.0) or oxygen (Linde plc, purity grade 5.0) gasses without further
purification. All electrochemical tests were performed in three compartment
Teflon cell. The counter electrode compartment was separated by Nafion mem-
brane, while the reference electrode (RHE, HydroFlex electrode from Gaskatel
GmbH, Germany) was connected to the working electrode compartment via a
Luggin capillary (made of PEEK). Platinum wire was used as a counter elec-
trode and Pine Instrument Company’s silver rotating disc or rotating ring disc
electrodes attached to a Pine AFMSRCE rotator as working electrodes (WE).
Before measurements WE was polished by 0.3 pm alumina suspension (AK
POLISH Pine Research) followed by 2 minutes sonication in ultra-sonic bath
(Sonorex RK31, Bandelin electronic GmbH & Co. KG). This procedure was
repeated by polishing with 0.05 pgm alumina suspension (AK POLISH Pine
Research) and 2 minutes sonication. After that the electrode was cycled in
potential range between 0 and 1 V for 10 cycles at a scan rate 50 mV.s! (non-
prereduced electrode [6]). Electrochemical experiments were performed with
Solartron Energy Lab XM potentiostat (CV and nonlinear frequency response
measurements) or Ivium compactstat (disc and ring current measurements).
The experimental first and second order frequency response functions were cal-
culated based on procedure described in [7]. Nonlinear frequency response spec-
tra were collected in frequency range from 19kHz to 0.059Hz with 30 mV root
mean square (rms) amplitude. For determinations of oxygen reduction reaction

intermediate product the potential of the ring electrode was set at 1.2 V.
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3. Results and Discussions

Cyclic voltammetry (CV) of polycrystalline disc silver electrode in the po-
tential region below bulk silver oxide formation was recorded with a sweep rate
of 200 mV.s! (Figure in NaOH at three different concentrations (0.1 M,
1 M and 11 M). The CV in 11 M NaOH displays three pairs of peaks, a very
broad one (I) at ca. 0.1 V, a large one (II) at ca. 0.5 V and a small one (III) at
ca. 0.88 V. While the first and the third peaks appear symmetric, the second
one is apparently less symmetric. In 1 M solution, only two pairs of peaks are
visible. In 0.1 M solution, all features are less expressed and stretched over
broader potential ranges. The CV in 0.1 M NaOH of polycrystalline silver in a
similar potential range was already reported by Orazco et al. [§]. In comparison
to our results in 0.1 M NaOH, the literature data show two more-defined pairs
of peaks at ca. 0.4 V and 0.8 V. The reason for this difference can be different
surface pre-conditioning (polishing and sonication in the present case compared
to etching and sonication in the literature example). One can assume that the
latter procedure resulted in a rougher surface and formation of surface sites
with higher energies, which resulted in a more expressed voltammetric feature.
This is further confirmed by strong changes in CV upon cycling, which resulted
in a decrease of peak heights as well as shape changes with prolonged cycling
[8]. This effect was not observed in the present case (please see Supplementary
Information). Additionally, the etched surface had a higher double layer capac-
ity than our polycrystalline silver surface (one can estimate ca. 100 pF.cm™
compared to ca. 55 pF.cm™ in the present case ; for comparison, the values
estimated for single crystal electrodes are ca. 50 uF.cm™ [9]). Somewhat similar
voltammetric features as in the present work, were also observed on different
single crystal silver electrodes in 0.1 M KOH solution [9] or on Ag(110) silver
crystal electrodes in 0.09 M NaF + 0.01 M NaOH solution [10] and assigned
to the adsorptions of OH as precursors for the bulk oxide formation, so-called
underpotential Ag oxides [§]. The CVs of single crystal electrodes [9], similar to

polycrystalline silver [8] show, at the most negative potentials, almost flat pro-
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files corresponding to charging/discharging of an electrochemical double layer,
followed by the appearance of two pairs of reversible peaks. The peak poten-
tial and the broadness were single crystal surface dependent. For example, the
peaks at more negative potentials are centered at ca. 0.0 V, 0.13 V and 0.3 V
for Ag(110), Ag(100) and Ag(111) single crystal surfaces respectively. Similarly,
the onset of the second peak is dependent on single crystal surfaces (ca. 0.6 V
at Ag(110) and ca. 0.9 V at Ag(111) surface). Having in mind higher hetero-
geneity of polycrystalline surface, the broad voltammetric features observed on
polycrystalline silver in 0.1 M NaOH, can be assigned to OH adsorption on sur-
face sites with different surface energies. Similarly, the voltammetric features
observed in 11 M solution can be assigned to initial OH adsorption. So, in
general, the formation of underpotential Ag oxide was observed at all studied
NaOH concentrations on polycrystalline silver. Assuming that the processes
at most negative potentials are governed only by double layer capacitance ef-
fects one can estimate following double layer capacitance values: 55, 65 and
75 uF.cm™ for 0.1, 1 and 11 M NaOH respectively. Although these differences
could be caused by small changes of the electrode roughness from experiment to
experiment, this result might also indicate an influence of NaOH concentration
on double layer capacitance. Especially in 11 M NaOH solution strong ion-ion
interactions as well strong deviation of water activity from ideality (Table
might influence the electrochemical double layer properties.

To estimate the surface coverage by underpotential Ag oxides, the total ex-
changed charge densities in the potential region of underpotential Ag oxides at
different NaOH concentrations, are obtained by integration of cyclic voltammo-
grams (only anodic direction) and by correction for double layer capacitance ef-
fects (please see Supplementary Information). The results indicate that the OH
coverage on silver is low. Assuming that 400 uC.cm™ [I1], [12] corresponds to
the charge required for the formation of OH monolayer on Ag, one can estimate
that OH surface coverage is below 0.18 for all studied concentrations. Addition-
ally, the electrode roughness was estimated based on the charge required for the

formation of silver oxide full monolayer in accordance to [I2]. Similar values
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Figure 1: (a) CV of polycrystalline silver at different NaOH concentrations and (b) influence
of upper potential limit on voltammetric features in 11 M NaOH. Conditions: NaOH concen-
trations: 0.1, 1 and 11M, room temperature, sweep rate 200 mVs™!, non-prereduced electrode,

Ar atmosphere.

of surface roughness were calculated for 0.1 M and 11 M NaOH solutions (1.69
and 1.76 respectively). Although the here used method could a bit overestimate
the surface roughness (the effect of double layer charging/discharging cannot be
clearly separated from the charge exchanged due to monolayer formation), this
is an indication that the OH coverage can be even lower. Low OH coverage val-
ues are also in accordance with values based on kinetic Monte Carlo simulation
study on on Ag(111) electrode in 0.1 M KOH [13].

An effect of an upper potential limit extension on voltammetric features
on silver was studied for 11 M NaOH solution only (Figure . As one can
see, above 1 V voltammetric features on silver are no longer reversible and OH
coverage shows further increase.

The ORR current-potential curves at different NaOH concentrations, to-
gether with percentages of hydrogen peroxide detected on the ring electrode
and CVs in Ar at a rotation rate of 400 rpm are depicted in Figure ORR
in 0.1 M NaOH shows a very low level of hydrogen peroxide formation in the
whole potential region of interest (below 1 %, which corresponds to an exchanged
number of electrons > 3.98). The polarisation curves in forward and backward

directions overlap and no hysteresis is observed. Similar was reported on single
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crystal Ag surfaces [9] and it was assigned to high reversibility of underpotential
Ag oxides formation. The earlier results on polycrystalline Ag disc electrodes
(e.g. [14]) report a significant hysteresis between forward and backward direc-
tions and lower limiting current densities than in the present study. The authors
suggested a higher level and irreversible OH adsorption on polycrystalline Ag,
but our results can rule this out (Figure . Our experience indicates that the
polishing procedure, the electrode preconditioning and aging effects might have
a significant influence on a hysteresis between forward and backward directions
as it was also reported in [I5].

An increase of OH concentration (Figure reflects mainly in two effects:
ORR limiting current density is decreasing, and the onset potential shifts to-
wards more positive values. In pure NaOH level of hydrogen peroxide is low and
not significantly dependent on NaOH concentration. Contrary to pure NaOH
solution the results in impure NaOH (Figure show high level of hydrox-
ide peroxide formation. Additionally, while there is only one limiting current
plateau in pure NaOH, two plateaus appear in impure 11 M solution (Figure
E| Two plateaus were also reported in 6.5 M NaOH solution [4].

The ORR currents, in general, and limiting current densities, in particular,
are decreasing due to a decrease of oxygen solubility and of oxygen diffusivity
(the change of parameter values with NaOH concentration is summarized in Ta-
ble . A closer look at peroxide concentration change in 0.1 M solution (Figure
shows that the peroxide appears close to onset potentials, but already at a
potential of 0.85, its concentration decreases to zero. An increase of peroxide
concentration can be again observed at more negative potentials (below 0.4 V).
The rotation rate has an influence on detected hydrogen peroxide amount and
shows an increase of hydrogen peroxide percentages at higher rotation rate, as

it was also observed in the literature ([9]). In 11 M solution (Figure the sit-

11t should be mentioned that ORR curves in 11 M solution are obtained at lower sweep
rate than in 0.1 M NaOH in order to reduce the effect of background current on an overall

current. This was not necessary for other two NaOH concentrations.
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Figure 2: CVs in oxygen atmosphere (forward and backward directions), percentage of H2O2
detected on ring electrode and CVs of silver in Ar at three different NaOH concentrations
(a) 0.1 M (b) 11 M and (c) 11 M impure. Conditions: sweep rate in Ar 200 mV.s'!, in
oxygen 50 mV.s! (a), 1 mV.s! ( b and c), room temperature, rotating ring disc electrode,
non-prereduced electrodes, rotation rate 400 rpm for CVs in oxygen and H2O2 percentages

and 0 rpm for CVs in Ar.

uation is quite similar with the level of detected hydrogen peroxide (up to 2 %).
One should also observe that the largest amount of peroxide is formed at low
overpotentials. This tendency can be further followed in 11 M impure solution
(Figure, where similar to 11 M pure solution the peroxide formation is more
favoured at low overpotentials where up to 20 % of peroxide was detected. The
results in pure NaOH solutions confirm previous literature findings on prevailing
4e- pathway for ORR at low NaOH concentrations [9] as well as an assumption

on prevailing 4e- pathway for ORR in highly concentrated alkaline conditions
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[3]. However, the data in impure NaOH demonstrate high influence of impu-
rities on peroxide formation. Having in mind that under industrial conditions
the level of impurities is higher than in our “pure” NaOH solution, high concen-
tration of hydrogen peroxide can be also expected under industrial conditions.
Therefore, this information might have significant importance for the under-
standing of ORR on technical gas diffusion electrodes (GDE). The detection of
soluble intermediates (for example hydrogen peroxide) at all studied conditions
(potentials as well as NaOH concentrations) indicates that their further conver-
sion on the disc electrode is not purely mass transport limited as also reported
by Savinova et al.[I5] on an example of hydrogen peroxide reduction on silver
under alkaline conditions.

The open circuit potentials are getting more positive with an increase of
NaOH concentration, while the equilibrium electrode potentials are decreasing
(Table . The equilibrium electrode potentials are calculated based on the

Nernst equation:

RT ay,0

e o)
Eo,on = E 0,00 — E w00 — 50 " In——"7"—
2F aH, * /00,

(1)

where the difference between first two terms on the right hand side is 1.222 V (at
293 K), activity of water (ap,0) is given in Table|l|and activities of oxygen and
hydrogen are expressed as: a;=c;(at cnaom)/ci(water), i=Hs,05. The oxygen
concentrations at different NaOH concentrations are provided in Table [I} The
data for hydrogen concentrations at different alkaline concentrationsﬂ are based
on [16]. The equilibrium electrode potential, as cell potential for Og/Hs cell,
shows no dependence on OH concentration (the half-reactions are influenced
by OH concentration, but not the overall reaction). Therefore the equilibrium
electrode potential shows only the effects of change of activities of components
in the overall reaction (water, hydrogen, and oxygen) with NaOH concentrations

(for example water activity is changing between 1 in 0.1 M NaOH to 0.428 in 11

2An assumption was made that hydrogen solubility is not cation depended, but only OH

concentration.

10
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M NaOH). As already mentioned the open circuit potential is increasing with an
increase of NaOH concentration; as a consequence, the effective overpotentials

for ORR are decreasing with an increase of NaOH concentration.

Table 1: An overview of kinetic and other parameters for ORR on silver in different NaOH

concentrations
Parameters 0.1 M 1M 11M
Apparent kinetic constant/ ms™! 4-109* 5.1079% 3.25-10°7*
Equilibrium potential vs. RHE / V 1.222%* 1.217%* 1.163**
Open circuit potential vs. RHE / V | 0.960 V £+ 0.01 | 0.975 V + 0.01 1.03 V £ 0.01
Oxygen concentration/ mol.m™ 1.18[17] 0.95[17] 8.58 - 1073 [18] [19]
NaOH density/ kg.m™ 1002 1040 1350
NaOH kinematic viscosity / m2.st | 1.01-10¢ [20] 1.1-10% 20 1.28 - 1073 [20]
Water activity / - 1 0.967 [20] 0.428 [20]
OH activity / - 0.078 [20] 0.67 [20] 69.5 [20]
Oxygen diffusivity / m?.s™ 1.9-10° [17] 1.2-10° [17) 7.13-10710%

* Obtained by numerical simulations assuming first electron transfer as a rate determining
step (eq. [4) in combination with oxygen mass transfer limitation; & ** Calculated in

accordance with eq. [T}

The Tafel plots for ORR on silver at two NaOH concentrations (1 M and
11 M) both as “pure” and “impure” are displayed in Figure As one can
see the higher level of impurities in 1 M solution shows no apparent effect on
the reaction mechanism, but it is reducing the number of exchanged electrons
(the level of detected hydrogen peroxide was higher in impure (up to ca 8 %)
than in pure solution at 400 rpm). The Tafel slopes in both pure and impure
solutions are similar, with somewhat lower values (ca. 94 mV.dec!) at lower
overpotentials and higher values at higher overpotentials (ca. 108 mV.dec?).
Similar values were obtained for 0.1 M solution (please see the SI). Wiberg et
al. [21] determined only one Tafel slope value of 90 mV.dec™! on polycrystalline
silver in 0.1 M KOH. They assumed that two Tafel slope values reported in
literature were artefacts of non-compensated Ohmic drop resistance in earlier
literature. However, they have shown only the data and Tafel slope value at

lower overpotentials (which corresponds well to the value obtained in the present

11
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manuscript); closer inspection of their data indicate an increase of Tafel slope
at higher overpotentials. Blizanac et al. [9] determined two Tafel slope values
at lower and higher overpotentials and explained it in terms of potential depen-
dent desorption of underpotential silver oxide species. Unlike the data at lower
NaOH concentrations, the influence of impurities on ORR in 11 M appears more
significant. In pure 11 M NaOH solution, initially very low Tafel slope value of
ca. 45 mV.dec! turns into a value similar to values obtained at lower NaOH
concentrations (ca. 94 mV.dec!). In impure 11 M NaOH solution in addition
to low Tafel slope value of ca. 45 mV.dec'! and very short region with the value
of ca. 94 mV.dec!, a very high slope at high overpotentials apperas. As already
mentioned Chatenet et al.[3] reported one Tafel slope value on poly-crystalline
silver in 11.1 M NaOH at 80°C, which was similar to low initial Tafel slope value
observed in the present work. The different Tafel slope values might indicate
different RDS in 11 M solution. Additionally, the change of OH coverage can
be also responsible for changes of Tafel slope. This effect appears not too likely
since the differences in OH coverages at different concentrations are not signif-
icant (please see SI). Also although the data in the low Tafel slope region can
be affected by different artefacts (e.g. background current correction),the same
Tafel slope value in this region was obtained for both pure and impure NaOH.
Furthermore, the very high Tafel slope value at high overpotentials observed
only in impure 11 M NaOH solution indicates a chemical step as the RDS under
such conditions. Savinova et al. [I5] studied hydrogen peroxide reduction on
silver under alkaline conditions and found out that the limiting currents showed
mixed chemical reaction-diffusion control. They observed that “aging” of silver
as well as pH influenced significantly silver capability to reduce hydrogen per-
oxide. With respect to the effect of impurities in impure NaOH, according to
the supplier the main impurity is sodium carbonate. One can speculate that
carbonates in the solution might be responsible for Ag aging effects.

In addition to more pronounced Tafel slope changes, which indicates more
complex ORR kinetics than at lower NaOH concentrations, the data in 11 M

NaOH show the ORR reaction onsets at more positive potentials than at lower

12
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NaOH concentration. 11 M NaOH solution is highly concentrated and highly
non-ideal. Currently there is a little information on kinetics of electrochemical
reactions under such conditions. Further studies are needed to understand the
influence of these non-idealities on electrochemical double layer structure and

its impact on kinetics.
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Figure 3: Tafel plots for ORR on silver at different conditions on non-prereduced electrodes in
different NaOH concentrations. Conditions: sweep rate 50 mV.s! or 1 mV.s! (11 M), room

temperature, rotation rate 900 rpm.

The ORR kinetics was studied further by NFRA. NFRA is based on a con-
cept of a generalized nonlinear frequency response function and can be consid-
ered as an extrapolation of a linear electrochemical impedance spectroscopy to
a nonlinear range [22]. We have already demonstrated that NFRA can discrim-
inate between different kinetics mechanisms [Bensmann et al [23]] and we also
demonstrated its application in theory and experiment on an example of simple
reversible mass transfer limited reaction [7, [22]. Therefore in the present pub-
lication, we report for the first time NFR spectra for ORR on a polycrystalline
silver electrode (Figure . NFRA was performed in the potential region char-
acterized by similar Tafel slope values at different NaOH concentrations (ca. 94

mV.dec?).

13
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Figure 4: Influence of NaOH concentration on experimental first (electrochemical admittance)
and second order frequency response functions for ORR on silver. Conditions: potential 0.9

V, rotation rate 1600 rpm, room temperature, amplitude 30 mV rms.

In order to facilitate the interpretation of NFRA, we developed a facile an-
alytical model to simulate NFR spectra implemented in the MATLAB. This
model involves a simple irreversible electrochemical reaction and diffusion. The
appearance of almost single Tafel slope value at lower NaOH concentrations,
which is relatively close to theoretically expected Tafel slope of 116 mV.dec™
for a 1st electron transfer as a rate limiting step indicates that in most simplified
form the ORR kinetics on silver under alkaline conditions can be represented

as:

kai

iff
OZ(diﬂusion) - OQ(surface) (2)

OQ(surface) +e products (3)

14
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which allows us further to express the reaction rate in the form of:

—aF
r(t) = Eapp - CO2(surface) A ) (4)
and the current density is calculated as :
j=—4-For(t) (5)

where 7 = E - Eog.0n-, kKapp is an apparent heterogeneous rate constant in
m.s, Co2(surtace) i the concentration at the electrode surface in mol.m™3, «
is transfer coefficient, F is the Faraday constant (96485 C.mol!), R universal
gas constant (8.314 J.mol'.K!) and T temperature in K (293 K). The mass
transport description is in accordance with the hydrodynamics of a rotating disc

electrode [22].

0Coy(21) _ pp -+ 9°Coy(2,1) o
ot 702 022
with boundary conditions :
0Co,(z,t
Do, - €00 .
ot o
C0,(0D:8) = Cos purk) (8)
where
§p =1.61-DY3 . 1/6.,=1/2 ©

is the thickness of diffusion layer for oxygen at rotation speed, w, of the rotating
disc electrode in solution of viscosity, v.

The charge balance at the electrode is given as:

Cdl'dzi(tt):j(t)+4~F~T(t) (10)

where overpotential, 7(t), is given as:
n(t) = E(t) — B’ — Ro - j(1) (11)

One has to further define the non-dimensional input and output variables. The
input is potential E(t), periodically changing around steady state, Es. It is given
as:

Et)=E;-(14+ A-cos(f-t)) (12)

15
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with the non-dimensional input defined as:

E= % =A-cos(f-t)==- (e(jft) + 6(fjft)) (13)

2|

The output signal is the current density j(¢). Similarly, the non-dimensional

current density, j is defined as:

j = m _4 (G (f) - e £ Gy (—f) - e 7Y

js 2
+ (§)2 (Goj(f, ) - €D 1 2Go;(f,—f) - €°

+ Gaj(—f,—f) - e 72). (14)

where the function G4;(f) is the first-order frequency response function of the
system and it corresponds to electrochemical admittance. Go;(f,f) and so on
are higher order frequency response functions. They contain information on
system non-linearities. In the present contribution only the first and the second
order frequency response functions were considered. The analytical expressions
of these frequency response functions are obtained based on method explained
in our previous publications [22]. Since the derived frequency response func-
tions are dimensionless, in order to compare them with experiments they were
converted into their dimensional forms denoted by the symbol “H”. (please
see the Supplementary Information) The dynamic model described above was
firstly used to simulate steady state responses for different NaOH concentra-
tions. Only fitting parameters were apparent rate constants. Additionally in
11 M NaOH oxygen diffusivity was also considered as a fitting parameter. This
was necessary in order to reproduce experimentally observed limiting current
densities in 11 M NaOH by fixing at the same time oxygen solubility value [18].
It could be shown that despite model simplicity quite good description of exper-
imental data at a rotation rate of 400 rpm and at different NaOH concentrations
(only pure NaOH was considered) (please see Supplementary Information) was
obtained. The apparent rate constants based on this simplified model are sum-
marized in Table I. The apparent rate constant is almost not changing at low

NaOH concentrations, but there is a significant change compared to the value in
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11 M NaOH solution. It should be mentioned that the apparent rate constant
in 11 M NaOH refers to second Tafel slope region (94 mV dec™!). Similar was
observed by Chatenet et al.[3] who referring to ORR on platinum under similar
conditions, where such effect was not observed, hypothesized that the observed
differences in reaction rates were caused by different influence of NaOH concen-
tration on surface oxide formation on silver and platinum. The authors based
on their results assumed that compared to platinum there is no significant oxide
building on silver.

The same model was used further to simulate nonlinear frequency response
at three different concentrations (0.1 M, 1 M and 11 M). The simulated first
order frequency response functions (FRF) (electrochemical admittance) and the
second-order FRFs at three NaOH concentrations are shown in Figure[5} As one
can see the simple model and the parameter values based on “steady state” re-
sponses (kapp and Oy diffusivity; double layer capacitance values were extracted
from the data in Figure [1, please see Table [1) can quite well capture the dy-
namics of the linear response. Previous data [3] on electrochemical impedance
spectroscopy on Ag/C electrodes in 1 M NaOH solutions were characterized by
low frequency inductive loop. This feature was not observed under present con-
ditions, indicating that the first electron transfer is responsible for RDS. Our
experimental data do also not indicate a pseudo-inductive behaviour.For this
there are two possible explanations, either the pseudo-inductive loop appears
at lower frequencies which were not studied under present conditions, or the
appearance of the pseudo-inductive loop is related to different structure of the
electrode in the literature and the present study. For the second-order FRF,
simulated data at 0.1 M NaOH shows very good qualitative agreement to experi-
mental data. The simulated and experimental data at two higher concentrations
show larger deviations to experimental data especially at higher frequencies. It
is interesting that the simulated phase of the second order frequency response
function shows very good qualitative agreement with the experimental values.
These results are very promising, but they also advocate a necessity of a more

complex model for explanation of ORR.
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Figure 5: Influence of NaOH concentration on simulated first (electrochemical admittance)
and second-order frequency response functions for ORR on silver. Conditions: potential 0.9

V, rotation rate 1600 rpm, room temperature, parameters in Table I.

4. Conclusion

The ORR on silver at different NaOH concentrations was studied. It was
shown that underpotential Ag oxides are formed in all studied solutions. The
voltammetric features in argon are well expressed, especially in 11 M solution,
while peaks are broader at lower NaOH concentrations. The integrated charge
in the anodic sweep direction, after double layer capacitance subtraction, in-
dicates low OH coverage. The Tafel slopes in different NaOH solutions are
somewhat potential range dependent, varying from ca. 94 mV.dec' at low
overpotentials to ca. 108 mV.dec! at high overpotentials in 1 M NaOH con-
centrations. Similar values were obtained in 0.1 M solution. In 11 M NaOH, a
low Tafel slope is observed at low overpotentials and ca. 94 mV.dec! at higher

overpotentials. Additionally in impure 11 M NaOH additional high Tafel slope
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of ca. 200 mVdec! appears at high overpotentials. At lower NaOH concen-
trations, the impurities do not change the reaction mechanism but reduce the
number of exchanged electrons. At higher NaOH concentrations, changes in
RDS due to impurities take place. In general, the amount of soluble reaction in-
termediate was increasing with an increase level of impurities. The appearance
of soluble reaction intermediate might be highly relevant for ORR reduction
in 3-dimensional GDE electrodes and can help to understand limitations un-
der technical conditions. The NFR spectra indicate a higher sensitivity of this
method to kinetic mechanism discrimination which will be utilized further in

our future studies.
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6. List of symbols

Symbol Name Value, Unit
s Steady state
E Electrode potential A%
n Overpotential \%
j Current density A/m?
F Faraday constant 96485 C/mol
E¢ Standard electrode potential A%
R Universal gas constant 8.314 J/mol/K
t Time s
T Reaction rate mol/m?.s
Kapp Kinetic constant m/s
e Transfer coefficient
T Temperature K
w Electrode rotation rate rad/s
f Frequency Hz
D Diffusivity m?/s
v NaOH kinematic viscosity m?/s
Ca Double layer capacitance F/ m?
A Amplitude of change \Y%
G Non-dimensional frequency response function
H Dimensional frequency response function A/V or A/V?
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