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A B S T R A C T   

The membrane electrode assembly is the powerhouse of the anion exchange membrane water electrolyser 
(AEMWE), thereby placing a great importance on the associated preparation conditions. This paper investigated 
how annealing temperature and time impacted activity and stability for both anode and cathode electrodes with 
catalyst-PTFE thin-films. The effect of annealing was thoroughly characterised through SEM/EDS, TEM, XRD, 
Raman spectroscopy and XPS. Moderate heat-treatment (T≤500◦C) had a positive effect by improving 
morphology and enhancing reaction kinetics as seen through three-electrode measurements. Annealing tem-
perature affected hydrogen adsorption, resulting in a change in the hydrogen evolution pathway as shown by 
hydrogen adsorption peaks and Tafel curves. These beneficial effects were further augmented by an enlarged 
surface area as shown in both three- and two-electrode measurements. Two electrode measurements revealed a 
staircase activity-trend, where the annealing temperature yielding the greatest activity declined with increasing 
annealing time. This resulted in efficient cathodes annealed at 2h-500◦C, 3h-400◦C and 4h-300◦C. The afore-
mentioned cell configurations reached approximately 500 mA cm− 2 at 1.73 V, 1.82 V and 2.04 V respectively. 
Stable electrodes were produced for temperatures ≤500◦C, after which their mechanical integrity began to fail 
due to pyrolysed PTFE. Stability was meticulously characterised and a degradation pathway for carbon catalysts 
was proposed, where expansion of the carbon black onion layers ultimately lead to catalyst particle detachment.   

1. Introduction 

The ongoing green-energy shift has greatly accelerated the search for 
renewable energy technologies which may replace fossil fuel-impelled 
machinery. Wind energy and photovoltaics are examples of such tech-
nology, though efficient energy is necessary for their wide-scale imple-
mentation [1–4]. Storing energy in hydrogen by using surplus power to 
drive electrolysers has proven to be an effective method [1,2], where the 
emerging technology of anion exchange membrane water electrolysers 
(AEMWEs) is an exciting option. Through this technology, the benefits 
of traditional liquid alkaline water electrolysis (AWE) are combined 
with those of proton exchange membrane water electrolysers (PEMWEs) 
while simultaneously avoiding their pitfalls [1,3,4]. Specifically, issues 
of platinum group metal (PGM) dependency associated with PEM 
technology and the low current densities of traditional AWE are cir-
cumvented through AEM electrolysis. This allows the usage of non-PGM 
catalyst materials while yielding greater current densities than tradi-
tionally achieved with AWE [1,3,5,6]. 

The technology readiness level (TRL) of this technology has yet to 
reach the level of traditional AWE and PEM technology, and few large 
scale (>10kW) stacks have been researched and/or produced [7]. As 
such, the research interest in AEM electrolysis has drastically increased 
and the number of papers published on the topic shows an exponential 
growth. All aspects of AEM electrolysis are currently being investigated 
to advance the TRL, the most paramount of which includes preparing 
stable and active membrane electrode assemblies (MEAs), scaling issues 
and balance of plant. The MEA comprises the anode micro-porous layer 
(MPL), the anode catalyst layer (CL), the polymeric membrane, the 
cathode CL and the cathode MPL. This facet is arguably the most 
important part of the electrolytic cell as it facilitates transportation of 
both reactant/product and hosts the three-phase interface, home to all 
electrochemical reactions [3]. 

Typical components in MEAs include ionomers which facilitate ion 
transportation in the three-phase boundary layer and various types of 
binder which will aid the ionomer in providing mechanical integrity to 
the MEA while also improving mixed-phase fluid dynamics. Faid et al. 
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[8] revealed that the cathodic sensitivity to ionomer content was 
significantly greater than that of the anode. The ideal loading of the 
Fumion® anion exchange ionomer (AEI) was determined to be 10 wt.% 
of the coated catalyst for that specific nickel-based electrode. Moreover, 
catalyst coated substrates (CCSs) composed of both the Fumion® AEI 
and the Nafion® ionomer were created and compared. Linear sweep 
voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) 
measured on a rotating disc electrode displayed that the thin films 
containing the Nafion® ionomer outperformed the Fumion® AEI with 
both Ni/C and NiO catalysts. Moreover, in-situ half-cell tests revealed 
the consequences of replacing a PGM anode/cathode with a non-PGM 
alternative. The reduced efficiency through the replacement of the 
PGM cathode was significantly higher than that using a non-PGM anode 
catalyst, thereby displaying the remaining dependency of a Pt cathode 
[6,9]. 

MEA preparation methods have also received attention where the 
effect of hot-pressing anodes with varying PTFE binder content was 
investigated by Cho et al. [10]. The greatest performance was achieved 
using 9 wt.% PTFE which was confirmed in work by Ito et al. [11] for 
both anodes and cathodes. While the usage of hot-pressing in association 
with AEMs is debated due to adverse effects on the polymeric membrane 
[1,3], the aforementioned publication reported positive effects from 
hot-pressing up to 50◦C, including an enhanced ionic conductivity and 
an augmented electrochemical surface area. Adding PTFE to Nafion® 
has been reported to increase its thermal stability [12], thus PTFE can 
have a stabilising effect against heat treatment of either a CCS or a 
catalyst coated membrane (CCM) in addition to adding alkaline stability 
[13,14]. 

PTFE has hydrophobic qualities which will improve mass trans-
portation by increasing the rate of bubble detachment in the three-phase 
interface [3,10]. However, PTFE is also a natural insulator and will in-
crease series resistance, meaning the optimal PTFE quantity is ultimately 
a trade-off between improved fluid dynamics and restricted charge 
transfer [10]. 

Improved stability and activity has been reported for electrodes 
annealed at 200◦C for 30 min [15,16], however optimised conditions for 
such treatment have yet to be reported for AEM water electrolysis. While 
the practice of heat-treating catalyst powders is widespread [6], the 
same treatment is rarely reported for CCSs in part due to the material 
stability of the ionomer. The addition of PTFE in the thin-film can aid in 
increasing the thermal stability, and by that enable the use of heat 
treatments. High-temperature treatment has resulted in smaller particle 
sizes [17,18], improved morphologies [16,19,20] and overall increased 
catalytic activity [16]. 

This paper will explore how electrode annealing conditions, namely 
temperature and duration, impact electrode performance and stability in 
an anion exchange membrane water electrolyser. Both the anode and 
cathode were investigated where a PGM cathode catalyst was utilised to 
emphasise activity and stability [10]. The Pt/C on nickel foam substrates 
were heat treated in an argon atmosphere at temperatures between 
300–600◦C for 2–4 h. The electrodes were tested in a standard 
three-electrode setup and in a single-cell AEMWE. 

The addition of PTFE in the catalyst ink increased thermal stability, 
however at the cost of increasing the series resistance. This series 
resistance was halved when the temperature was increased to 500◦C and 
600◦C when heat treated for 2 h. 

Longer heating durations yielded decreasing performances. The 
greatest activity temperature (Tact., max) decreased with increasing 
heating time. The greatest AEMWE performance was achieved utilising 
the 2h-500◦C cathode, yielding 1000 mA cm− 2 at 1.86 V with iR- 
correction. Stability was quantified through a series of physicochem-
ical tests, revealing that excessive temperatures (T> 500∘C) exacerbated 
surface carbon degradation, causing catalyst detachment. The addition 
of PTFE increased stability, as seen by the greater stability of cathodes 
heat-treated at 300–400◦C compared against the electrodes annealed at 

600◦C, where PTFE was no longer present. Extended activation through 
chronopotentiometry in a kinetically controlled region, herein termed 
kinetic conditioning yielded performance improvements for all 12 cell 
configurations. 

2. Experimental 

2.1. Chemicals 

The anode NiFe2O4 catalyst was purchased from US Research 
Nanomaterials, the cathode 20 wt.% Pt/C catalyst was procured from 
the online store fuelcellstore.com and the polytetrafluoroethylene 
preparation 60 wt.% dispersion in H2O was bought from Sigma Aldrich 
together with the 5 wt.% Nafion® perfluorinated resin solution. The 
Sustainion® X37-50 AEM was purchased from DiOxide Materials. 

2.2. Membrane electrode assembly preparation 

The membrane electrode assembly (MEA) was created and utilised 
according to the illustration given in Fig. 1. All substrates were initially 
reduced in thickness to approximately 0.4 mm by hammering. The MEA 
was composed of a NiFe2O4 anode, a Sustainion® X37-50 anionic ex-
change membrane and a Pt/C cathode. The anode ink was prepared by 
dispersing NiFe2O4 in deionised water and isopropanol (0.5/0.5 vol.%) 
and mixing in 20 wt.% of 5 wt.% Nafion® perfluorinated resin solution 
and 10 wt.% of polytetrafluoroethylene preparation 60 wt.% dispersion 
in H2O to ensure sufficient binding and an appropriate degree of hy-
drophobicity in the catalyst layer. The ink was ultra-sonicated for 15 
min before spray coating over a 3.3x3.3 cm nickel foam substrate 
attached to a metal plate heated to approximately 80◦C (Fig. S1a). The 
resulting catalyst loading was approximately ∼5 mgNiFe2O4 cm− 2. The 
anodes were subsequently heat treated at 400◦C for 2 h in an argon 
atmosphere utilising a Carbolite tube furnace. 

A sheet of Sustainion® X37-50 was stored in 1.0M KOH at room 
temperature for at least 24 h for activation before appropriately sized 
membranes were cut. The total active area of the membrane was 10 cm2. 

The cathode catalyst ink comprised the same ingredients as the 
anode ink, with 20 wt.% Pt/C in place of the spinel anode catalyst. The 
cathode ink was spray coated on nickel foam substrates through the 
same procedure as detailed with the anode. A very low platinum loading 
of ∼ 0.2 mgPt cm− 2 was utilised in the cathodes. A total of 12 cathodes 
were heat treated under different conditions, varying between 300, 400, 
500 and 600◦C for 2, 3 and 4 h. 

2.3. Spectroscopic characterisation 

The morphology of the electrodes was analysed in a Jeol JSM-7200F 
field emission scanning electron microscope (SEM). Electrodes were 
analysed after heat treatment and after electrochemical testing to 
determine any changes in general morphology or surface conditions. 
The centres and edges of the electrode were also analysed to ensure 
uniformity of the catalyst layer. Moreover, elemental mapping was 
performed through energy dispersive spectroscopy (EDS), thereby 
allowing bulk quantification of each element. 

X-ray photoelectron spectroscopy (XPS) was carried out using a 
Kratos AXIS Supra with an Al Kα X-ray monochromatic source 
(hν=1486.6 eV at 10 A and 15 kV). The survey and high-resolution 
spectra were collected employing step sizes of 1 eV and 0.1 eV respec-
tively. Similarly, the pass-energies were 160 eV for survey spectra and 
40 eV for the high-resolution core-level spectra. Analysis of the spectra 
was conducted using CasaXPS software, while the binding energy axis 
was calibrated using the photoemission peak affiliated with C 1s 
adventitious carbon (C–C) located at 284.8 eV. 

X-ray diffraction (XRD) was performed with a Bruker D8 Advance 
where all Bragg Brentano measurements were in reflection mode. The X- 
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ray source was a Cu kα (1.5406 Å), operated at 40 kV, 40 mA (1600 W). 
The thin-films were measured while on the nickel foam support, alas the 
nickel adds a notable contribution due to its great volume compared 
against the thin-film. Thus, the diffraction peaks associated with the 
nickel foam were neglected in the analysis of the Pt/C cathodes. 

A Raman InVIa Renishaw was used for Raman spectroscopy with a 
100x lens, where the spectra were obtained by excitation with a He-Ne 
laser with a wavelength of 632 nm. The built-in cosmetic function was 
selected, implying each scan was repeated three times allowing stray 
peaks to be filtered out. Raman data processing and fitting was executed 
with the protocol established for carbon black materials [21–26] using 
the open-access software Fityk [24,26]. The ID/IG ratios were deter-
mined based on integrating the associated peaks [24]. 

2.4. Electrochemical characterisation 

Electrochemical characterisation was performed using an Iviumstat 
electrochemical workstation. An efficient three-electrode setup was 
utilised to analyse the anode/cathode separately, with a Ag/AgCl- 
reference electrode (KCl = 3.0 M) (Metrohm) and a platinum counter 
electrode similar to our previous works [27–29]. The electrodes 
employed in this setup were all 1 cm2. 

For cathodic three-electrode measurements, electrochemical 
impedance spectroscopy (EIS) spectra were collected between 1 × 105 

and 4 × 10− 1 Hz with 15 points per decade and an AC sinusoidal pulse 
amplitude of 6 mV. EIS spectra were recorded at open circuit in addition 
to potential offsets of -50 mVRHE and -100 mVRHE. Linear sweep vol-
tammetry (LSV) curves were registered between from 0.30 down to 
-0.20 VRHE at 2 mV s− 1, from which Tafel slopes and exchange current 
densities were estimated through the Tafel approximation [30]. Cyclic 
voltammetry (CV) was performed between 0.6-0.7 VRHE at 10:2:20 mV 
s− 1 to determine the double layer capacitance (Cdl), and subsequently 
between -0.05-1.4 VRHE at 50:50:300 mV s− 1 to probe the electrode for 
redox couples and determine the electrochemical activity. The same 
sequence of experiments was performed for the anode, although with 
different potentials. Specifically, EIS spectra were collected at open 
circuit in addition to potential offsets of 1.5 VRHE, 1.55 VRHE, 1.60 VRHE 
and 1.65 VRHE. LSV curves were registered between 1.30-1.70 VRHE at 2 
mV s− 1. Cyclic voltammograms were collected between 0.986-1.086 
VRHE at 10:2:20 mV to ascertain Cdl and between 0-1.60 VRHE to mea-
sure redox couples and their degree of activity. 

A two-electrode setup utilising 10 cm2 electrodes was employed for 

whole-cell measurements (Fig. S1b). For two-electrode measurements, 
EIS spectra were collected between 105 and 10− 1 Hz with 10-15 points 
per decade and an AC sinusoidal pulse amplitude of 10 mV. Spectra were 
collected at open circuit and with potential offsets of 1.50, 1.60, and 
1.70V. LSV was measured between 0 and 2.50 V with a sweep rate of 25 
mV s− 1 and a 5.0 mV step. Cyclic voltammetry (CV) was measured be-
tween 0 and 1.40 VRHE at 50, 100, 200, 300, 400 and 500 mV s− 1. 

The cells were tested several times to gain information on how the 
performance of each cell configuration varied after rest and after an 
extended activation period. The cell was operated under kinetic control 
(50 mA cm− 2) for five hours, herein termed kinetic conditioning. The 
alkaline electrolyte was initially pumped through the cell while its 
temperature slowly increased towards 50◦C using cartridge heaters fixed 
into the endplates of the cell as seen in Fig. S1b. Several EIS spectra were 
collected at open circuit potential throughout the approximately 30-min 
heating process to check for short circuits. The cell was assumed to be 
stable if it continued to show the same behaviour throughout the heating 
process, allowing the testing protocol to commence. 

EIS spectra were initially collected at open circuit potential, followed 
by LSV to determine the initial performance. Chronoamperometry (CA) 
was performed at 1.70 V over 10 min, or until a stable current was 
achieved to aid in ensuring steady state measurements. Open circuit EIS 
spectra were collected again followed by LSV. Whole-cell EIS spectra 
were then measured while the cell was polarised at 1.50 V, 1.60 V and 
1.70 V. Cyclic voltammograms were collected, where all measurements 
were repeated until a steady state response was obtained, where this was 
indicated by overlapping scans. The cell was then allowed to cool down 
to room temperature and rest for 24 h. The pumps were turned off once 
the cell had returned to an ambient temperature, thereby allowing the 
cell to rest and thereby simulate the intermittent use faced by electrol-
ysis systems connected to renewable energy systems [2]. 

Day two of testing was elicited by heating the cell while flowing the 
electrolyte and activating the cell again through 10 min of CA at 1.70 V, 
or until a stable current was recorded. Following the same protocol as 
day 1, open circuit EIS was then collected, followed by LSV, CVs and 
polarised EIS. Kinetic conditioning was performed at 50 mA cm− 2 for 
five hours, where this duration and current density was chosen, as the 
greatest loss of performance usually occurs during the first few hours of 
a stability test [31–33], and this current density ensures the electrolysis 
cell is working the region controlled by activation overpotential. Open 
circuit EIS, LSV, CVs and polarised EIS spectra were all collected again to 
quantify the state of the cell following the five hours of CP. Degradation 

Fig. 1. Visualised experimental meth-
odology. Step I: The nickel foam sub-
strates were spray coated with either a 
Pt-ink (black) for the cathode or a 
NiFe2O4-ink (brown) for the anode. 
Step II: The cathodes were annealed in 
an inert argon atmosphere at tempera-
tures of 300-600◦C for 2 to 4 h. The 
anodes were heated at 400◦C for 2 h. 
Step III: These electrodes were utilised 
in an AEMWE, shown with the current 
collectors (1), anode/cathode elec-
trodes (2) and the anion exchange 
membrane (3).   
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rates were determined by measuring the potential difference between a 
stable initial potential and the final potential, where all related details 
are listed in Tab S1. All cell configurations were subjected to these tests 
in the same order. Ohmic compensation of LSV curves was performed 
employing the first x-axis intercept of the polarised EIS spectra, 
commonly referred to as the series resistance, Rs [5,34]. Untreated 
nickel foam was utilised as a reference and will serve as a basis for 
comparison against the annealed electrodes. 

3. Results and discussion 

3.1. Spectroscopic 

The SEM images in Fig. 2a–d show the platinum-PTFE cathodes after 
annealing at 300, 400, 500 and 600◦C for 4 h. Electrode morphology 
changes as the temperature increases, where the underlying nickel foam 
structure becomes increasingly visible as shown by comparing the 
aforementioned figures to the reference nickel foam shown in Fig. 2e 
and Fig. S2. A clear change is also seen in the atomic composition of the 
electrodes, where the atomic percentage of fluorine declines rapidly at 
600◦C which indicates that both the Nafion resin and the PTFE have 
been affected by the temperature and likely been pyrolysed as shown by 
Fig. S3a-S3b. The decline in fluorine and the notable reduction in wt.% 

(Fig. S3c) at 600◦C explains the changes in morphology seen in the SEM 
images below and correlated with established literature [35]. Fig. 2a–c 
display a continuous thin-film covering the majority of the recesses in 
the nickel foam structure, which is not the case in Fig. 2d as the excessive 
temperature has pyrolysed the thin film, leaving the only the Pt/C 
catalyst and some remnants of the PTFE binder. No time-related changes 
in morphology were noted. 

It has been documented that thin-film cracks have accompanied the 
usage of IPA as a solvent [36], however SEM figures of pre-heat-treated 
thin films shown in Fig. S3 display that this is not the cause of the cracks 
in the present case. Thermal expansion of nickel could have an impact, 
as it is predicted to expand corresponding to an increased circumference 
of 2.83–6.27 μm based off a thermal expansion coefficient in the region 
of 16.24–17.36 m m− 1 K− 1 [37] and perfectly circular nickel strands. 
While this expansion only amounts to ≈0.5-1.0% of the total circum-
ference, it is still likely to add some additional strain on the thin-film. 

The EDS mapping in Fig. 2f displays that all elements are homoge-
neously distributed in the thin-film. Moreover, EDS data in Fig. S5-S7 
also shows that sulphur is still present in the thin-film after heat treat-
ment up to 500◦C and only weakly so at 600◦C. The only source of this 
element in the thin-film is the sulphonic group of the Nafion per-
fluorinated resin solution. The stability of Nafion in H+-form is limited 
by the thermal stability of the sulphonic group, i.e. the source of sulphur. 

Fig. 2. Scanning electron microscope (SEM) images of the Pt-PTFE electrodes after 4 h of annealing at (a) 300◦C, (b) 400◦C, (c) 500◦C, (d) 600◦C and (e) a reference 
piece of nickel foam. (f) EDS mapping of the Pt-PTFE electrode heat treated at 300◦C for 4 h. 
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A complete absence of these groups was noted through thermal gravi-
metric analysis at 280◦C in a 5%H2/95%N2 atmosphere [38,39] and 
300◦C based on infrared reflectance absorption spectroscopy [40]. 
However, impregnation of Nafion into PTFE has been shown to increase 
the thermal stability of Nafion [12]. While no direct impregnation of 
Nafion into PTFE was facilitated in the creation of these thin-films, it is 
still likely that surface PTFE will serve as a protective layer for the 
Nafion resin in the bulk of the porous thin film. There are several 
sulphur-based degradation products of Nafion, however these are pre-
dominantly gaseous and thereby unlikely to remain in the film after 
heat-treatment [12,39,40]. SEM/EDS analysis has shown the annealing 
process has produced catalyst thin-films with uniform composition and a 
rather smooth surface which critically cracks when the temperature 
exceeds 500◦C. 

Anode SEM results in Fig. S9a present a more rugged surface, and 
EDS mapping and quantification in Fig. S9b-S9c indicate a slightly less 
uniform dispersion of the catalyst elements. 

TEM imaging was employed to analyse the Pt-PTFE surfaces on a 
nano-scale, where bright-field TEM images in Fig. 3a–c show the state of 
the thin-film in pristine condition after annealing. Fig. 3a & b show 
circular Vulcan XC-72 support particles bejewelled with platinum 
nanoparticles. The change with temperature is illustrated in Fig. 3a and 
c, where the first two images show defined carbon particles (grey and 
light-grey), whereas the 600◦C sample in Fig. 3c displays greater dis-
order and less defined particles. Generally, the platinum nanoparticles 
appear evenly distributed over the support with little influence of 
agglomeration, a condition which does not change with temperature. 
STEM figures in Fig. 3d show presence of oxygen, platinum and fluorine, 
where the size of the platinum nanoparticles varied between 1-2 nm. 

The state of the catalyst is further analysed with HRTEM, where the 
classic onion-like carbon support structure is shown in Fig. 3e and f, over 
which the Pt-particles are evenly distributed. The in-plane distance of 
carbon was measured to 3.39 Å with a standard deviation of 0.34 Å as 
shown in the in-plane size distribution in Fig. S10d which corresponds to 
the d002 plane of graphitic carbon [26,41]. The in-plane Pt-Pt distance 

was also measured to 2.24 Å (std = 0.15 Å) which is affiliated with the 
d111 spacing [41]. 

XRD was gathered to investigate the crystallographic nature of the 
Pt-PTFE electrodes. Fig. 4a shows XRD patterns of a pristine and a heat- 
treated Pt/C cathode. Diffraction peaks at Bragg angles of 2θ = 17.1◦, 
18.2◦ and 40.06◦ are observed. Only minor variations in peak position in 
the range of 0.01◦ were noted, where this originates most likely from 
height variations during sample mounting due to the fragile nature of 
the electrodes. The peaks at 17.1◦ and 18.2◦ are related to the Nafion 
resin and Nafion + PTFE respectively (JCPDS No. 47-2217) [16,42–44]. 
The large peak width and low intensity of the Nafion peak at 17.1◦

corresponds to the amorphous nature of the ionomer structure. This 
peak is not visible in the untreated sample, which indicates a clear in-
crease in crystallinity after annealing. The clear PTFE peak at 18.2◦ is 
due to the crystalline nature of PTFE [16,42]. The peak at 40.06◦ was 
attributed to the platinum facet (111) [16,45]. The pristine sample 
shows a very amorphous Pt (111) peak, whereas the crystallinity was 
enhanced after annealing. Curiously, the amorphous peak related to the 
carbon support around 25◦ [16,42,43] was not conclusively observed in 
either spectra, however this could be due to the XRD-scanning condi-
tions. Additional XRD spectra in Fig. S11 shows similar changes to those 
seen in EDS data, where the peak corresponding to PTFE+Nafion at 
18.2◦ declines with increasing temperature and disappears completely 
at 600◦C. This influence of heating was also observed between the un-
heated and the heated samples in Fig. 4a. 

The anode XRD spectra in Fig. S12 displays peaks at 2θ = 18.1◦, 
30.5◦, 35.6◦, 37.5◦, 43.5◦, 53.8◦, 57.5◦ and 63.1◦. Similarly to the 
cathodes, the initial peak at 18.12◦ is due to the Nafion resin + PTFE 
[16,42,44]. The remaining peaks originate from the (220), (311), (222), 
(331), (422), (511) and (440) planes of NiFe2O4 (JCPDS No. 10-0325) 
[46]. Additional peaks are also seen at 44.54◦ and 54.90◦, though 
these are attributed to the 111 and 200 planes in the nickel foam support 
(JCPDS No. 87-0712) [47]. The singular peak around 17◦ corresponding 
to the Nafion resin was not conclusively observed on the anode, however 
its diffuse nature renders visibility poor. Comparing the XRD spectra 

Fig. 3. Part (a)–(c) displays bright field TEM images of the cathode heated for 2h-300◦C, 2h-400◦C and 2h-600◦C. (d) STEM images of a cluster of Pt/C nano-
particles. HRTEM in (e) and (f) show structure of carbon structure and platinum particles. 
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before and after annealing revealed a clear increase in crystallinity, 
corresponding to a decline in particle size. 

Raman spectroscopy was performed to investigate the structure and 
electronic state of the carbon support structure in the thin-film. The 
Raman spectra in Fig. 4b shows results predominantly related to the 
Vulcan XC-72 support and minor contributions from the PTFE. This can 
also be seen from comparing reference spectra of the other carbon 
sources in the thin-film (PTFE and Nafion resin) [48,49]. This is also 
shown by comparing XRD and Raman spectra for electrodes annealed at 
500◦C and 600◦C, as Raman spectra does not change notably between 
these temperatures despite the absence of a PTFE peak (18.1◦) for the 
600◦C electrode shown in XRD spectra (Fig. S11). 

Comparison of the D∗ band before and after annealing in Fig. 4b 
shows a greater band width, indicating an increase in disorder in the sp3 

phases typically found in the aliphatic moieties in the carbon support 
due to the heating process [24,26]. Conversely and by the same logic, 
the rather notable D” band indicates increased order in the planes 
in-between the basic structural unit of the polyaromatic layers illus-
trated in Fig. S14d [24,26,50]. The D and G band decreased after 
annealing, where the intensity decreased while the width increased. This 
indicates greater disorder in the edge-adjacent carbon atoms and the 
in-plane sp2-bonded carbon atoms respectively [24,25]. 

All these findings correlate with established temperature-based ef-
fects [25] resulting from an increase in the size of the circular carbon 
black nanoparticles. This can also be determined utilising Eq. (1), where 
λ corresponds to the wavelength of the laser in nm. 

La = 2.4 × 10− 10λ4
(

ID

IG

)
− 1 (1)  

The inverse correlation between the in-plane crystallite size and ID/IG 

ratio shows that the in-plane size increases after annealing while the ID/ 
IG ratio decreases as shown in Fig. 4b and in literature [25,26]. The ratio 
of the intensity (ID/IG) is employed to determine relative disorder 
originating from structural defects in the carbon graphite. Relative to 
the unheated Pt/C cathode, the ID/IG ratio decreased after heating as 
shown in Fig. 4b indicating a decline in graphitisation. 

To determine the oxidation state of the principal elements in the 
thin-film after annealing, core-level XPS spectra were gathered. XPS 
results for the cathode shows several distinct peaks before and after 
heat-treatment as shown in the survey spectra in Fig. S15a. The C 1s 
spectra for both pristine and annealed cathodes shown in Fig. 4c were 
deconvoluted to show the sp3 C–C bond at 284.86 eV and 284.76 eV, the 
C–O bond at 285.76 eV and 285.66 eV, the C=O bond at 287.11 eV and 
287.31 eV, the C–F bond at 289.66 eV and 290.01 eV, the C–F2 bond at 
292.36 and 292.41 eV and the C–F3 bond at 293.11 eV and 293.16 eV. 
The C–C bond can be found in all parts of the thin-film, specifically the 
graphitic carbon in the support of the Pt/C catalyst, the Nafion per-
fluorinated resin solution (NPRS) and in the PTFE. The C–O bond is 
primarily affiliated with the carbon support of the catalyst, but also the 
NPRS. The carbon support is the only contributor to the C=O bond. The 
C–F and C–F3 bond are solely from the NPRS, while both NPRS and most 
importantly PTFE contribute to the C–F2 bond. 

Evidently. there is a general increment in some the binding energies 
related to the Nafion resin (C–F, C–F2 and C–F3) indicating an increased 
oxidation state, where most notably the binding energy of the C–F bond 
experiences a 0.35 eV increment. The C–F bond is integral in the largest 
part of the structurally repeating unit in NPRS (by mass and volume) in 
addition to being the anchoring point for the branch ending in the sul-
phonic group (-SO−

3 ) responsible for cationic conductivity [51]. This 
would indicate degradation of NPRS through temperature induced chain 
scission. Literature has reported similar effects which have been 

Fig. 4. Surface analysis of the Pt/C electrodes were conducted before and after annealing (2 h, 400◦C), with XRD spectra (a) and (b) Raman spectra. Annealed fitting 
results are given by the dashed lines. High-resolution XPS-spectra showcasing the change due to annealing through the (c) carbon 1s spectra, (d) the oxygen 1s 
spectra and (e) the platinum 4f spectra. 
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attributed to an increased chemical shift of the C–F2 bond [43]. That 
report was not able to separate the peaks of C–F and C–F2, hence the 
aforementioned chain scission of C–F appears likely. The notable change 
in the shape of the C 1s spectra is quantified in Tab. S1 showing the 
change in C 1s spectra at each step. The decline in fluorocarbon bonds is 
affiliated with the oxidation of NPRS after annealing, which is also seen 
as an increase in the peak position of the F 1s peak. A break in C–F2 
bonds would result in a greater number of C–C bonds, thus explaining 
the decline in fluorocarbon bonds and an increase in the latter [39,52]. 

The O 1s spectra shown in Fig. 4d where the deconvolution shows 
several contributors, namely a small contribution from the Pt-O bond at 
529.96 eV and 530.76 eV, bonds related to organics at 532.66 eV and 
533.01 eV and adsorbed water at 535.66 eV. The marginal contribution 
from metal oxides increased after heat treatment in line with what 
would be expected. The organics arise from the aromatic C–O–C bond in 
the Vulcan XC-72 carbon support from the Pt/C and the C–O bond from 
the Nafion perfluorinated resin solution monomer. No clear contribu-
tions from adsorbed water were found annealing, exhibiting how the 
annealing has aided in removing inactive contaminants. Generally, the 
O 1s spectra was stronger after heating, in line with the increased degree 
of oxidation initially seen though the chemical shift in the C 1s spectra. 
The Pt 4f spectra exhibited in Fig. 4e display the characteristic twin 
peaks originating from the 4f orbitals, namely 4f7/2 at 71.70 eV and 
71.71 eV, and 4f5/2 at 75.00 eV and 75.16 eV. The peaks were decon-
voluted to show the platinum was predominantly metallic, with small 
contributions from the Pt-O bond. This small contribution matched the 
small metal-oxygen bond in the oxygen 1s spectra in Fig. 4d. The 4f- 
spectrum of Pt was greatly enhanced after heat treatment as seen by 
the increased signal strength in peaks visibility, which is in line with the 
increase in crystallinity seen in XRD spectra in Fig. 4a. This indicates a 
fair improvement in surface-adjacent catalyst which should yield an 
improvement in reaction kinetics. 

The NiFe2O4 anode XPS spectra displayed several characteristic 
peaks as shown in the survey spectra in Fig. S15a. Both the iron and 

nickel 2p spectra were notably affected by the large quantity of fluorine 
in the thin films (originating from the PTFE and Nafion perfluorinated 
resin solution). The F KLL Auger peaks and the F 1s relaxation over-
shadowed these regions of the XPS spectra as shown in Fig. S16, thus the 
XPS-analysis relied upon the iron and nickel 3p spectra. Fig. S17a-S17b 
displays the XPS spectra affiliated with the O 1s, Fe 3p and Ni 3p spectra 
from the pristine anode. The O 1s spectra from the pristine NiFe2O4 
anode in Fig. S17a was of sufficient quality, thus enabling the metal- 
oxide contribution to be deconvoluted to two separate contributions 
originating from the spinel catalyst at 529.30 and 529.90 eV. These were 
affiliated with the Ni-Ox and the Fe-Ox bonds respectively. The domi-
nant contribution from the organics were singled out at 532.60 eV, 
succeeded by a dual contribution from adsorbed water at 535.15 and 
536.80 eV. The Fe 3p spectra in Fig. S17b had two primary components, 
at 55.80 and 56.70 affiliated with the oxidation states of +3 with a 
smaller contribution of +4 respectively [53,54]. The Ni 3p also in 
Fig. S17b comprised two contributions at 67.60 and 72.20 eV related to 
the oxidation states of 2+ and 3+ [55,56], where these oxidation states 
fit the theoretical oxidation numbers of a NiFe2O4 spinel. 

3.2. Electrochemical 

These results were produced following the experimental protocol 
detailed under ”Electrochemical characterisation”. 

3.2.1. Three-electrode measurements 
The effect of annealing the electrodes is immediately seen in Fig. 5 

where the LSV results in Fig. 5a show a fair performance increment. The 
mean current for annealed electrodes increased by 40.4% relative to the 
untreated version, where this improvement is ascribed to a lower series 
resistance, and improved HER kinetics as indicated in spectroscopic 
results. This will also be shown based off electrochemical evidence. 

Fig. 5 b shows how the Tafel slope declines after annealing, indi-
cating an improved HER pathway. The Tafel slope of the untreated 

Fig. 5. Three-electrode measurements of Pt-PTFE cathodes annealed for 2 h at various temperatures featuring (a) LSV curves, (b) Tafel slopes, (c) fitted EIS spectra 
polarised at -100 mVRHE and (d) CV curves (v= 100 mV s− 1). All measurements are carried out in 1.0 M KOH at 25◦C. 
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electrode implies that the HER proceeds through a combination of the 
Volmer-Tafel and the Volmer-Heyrovsky pathways, with emphasis on 
the former [6]. The rate determining step (RDS) was predominantly the 
Heyrovsky reaction, with some influence of the Volmer reaction. Upon 
annealing, the Tafel slope drops significantly, and then increases with 
increasing annealing temperature. Annealing temperatures up to 400◦C 
yield electrodes which proceed exclusively through the 
Volmer-Heyrovsky pathway as shown by slopes close to 40 mV dec− 1. 
Further increments in temperature result in slopes largely like the un-
heated electrode. 

The hydrophobicity added by PTFE improved stability and bubble 
detachment, however at the cost of impeding charge transportation due 
to its insulating qualities [10]. These effects are noticeable in Fig. 5a, 
where the unheated and 2h-600◦C curves represent the extremities of 
PTFE-effects, namely full effect and no PTFE effect. LSV-curves associ-
ated with annealing temperatures below 600◦C show some effects of 
mass transportation issues, which is affiliated with intermediate stages 
between full and no PTFE-effect. These adverse effects were ameliorated 
by a rest period in the KOH electrolyte as will be shown later through 
two-electrode measurements. 

The fitted EIS spectra polarised at 100 mVRHE in Fig. 5c has similar 
trends, as the annealed electrodes clearly have lower charge transfer 
resistance. The second semicircle attributed to mass transport also de-
clines notably due to annealing, and both facets continue to decline as 
temperature is increased. This correlates with the trends seen in SEM/ 
EDS and XRD, where the degree of PTFE and thus hydrophobicity de-
clines for temperatures ≥ 500∘C. 

CV scans for the annealed electrodes in Fig. 5d show a marked 
improvement in electrochemical activity relative to the unheated. For 
the 2h-300◦C electrode, all characteristics appear enhanced. This effect 
gradually declines as the annealing temperature is increased, where the 
second hydrogen adsorption peak around 0.35 VRHE is more prominently 
affected than the first. 

The first and second hydrogen adsorption peaks around 0.096 and 
0.35 VRHE denote weak and strong hydrogen adsorption respectively 
[30,33], thereby indicating that increasing the annealing temperature 
results in a greater proclivity for weak hydrogen adsorption. This affirms 
the evolution of Tafel slopes with annealing temperature, as the Heyr-
ovsky reaction requires hydrogen to stay adsorbed long enough to react 
with a nearby water molecule, and the likelihood of this declines as the 
adsorption strength declines thus increasing the Tafel slope and 
decreasing the rate of reaction. The electrochemically active surface 
area (ECSA) shown in Fig. S18a, shows a clear increase in ECSA which 
peaks for 400–500◦C before declining at 600◦C. This correlates with the 
SEM trends in Fig. 2, where the thin-film persists from 300-500◦C before 
undergoing pyrolysis at 600◦C. ECSA-normalised LSV curves in 
Fig. S18b show that annealing increases the ECSA significantly more so 
than it does the intrinsic activity of the electrodes. 

The effect of annealing the PTFE-NiFe2O4 anode is shown in Fig. S19, 
where there is a small increment in performance after annealing as 
shown by the LSV curves in Fig. S19a. The unheated and annealed 
samples required 374.6 and 356.4 mV overpotential to reach 10 mA 
cm− 2 relative to the OER lower heating value, similar to previously re-
ported values [57,58] for such anodes. The pristine and 2h-400◦C 
electrode yielded similar Tafel slopes of 42.8 and 41.3 mV dec− 1 and 
similar double layers of as shown in Fig. S19b and S19c [59]. Exchange 
current densities were estimated to 1.88 and 2.49 × 10− 8 mA cm− 2 for 
pristine and annealed samples. Cyclic voltammograms in Fig. S19d 
indicate an earlier onset for the OER and increased influence of the 
oxidising peak around 1.0 VRHE which was attributed to the chemical 
transformation/ageing of α-Ni(OH)2 to β-Ni(OH)2 as shown in Eq. (2) 
[60,61]. 

α − Ni(OH)2⟶β − Ni(OH)2 (2) 

Moreover, the same CVs show the OER current doubles at 1.60 VRHE 

after annealing, thus revealing a fair improvement in kinetics after heat 
treatment. Spectra of EIS at 1.60 VRHE in Fig. S19e show a clear reduction 
in charge-transfer resistance for the annealed anode, thereby affirming 
the reduced charge transfer resistance associated with increased cata-
lytic activity displayed in LSV- and CV-curves in Fig. S19a and S19d. 

3.2.2. Two-electrode measurements: Performance 
The performance of the annealed electrodes was evaluated in a 

single-cell AEMWE to ascertain their performance under realistic con-
ditions. The LSV performance of the cathodes annealed for 2 h is shown 
in Fig. 6, and the results from the 3- and 4-hour series are featured in 
Fig. S20-S23. The 2h performance generally improves over time as 
exhibited in Fig. 6, where the rest period resulted in a modest increment, 
while kinetic conditioning through CP produced a more substantial 
improvement of performance. The augmented performance after repose 
originates from the electrolyte diffusing into cracks and crevices of the 
electrodes. This increases the electrical contact, ameliorates mass 
transportation issues and augments the electrochemically active surface 
area. EIS analysis correlates this with improvement in series resistance 
and increments in the double layer region which signifies a greater 
electrochemically active surface area. This accounts for the similarity 
between the iR-corrected LSV curves before and after rest. Moreover, 
this effect declined with temperature, as the hydrophobicity induced by 
the PTFE was greatly reduced for cathodes annealed at 600◦C, thereby 
decreasing equilibration time. This agrees with results from the three- 
electrode measurements. 

The uncorrected LSV performance of the cell configuration 
employing the cathodes annealed at 2h-500◦C and 2h-600◦C greatly 
surpassed the performance of the untreated reference nickel foam 
configuration. The uncorrected performance of the reference surpassed 
the performance of the the 2h-300◦C and 2h-400◦C cathodes, solely due 
to its comparatively low series resistance as seen by comparing the EIS 
spectra in Fig. 7a–f with that in S24b-S24d. Evaluation of the iR- 
corrected LSV curves shows predictably enough that the reference per-
formance is exceeded by all cell configurations. Comparing the iR- 
corrected performances after CP at 1.80 V yields current densities of 
119, 301, 233, 738 and 365 mA cm− 2 for the reference, the 2h-300◦C, 
the 2h-400◦C, the 2h-500◦C and the 2h-600◦C cell configurations 
respectively. 

The temperature at which the greatest activity was registered 
(Tact., max) was 500◦C for the 2 h series, which produced a current density 
of 1000 mA cm− 2 at 1.86 V with iR-correction. The penultimate per-
formance 1000 mA cm− 2 at 2.06 V with iR correction, recorded with the 
2h-600◦C cathode. Both these curves had similar series resistances, 
which showcases the importance of a low charge transfer resistance 
which amounted to a 200 mV reduction in overpotentials at 1000 mA 
cm− 2. Both of these performances were recorded after kinetic condi-
tioning, exhibiting that while degradation rates were registered during 
the CP (as shown in Tab. S2), the cell performances still improved af-
terwards. Thus, the kinetic conditioning serves as an additional activa-
tion procedure. The current density measured at 2.0 V increased by 11.4, 
12.2 and 16.9% on average after kinetic conditioning for the electrodes 
annealed for 2h, 3h and 4h respectively. 

Impedance results from the same configurations follow the same 
storyline while simultaneously unveiling the distribution of the re-
sistances. Nyquist plots in Fig. 7 show the impedance spectra were fitted 
to an equivalent circuit with a standard circuit configuration for full 
water electrolysis cells, namely Rs‖Rct, 1-CPE1‖Rct, 2-CPE2 [62]. A 
decline in series resistance as the heating temperature increases is clear 
and elaborates the sudden performance increment for the 2h-500◦C and 
2h-600◦C. Here, the series resistance was reduced by approximately 
75% relative to the configuration with the 2h-300◦C sample. The Rct of 
the 2h-500◦C cell was approximately 39% lower than the 2h-600◦C cell 
after conditioning which amounted to a 200 mV decline in overpotential 
and the total impedance was 24.5% lower at 1.70V. However, the 
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resulting current density shows negligible difference at voltages above 
1.70 V, thereby illustrating that catalytic improvements will be limited 
by the series resistance under realistic operating voltages around 2.0 V. 

The AEMWE is assumed to be under kinetic control at 50 mA cm− 2, 
which is easily seen in the LSV curves in Fig. 6. As such, the catalytic 
activity in all cell configurations were assessed by comparing their total 
cell potentials at 50 mA cm− 2, as shown in Fig. 8a. The lowest potentials 
for the 2h, 3h and 4h series were located at 500◦C, 400◦C and 300◦C 
respectively. As such, a staircase effect is observed where increasing 
annealing time reduces the temperature with the greatest activity. 

Fig. 8 b shows the combined anodic and cathodic charge transfer 
resistance Rct and Fig. 8c displays the series resistance Rs measured 
through polarised EIS at 1.70 V after the five hours of kinetic condi-
tioning through CP. The same staircase effect is seen in Fig. 8b and 

Fig. 8a, showing that the combined Rct is potentially a driving force 
behind this trend and affirms the notion that the AEMWEs were under 
kinetic control at this current density. 

Kinetic activity can be estimated through the inverse correlation 
between the charge transfer resistance Rct and the exchange current 

density ( 1
Rct, 1

=
( di1

dV

)

inet=0) [63]. The cathodic parameter 1/Rct, 1 is 

determined by fitting the open circuit EIS (inet=0) spectra to an equiv-
alent circuit. The evolution of this parameter is shown in Fig. 8d and is 
generally similar to the combined Rct in Fig. 8b and the general staircase 
activity trend. 

3.2.3. Two-electrode measurements: Stability 
All AEMWEs were subject to kinetic conditioning to ascertain their 

stability and change in catalytic performance, which was carried out 

Fig. 6. LSV measured in (a) the pristine state, the (b) after rest state and (c) the state after kinetic conditioning through CP for cell configurations utilising cathodes 
annealed for 2 h at 300◦C, 400◦C, 500◦C and 600◦C compared against the untreated nickel foam reference. The dashed lines represent the iR-corrected curves 
determined as specified in the experimental section. All measurements were executed in 1.0 M KOH at 50◦C. 

Fig. 7. Polarised EIS spectra from cell configurations employing a cathode annealed for 2 h at 300◦C ((a)-(c)), 400◦C ((d)-(f)), 500◦C ((g)-(i)) and 600◦C ((j)-(l)). 
The plots show the fitted impedance spectra of the system polarised at 1.50 V, 1.60 V and 1.70 V measured in a pristine state, the after rest state and the state after CP. 
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through chronopotentiometry (CP) at 50 mA cm− 2 for 5 h. The low 
current density was chosen to ensure that the electrolysers were working 
in a kinetically-controlled region. Fig. 9a displays the CP results of all 
electrodes from the 2 h series with the nickel foam reference. All cell 
configurations in Fig. 9a exhibit degradation rates over 1 mV h− 1, 

however these rates would likely decline if the duration was increased. 
Naturally, the potential exhibited during CP adhered to the same order 
as seen by comparing it with the activity-temperature plot in Fig. 8a and 
the original LSV curves in Fig. 6. There is little change in stability as a 
function of annealing temperature based off the degradation rates in 

Fig. 8. (a) Total potential at 50 mA cm− 2 as function 
of temperature for the three heating times after ki-
netic conditioning through CP. The (b) charge 
transfer resistance Rct and (c) the series resistance Rs 

as a function of temperature determined from EIS 
spectra polarised at 1.70 V. The inverse HER charge 
transfer resistance 1/Rct1 as a function of temperature 
(d), where Rct1 is affiliated with the exchange current 
density of the HER. The parameter Rct1 was deter-
mined by fitting open circuit EIS spectra (inet = 0) 
after kinetic conditioning.   

Fig. 9. (a) Chronopotentiometry at 50 mA cm− 2, 50◦C for the cell configurations utilising the cathodes annealed for 2 h at various temperatures and the associated 
degradation rates. Overpotential is relative to the higher heating value of 1.481 V. (b) SEM figures of the PTFE-Pt cathodes annealed for 2 h and (c) TEM of the thin 
film after CP. Detailed surface characteristics are shown in (d) through HRTEM. (e) Degradation of Pt/C through alkaline exposure, showing Pt detachment/ 
agglomeration from carbon planes due to increased in-plane distance. 
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Fig. 9a alone, however cathodes annealed at 600◦C generally led to 
greater degradation (Tab. S2). This corresponds to the decreased me-
chanical integrity due to the loss of PTFE-binder. Additional SEM/EDS, 
TEM, XRD, Raman spectroscopy and XPS measurements were recorded 
after these measurements which revealed extensive changes in surface 
conditions. 

Fig. 9 b displays the surfaces of the PTFE-Pt cathodes after electro-
chemical measurements. Similarly to the pristine condition, the surface 
morphology changes with temperature, where the surfaces range from 
smooth and unaltered at 300◦C, to uneven and cracked at 600◦C. High- 
temperature samples (500–600◦C) displayed a notably greater tendency 
to produce K2CO3 crystals, as determined by the stoichiometry indicated 
by EDS point analysis and mapping (Fig. S8). This was seen ubiquitously 
for all high-temperature samples and is very likely related to the 
electrolyte-surface interaction. 

The effect of alkaline electrolysis on the thin film is shown by the 
post-experimental TEM figure (Fig. 9c). This reveals a greater degree of 
platinum agglomeration compared against the pristine state shown in 
Fig. 3e–f. Exposure to the electrochemical environment in the AEMWE 
results in the thin film showing signs of corrosion where Pt nanoparticles 
dislodge and agglomerate. HRTEM results in Fig. 9d shows the edge of 
the carbon particles are frayed compared against the pristine, post- 
annealed state shown in Fig. 3e–f. Agglomeration effects are also pre-
sent here, where Pt-nanoparticles appear in small clusters spread with 
less uniformity. The d002 in-plane distance of carbon after CP was 
measured to 3.76 Å (std = 0.29 Å), thereby revealing an expansion 
relative to the pristine in-plane distance of 3.39 Å as shown in Fig. S10d. 
The Pt-Pt d111 distance was measured to 2.22 Å (std = 0.14 Å), most 
similar to the annealed state. Previous reports in literature have alluded 
to a preference for epitaxial Pt-C anchoring points, between the Pt(111) 
and C(001) facets [41,64]. Thus, such an increase in d002 would also 
affect the 001-plane and result in substantial strain between these in-
terfaces, and amplify the likelihood of platinum detachment, as illus-
trated in Fig. 9e. 

Fig. 10 a shows XRD patterns of the heat-treated Pt/C cathodes for all 
temperatures. Diffraction peaks at Bragg angles of 2θ = 17.1◦, 18.1◦, 
24.3◦, 30.1◦, 31.6◦, 36.7◦, 39.3◦ and 40.4◦ are observed. A variation of 

±0.1∘ in peak position was observed, which originates from height 
variations during sample mounting and the porous nature of the elec-
trodes. The peaks at 17.1◦ and 18.2◦ are related to the Nafion resin and 
PTFE respectively [16,42]. The large peak width and low intensity of the 
Nafion peak at 17.1◦ corresponds to the amorphous nature of the 
polymer structure, whereas the peaks at 18.1◦ and 36.7◦ are from the 
(100) and (107) planes of PTFE [16,42,44]. Both these peaks were 
completely missing for electrodes annealed at 600◦C where a notable 
change in both morphology and weight (Fig. S3c) was noted after 
annealing. This also confirms SEM/EDS results for electrodes annealed 
at 600◦C and the established thermal stability of PTFE [35]. The 
amorphous peak at 40.5◦ was attributed to the platinum (111) facet [16, 
45]. This peak was not clearly observed for electrodes heated at 600◦C, 
indicating little or no platinum nanoparticles were left after electro-
chemical measurements. These have likely leached into solution due the 
lack of the PTFE binder leading to rapid degradation. The peak at 24.3◦

and the sharp peaks registered between 30-39◦ were all attributed to 
various degradation products originating from the interaction between 
the KOH electrolyte and the carbon surface, namely K2CO3 and KHCO3 
(JCPDS No. 71-1466 & No. 70-0095) [65,66], which was in line with the 
results from EDS quantification. 

The post-experimental anode XRD spectrum in Fig. S12 shows the 
same peaks as noted after annealing, thus indicating no additional 
contaminants. Generally, this spectrum as a whole displays an increase 
in crystallinity after experiments. The peak affiliated with the (311)- 
plane undergoes shows a fair increase in crystallinity, which is likely 
associated with the chemical/electrochemical ageing of the NiFe2O4 
catalyst in an alkaline electrolyte. Notably less influence of the various 
carbonate species was found on the anode, despite receiving the same 
treatment as the cathode. Moreover, the peak affiliated with PTFE was 
still present at 18.1◦ showing thus showcasing its alkaline stability in the 
absence of platinum while under oxidising conditions. 

The extensive influence of K2CO3 in the SEM/EDS and XRD spectra 
indicates degradation. Previous research shows that a potential weak-
ness lies in the anchoring point(s) between the platinum nanoparticles 
and the carbon support, where the hydroxide charge carrier reacts with 
the carbon support ultimately producing carbonate species and 

Fig. 10. (a) XRD spectra of the 2 h cathodes at several temperatures. (b) Raman spectra from the 3 h series shows a representative trend of the electrodes after 
measurements. (c) Post-experimental XPS spectra of originating from the 2h-400◦C PTFE-Pt cathode showcasing the carbon 1s spectra, the oxygen 1s spectra and the 
platinum 4f spectra. 
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untethered Pt nanoparticles as originally proposed by Lafforgue et al. 
[67]. Pt was also found to accelerate this process, which corresponds 
with the complete lack of anodic carbon corrosion. This correlates with 
the thermodynamic stability of carbon in strong alkaline solutions at 
potentials above 0.06 VRHE [68]. The increased proclivity to form K2CO3 
crystals indicates that higher heating temperatures exasperates this 
degradation mechanism. 

Considering the uncertainty associated with the stability of the car-
bon support, Raman spectra were collected to ascertain its condition. 
The associated spectra of the cathodes annealed for 3 h (Fig. 10b) were 
utilised to show how the state of the carbon support varied with tem-
perature, as this set displayed the clearest trends. The same trends are 
also present in the 2 and 4 h series (Fig. S13), albeit with less clarity. The 
spectra were fitted utilising the same procedure as that shown for 
annealed electrodes in Fig. 4b. The evolution of each band with tem-
perature was evaluated by normalising with respect to the baseline 
signal. The intensity of the D and G bands increase with temperature, 
indicating increased C–O and C=C stretching and thereby increased 
molecular polarisability [24,25]. A temperature-related increase of the 
intensity of the D” band was also revealed, originating from the amor-
phous sp2 phase of carbon [24,25]. 

Moreover, the band width of the D∗ increases with temperature 
which indicates rising disorder in the sp3-rich phases while the width of 
the D” band decreases indicating increased order in the planes between 
the planes (Fig. S14d) composed of the polyaromatic BSUs shown in 
Fig. S14 [24,26,50]. Furthermore, the ID/IG ratio decreased continu-
ously with increasing temperature and did not exceed that of the pristine 
2h-400◦C cathode. The continuous decline in ID/IG ratio correlates with 
temperature-based trends for Vulcan XC-72 [25] and the increased 
in-plane crystallite size (Eq. (1)). This correlates with the increased 
d002 in-plane distance relative to the pristine value. The trends in the 
Raman spectra (Fig. 10b) follow the same temperature-based trends 
from the pre-experimental data, indicating an increase in carbon black 
particle size. The bonds of a catalyst particle with multiple anchoring 
points on such an expanding CB surface would likely be affected, as 
illustrated in Fig. 9e. 

Post-experimental XPS spectra reveal the oxidation state of the 
principal elements of the catalyst thin-film. The survey spectrum in 
Fig. S15b indicates a few contaminants, where calcium is a common 
contaminant in the KOH powder utilised to create the KOH electrolyte. 
The stainless steel fittings are the most likely source of the chromium, 
which is known to be active under alkaline conditions [27]. The notable 
presence of zinc is curious, though its sudden appearance after experi-
ments indicates it originated from sample handling, as it cannot origi-
nate from the electrolyte as no presence was noted in the anode XPS 
spectrum (Fig. S15a). The C 1s spectrum in Fig. 10c displayed a great 
change relative to the pristine and annealed spectra in Fig. 4c. The 
spectrum was deconvoluted to show the main sp3 C–C bond at 284.73 
eV, the C–O bond at 285.48 eV, the badly oxidised C=O bond at 288.63 
eV, the reduced C–F/O–C=C bond at 289.53 eV and finally the severely 
reduced C–Fx bond at 291.93 eV. Tab. S1 quantifies the fair change in 
the C 1s spectra, where the clear decline in fluorocarbons indicates 
corrosion of the PTFE binder. Considering the C=O bond is solely 
affiliated with the carbon support, its increased binding energy after 
experiments indicates severe oxidation of the carbon support relative to 
its annealed state. This correlates with Raman spectra, namely the 
increased stretching of C–O and rising disorder in sp3-rich phases (C–C), 
which indicate carbon corrosion. 

The O 1s spectrum displayed a notably greater intensity after ex-
periments (Fig. S15b), thereby producing the sharp peak shown in 
Fig. 10c. The spectra includes a small, but notably greater contribution 
from the Pt-O bond at 529.23 eV, the dominant contribution from or-
ganics at 531.48 eV and a small addition of adsorbed water at 533.43 eV. 
The notable contribution from organics increased relative to the 
annealed state, where this increase is likely related to the formation of 

compounds such as K2CO3 through the degradation of the carbon sup-
port. Moreover, the increased size of the metal-oxygen contribution 
indicates an increase in the platinum oxidation state. This is quite 
obvious when viewing the Pt 4f spectra in Fig. 10c, where there is a 
notable difference from the pristine and annealed samples shown in 
Fig. 4c. The Pt 4f spectrum was deconvoluted to show the traditional 4f- 
peak split of 3.3 eV yielding the 4f7/2 and 4f5/2 peaks of PtO2 at 76.63 eV 
and 79.93 eV respectively [69], indicating a significant degree of 
oxidation. Moreover, lost plasmon peaks of metallic Pt were also 
located, at 71.23 and 74.53 eV. The peaks attributed to various 
aluminium oxides come from the aluminium foil utilised for transport of 
the XPS specimens [70]. 

The thin-films were briefly exposed to air after electrochemical 
testing, where CO2 in the air will react with surface-bound KOH to form 
K2CO3. Post-measurement XPS spectra shown in Fig. 10 revealed 
notably less platinum, which is supported by EDS measurements 
(Fig. S3b) showing a lower bulk atomic percentage. The surface-bound 
Pt-nanoparticles measurable by XPS were notably oxidised, and a 
greater amount of these nanoparticles were also found in the bulk of the 
thin film for electrodes annealed at temperatures ≤ 500∘C as shown by 
XRD and EDS data. These spectra support the possibility of the degra-
dation pathways suggested by Lafforgue et al. [67]. 

Despite the clear signs of degradation shown in Fig. 9-10, the utility 
of PTFE in the thin-film is clear when comparing all the degradation 
rates in Tab. S2 and the spectroscopic evidence documenting its exis-
tence up to 500◦C. The catalytic activity of the cathodes increased with 
temperature, where this was made possible by the binding qualities of 
PTFE. 

Anodic post-experimental XPS results in Fig. S15a & S17c-S17d 
display the survey spectra, the O 1s and the Fe 3p and Ni 3p spectra 
respectively. Survey spectra indicate few contaminants, where the cal-
cium originating from the KOH-powder was found here in addition to 
the cathode. The anodic NiFe2O4-powder clearly contained traces of 
manganese and cobalt, which became increasingly present after exper-
iments. The O 1s spectra in Fig. S17c was deconvoluted to show the same 
contributions as the pristine oxygen 1s spectra in Fig. S17a. It was no 
longer possible to separate the contributions of iron and nickel in the 
metal oxide bonds, as only a singular contribution was found at 529.64 
eV. The dominant contribution related to the organics (NPRS+PTFE) 
and the O-H from the catalyst-bound oxygen was located at 531.12 eV, 
followed by adsorbed water at 532.17 eV. The Fe 3p peak in Fig. S17d is 
largely unchanged relative to the pristine sample in Fig. S17b, where the 
same oxidation states are present though with a slight increase. The state 
of the Ni 3p peaks in Fig. S17d mirror that of the Fe 3p, in showing a 
slight incline in oxidation state. The average oxidation state of both 
nickel and iron declined slightly, implying the catalyst was not oxidised. 
Comparing the relative contributions of iron and nickel in the NiFe2O4 
spinel before and after experiments reveals a clear decline in iron con-
tent relative to nickel. This indicates that iron leaches out of the spinel 
over time, supporting what has been previously reported in literature 
[71]. 

4. Conclusion 

This paper investigated the annealing conditions of catalyst coated 
substrates protected by PTFE for Pt/C cathodes and NiFe2O4 anodes. A 
barrage of spectroscopic measurements (SEM/EDS, TEM, XRD, Raman 
spectroscopy and XPS) revealed notable changes in the cathodes after 
annealing, namely improved morphology and crystallinity. The 
annealed electrodes were tested in a standard three-electrode cell, where 
both anode and cathodes exhibited more than 40% improvement in peak 
current density due to improved OER/HER kinetics and a lower series 
resistance, thus confirming the spectroscopic prognosis. 

Both electrodes were tested in a full AEMWE, where a staircase 
activity-trend was found as the annealing temperature yielding the 
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greatest activity declined with increasing annealing time (2h-500◦C, 3h- 
400◦C and 4h-300◦C). Generally, longer annealing times were not 
beneficial for cell performance. 

The AEMWE performances were recorded at several key points 
throughout the experimental protocol to quantify the influence of rest, 
and kinetic conditioning through chronopotentiometry. Cell perfor-
mance increased after rest, due to electrolyte diffusion decreasing the 
electrode-AEM contact resistance. Moreover, cell performance generally 
improved after 5 h of conditioning under kinetic control (50 mA cm− 2), 
with respect to both series and charge transfer resistance. The degree of 
improvement from kinetic conditioning increased with heating dura-
tion, resulting in current densities increasing by 11.4, 12.2 and 16.9% 
for heating durations of 2h, 3h and 4h respectively measured at 2.0 V. 

Electrode stability was evaluated after electrochemical measure-
ments, where annealing temperatures over 500◦C resulted in unstable 
performances. This was related to adverse effects from the annealing 
process, as temperatures above 500◦C compromised the mechanical 
integrity of the thin-films supported by the PTFE. In-depth surface 
characterisation revealed degradation from alkaline exposure, where 
the in-plane distance of the carbon support of the PTFE-Pt cathodes 
increased, indicating that the onion-like structure of the support 
expanded during corrosion. Considering the anchoring sites for Pt are 
hypothesised to be conditional on the similarity between the graphite 
planes and the Pt-Pt planes through epitaxial growth, this expansion 
would stretch, weaken, and ultimately break the Pt-C bond, resulting in 
particle detachment/agglomeration. 

The value of utilising PTFE in annealed thin-films has been repeat-
edly shown, where the conditions of heat treatment have been thor-
oughly characterised through a barrage of surface-sensitive techniques. 
This has resulted in both benefits and challenges with respect to AEM 
water electrolysis. Great benefits have followed kinetic conditioning a 
AEMWE cell, where the electrode kinetics and most importantly the 
series resistance was notably improved following this extended activa-
tion procedure. 
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impedance spectroscopy as a diagnostic tool in polymer electrolyte membrane 
electrolysis, Materials 11 (8) (2018) 1368. 

[63] G. Horvai, Relationship between charge transfer resistance and exchange current 
density of ion transfer at the interface of two immiscible electrolyte solutions, 
Electroanalysis 3 (7) (1991) 673–675. 

[64] E. Willinger, A. Tarasov, R. Blume, A. Rinaldi, O. Timpe, C. Massué, M. Scherzer, 
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