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H I G H L I G H T S

• Ni foam (NF), CoOx/NF and Inconel/NF electrodes are assessed as anodes for HTP-AE.
• Increasing operating temperature reduces the overpotential of the anode.
• Low current densities (10–100 mA/cm2) are inadequate to assess electrode stability.
• The CoOx/NF electrode showed remarkable activity and stability at 150 ◦C, 45 bar.

A R T I C L E  I N F O

Keywords:
Alkaline electrolysis
Cobalt oxide
High temperature and pressure 
electrochemistry
Inconel
Oxygen evolution reaction

A B S T R A C T

CoOx-coated Ni foam (CoOx/NF) electrodes are evaluated as anodes for high temperature and pressure (HTP) 
alkaline electrolysis. The electrodes are tested for the oxygen evolution reaction (OER) from room temperature to 
150 ◦C at 45 bar pressure in 45 wt% KOH and compared with commercially available pristine NF and Inconel- 
coated NF (Inconel/NF) electrodes. Although the Inconel/NF electrode shows the best performance at 25 ◦C and 
45 bar pressure, the performance of CoOx/NF and Inconel/NF become comparable upon raising the operating 
temperature to 150 ◦C. During a long-term (108 h) stability test at 150 ◦C and 45 bar pressure, the CoOx/NF 
electrode maintained stable performance, requiring an overpotential of 185 mV at 500 mA cm− 2. In contrast, the 
Inconel/NF electrode experienced an increase in overpotential from 182 mV to 208 mV after 84 h of operation 
under identical conditions. The structural and chemical changes in these electrodes were investigated using post- 
mortem scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS), comparing their 
evolution to that of the fresh electrodes.

1. Introduction

Electrolytic hydrogen production plays a crucial role in moving to
wards sustainable energy systems, as it allows for the creation of eco- 
friendly chemicals and fuels using renewable electricity sources. 
Among the primary electrolysis technologies, alkaline electrolysis (AE) 
stands out as the most suitable for the needed hundreds of gigawatts of 
capacity. This is due to its reliance on low-cost, abundant materials and 
its proven track record of scalability [1–4]. However, AE has limitations 
in terms of efficiency and productivity. Enhancing operating tempera
ture and pressure can help mitigate these shortcomings [5–8]. For 

instance, an AE cell operating at 200 ◦C and 20 bar achieved a record 
high current density of 3.75 A cm− 2 at 1.75 V, corresponding to an 85 % 
electrical efficiency [9]. This represents roughly a tenfold increase in 
productivity compared to state-of-the-art AE cells functioning at 
80–100 ◦C. To develop these innovative concepts into practical tech
nological devices, further research into electrode materials and designs 
is essential, as electrodes are critical in determining the overall perfor
mance of electrochemical systems [10–13]. Developing electrodes that 
maintain high performance and stability in the corrosive alkaline envi
ronment at HTP is particularly challenging, especially for the 
O2-evolving anode.

* Corresponding author.
** Corresponding author.

E-mail addresses: pmale@dtu.dk, pradeepleuaa@gmail.com (P. Leuaa). 

Contents lists available at ScienceDirect

Journal of Power Sources

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

https://doi.org/10.1016/j.jpowsour.2024.235625
Received 4 July 2024; Received in revised form 9 October 2024; Accepted 14 October 2024  

Journal of Power Sources 625 (2025) 235625 

Available online 25 October 2024 
0378-7753/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:pmale@dtu.dk
mailto:pradeepleuaa@gmail.com
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2024.235625
https://doi.org/10.1016/j.jpowsour.2024.235625
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2024.235625&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Catalyst and electrode stability are often neglected or insufficiently 
investigated, with most of the reported electrodes only tested under 
ambient temperature and pressure in dilute electrolyte solutions (0.1–1 
M KOH), far from the typical operating conditions of industrial AE; 
70–90 ◦C, 25–35 wt% KOH, 1–30 bar. These harsh conditions can cause 
structural changes and degradation in the electrodes. The electrode 
degradation is mostly due to catalyst agglomeration, modification, 
dissolution, and/or detachment from the substrate [14]. Modification 
and dissolution depend on the stability of the catalyst material under 
operating conditions, and the possible formation of protective passiv
ation layers. To prevent agglomeration and detachment, it is crucial to 
ensure a stable connection between the support and the catalyst.

Nickel is commonly employed as an electrode support material in 
conventional AE due to its corrosion resistance in alkaline environ
ments. Additionally, nickel oxyhydroxide exhibits strong electro
chemical performance for the OER, which significantly enhances upon 
incorporation of iron [15–17]. Earlier work by Schmitz et al. on highly 
porous nickel anodes showed slow degradation over 7200 h at 100 ◦C 
when operated in a dynamic mode, reverting between 10 h at 400 mA 
cm− 2 and 14 h at open circuit potential [18,19]. Prigent et al. reported 
that Ni electrodes are unstable at temperatures above 160 ◦C due to 
excessive oxidation [20,21]. Currently, NiFe-based oxyhydroxides are 
the most active electrocatalysts reported for the OER in alkaline media 
up to 80 ◦C. However, at elevated temperatures, Fe tends to leach out 
from the NiFe catalyst [22] which may challenge the implementation of 
NiFe-based catalysts at HTP and even conventional technological AE 
conditions. Other than NiFe, CoOx-deposited Ni electrodes are 
well-known stable OER catalysts [23–26]. Cobalt is known to form 
stable oxides, such as CoO and Co3O4 [27,28], which are resistant to 
further oxidation and dissolution. These oxides adhere well to the Co 
surface, forming a protective layer that prevents degradation of the 
underlying material. Moreover, the Pourbaix diagrams of cobalt and 
iron in alkaline media shows that cobalt has a broader region of stability 
for its oxides, particularly Co3O4, at higher pH values [29]. This stability 
region prevents cobalt from dissolving or undergoing rapid oxidation 
under typical alkaline conditions. Wendt et al. tested four different types 
of anodes, such as bare Ni and La0.5Sr0.5CoO3-, NiCo2O4- and Co3O4-
coated perforated Ni plates in the temperature range of 50–130 ◦C. The 
La0.5Sr0.5CoO3 perovskite-coated Ni electrode exhibited good activity, 
but after 200 h of operation at 1 A cm− 2 and 90 ◦C, Sr was completely 
leached out [30,31]. Co3O4 spinel-coated Ni electrodes exhibited the 
highest activity, requiring an overpotential of 290 mV at 1 A cm− 2 when 
operated at 90 ◦C. However, they observed fast degradation for all 
Co-activated anodes for overpotentials exceeding 270 mV [30,31], 
leaving open the question of the CoOx catalyst stability at lower over
potentials in HTP conditions.

Moreover, Wendt et al. reported the effect of the pore size of the Ni 
substrate on the performance and concluded that small pore sizes tend to 
trap oxygen bubbles and lead to increased cell voltage [31]. In our 
recent study, involving six distinct types of Ni substrates spanning from 
2D Ni mesh and perforated plates to 3D Ni foams of different pore sizes, 
we demonstrated that 3D Ni foams with large pores combine increased 
surface area with efficient gas release [13]. Consequently, we opted for 
NF substrates in the present work and report the preparation of CoOx-
coated Ni foam (CoOx/NF) electrodes and investigated their electro
chemical performance and stability for the OER at HTP-AE conditions.

For comparison, commercially available Inconel-coated NF elec
trodes were also tested at HTP conditions, anticipating the in-situ for
mation of NiFe-based oxyhydroxide at the surface of the starting nickel- 
chromium-based superalloy that also contains approx. 5 % iron, in line 
with previous corrosion engineering attempts [32,33]. This approach is 
very promising in terms of reducing electrode cost while boosting per
formance. Continuous corrosion of the starting Inconel alloy is never
theless a concern when applying the corrosion engineering approach. 
Inconel alloy comprises approximately 22 % Cr and 10 % Mo, both of 
which may remain to some extent in the developing NiFe-based 

oxyhydroxide and oxides, influencing the electrochemical activity for 
the OER. Doping Mo into transition metal oxides modifies the electronic 
structure and associated density of states, which enhances the binding 
energy of oxygen intermediates and reduces the OER overpotential [34,
35]. Mo-doped Nickel-Iron Oxides (NiFeMoOₓ) are extensively studied 
electrocatalysts for OER [36,37]. Similarly, Chromium (Cr) is frequently 
used as a dopant in transition metal oxides [38–41] and reported to 
generate defects or oxygen vacancies which can serve as catalytic active 
sites. Rosalbino et al. investigated the electrocatalytic activity of a 
crystalline (Ni-Co-Cr)-based alloy for the OER and reported that Cr ex
hibits a higher enthalpy of OH* adsorption for the OER compared with 
Ni which enhances the catalytic activity of the electrode towards the 
OER [42,43]. Given the extensive research on Ni, Fe, Cr and Mo-based 
catalysts for OER, a long-term stability study was also undertaken for 
the Inconel/NF electrodes at HTP conditions.

2. Experimental

2.1. Materials

KOH (ACS reagent., >85 % KOH basis, pellets, Fluka) was obtained 
from Sigma Aldrich. Nickel foam (NF) and Inconel-coated NF electrodes 
were procured from Alantum Corporation. Co3O4 nanopowder (99 %, 
Metals Basis) with a mean particle size of 50–80 nm was procured from 
Alfa Aesar.

2.2. CoOx/NF electrode preparation

A slurry was prepared by mixing cobalt oxide and binders in a ratio 
of 20:80 wt% (Co3O4: binder) and roll-mill the mixture at a speed of 
45–60 rpm for 24 h. The binder contained 12 wt% Poly
vinylpolypyrrolidone (PVP) K15, 6 wt% PVP K90, and 82 wt% ethanol. 
Cylindrical balls with a diameter of 9.6 mm were used for roll-milling, 
and the balls-to-powder weight ratio was 10. For the coating step, the 
NF was compressed mechanically by a hydraulic press to the thickness of 
450 μm. For cleaning the substrate, the NF was sonicated in 5.0 M HCl 
solution and subsequently in ethanol for 15 min, and then it was washed 
thoroughly with deionized water. The NFs (4 × 4 cm2) were dip-coated 
with the Co3O4 slurry at the dipping and withdrawal speed of 0.1 cm/s. 
Afterwards, the substrates were hung for drying overnight under 
ambient conditions. Then, the samples were sintered at 500 ◦C for 1 h in 
the oxidizing-reducing atmosphere with a heating and cooling ramp rate 
of 30 ◦C/h. During the initial heating procedure, the air was utilized to 
burn out the organic component, switching to N2 and then 5 vol% H2/N2 
at the target temperature for reductive sintering.

2.3. Electrochemical characterization

All electrochemical measurements were performed in 45 wt% KOH 
solution prepared from KOH pellets and 18.2 MΩ cm2 (Milli-DI®) water. 
The KOH solution was pre-electrolyzed with nickel electrodes at 2.0 V 
for 24 h before being used to suppress impurities. All electrochemical 
testing was conducted using a SP− 300 potentiostat from BioLogic Sci
ence Instruments (Seyssinet-Pariset, France). A Parr autoclave Type 
4760, featuring a 600 ml volume and a PTFE (Polytetrafluoroethylene) 
liner, was utilized for the HTP electrochemical measurements. The 
autoclave included additional gas handling components and wire 
throughputs, and it was pressurized using N2. A more detailed descrip
tion can be found in a prior publication [44]. A custom-made PEEK cell 
was used with a previously developed ceramic separator (see Fig. S1 in 
the supplementary information (SI)) [7]. The as-prepared CoOx/NF 
electrode (2.5 × 2.5 cm2) was used as a working electrode, and to avoid 
contamination from the cathode, pristine NF was used as a counter 
electrode, whereas an in-house made reversible hydrogen electrode 
(RHE) was used as a reference electrode. The details of the preparation 
method for the stable RHE in HTP conditions are described in our 
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previous work [45]. All the polarization curves were recorded stepwise 
at selected current densities and at each step, the current was held for 60 
s whereas the potential was measured as an average of the last 30 s. The 
galvanostatic electrochemical impedance spectra (GEIS) were recorded 
in the frequency range of 10 KHz to 100 mHz with an ac amplitude of 5 
% of the applied DC current. The impedance spectra were fitted using 
the CNLS method with “ZSimpWin” software from Solartron and the 
solution resistance (Rs) obtained from the GEIS recorded at 10 mA cm− 2 

was used for iR-correction.

2.4. Microstructural and chemical characterization

The microstructure of the pristine and tested NF, CoOx/NF, and 
Inconel/NF electrodes was studied with a field emission scanning elec
tron microscope (FE-SEM, Zeiss-Merlin), and the near-surface chemical 
composition was investigated by X-ray photoelectron spectroscopy 
(Escalab 250 Xi-XPS). X-ray diffraction (XRD) spectra were obtained 
with an Aeris powder diffractometer (Cu Kα radiation, λ = 1.5406 Å).

3. Results and discussion

3.1. Physical-chemical evaluation

XRD patterns of pristine NF, as prepared CoOx/NF, and electro
chemically conditioned CoOx/NF electrode are shown in Fig. 1. The 
pristine NF electrode shows three major peaks at approximately 44.5, 
51.9, and 76.4◦ (2θ), corresponding to the metallic Nickel phase [46]. 
The as-prepared CoOx/NF electrode reduced sintered at 500 ◦C in 5 vol% 
H2/N2, shows a similar XRD pattern (Fig. 1(b)) due to the formation of a 
metallic Co phase [47]. Since metallic Co and Ni have similar peak 
positions in XRD, distinguishing between them becomes challenging. 
The as-prepared CoOx/NF electrode is labeled as Co/NF from hereon to 
indicate that the initial phase of the coating on the reduced sintered 

electrode is metallic Co. Further, the Co/NF electrode was conditioned 
electrochemically (detailed procedure in SI) and the XRD pattern of this 
conditioned electrode shows additional weak peaks corresponding to 
the Co3O4 and CoO phases (see Fig. 1(c)) [46,47]. Therefore, the elec
trochemically conditioned electrodes are labeled as CoOx/NF 
throughout the manuscript.

The morphology of pristine NF, as prepared Co/NF, and Inconel/NF 
electrodes was investigated by SEM (Fig. 2). The pristine NF is highly 
porous (>92 %) with an estimated pore size in the range of 180 ± 50 μm. 
At low magnification, the surface of pristine NF appears smooth, 
whereas the as-prepared Co/NF sample displays an uneven catalyst 
coating (Fig. 2(b)), with higher accumulation in the concave parts of the 
foam structures. In the high-magnification SEM images, the Co coating 
appears porous, exhibiting a distribution of macropores. During the 
electrochemical conditioning, the phase transition from metallic Co to 
CoOx significantly modifies the structure, causing the macropore-like 
structure to reorganize into a flake-like structure, as shown in Fig. 2
(c). The Inconel/NF samples exhibit a layer of well-connected particu
late Inconel covering the surface of the NF (Fig. 2(d)).

3.2. Electrochemical performance at room temperature

For the electrochemical testing, electrodes were placed in the elec
trochemical cell (see Fig. S1) filled with 45 wt% KOH and conditioned 
by keeping them at 10 mA cm− 2 for at least 1 h or until a stable potential 
was observed (see the corresponding chronopotentiometry graph in SI). 
Once the electrodes were conditioned, the electrochemical cell was 
placed in the autoclave, and the pressure was increased to 45 bar. The 
CV response of NF, CoOx/NF, and Inconel/NF electrodes at 25 ◦C and 45 
bar is shown in Fig. 3(a). The CV of the pristine NF electrode shows a 
prominent oxidation peak at ~1.45 V and a corresponding reduction 
peak at ~1.2 V, which are attributed to the conversion between Ni(OH)2 
and NiOOH [16]. The Ni(OH)2 oxidation peak appeared suppressed in 
CoOx/NF, and two distinct oxidation peaks were observed. The first peak 
at ~1.05 V corresponds to Co3O4 oxidation to CoOOH, whereas the 
second peak at ~1.3 V corresponds to further oxidation to CoO2 ac
cording to the following reactions [48,49]: 

Co3O4 + OHˉ + H2O → 3CoOOH + eˉ                                            (1)

CoOOH + OHˉ → CoO2 +H2O + eˉ                                                 (2)

The OER overpotential of the NF electrode is ~445 mV at 10 mA 
cm− 2, whereas for the CoOx/NF electrode, it reduces to ~258 mV. For 
the Inconel/NF electrode, the Ni oxidation peak is pronounced and ap
pears to be merged with the OER, which is shifted to lower potentials 
compared to the pristine NF. The Inconel/NF electrode requires an OER 
overpotential of ~209 mV at 10 mA cm− 2, showing better performance 
than CoOx/NF. The steady-state response of these electrodes is 
compared in Fig. 3(b), with both CoOx/NF and Inconel/NF showing 
much better performance compared to the pristine NF.

3.3. Effect of temperature

The electrode performance was then determined while increasing 
the temperature from 25 to 150 ◦C in steps of 25 ◦C. Fig. 4(a) shows the 
GEIS of CoOx/NF recorded at 10 mA cm− 2 at each temperature step. The 
impedance spectra were fitted with the Randles equivalent circuit as 
shown in the inset of Fig. 4(a), where Rs is the solution resistance, Rct is 
the charge-transfer resistance, and C is the associated capacitance. The 
Rs and Rct values with temperature are shown in Fig. 4(b). The Rs de
creases with increasing temperature due to the thermally activated 
electrolyte conductivity [7]. The Rct also decreases with increasing 
temperature, indicating increased OER reaction kinetics. A similar trend 
is observed in the impedance spectra of the NF and Inconel/NF elec
trodes (see Fig. S3 in SI).

Activation energies were obtained from Arrhenius plots, as shown in 
Figure 1. XRD patterns of (a) pristine NF, (b) as prepared Co/NF, and (c) 
electrochemically conditioned CoOx/NF electrode.
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Fig. 4(c). The Inconel/NF electrode shows the least activation energy of 
0.0154 eV, whereas NF and CoOx/NF electrodes show 0.067 and 0.039 
eV, respectively. Fig. 4(e) shows the steady-state polarization curves of 
the CoOx/NF electrode with the increase in temperature. The perfor
mance of the electrode shows a very pronounced thermal activation with 
the electrode overpotential at 500 mA cm− 2 decreasing from 0.394 V at 
25 ◦C to 0.186 V at 150 ◦C, corresponding to a decrease of 1.66 mV/K. 
The electrode overpotential was derived from the measured electrode 
potential versus RHET/P after adjusting for the change in the Gibbs free 
energy for water splitting with temperature and pressure [45,50] as 
described in the SI. In line with the determined activation energies, more 
pronounced thermal activation was observed for the pristine NF, its 
overpotential at 500 mA cm− 2 decreasing from 0.719 V at 25 ◦C to 

0.295 V at 150 ◦C, corresponding to a decrease of 3.39 mV/K (Fig. 4(d)). 
The Inconel/NF electrode, on the other hand, showed the smallest 
thermal activation, its overpotential at 500 mA cm− 2 decreasing from 
0.299 V at 25 ◦C to 0.181 V at 150 ◦C, corresponding to a decrease of 
0.94 mV/K (Fig. 4(f)). An inverse correlation was observed between 
performance and thermal activation, with CoOx/NF and Inconel/NF 
yielding similar performance at 150 ◦C and even bare NF requiring only 
~110 mV higher overpotential at 500 mA cm− 2 at 150 ◦C.

The Tafel slope was estimated in two different current density re
gions of the steady-state iV curves recorded on all three electrodes with 
an increase in temperature and summarized in Table S2 in SI. In the low 
current density region (10–100 mA cm− 2), the Inconel/NF sample shows 
the lowest Tafel slope of 44 mV.dec− 1 at 25 ◦C, which increases 

Fig. 2. SEM images of (a) pristine NF, (b) as prepared Co/NF (c) electrochemically conditioned CoOx/NF and (d) Inconel/NF electrodes at various magnifications.
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marginally to 51 mV.dec− 1 at 150 ◦C. Conversely, for the CoOx/NF 
sample, the Tafel slope decreased from 74 mV.dec− 1 to 59 mV.dec− 1 

with the increase in temperature from 25 ◦C to 150 ◦C. These relatively 
small Tafel slope values are typical for good catalysts and reflect a 
varying concentration of reaction intermediates with overpotential. For 
the pristine NF sample, a prominent effect of temperature was observed, 
reducing the Tafel slope from 172 mV.dec− 1 at 25 ◦C to 78 mV.dec− 1 at 
150 ◦C. In the high current density region (200–500 mA cm− 2), the Tafel 
slope increased with temperature for all three electrodes, and at 150 ◦C, 
it was found to be quite similar for CoOx/NF (124 mV.dec− 1) and 
Inconel/NF (121 mV.dec− 1) samples. The increase in Tafel slope at 
higher current density region reflects the combined effect of a gradual 
stabilization of reaction intermediate concentrations, as well as mass 
transport contributions that can be significant when testing in a zero-gap 
configuration without imposed electrolyte flow.

3.4. Stability test at 150 ◦C and 45 bar pressure

The long-term stability of the electrodes at 150 ◦C and 45 bar was 
evaluated in two stages, starting with a mild operating profile, sub
jecting them to a current density of 10 mA cm− 2 for 24 h, as shown in 
Fig. 5(a). Throughout this period, GEIS was conducted at 4-h intervals. 
All three electrodes showed a stable overpotential over the 24-h dura
tion at 10 mA cm− 2. Moreover, the Rct obtained from the EC fitting of the 
impedance data was observed to be stable for all three electrodes. To 
further probe their stability under more aggressive conditions, chro
nopotentiometry (CP) measurements were conducted at elevated and 
varying current densities, sequentially cycling the current density from 
10 mA cm− 2 for 90 min to 100 mA cm− 2 for 20 min, then 250 mA cm− 2 

for 10 min, and finally 500 mA cm− 2 for 5 min. These CP cycles were 
repeated on the NF electrode for more than 72 h, as shown in Fig. 5(b). 
The pristine NF electrode appears to maintain stable overpotential even 
after prolonged operation at high current densities. At 10 mA cm− 2, the 
electrode potential fluctuates within ±1 mV, which gradually increases 
with increasing current density, reaching ±5 mV at 500 mA cm− 2. This 
is likely associated with the dynamic nucleation-growth/coalescence- 
release of bubbles from the electrode surface. The stability of the 
CoOx/NF and Inconel/NF electrodes were tested similarly, as shown in 
Fig. 5(c) and (d), respectively. The CoOx/NF electrode appears to 
maintain a stable overpotential for more than 108 h of operation at high 
current densities. The Inconel/NF electrode exhibited relatively stable 
performance during the initial 24 h (10 cycles). However, a gradual 
degradation was observed after that, resulting in an overpotential in
crease of ~26 mV at 500 mA cm⁻2 after 84 h of continuous cycling. 
These findings suggest that commonly employed low current densities, 
10–100 mA cm⁻2, and low operating temperatures are insufficient for 
assessing electrode stability.

During these CP cycling measurements, GEIS were systematically 
recorded at each CP step. Fig. 5(e) and (f) present the EIS recorded 
initially and after the final CP cycle at 500 mA cm⁻2 for the CoOx/NF and 
Inconel/NF electrodes, respectively. Notably, the impedance spectra for 
the CoOx/NF electrode overlap even after 108 h of CP cycling. In 
contrast, the Inconel/NF electrode manifests an increased semi-circle 
diameter, indicating elevated charge-transfer resistance. The EIS 
spectra recorded at every 12 h of CP cycling were fitted with EC, and the 
corresponding Rct are shown in Fig. 5(g). For the NF and CoOx/NF 
electrode, the Rct was found to remain constant throughout the CP 
cycling test. Conversely, for the Inconel/NF electrode, the Rct showed a 
steady increase after 24 h, aligning with the observed overpotential 
increase. By the end of each test, the KOH volume decreased from an 
initial 30 mL to 25 mL. Despite the rise in KOH concentration from 11.6 
M to approximately 14.0 M, the Rs remained stable throughout the 
entire test period for all three samples (see Fig. S4 in SI).

3.5. Post-mortem analysis of electrodes

At the end of the long-term stability test, the autoclave was cooled 
down to 25 ◦C while maintaining 45 bar pressure inside. At these con
ditions, the i-V curves of the electrodes were recorded to compare with 
their initial performance at 25 ◦C and 45 bar, as shown in Fig. S5 in SI. 
The NF electrode showed significant improvement in performance at the 
end of the test at 25 ◦C and 45 bar. Similarly, the CoOx/NF electrode 
showed a marginal improvement, likely due to the increased surface 
area following the electrochemical test at HTP. In contrast, the Inconel/ 
NF electrode showed a slightly degraded performance, consistent with 
the degradation observed during the long-term electrochemical test 
under HTP conditions.

The microstructural changes of all electrodes after electrochemical 
testing were examined using SEM, as illustrated in Fig. 6. The pristine NF 
electrode appears roughened after electrochemical testing, with the 
development of a porous layer (Fig. 6(a’)). The phase composition of this 
layer was analyzed by XRD, revealing the presence of NiO, NiOOH, and 
Ni2O3 phases (Fig. S13 in SI). Fig. 6(b) displays SEM images of the CoOx/ 
NF electrode, showing nanoflake-like structures within the unevenly 
distributed macropores of CoOx particles on the NF surface. The post- 
mortem images of the electrochemically tested CoOx/NF electrode 
show a somewhat modified microstructure with uniformly distributed 
nanoflakes across the NF surface (Fig. 6(b’)). Energy dispersive spec
troscopy (EDS) revealed the presence of Co in these nanoflake structures 
(see results of EDS mapping in SI). This post-mortem analysis suggests 
that the CoOx coating recrystallizes during operation but remains 
dynamically stable even after prolonged exposure to elevated temper
ature and pressure and at high current densities. XRD analysis of the 
CoOx/NF electrode reveals a mixed-phase composition of CoOOH, CoO, 

Fig. 3. (a) Cyclic voltammetry and (b) Tafel plots of NF, Inconel/NF, and CoOx/NF electrodes recorded in 45 wt % KOH at 25 ◦C and 45 bar pressure.
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and Co3O4, with possible Ni incorporation in all of these phases. How
ever, unlike the NF electrode, the Ni2O3 phase was not observed, likely 
because of the lower overpotentials required in the presence of the CoOx 
coating (Fig. S13 in SI). The XRD analysis was inconclusive concerning 
the formation of NiO due to the coincidence of its diffraction pattern 
with that of CoO.

Fig. 6(c) shows top and cross-sectional view (CSV) SEM images of the 
pristine Inconel/NF electrode. As discussed in Fig. 1, large (5–50 μm), 
dense, spherical Inconel particles with smooth surfaces cover the NF 
surface. After prolonged electrochemical testing at 150 ◦C and 45 bar, 
the particles exhibit surface corrosion, forming a porous shell (Fig. 6
(c’)). The EDS mapping suggests that Mo, Si, Nb, and Cr are the elements 
that leached out from the surface of the Inconel particles (see results of 
EDS mapping in SI). Initially, the weight ratios of Mo/Ni, Cr/Ni, Si/Ni, 
and Nb/Ni were 0.436, 0.33, 0.08, and 0.188, respectively. After testing, 
these ratios changed to 0.008, 0.163, 0.00, and 0.01, respectively, 
indicating complete leaching of Mo, Si, and Nb and partial removal of 

Cr, likely causing the degradation in electrochemical performance 
despite the increased surface area.

XPS measurements were also performed to investigate the surface 
composition and chemical state of the prepared and electrochemically 
tested electrodes. The XPS survey spectra of the as-prepared and elec
trochemically tested CoOx/NF electrodes reveal signals from Ni, Co, and 
O (Fig. S14). The core level Co 2p spectra of the as-prepared and tested 
CoOx/NF samples are shown in Fig. 7(a) and (a’), respectively. The 
spectra display two peaks corresponding to the 2p3/2 and 2p1/2, fol
lowed by satellites [51–53]. The XPS spectra were decomposed using 
Voigt peak fitting functions within the Shirley background, and the 
fitting parameters and results of the quantitative analysis are summa
rized in Table S7 in SI. Constrained peaks with equal full width at half 
maximum (FWHM) and constant area ratio of (2p3/2)/(2p1/2) according 
to the number of electrons in the p orbitals were used to fit the Co 2p and 
Ni 2p spectra [54,55].

Adopting a constant area ratio of 2 for the 2p3/2/2p1/2 in the Co 2p 

Figure 4. (a) GEIS of CoOx/NF electrode recorded at 10 mA cm− 2 upon increasing temperature, (b) solution resistance (Rs) and charge-transfer resistance (Rct) 
obtained from EC fitting of EIS and (c) corresponding Arrhenius plot, and (d), (e) and (f) Tafel plots of pristine NF, CoOx/NF and Inconel/NF electrodes, respectively.
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spectra is incompatible with the experimental data. Following Biesinger 
et al. [56], we attribute this to the formation of metallic Co in the 
as-prepared electrode, represented by an additional peak at a binding 
energy of 778.2 eV with FWHM = 0.81 in the fitting of the Co 2p3/2 
orbital. The fitting parameters for the Co0, Co2+, and Co3+ are 
compatible with previous reports for metallic Co and Co oxides [56,57]. 
The quantitative analysis showed 17.4 at.% Co0 after reductive sinter
ing, and 22.1 and 60.5 at.% of Co2+ and Co3+, respectively. After testing 
the electrode, the fitted peaks reveal oxidation of Co0, which results in 
increasing Co2+ and Co3+ concentrations to 32.1 and 67.9 at.%, 
respectively (Fig. 7(a’)).

The core level Ni 2p spectrum of the as-prepared CoOx/NF sample is 
shown in Fig. 7(b). The spectrum displays peaks at binding energies of 
852.7 and 869.8 eV, which correspond to metallic Ni, and peaks at 
binding energies of 854.3 and 871.7 eV, which correspond to Ni2+ from 
surface oxidation of Ni upon air exposure [51,58]. The Ni 2p spectrum 
for the tested CoOx/NF sample reveals additional peaks at the binding 

energy of 856.3 and 873.9 eV corresponding to Ni3+ ions, likely due to 
superficial oxidation of NiO to NiOOH and Ni2O3 and/or incorporation 
of Ni in CoOOH and the Co3O4 spinel (Fig. 7(b’)). Similarly, for the NF 
sample, peaks corresponding to Ni3+ ions were observed in the 
post-mortem XPS (Fig. S15 in SI).

The XPS survey spectra of pristine and electrochemically tested 
Inconel/NF electrodes are shown in Fig. 8. The elements observed in 
detectable quantities on both sample surfaces were Ni, Cu, Co, Fe, Mn, C, 
and Al [59]. However, peaks corresponding to Cr, Mo, and Nb are 
observed only on the surface of the pristine Inconel/NF sample, showing 
that these elements leach out during electrochemical testing, likely 
associated with the observed degradation.

4. Conclusions

Pristine NF, CoOx-coated NF, and Inconel-coated NF electrodes were 
assessed as anodes for HTP alkaline electrolysis. The electrodes 

Figure 5. (a) Overpotential of NF, CoOx/NF, and Inconel/NF electrodes at 10 mA cm− 2 for 24 h at 150 ◦C and 45 bar along with the Rct obtained from GEIS fitting, 
CP measurements of (b) NF (c) CoOx/NF and (d) Inconel/NF electrodes upon cycling current density between 10, 100, 250, and 500 mA cm− 2 at 150 ◦C and 45 bar, 
GEIS of (e) CoOx/NF and (f) Inconel/NF electrode at 500 mA cm− 2 and, (g) Rct obtained from EC fitting of the GEIS.
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underwent electrochemical testing from room temperature up to 150 ◦C 
under a pressure of 45 bar in 45 wt% KOH solution. Initially, the per
formance of the CoOx/NF and Inconel/NF electrodes appeared similar at 
150 ◦C and 45 bar pressure. However, during the 108-h long-term sta
bility test under these conditions, the CoOx/NF electrode remained 
stable, requiring an overpotential of approximately 185 mV at 500 mA 
cm− 2. In contrast, the overpotential of the Inconel/NF electrode 
increased from 182 mV to 208 mV after 84 h of operation under the same 
conditions. Post-mortem investigation revealed that the microstructure 
of the CoOx/NF electrode changed from an uneven macroporous Co 
layer to uniformly distributed nanoflakes of Ni-doped CoOOH, CoO, and 
Co3O4. The microstructure of the Inconel coating was less affected, but 
the Inconel particles were substantially corroded, with most of the Cr, 

Mo, and Nb leaching out. The pristine NF was partly oxidized to NiO, 
NiOOH, and Ni2O3. In the case of CoOx/NF, only NiO and NiOOH were 
observed, likely because of the suppressed overpotential required. 
Overall, the CoOx/NF electrode demonstrated remarkable electro
chemical performance and stability under high temperature and pres
sure conditions and is a promising candidate as an HTP-AE anode.
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