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ARTICLE INFO ABSTRACT

Keywords: The increased emphasis on renewable energy has resulted in a surge of R&D efforts into hydrogen and battery
Anode research. The intensive electrochemical environment surrounding the anodic oxygen evolution reaction (OER)
Porous transport layer has plagued both the activity and stability of the catalytic layer, substrate and porous transport layer, ultimately
gfgfz‘:;:fel :Sn;:elieacnon affecting both these industries. Herein, we report the benefits of potential cycling (PC) a 316L stainless steel felt
Anion exchange membrane water electrolysis porous transport layer (PTL) for use in anion exchange membrane water electrolysis. The PC increased surface
Potential cycling roughness and created a CrFesNi»-OxH, layer through the oxidation of iron as shown by SEM, EDS, XPS, XRD and
Electrochemical impedance spectroscopy Raman spectroscopy. Post-PC tests in a three-electrode setup reveal a ~ 68% decline in polarisation resistance,

which is reflected in its performance when employed as an anode in an anion exchange membrane water

electrolyser (AEMWE). Overall, potential cycling the PTL under anodic conditions resulted in an improved

performance when tested in a AEMWE. Implementing this treatment on stainless steel anodes could be consid-

ered to achieve an improved AEMWE performance.

1. Introduction

The production of green hydrogen through water electrolysis has
been largely implemented using proton exchange membrane water
electrolysers (PEMWEs) and alkaline water electrolysers (AWEs) [1,2].
It is most common for PEMWEs to employ Nafion-based acidic mem-
branes which can operate at high current densities catalysed by plat-
inum group metal (PGM) catalysts for both the hydrogen (HER) and
oxygen evolution reactions (OER). The AWE is an established technol-
ogy whose dominion over the realm of water electrolysis spans over a
hundred years [2]. AWE is still the industry standard, despite the
intrinsic advantages offered by PEMWEs, such as higher current den-
sities and slender cell designs [1,2]. The anion exchange membrane
(AEM) has transported many of these advantages from the acidic realm
to the alkaline realm, birthing the AEM water electrolyser (AEMWE)
[1-3]. Naturally, a great amount of R&D experience can be transferred
from traditional AWEs and PEMWESs to the novel AEMWE, however
challenges and optimisation issues related to use of considerably diluted
KOH electrolytes (1.0 M vs 6.89 M), thinner cell designs and compli-
cated anionic ionomer/AEM chemistries [4] remain prior to wide-scale
implementation of this technology [1,2].

* Corresponding author.

It is particularly the anode side of all the aforementioned types of
electrolysis that has been examined meticulously over the years due to
the eminent overpotential associated with the four electron reaction
[2,5]. Moreover, the use of substrates/porous transport layers (PTLs) is
particularly widespread for the anode, as use of anode-side catalyst
coated membranes has resulted in catalyst detachment [6]. The anode
demands the use of a catalyst coated substrate (CCS), thus the stability
and activity of these substrates is of great importance for their viability
for long-term employment.

A variety of activation methods have been utilised for increasing
both the activity and stability of the electrodes in alkaline electrolytes,
including chronoamperometry (CA) [7,8] and potential cycling (PC)
[7,9]. Potential cycling has been repeatedly used for activating an
electrode by repeatedly oxidising and reducing the surface [9]. However
the manner in which this treatment is undertaken has a great affect on
the final outcome with respect to both performance and surface condi-
tions. The effect of modifying solid stainless steel electrodes (SSEs) has
been explored for traditional AWEs through both mechanical modifi-
cation and acid washing [10]. The use of a specific activation procedure
with a combination of CA (10 min at 1.53 Egyg, 5 min at 0.93 Egyg) and
PC (5 mV s’l, 0.93-1.93 Eryp) was reported by Moureaux [7] et al.
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which resulted in the creation a layer of nickel imbibing both corrosion
resistance and OER-activity. Accelerated activation through ex-situ PC
was determined as a more time-efficient procedure compared against in
situ activation through constant OER.

Catalyst stability on a stainless steel substrate was challenged with
potential cycling under very different conditions (1000 mV s %, 0.5-1.8
Erue, 20 000 cycles) by Todoroki et al. [11] in an electrolyte typical of
traditional AWE (7.0 M KOH) [2]. The catalyst layer displayed resilience
towards the harsh conditions in maintaining a fairly constant over-
potential at 100 mA cm 2, a slight increase in series resistance and a
dramatic increase in activity related to the Ni(II)/Ni(III) redox couple.

A lot of recent literature lays emphasis on testing a solid SSE under
conditions associated with traditional AWEs [7,10-12], with less
emphasis on conditions relevant to the novel AEMWE [7,8,13]. Addi-
tionally, several publications focus on creating an active oxide layer
from a solid SSE and ascertaining its activity and stability [11,13-15].
No attention has so far been directed at testing the activity and stability
of a porous 316L stainless steel PTL as a support and relating the change
in surface conditions to the resulting performance. This would quantify
the degree to which the substrate influences the overall cell perfor-
mance, and thereby further isolating any changes elicited by or in the
catalyst layer. Finally, the magnitude of these effects has yet to be seen
in a AEMWE, as all effects related to potential cycling measured in a
standard three-electrode setup cannot be assumed to be transferable to a
full cell.

Herein, we address the aforementioned gap in literature by investi-
gating how potential cycling a stainless steel 316L felt (SSF) porous
transport layer (PTL) in 1.0 M KOH at 25°C affects its resulting perfor-
mance in an AEMWE. The SSF PTL was tested before and after anodic
potential cycling in an efficient three-electrode setup, before the same
electrode was employed as an anode in a single cell AEMWE. The per-
formance of the AEMWE was monitored and analysed using linear sweep
voltammetry (LSV) and electrochemical impedance spectroscopy (EIS),
where the treated SSF PTL displayed increased current density. Surface
conditions were characterised by SEM/EDS, XRD, Raman spectroscopy
and XPS, exhibiting the increased performance could be attributed to a
active and stable CrFesNi»-O,Hy layer.

2. Experimental
The stainless steel electrodes were tested utilising an in-house
created three-electrode setup as shown in Fig. S1 and in-house created

AEMWE cell. All experimental details are listed in the supplementary
information.

3. Results & discussion
3.1. Microstructural characterisation and analysis

The surface of the 316L stainless steel felt was composed of hexag-
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onal strands with 14-16um faces. The felt was affected by the potential
cycling as shown by the scanning electron microscope (SEM) figures in
Fig. 1, where the surface displays a greater degree of small crevices and
pits due to localised corrosion, though the face size of the strands
remained unchanged. Elemental mapping through energy dispersive X-
ray spectroscopy (EDS) figures are shown in Fig. S2, which display a
homogeneous distribution of elements for the pristine electrode, while
post-potential cycling EDS spectra display an increase in oxygen located
in the newly formed crevices.

The XPS analysis in Fig. 2 shows high-resolution spectra of the
principal components of 316L stainless steel, namely nickel, iron and
chromium before and after potential cycling. The initial spectra in
Figs. 2a, 2c & 2e generally show a weaker signal compared against the
spectra taken after potential cycling shown in Figs. 2b, 2d & 2f. The
initial Ni 2ps/» spectra and its satellite peak at higher binding energy
was deconvoluted to show contributions from metallic nickel at 852.61
eV, Ni(OH); at 855.91 and 861.91 eV and Ni;O3 at 855.61 and 861.76
eV. This is generally similar to what has been recorded in literature
[8,11,16].

After potential cycling the majority of the spectra originates from Ni
(OH),, at 855.62 and 861.47 eV, with weak contributions from metallic
nickel at 852.02 eV, NiO at 854.12, 857.42 and 862.37 eV and NiOOH at
856.67 eV. The pristine iron 2p3/» spectra and its satellite peak were
deconvoluted to metallic iron at 706.81 eV, FeO at 711.01 eV, Fe,0O3 at
711.01 eV and FeOOH at 712.21 and 714.01 eV. The post-potential
cycling spectra displays an increase in FeOOH and a corresponding
decline in FeO. The spectra was deconvoluted to metallic iron at 706.82
eV, FeO at 711.02 eV, Fey0O3 at 711.17 eV and FeOOH at 712.22 eV.
These peaks are also in accordance with literature [15,16], though the
intensity of metallic Fe in the pristine sample appears variable when
comparing both literature and the currently presented work [13,15],
however this might be attributed to the production process of the
stainless steel felt.

The pristine chromium 2p3,5 spectra was deconvoluted to show
chromium metal at 573.71 eV, chromium(III) oxide at 575.51, 576.41
and 578.06 eV, chromium(IIl) hydroxide at 577.46 eV and chromium
(IV) oxide at 579.56 eV. The cycled sample shows the same species,
metallic chromium at 573.71 eV, chromium(IIl) oxide at 575.82 and
576.57, chromium(III) hydroxide at 577.62 eV, chromium(IV) oxide at
579.42 eV and chromium(IV) hydroxide at 579.57 eV. A significant
increment in chromium(III) hydroxide is clear, in addition to a generally
improved signal. The Cr 2p3,» spectra is less frequently displayed in
related literature due to its disappearance after anodic corrosion, though
the peaks are within the reported range [15,16].

The general decline in Ni 2p3 /2 binding energy after potential cycling
corresponds to the decline in oxidation state from Ni(III) to Ni(II), which
correlates to the behaviour predicted by a nickel Pourbaix diagram [17]
The increase in Cr 2ps/, binding energies are due to the general increase
in oxidation state as there is a greater influence of Cr(IV) compared
against the pristine sample. While the Fe 2ps,» binding energies are

Fig. 1. SEM figures (a) before and (b) after potential cycling thereby showcasing the physical surface effects of the process.
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Fig. 2. High-resolution XPS-spectra of the (a) & (b) nickel 2p3,, spectra, (¢) & (d) the iron 2p3,, spectra and (e) & (f) the chromium 2p3,» spectra before and after

potential cycling.

remarkably similar, there is evidence of a greater influence of a higher
oxidation states (Fe(IIl)) after potential cycling, also in accordance with
the iron Pourbaix diagram [17].

XRD spectra were collected before and after potential cycling in a
Bragg-Brentano configuration between 30-120°C as shown in Fig. 3a.
The pristine and cycled samples yielded lattice parameters of 3.5923(4)
A and 3.5925(6) A respectively. The pristine SSF displays XRD peaks
corresponding to 316L stainless steel [15,18]. Strong peaks at 43.66°,
50.85°, 74.73°, 90.71°, 95.97° and 118.16° attributed to the 111, 200,
220, 311, 222 and 310 planes of austenitic stainless steel [15,18,19].

The pristine sample shows strong characteristics of an FCC-type
austenitic (ICDD 33-0397) structure without the impurities of BCC
(ICDD 34-0396) structures traditionally reported for such alloys
[18,20]. The same peaks were displayed by the cycled sample, however
a slight shift towards lower angles is noted in addition to a change in
peak shape and their relative intensities. The shift is likely associated
with the varying height in the samples. The change in peak shape is
either due to domain-size effects or microstrain, where differentiating
between these two effects can be challenging. Inclusion of microstrain
effects in fitting the data yield average domain sizes of 104 nm and 103
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Fig. 3. (a) XRD spectra and (b) Raman spectra collected before and after potential cycling.

nm for the pristine and cycled samples. This amounts to notably greater
influence from microstrain relative to the pristine sample (x300), where
the combination of this increase in microstrain and decline in domain
size has been associated with increased resistance to uniform corrosion,
albeit an increase in the likelihood of pitting corrosion [21]. The small
decline in domain size has been associated with increased corrosion
resistance associated with a passive film rich in Ni(OH),, thereby
corroborating the XPS-determined surface composition [22,23].

Raman spectra were collected as displayed in Fig. 3b, where the
pristine sample displays very similar peaks and peak intensities to that
reported by Zamanizadeh et al. [8] for a similar 316L electrode. Peaks at
285 (Fep03), 552 (Cr03), 587 (NiO), 689 (Fe304), 804 (Fe304) and
1370 cm™! (Fe304) [8,24,25]. The cycled sample exhibits a radically
different spectra, presenting peaks at 156 (a-Fep0s3), 346 (Cr203), 567
(Ni(OH)3), 691 (y-FeOOH), 1299 (y-FeOOH), 1359 (5-FeOH), 1440
(y-FeOOH) and 1604 cm! (Fe3O4) [8,24,25]. These peaks confirm
several of the XPS-determined oxidation states. The electrode compo-
sition was analysed with several physicochemical methods to reveal the
surface and the bulk composition. Table 1 exhibits that the surface
composition of chromium and nickel increases at the cost of iron after
potential cycling. EDS data shows that the atomic content of chromium
increases, however nickel decreases together with iron indicating that
the bulk concentration of nickel decreases as it migrates to the surface
during PC, where these phenomena coincide with the diffusion rate of
both iron and nickel within an alloy [26,27]. This corresponds with
established literature where the oxidation of iron and chromium pro-
ceeds that of nickel [28], which corresponds with the XPS results.
Additional details on the oxidation states of each element before and
after PC are shown in Tab. S1-S3.

3.2. Electrochemical analysis

3.2.1. Three-electrode measurements
The performance of the 316L stainless steel electrode was tested
before and after the potential cycling according to the experimental

Table 1
XPS- and EDS-determined compositions of the stainless steel electrode before
and after potential cycling.

State

XPS Cr - 2p3/» [at.%] Fe - 2p3/» [at.%] Ni - 2p3,» [at.%]
Pristine 3.676 87.33 8.997
Cycled 12.54 62.73 24.73

EDS Cr [at.%] Fe [at.%] Ni [at.%]
Pristine 21.46 63.95 8.643

Cycled 21.89 62.93 7.870

protocol specified in the supplemental material. The full range voltam-
mograms depicted in Fig. 4a show the Fe(II)/Fe(III) redox couple ((1) &
(2)), followed by the Ni(II)/Ni(IIl) redox couple ((3) & (5)) succeeded by
the OER (4) [29,30]. The oxidising/reducing peaks of iron increase/
decrease, corresponding to an increase in the oxide layer and a general
increase in oxidation state. The nickel redox couple shows a slight
different trend, where the oxidising peak decreases rapidly while the
reducing peak undergoes a slightly increment. The peaks around +
0.60/0.50 Eag/agcy are likely two peaks, the second originating from the
Cr(II1)/Cr(VI) redox couple [8]. Overall, the trends in Fig. 4a mostly
adhere to established trends in literature [8,31].

A slight divergence from the aforementioned trends is that the upper
layer of the surface predominantly comprised iron based off the XPS-
determined surface composition shown in Fig. 2. The chromium and
nickel portion increases notably after PC, while the iron content un-
dergoes 28.2% reduction. Based off the XPS results, it would appear that
the formation of a corrosion-resistant layer appears after the initial
decline of the surface layer of iron following the 1000 cycles, yielding a
layer with the approximate composition of CrFesNiz-OxH,. The CV scans
in Fig. 4b show the gradual decline in activity of the Ni(II)/Ni(III) redox
couple [13] as the number of scans increase. Moreover, no catalytic
activity of the other components of 316L stainless steel were active
during the investigated potential region which corresponds to previ-
ously reported literature [13].

In addition, the charge of the oxidising/reducing peaks was deter-
mined and plotted as a function of scan number in Fig. 4c, where the
anode charge shows a slight decline, however the charge affiliated with
the reducing peak declined notably. This is evidence of the formation of
an oxide layer, which correlates with post-potential cycling XPS results
where the metal XPS-spectra can be almost exclusively attributed to
hydroxides/oxides as shown in Tab. S1-S3. This is also seen in the ox-
ygen 1s spectra in Fig. S3, where the same hydroxide bonds are seen
from the oxygen 1s perspective. A 9.35% increase in the electrochemical
active surface area was identified due to potential cycling, as shown in
Fig. S4.

Fig. 4d shows LSV curves before and after PC, where the SSF porous
transport layer (PTL) clearly shows increased activity after PC, despite
the gradual decline in charge associated with the cycled redox couple
shown in Fig. 4b. The performance of the SSF was compared with Solid
SS316L sample as indicated. Increased concentration of surface-adjacent
chromium and nickel content has previously been shown to increase
OER activity [8,32,33].

The electrochemical impedance spectroscopy (EIS) spectra in
Fig. 4d-4e & S4 showcases the notable improvement in performance as
the polarisation resistance declines ~68% at the creation of the
CrFesNip-OxH, layer. Similar CrFeNiO materials have been shown
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Fig. 4. (a) The cyclic voltammetry scan of the SSF porous transport layer (PTL) at 250 mV s~ ! between - 1.036 to + 0.70 V versus Eag/agc1 Teference electrode. (b)
The 1000 cycle voltammogram trend.(c) The anodic and cathodic charges calculated for the Ni>*/>* redox couple peaks. (d) The linear sweep voltammetry (LSV)
performed between 0 to + 0.70 V (Eag/agct) shows a higher current density for the 1000 cycle sample. The EIS spectra of the SSF PTL (e) before and (f) after cycling,

at three potentials of 0.68, 0.70 and 0.72 V (Eag/aecy) respectively.

catalytic activity towards the OER [32-34]. While a great decline in
polarisation resistance is evident, there was also a slight increase in
series resistance as seen in Fig. S5. The great decline in polarisation
resistance is rationalised by the large increase of FeOOH and Ni(OH),
after PC, as seen in the XPS analysis. The combination of even trace
amounts of Fe was shown to notably increase the OER activity of Ni
(OH);, films [35].

3.2.2. Single cell AEMWE measurements

After characterising the microstructure and analysing the three-
electrode performance of the SSF PTLs, a single cell anion exchange
membrane electrolyser was assembled and tested at 25°C in 1.0 M KOH
for water splitting reaction as shown in Eq. 1.

HL0()—Hi(8) +03(¢) M

The performance of the single cell AEMWE with the cycled SSF had
increased by 7.2% compared to pristine SSF as shown in Fig. 5a. The
origin of this increment can predominantly be attributed to improved
kinetics as seen by the iR-corrected LSV curves. The corresponding EIS
data at 0 V showed a relatively higher impedance trend at lower fre-
quencies for the cycled sample, suggesting an adverse diffusion effect of
CrFesNip-OxH, layer growth on OER, as shown in Fig. 5b-5c.

Consequently, additional EIS measurements were performed at the
onset of OER overpotential, as shown in Fig. 5c. The raw EIS data were
corrected for inductance and smoothened using DRTTools [36] to
clearly analyse the spectra. The EIS spectra revealed 31% lower series
resistance for the cycled SSF compared to the Pristine SSF when tested in
a full cell, as shown in Fig. 5d. In addition, the total impedance was 29%
higher, largely due to diffusion effects at lower frequencies upon the
formation of a CrFesNiy-O,Hy layer [37].
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Fig. 5. The full cell performance comparison between the pristine SSF (blue) and cycled SSF (red) at 25 °C, 1.0 M KOH. (a) The original and 90% iR-corrected LSV
curves. (b) Open circuit (0 V) potentiostatic EIS spectra with 5.0 mV amplitude. (c) The potentiostatic EIS spectra at 1.74 V with 5 mV amplitude to probe OER onset
region.(d) The corresponding change in the series (R,) and polarisation resistances (R,).

4. Conclusion

The use of 316L stainless steel felt (SSF) has great application po-
tential as a porous transport layer (PTL) in alkaline-based electrolysers.
This paper details the effects of ex-situ potential cycling a SSF PTL in 1.0
M KOH, and the impact of utilising a PTL with this pretreatment in an
anion exchange membrane water electrolysis cell. After 1000 potential
cycles, the surface composition of the SSF changed with a clear increase
in chromium and nickel content at the expense of iron. This is explained
through the diffusion coefficients of the respective elements in the alloy.
Improvement in kinetic efficiency was related to surface conditions
through the formation of a CrFesNi»-OyHy layer as determined by XPS
and supported by XRD and Raman spectra, yielding an ~68% reduction
in polarisation resistance. This single cell anion exchange membrane
electrolyser performance increased by 7.2% at 2.5 V with cycled SSF PTL
reaching a current density of 1193 mA cm~2 at 25°C.
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