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H I G H L I G H T S  

• SS316, SS304, Inconel718 and Incoloy800 are activated ex-situ toward OER. 
• More Ni was obtained on SS316 and SS304 than on Inconel718 and Incoloy800. 
• OER activity of the activated samples is linked to the surface Ni content. 
• Short term and long term in-situ studies are performed on activated SS316. 
• Successful activation of stainless steel 316 is obtained during in-situ operation.  
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A B S T R A C T   

Four different alloys including SS316, SS304, Inconel718 and Incoloy800 are activated by electro-oxidation at 
+1.70 V vs. RHE in 7.5 M KOH for 18 h. Their OER activity are evaluated ex-situ using linear sweep voltammetry 
in 1.0 M KOH in a three-electrode electrochemical cell. X-ray photoelectron microscopy and scanning electron 
microscopy are used to obtain the surface composition and surface morphology. It is found that the OER activity 
improves as the Ni content at the surface increases. A Ni mesh along with untreated and activated SS316 meshes 
were investigated in-situ in 30 wt% KOH at 80 ◦C in an alkaline electrolyser. The effect of temperature up to 80 ◦C 
as well as pressure up to 9 bar are studied on the cell performance. It is observed that the cell with activated 
SS316 as anode is outperforming those with the Ni and untreated SS316 as anode. Up to 255 h durability tests at 
constant current of 0.8 A cm− 2 at 80 ◦C and 9 bar shows no degradation in the performance of the cells con-
taining Ni and activated SS316 as anode. SS316 is also activated in-situ at 1.76 A cm− 2 for 18 h and 2 bar. The in- 
situ activation improves the SS316 OER activity.   

1. Introduction 

Hydrogen produced by water electrolysis using renewable energy 
sources is an essential energy vector in the ongoing energy transition 
towards a zero-emission society. This so so-called green hydrogen can be 
utilized to help decarbonizing a wide range of high polluting sectors, e. 
g., ammonia production, glass industry, stainless steel production, as 
well as the transport sector, in particular heavy-duty transport appli-
cations. Making cost-effective green hydrogen is one of the main goal in 

the hydrogen value chain. 
Water electrolysis is possible through alkaline water electrolysis 

(AWE), polymer electrolyte membrane water electrolysis (PEMWE) and 
solid oxide water electrolysis (SOWE). AWE is a reliable, safe, and 
mature industrial technology that uses non-noble catalysts and has 
relatively lower cost and longer lifetime [1–4]. The price of electrolytic 
hydrogen is directly related to the price of electricity and therefore 
improving the efficiency of electrolysers is one of the main drivers for 
further technology development. The hydrogen evolution reaction 

* Corresponding author. 
E-mail address: H.r.Zamanizadeh@gmail.com (H.R. Zamanizadeh).  

Contents lists available at ScienceDirect 

Journal of Power Sources 

journal homepage: www.elsevier.com/locate/jpowsour 

https://doi.org/10.1016/j.jpowsour.2023.232828 
Received 22 June 2022; Received in revised form 12 February 2023; Accepted 13 February 2023   

mailto:H.r.Zamanizadeh@gmail.com
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2023.232828
https://doi.org/10.1016/j.jpowsour.2023.232828
https://doi.org/10.1016/j.jpowsour.2023.232828
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2023.232828&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Power Sources 564 (2023) 232828

2

(HER) and oxygen evolution reaction (OER) in water electrolysis are 
required to occur at a certain rate and as a result, significant activation 
overpotentials on the electrodes reduce electrolysis efficiency. There-
fore, the development of cost-effective and active catalysts in the elec-
trodes is a necessary mean towards the improvement of alkaline water 
electrolysis. 

Among the non-noble metals, Ni and Ni containing compounds can 
provide significant properties as OER electrocatalysts [5]. Extensive 
research has been dedicated to the development of Ni-bimetallic com-
pounds, among which, Ni–Fe has been found to provide lower OER 
overpotentials [6–11]. Therefore, Ni–Fe compounds with various ratios 
have been developed to optimize the activity [12–15]. However, there 
was no agreement on the optimum Ni to Fe ratio and a minimum of 10% 
and a maximum of 50% Fe seems to be the most effective. The effect of 
Fe is still being debated in the literature, among others, Friebel et al. 
[15] and Ahn et al. [16] showed that Fe is the active site in NiFeOOH 
phase. 

State-of-the-art commercially available alkaline water electrolysers 
are composed of nickel as core and active material at both anode and 
cathode [17]. Ni–Fe-containing alloys, e.g., stainless steel, as cheaper 
alternatives to pure nickel have attracted attention recently as a possible 
OER electrode candidate. In good agreement with the works of Maurice 
et al. [18], several researchers have reported that Ni–Fe-containing al-
loys must undergo an electrochemical pretreatment in order to enrich 
the surface with Ni, and therefore to be reasonably active towards the 
OER [5,19–27]. For example, Moureaux et al. [24,25]. and Schäfer et al. 
[5] used electro-oxidation as a simple and promising method to enrich 
the surface with Ni. They reported improved catalytic activity attributed 
to a mixed metal oxide (MMO) formed on the surface. Researchers re-
ported that substrate material, electrode potential, time and electrolyte 
in an electro-oxidation procedure affect the final surface composition 
[27–30] and hence expected to affect the OER catalytic activity. 

In our previous work, we successfully activated SS316 by electro- 
oxidation in KOH electrolytes of various concentrations (1.0 M–12.5 
M) and found that the surface composition can be tailored with pH [19]. 
The surface composition converged to 73% Ni and 27% Fe with 
increasing pH, also showing the highest OER performance of all acti-
vated samples [19]. 

Most research on electrodes for AWE have been performed using 
nanoparticle catalysts in a 3-electrode system such as a rotating disc 
electrode (RDE) or in a simplified test station employing mild condi-
tions, e.g., lower electrolyte concentrations. However, it is imperative 
for the AWE industry to know how the electrodes perform under “real” 
conditions i.e., using concentrated KOH electrolytes (typically 30–40 wt 
%) at elevated pressures (e.g., 9 bar) and temperatures (e.g., 80 ◦C). 
Schalenbach et al. [31] evaluated polarization curve of a cell with 
thermally sprayed Raney-Ni (39 wt% Ni, 44 wt% Al and 17 wt% Mo) on 
perforated Ni electrodes at 80 ◦C and 1 bar. Colli et al. [32] presented the 
long term performance of a cell with Raney-Ni and untreated SS316 as 
cathode and anode, respectively, at 75 ◦C at 300 mA cm2, with stable 
performance for the duration of 30 days. 

In this work, we have employed an identical ex-situ activation pro-
cedure as in our previous work [19] on various Ni–Fe-containing ma-
terials (SS304, Inconel718 and Incoloy800) to investigate the resulting 
surface compositions and OER activity. In-situ measurements on un-
treated SS316, ex-situ activated SS316 and Ni-electrodes in a 
custom-made alkaline water electrolyser test station were performed to 
investigate whether ex-situ performance can be used as a reliable 
descriptor for true, in-situ performance. Furthermore, the effect of 
operating temperature (up to 80 ◦C) and pressure (up to 9 bar) on the 
overall cell performance was investigated. Long-term in-situ testing at 
0.8 A cm− 2 up to 255 h under “real” operating conditions was performed 
with Ni and ex-situ activated SS316 anodes. Post-mortem analyses after 
the long-term measurements were performed for both anode and cath-
ode using SEM, XPS in addition to ex-situ electrochemical character-
ization. Finally, we investigated the feasibility of in-situ activation of 

SS316 in a two-electrode cell in the alkaline test station. 

2. Experimental 

Ex-situ activation. Plate material that was cut into disc-shaped 
samples (∅ 5 mm), fixed with a conductive wire and molded in epoxy 
to be used as working electrode. Four different stainless-steel samples 
including SS316, SS304, Inconel718 and Incoloy800 are investigated in 
this study. The bulk compositions of the samples are given in Table 1. 
The samples were activated ex-situ in a conventional three-electrode 
electrochemical cell made of Teflon, used for the oxygen evolution re-
action experiments. All ex-situ electrochemical measurements were 
carried out using a Gamry Reference 600™ potentiostat/galvanostat/ 
ZRA. For each pre-treatment, the working electrode (WE) (SS304, 
SS316, Inconel718 and Incoloy 800) was polished with 800, 1200 and 
2200 SiC abrasive papers to a mirror finish and ultrasonically cleaned 
before electrochemical activation. A Hg/HgO, KOH (20%) (Koslow 
Scientific Company) and a silver (Ag) wire, which was wrapped around 
a PEEK rod, were used as reference electrode (RE) and counter electrode 
(CE), respectively. The samples were activated at a constant potential of 
+1.70 V vs. RHE in 7.5 M KOH solution for 18 h, see Ref. [19] for more 
information. The solutions were made by KOH pellets (Merck, >85%, 
product number: 105,033) and MiliQ water (18.2 M Ω). Two sets of 
ex-situ and in-situ electrochemical experiments were performed on the 
activated samples. 

Ex-situ electrochemical investigation. Ex-situ electrochemical in-
vestigations were carried out in a three-electrode electrochemical cell 
without cell separation in accordance with the specification mentioned 
in the previous paragraph. Linear sweep voltammograms (LSV, I vs. E) 
were generated from +1.48 V to +1.68 V vs. RHE at a potential scan rate 
of 5 mV min− 1 (~0.0843 mV s− 1) and polarization curves (E vs. log(j)) 
were plotted to determine the OER activity of the different samples in 
1.0 M KOH solution. LSV was repeated for activated 316 sample on three 
different samples to ensure the reproducibility of the results; for 
example, the current deviation measured at 1.55 V and 1.7 V were 
maximum 20% and 15%, respectively. LSVs in the HER region were 
recorded with a scan rate of 5 mV s− 1 in 1.0 M KOH using a graphite rod 
as counter electrode. 

Electrochemical surface area (ECSA) of the samples were estimated 
based upon measured capacitance. The capacitance values were 
extracted from CV measurements between +0.65 V and +0.75 V vs. RHE 
for scan rates of 20, 50, 100, 200 and 500 mV s− 1, and obtained as the 
slope of the plot of current (at +0.70 V vs. RHE) vs. scan rate [33]. It was 
assumed that no faradaic reactions occur in this potential region. 

In-situ electrochemical investigation: A single cell made of Ni 
parts with parallel flow field channels was used to perform in-situ ana-
lyses. Ni, SS316 and ex-situ activated SS316 mesh electrodes with 25 cm2 

geometric surface area and detailed specification mentioned in Fig. S1 
from Strekkmetall AS were investigated as OER electrode. An electrode 
provided by Permascand AB was used as the cathode in all cell assem-
blies unless otherwise stated. The anode and cathode electrodes were 
placed on each side of a 500 μm thick Zirfon® composite membrane 
used as a separator. A pair of 0.25 mm thick Teflon gaskets were used to 
accommodate for the thickness of the electrode and optimize the contact 
forces between the separator, electrode and flow field. To ensure a 
proper sealing of the cell, both anode and cathode cell housing had an O- 
ring made of EPDM material. The cell was tightened up using 12 bolts by 
applying 20 N m torque on each bolt. Fig. S2 shows different steps in the 
cell assembly procedure. 

The cell was then connected to a custom-built 800 W Greenlight E40 
alkaline water electrolyser, which was filled with 30 wt% KOH (∼ 7.0 M 
KOH). The cell current was set to 5 A (0.2 A cm− 2) and the temperature 
was set to ramp from 25 ◦C to 80 ◦C corresponding to about 3 h. After the 
temperature stabilized at 80 ◦C, each cell was continuing to operate 
overnight (about 12 h) at a constant current of 5 A (0.2 A cm− 2) in 30 wt 
% KOH and 2 bar. This procedure was performed initially for all cells 
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and is referred to as “break-in procedure”. Measurement of the con-
ductivity of the electrolyte is a default feature of the test station and is 
measured simultaneously to all electrochemical tests. 

The electrolyte was circulating with constant flow rate of 350–400 
mL min− 1 through the cell. Polarization curve and electrochemical 
impedance spectroscopy were recorded at different temperatures (50, 
60, 70 and 80 ◦C) and pressures (2, 5, 7 and 9 bar). The polarization 
curve was obtained by applying small current steps within optimized 
time and were programmed to be stopped either at 2.1 V or 25 A (1 A 
cm− 2). The presented polarization curves are an average of forward and 
backward scans. Galvanostatic electrochemical impedance spectroscopy 
(EIS) was recorded from 100 kHz to 0.1 Hz with 5% perturbation of the 
applied current at 1.25 A, 2.5 A, 12.5 A and 18.75 A using a SP-150 
BioLogic potentiostat coupled with a VMP3 booster. The data are 
shown from 9 kHz and lower for better visual representation of EIS data. 

Durability tests were carried out using chronopotentiometry at 
constant current of 20 A (0.8 A cm− 2) at 80 ◦C and 9 bar for up to 255 h. 
Steady state polarization curves and galvanostatic EIS data were recor-
ded within fixed time intervals during durability test. Small parts of the 
electrodes were cut for post-mortem analyses. 

In-situ activation: SS316 as anode and Permascand electrode as 
cathode were activated in-situ by applying a cell current of 44 A (1.76 A 
cm− 2). This current was obtained from polarization curve of the ex-situ 
activated SS316 in 7.5 M KOH, corresponding to a potential of about 
+1.70 V vs. RHE on ex-situ activated SS316 and above +1.70 vs. RHE on 
as-received SS316. The current was applied for 18 h in the alkaline test 
rig employing 30 wt.% KOH at 25 ◦C and 2 bar. A standard break-in 
procedure was performed, and the cell was left to cool down to 25 ◦C 
prior to the described in-situ activation procedure. In-situ electro-
chemical tests after the in-situ activation was performed at 80 ◦C. Prior to 
this, a second break-in procedure (5 A current) was performed as part of 
the default procedure during reheating of the cell from 25 ◦C to 80 ◦C. 

Surface characterization: Surface morphology was studied using 
high resolution FESEM (Zeiss Ultra 55) with a working voltage of 10 kV. 
Images were captured using a secondary electron detector. The FESEM 
was equipped with Energy Dispersive Spectroscopy (EDS) enabling us to 
do elemental analysis. 

Surface composition was collected using Axis Ultra DLD XPS in-
strument (Kratos Analytical, Manchester, UK) with a monochromatic Al 
X-ray source. The X-ray source was emitted at a current of 10 mA and 
with an accelerating voltage of 10 kV. The binding energies were cali-
brated using C1s peak position (284.4 eV) as standard corresponding to 
adventitious carbon. The surface composition was calculated using a 
Shirley background and, Fe3p, Cr2p, Mn3p and Ni2p peaks in CasaXPS 
software. 

3. Results and discussion 

3.1. Ex-situ activation 

Fig. 1 displays LSV curves (a) along with a figure showing the 
extracted potentials at 10 mA cm− 2 and 2 mA cm− 2 (b) for different 
samples in 1.0 M KOH. From the figure, it can be observed that all the 
activated samples are performing better than the non-activated samples, 
e.g., for the Incoloy800, the potential at 10 mA cm− 2 decreased from 
+1.589 V to +1.554 V vs. RHE after activation. The potentials for acti-
vated samples at 10 mA cm− 2 were determined to be +1.5295 V 

(SS316), +1.5282 V (SS304), +1.5590 V (Inconel718) and +1.5543 V 
(Incoloy800). Both the activated SS316 and SS304 exhibited more or 
less same performance and better than the activated Inconel718 and 
Incoloy800 samples. 

The data in Fig. 1 are normalized with respect to the geometric 
surface area and an estimate of the electrochemical surface area (ECSA) 
is necessary to confirm the intrinsic performance of the activated sam-
ples. The measured double layer capacitances before and after activation 
are provided in Table 2 and shows indirectly the change in ECSA during 
activation. The maximum increase observed for all samples was found to 
be 25% for Incoloy800, which is lower than the increase in the catalytic 
activity. This suggests that the improvement in the performance is due to 

Table 1 
Compositions of various alloys used in this study reposted from supplier.  

Alloy Fe Ni Cr Mn Nb + Ta Cu Co Mo Other 

SS316 61–72 10–14 16–18 2 – – – 2–3 Balance 
SS 304 66–70 8–10.5 18–20 2 – – – – Balance 
Incoloy 800 39.5 30–35 19–23 1.5 – 0.75 0.15–0.6 0.15–0.6 Balance 
Inconel 718 22.5 50–55 17–21 0.35 4.75–5.5  1 2.8–3.3 Balance  

Fig. 1. (a) Ex-situ polarization curves at 5 mV min− 1 in 1.0 M KOH and room 
temperature and (b) Corresponding OER overpotential and onset potential 
extracted from (a) at 10 mA cm− 2 and 2 mA cm− 2, respectively. 
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an increase in intrinsic catalytic activity rather than an increase in the 
surface area. 

Table 3 shows XPS data on the surface of untreated and activated 
samples. The XPS data are measured on a range of samples and a root 
mean square deviation of the presented data in Table 3 are given in 
parentheses in front of each element. According to the data base pre-
sented by Shard et el. [34], the detection limit for Ni, Fe and Cr is smaller 
than 1 at.% when each of these elements are considered either as matrix 
or trace element. The surface composition on activated samples consists 
only of Ni and Fe. Here, both activated SS316 and activated SS304 have 
nearly 71–73% of Ni while activated Incoloy800 and Inconel718 con-
tains lower Ni content, i.e., less than 47%. Even though the difference in 
bulk nickel composition of Incoloy800 and Inconel718 is significant 
(30–35 and 50–55 Ni, respectively) they both end up with about the 
same surface composition after activation, and significantly below the 
resulting Ni content for SS304 and SS316 samples. Ni and Fe were 
deconvoluted for activated SS316 as described in our previous work 
[19]. The increased Ni content on SS316 was previously explained in 
terms of the point defect model and was due to dissolution of Cr and Fe 
from the surface oxide into the electrolyte and subsequent enriching of 
the oxide with Ni [19]. A similar argument can be used for SS304, 
possessing a similar composition as SS316. The point-defect model of 
Macdonald [35] can also be used in an attempt to understand the lower 
increase in surface oxide Ni on high Ni-bulk materials. Ni is less readily 
oxidized than Cr and Fe [30] and it can be expected that the metal-oxide 
interface is more rapidly depleted by Cr and Fe as they are oxidized and 
transmitted to the oxide, leaving the metal side of the interface enriched 
with Ni metal. Due to the depletion of Cr and Fe, Ni at the metal-oxide 
interface will be more easily oxidized and transmitted to the oxide. In 
other words, the amount of Ni that will be oxidized and transmitted into 
the oxide depends upon the amount of Fe and Cr in the bulk metal. The 
higher the Ni content and the lower the Cr and Fe content in the metal, 
the less favourable oxidation and lower Ni content in the oxide. Alter-
natively, the amount of Fe that is possible to be incorporated into the Ni 
oxide can be expected to depend upon the amount of Ni in the bulk and 
therefore be different for the various materials used. Fe incorporated in 
the Ni-oxide is expected to be more stable [36]. These could be the 
reasons for the lower Fe content and higher Ni content in the surface 
oxides of SS316 and SS304 in comparison to Incoloy800 and 
Inconel700. 

From these findings, we can conclude that the highest performance 
was obtained for the activated stainless steels with the lowest bulk Ni 
metal content. A low bulk Ni metal content yielded the highest Ni 
content in the surface oxide, which was previously also shown to depend 
upon the chemical environment [19]. 

Pure Ni has lower OER activity than other activated samples despite 

its higher Ni due to promoting effect of Fe on the OER activity of Ni. 
Mixed metal oxide phases of Ni and Fe are proven to have synergistic 
effect towards the OER [13,14,37], where the optimum composition is 
enriched with Ni and depends upon the synthesis method. Qiu et al. [13] 
analyzed the OER activity of NiyFe1− yOx amorphous nanoparticles 
supported on carbon in 1.0 M KOH and suggested that Ni0⋅69Fe0.31Ox/C 
outperforming those with 17, 54 and 75 at. % Fe. The best composition 
reported by Qiu et al. [13] matches the composition on the activated 
SS316 and activated SS304 surfaces in this work. A Ni content higher 
than ≈ 73 at% Ni was not obtained on our samples with the activation 
procedure. 

3.2. In-situ measurements 

Fig. S3(a) shows in-situ single cell polarization curves at 2 bar and 50, 
60, 70 and 80 ◦C, using an activated SS316 as the anode and a com-
mercial electrode (Permascand) as the cathode. As the temperature rises 
the cell voltage decreases, e.g., the cell voltage at 0.75 A cm− 2 drops 
from 2.06 V at 50 ◦C to 1.84 V at 80 ◦C and 2 bar. Galvanostatic EIS on 
the same cell (Fig. S3(b)) reveals that the cell resistance at 0.75 A cm− 2 

decreases from 407 mΩ cm2 to 333 mΩ cm2 as the temperature increases 
from 50 to 80 ◦C, respectively. 

The activated SS316-Permascand cell is performing better, and the 
cell resistance is lower at higher temperatures. The reversible thermo-
dynamic cell voltage at standard condition decreases with increasing 
temperature. This implies that the amount of electrical power required 
to split water, decreases with increasing the cell operating temperature 
[38]. Furthermore, a decrease in the cell resistivity is a result of 
improvement in separator conductivity and ion transport at higher 
temperatures. Therefore, increasing the cell temperature results in 
improving the cell performance due to improvement in electrolyte 
conductivity and reactions kinetics as well as lower thermodynamic cell 
voltage [38–40]. 

Fig. S4(a) represents polarization curves at various operating pres-
sures, from 2 bar to 9 bar, at 80 ◦C on the activated SS316-Permascand 
cell. The cell performance is more or less the same at low current den-
sities independent of the pressure, while the cell performs better at 
higher pressures when the current density is high, i.e., the cell voltage at 
0.75 A cm− 2 is 1.847 V at 2 bar and is higher than the cell voltage of 
1.807 V at 9 bar. Galvanostatic EIS data on the same cell (Fig. S4(b)) 
reveals that the cell resistance at 0.75 A cm− 2 decreases from 330 mΩ 
cm2 to 262 mΩ cm2 as the pressure increases from 2 to 9 bar, 
respectively. 

According to the Nernst equation, an increase in the pressure leads to 
higher thermodynamic reversible cell voltage for water electrolysis [38, 
41–43]. On the contrary, higher pressure would normally remove bub-
bles more efficiently from the electrodes and potentially reduce the 
shielding effect of bubbles that would cause higher cell resistance and 
mass transport constraints, i.e., at 0.75 A cm− 2. Consequently, the cell is 
performing better at higher pressures and at higher current densities as a 
result of faster gas removal and/or less shielding effects. 

The same set of experiments with different temperatures and pres-
sures were performed on the cells with either Ni or SS316 as anode. At 
high current densities the effect of pressure is larger on the cell with 

Table 2 
Double layer capacitances before and after activation.  

Sample Cdl (μF) (before activation) Cdl (μF) (after activation) 

SS316 12.70 10.7 
Incoloy800 4.70 6.40 
Inconel718 4.50 6.90 
SS304 11.50 11.0  

Table 3 
Surface oxide compositions from XPS measurements of the different alloys after and before activation.  

Sample Fe (at. %) (±4%) Ni (at. %) (±4%) Cr (at. %) (±0.5%)

Untreated Activated Untreated Activated Untreated Activated 

Incoloy800 >70.4 55.8 <10 44.2 19.6 0 
Inconel718 > 59 53.2 <5 46.8 36 0 
SS304 >77.5 29.1 <0.5 70.9 22 0 
SS316 87 27.3 – 72.7 13 0 
SS316 [25] – 10 – 82.5 – 7.5 
SS304 [21] – 33 – 67 – 0  
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stainless-steel anodes than on the cell with Ni. This is probably origi-
nating from more effective gas bubble removal on the stainless-steel 
surface at high pressure (see Figs. S5 and S6). Based on this, the best 
condition for cell comparison is 80 ◦C and 9 bar, where the mass 
transport constraints and cell resistance are low. Consequently, all 
measurements from this point are carried out at these conditions. 

Fig. 2(a) shows polarization curves at 80 ◦C and 9 bar for different 
cells with Ni, SS316 and activated SS316 as anode. Cell voltages at 0.75 
A cm− 2 were found to be 1.834 V, 1.914 V and 1.807 V for cells with Ni, 
SS316 and activated SS316, respectively, as anode. iR corrected cell 
voltages are extracted at four different current densities, 0.05, 0.1, 0.5 
and 0.75 A cm− 2, and are shown in Fig. 2(b). The ranking as OER 
electrode is as follows: activated SS316 > Ni > SS316 when not iR- 
correcting and activated SS316 > SS316 > Ni when iR-correcting. 
Overall, activated SS316 is outperforming the Ni and SS316 with Ni 
being the poorest when iR losses are accounted for. The iR loss might 
have originated from the nature of the oxide on the surfaces, contact 
resistances, gas bubbles as well as resistances from the separator and the 
electrolyte. 

It is worth pointing out that the iR-corrected polarization curves with 
SS316-Permascand cell are reproducible, well below the observed dif-
ference between the three anodes (see Fig. S7). 

Ex-situ activated stainless steel outperforms nickel and untreated 
stainless steel, as expected from the ex-situ experiments. However, 

untreated SS316 performs better than pure Ni in-situ but not ex-situ. This 
can be explained by the surface composition and changes made during 
the break-in procedure. The surface of as-received polished SS316 is 
composed of 87% Fe and 13% Cr (Fig. S8(a)). However, XPS data con-
firms that the surface composition of this sample changed to 56% Ni, 
40% Fe and 4% Cr after the break-in procedure (Fig. S8(b)). The break-in 
procedure involves applying a small oxidation current to the electrode in 
a high pH-environment, which we showed previously will increase the 
Ni content and reduce the Cr and Fe contents at the surface. This change 
will improve the OER activity of the SS316 sample and hence is the 
reason why the untreated sample performs better than the pure Ni 
sample, especially when comparing the iR-corrected cell performance. 
On the other hand, the ex-situ activated SS316 has nearly 73% Ni and 
27% Fe on the surface, which improves the OER performance further, 
again in agreement with the ex-situ measurements. 

The cell voltage in alkaline water electrolysis is largely affected by 
the cathode performance. This is illustrated in Fig. S9, which represents 
the effect of substituting a commercial Permascand cathode with a pure 
Ni cathode, obtaining a cell voltage of 1.64 V and 1.91 V at 0.20 A cm− 2, 
respectively. 

Fig. S10 shows the galvanostatic EIS data at 0.1 A cm− 2, 80 ◦C and 9 
bar for cells with SS316 or Ni as anode. The complex impedance plots 
show two suppressed semi-circles related to processes at the electrolyte- 
electrode interfaces. The EIS data are fitted to an equivalent circuit with 
two relaxations, LR1(Q2R2) (Q3R3), (see inset of Fig. S10). The fitted data 
are summarised in Table 4. The high-frequency inductive behaviour is 
regarded as being due to experimental setup and is fitted with an 
inductor in series. The physical interpretation and meaning of this 
inductor are not considered further in this work. R1 corresponds to all 
ohmic losses in the cell originating from the electrolyte, interfacial 
contact resistances, connections, and separator. The Ni-Permascand cell 
has a lower ohmic resistance, which is likely due to contact resistances. 
This was not investigated further. 

Previously measured EIS data show that some of the Nyquist plots on 
electrolysers are composed of one depressed semi-circle [44,45], while 
others consist of two depressed semi-circles [46,47]. In acidic PEM 
systems, Dedigama et al. [44] suggested that only one charge transfer 
resistance belonging to the anode should be assigned in the equivalent 
circuit assuming that the cathode contribution can be neglected due to 
fast kinetics of the HER. On the other hand, in alkaline systems the HER 
is known to contribute significantly to the kinetic response of the system 
as seen in Fig. S9. Similarly, Faid et al. [47] indicated a large change in 
the resistance associated with one of the semi-circles upon changing the 
HER electrode from NiMo to Pt. As suggested by Sorsa et al. [48], there 
might also be other time constants but since their values are close to the 
other two time constants, their characteristics in the EIS data are com-
bined. The parallel combinations of Q2R2 and Q3R3 must therefore ac-
count for all processes occurring at the electrode-electrolyte interfaces 
and are comprised of anode and cathode charge transfer resistances, 
adsorption of intermediates, mass transport resistances and effects of 
porous structures. The overall complexity associated with the system 
and the scattered data at low frequencies make it hard to directly assign 
the equivalent circuit parameters to system properties. Nevertheless, it is 
worth noting that the cell with activated SS316 as anode has the lowest 
R2+R3 value (i.e., iR compensated polarization resistance), which makes 
it a better candidate to be employed as anode in alkaline media. 

3.3. Stability of the electrodes 

Durability tests of Ni and activated SS316 as anodes are shown in 
Figs. 3 and 4, respectively. Fig. 3(a) shows the chronopotentiometry 
performance of the Ni-Permascand cell at constant current of 0.8 A cm− 2 

at 80 ◦C and 9 bar and Fig. 3(b) shows polarization curves measured at 
given times. Overall, the cell voltage increased slightly during the 223-h 
test; however, the polarization curves indicate a negligible change in the 
cell performance over time. Fig. S11 shows the iR corrected data that 

Fig. 2. Steady state polarization curve for different anodes (a) not iR-corrected 
and (b) iR-corrected data at 80 ◦C and 9 bar. 
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confirm the negligible change after 223-h test. The cell voltage increased 
slightly within short time intervals (see e.g. sections indicated with the 
red arrows in Fig. 3(a)), which is correlated to a decrease in the KOH 
conductivity as shown in Fig. 3(a). The anode and cathode electrolyte 
compartment were set to segregated mode during operation, meaning 
that the KOH electrolyte of the anode and cathode loops are not 
continuously recombined yielding a drop in KOH conductivity and an 
increase in the cell voltage over time. Balancing of the KOH levels in the 
anode and cathode compartments was performed regularly, allowing for 
recombination of KOH (e.g. black arrow in Fig. 3(a)). These recombi-
nation processes are often accompanied with an increase in the KOH 
conductivity and a decrease in the cell voltage and is seen as sudden 
jumps in the long-term test. KOH recombination was also performed 
before each polarization measurement and after unplanned shutdowns. 
The breaks in long term durability correspond to either an emergency 
stop of the test station or a measurement of the polarization curve. 

Fig. 4 shows the durability performance of the activated SS316- 
Permescand cell. The cell voltage decreased slightly over the 255-h 

operation at a constant current of 0.8 A cm− 2 at 80 ◦C and 9 bar. The 
polarization curves at selected times (Fig. 4(b)) show a similar 
improvement in the cell voltage. Here, we observe again that the cell 
voltage decreased after each KOH balancing, shutdown and before po-
larization measurement as a result of an increase in KOH conductivity 
and lower cell resistance. These data again confirm that the cell with 
activated stainless steel 316 is performing better than the cell with Ni. 

The improvements seen in the polarization curves are not related to a 
change in the cell resistance itself because the cell resistance reverts to 
the same value after rebalancing, which is done prior to all polarization 
curves. This finding is in good agreement with the constant cell resis-
tance extracted from the EIS measurements performed for each polari-
zation curve. For example, a cell resistance of 0.2 Ω cm2 was observed 
for all EIS at 0.1 A cm− 2 at the given time intervals, see Fig. S12. Fig. S13 
shows the iR-corrected data that confirm the overall cell performance 
improvement. The cell with activated SS316 is as stable as the cell with 
Ni and its performance even improves further with time. 

Fig. 5 shows the ex-situ polarization curve of the activated SS316 in 

Table 4 
Elements in equivalent circuit model fitted to the Nyquist plot in Fig. S10.  

Samples L1 R1 (Ω cm2) R2 (Ω cm2) Q2 (F sa− 1) a2 R3 (Ω cm2) Q3 (F sa− 1) a3 

Ni 5.3E-8 0.202 0.183 0.148 0.99 0.283 9.25 0.69 
Untreated SS316 5.0E-8 0.253 0.168 0.31 1 0.273 11.64 0.72 
Activated SS316 4E-8 0.254 0.15 0.756 1 0.232 11.1 0.8  

Fig. 3. (a) Chronopotentiometry at constant current of 0.8 A cm− 2 at 80 ◦C and 9 bar for cell with Ni as anode, (b) steady state polarization curve recorded at 
different time intervals during the durability test, not-iR corrected. 
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1.0 M KOH before and after the durability test. There is a noticeable 
decrease in electrode potential for the electrode before and after the 
255-h in-situ durability test, decreasing from 1.546 V to 1.520 V at 10 
mA, respectively. These data indicate that the performance of activated 
SS316 as anode was improved further over time during the durability 

test. 
Fig. 6 shows the SEM images of the activated SS316 (a) before and 

(b) after the 255-h durability test in 30 wt% KOH at 0.8 A cm− 2, 80 ◦C 
and 9 bar. It is obvious that the morphology of the anode changed during 
the durability test, with a much more roughened electrode surface after 
the test (Fig. 6(b)). Such a roughening is most likely to be due to a 
dissolution and redeposition process from dissolved metal ions due to 
the lowering of the local pH at the surface during OER. A lower pH at the 
surface will shift the equilibria from ions in the electrolyte to deposition 
of hydroxides on the surface (see e.g., Ni stability in electrolyte in 
Ref. [49]). This will also occur on inherently stable electrodes during 
OER if the electrolyte contains dissolved metal ions that can deposit if 
the pH is lowered. A similar morphology (Fig. 6(b)) was also observed by 
Shihui Zou et al. [50], when they electrodeposited Fe(oxy)hydroxide on 
Au or Pt cathodes. 

XPS data of the activated SS316 surface before (Table 2) and after the 
durability test (Fig. S14) show a decrease in the Ni content from 72.7% 
to 38.5% and an increase in the Fe and Cr contents from 27.3 to 49.5% 
and 0–12%, respectively. Considering our previous findings, a lower Ni 
content would yield a lower OER performance, however, this can be 
expected to be somewhat compensated due to the presence of Cr on the 
surface [19]. Furthermore, the observed increased coarsening would 
yield a higher surface area and hence higher OER currents. This could 
explain the improved performance after the durability test, despite the 
less optimum surface composition. At higher current densities, the 
performance is declining in comparison to the activated sample before 
durability test (Fig. 5). We may assign this observation to the trapping of 

Fig. 4. (a) Chronopotentiometry at constant current of 0.8 A cm− 2 at 80 ◦C and 9 bar for cell with activated SS316 as anode, (b) steady state polarization curve 
recorded at different time intervals during the durability test, not-IR corrected. 

Fig. 5. Ex-situ polarization curves of ex-situ activated SS316 in 1 M KOH before 
and after 255 h at constant current of 0.8 A cm− 2, 80 ◦C and 9 bar in 30 wt 
% KOH. 
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gas bubbles in the porous structure, lowering the available surface area. 
Fig. 7 shows the ex-situ polarization curves of the Permascand elec-

trode, which was used as cathode within the same cell, before and after 
durability test. The HER activity of the Permascand electrode was 
significantly improved after the 255-h durability test. Again, this can be 
explained in terms of an increased surface area, which is seen from the 
SEM images in Fig. 8, showing the Permascand cathode (a) before and 
(b) after the durability test. EDS analysis of the electrode indicates that 
the surface composition changed significantly during the long-term in- 
situ measurement due to deposition of Cu, Cr and Fe impurities from the 
electrolyte (Fig. S15). Finally, both the anode and cathode performance 
increased after the 255-h durability test due to the increased surface 
areas, which resulted in an overall improved cell performance. 

3.4. In-situ activation 

As seen earlier, the break-in procedure improved the cell perfor-
mance noticeably by changing the surface composition of the as- 
received SS316 anode. However, the break-in procedure involves a 
much lower current density (0.20 A cm− 2 geometric) than the current 
density necessary to achieve the most active surface composition of 
SS316. This was discussed in more detail in our previous work where an 
activation potential of about +1.70 V vs. RHE was required to yield a 
surface of 73% Ni and 27% Fe in 7.5 M KOH [19]. Here, we are assessing 
the possibility of omitting such an ex-situ activation step by activating 
the anode in-situ, hence applying a geometric current density of 1.80 A 
cm− 2 (equivalent to potential of higher than +1.70 V vs. RHE on the 
as-received SS316) for 18 h as part of a modified break-in and activation 
procedure. 

Fig. S16 shows polarization curves of a SS316 anode - Permascand 
cathode cell before and after in-situ activation. The milder break-in 
procedure was carried out prior to the polarization curve in both 
cases. The overall cell performance is almost the same before and after 
the in-situ activation procedure and an increased current density does 
not seem to provide a more active anode. 

Ex-situ polarization curves of SS316 mesh anodes as-received and 
after in-situ activation, and Permascand cathode show a significant in-
crease in the performance towards both the OER and the HER, respec-
tively, after in-situ activation (see Fig. S17 (a) and (b)). However, it is not 
straightforward to relate the individual electrode improvements to the 
performance of the SS316-Permascand cell after the break-in procedure 
and after the in-situ activation. 

Fig. S18 shows a SEM image of SS316 after in-situ activation, with 
small surface features appearing after the activation. These surface 
features are similar to those observed after ex-situ activation (Fig. 6(a)). 
XPS data of the SS316 anode after the in-situ activation revealed that the 
surface composition was 55.20% Ni, 27.20% Fe, 2% Cr and 15.60% Mn 
(Fig. S19). The amount of Ni obtained after in-situ activation is the same 
as amount of Ni after break-in procedure and the only difference 
observed is the presence of Mn in the surface oxide after in-situ activa-
tion. Mn was not observed in the surface oxide after ex-situ activation 
(Table 2). The in-situ activation was current controlled and a higher 
anode potential than +1.70 V vs. RHE (higher than the potential used for 
the break-in procedure and ex-situ activation) might lead to the presence 
of Mn in the surface oxide. On the other hand, a very low (negative) 
cathode potential could lead to the deposition of metal impurities at the 
cathode. 

Fig. S20 shows a SEM image of the Permascand electrode after the in- 
situ activation. It was concluded from EDS analyses that a significant 
deposition of metal impurities, primarily consisting of Fe, Cr and Cu, 
occurred. The uneven, dendritic structure suggests that the deposition is 
diffusion limited and depends upon the concentration of metal ions in 
the electrolyte. 

Overall, both the anode and cathode electrodes performance 
improved after in-situ activation compared to the as-received electrodes 
due to more optimized surface compositions and/or roughening of the 
electrodes, yielding an increase in the surface area. However, the 
improvement or deterioration of the anode and cathode performances 
after the break-in procedure and after in-situ activation, nullifying each 
other, led to a same overall cell performance. 

4. Conclusions 

The OER activity of Ni containing alloys is dependent upon the 
surface composition. Surface compositions of Incoloy800, Inconel718, 
SS316 and SS304 can be altered ex-situ electrochemically at a constant 
potential of +1.70 V vs. RHE in 7.5 M KOH for 18 h. In this way, it is 
possible to activate the electrode and achieve a better OER activity. XPS 
revealed that none of the ex-situ activated samples contained Cr on the 
surface. Better OER activities were related to the enrichment of Ni on the 

Fig. 6. SEM morphology image of ex-situ activated SS316 (a) before and (b) after 255 h at constant current of 0.8 A cm− 2, 80 ◦C and 9 bar in 30 wt% KOH.  

Fig. 7. Polarization curve in 1.0 M KOH with a scan rate of 5 mV s− 1 using a 
before and after 255 h in-situ operation at 0.8 A cm− 2, 80 ◦ C and 9 bar in 30 wt 
% KOH. 
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activated surfaces. Activated SS316 and activated SS304 had a higher 
amount of Ni, i.e., around 73% Ni, and lower OER overpotential 
compared to the activated Incoloy800 and activated Inconel718 with 
around 45% Ni. In-situ analyses in a two-electrode cell revealed that 
activated SS316 as anode outperformed the Ni or as-received SS316, for 
example, the cell voltage of 1.826 V was obtained at 0.8 A cm− 2 for the 
cell with activated SS316 as anode compared to a cell voltage of 1.852 V 
for the cell with Ni as anode. Durability measurements showed that the 
activated SS316 performance improved over 255 h at 80 ◦C and 9 bar. 
This improvement was attributed to an increased surface area of both 
anode and cathode. 

An in-situ activation procedure was effective to activate the as- 
received SS316 for OER. 
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