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ABSTRACT: Corrosion resistance and catalytic activity toward the oxygen COFtTOSti_OH + ORR
reduction reaction (ORR) in an alkaline environment are two key properties for profection catalysis o

OZ H2

water recombination applications. In this work, CoCrFe Ni (0 < x < 0.7) thin =z
films were deposited by magnetron sputtering on polished steel substrates. The \ /
native passive layer was 2—4 nm thick and coherent to the columnar grains 2nm;& & Passivefim
determined by transmission electron microscopy. The effect of Fe on the corrosion 1 pm
properties in 0.1 M NaCl and 1 M KOH and the catalytic activity of the films
toward ORR were investigated. Electrochemical impedance spectroscopy and 1mm
potentiodynamic polarization measurements indicate that CoCrFe,,;Ni and
CoCrFey;Ni have the highest corrosion resistance of the studied films in NaCl

and KOH, respectively. The high corrosion resistance of the CoCrFe,,Ni film in NaCl was attributed to the smaller overall grain
size, which leads to a more homogeneous film with a stronger passive layer. For CoCrFe(;Ni in KOH, it was attributed to a lower Fe
dissolution into the electrolyte and the build-up of a thick and protective hydroxide layer. Scanning Kelvin probe force microscopy
showed no potential differences globally in any of the films, but locally, a potential gradient between the top of the columns and
grain boundaries was observed. Corrosion of the films was likely initiated at the top of the columns where the potential was lowest. It
was concluded that Fe is essential for the electrochemical activation of the surfaces and the catalytic activity toward ORR in an
alkaline medium. The highest catalytic activity was recorded for high Fe-content films (x > 0.5) and was attributed to the formation
of platelet-like oxide particles on the film surface upon anodization. The study showed that the combination of corrosion resistance
and catalytic activity toward ORR is possible for CoCrFe,Ni, making this material system a suitable candidate for water
recombination in an alkaline environment.
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Bl INTRODUCTION are one of the HEA families that have been studied for their
promising corrosion properties. Hsu et al.” showed that a
CoCrFeNi alloy had a similar corrosion behavior to stainless
steel 304L in NaCl. CoCrNi and CoCrFeMnNi even had
higher corrosion resistance than stainless steel in H,S0,,% "
which was attributed to the growth of a Cr-rich oxide. In
NaOH, extensive dissolution of Cr was observed, which led to
a porous passive film.® Impact of additions of Co,"" Cu,” Mn,"
AL" and Nb'* on corrosion resistance and passivity of these
alloys have been reported but the effect of Fe has so far not
been investigated. Fe is known to preferentially dissolve to the
benefit of Cr in steels'" and high entropy alloys.'”'®"”
Therefore, it is of interest to investigate what the critical Fe
content is for the change in material properties. Because of the

Alkaline batteries are widely used for standby and unin-
terrupted power supplies, which can be found, for example, in
hospitals’ backup generators, data centers, or industrial
processes.” Industrial rechargeable batteries can be stored for
more than 20 years but require periodical maintenance due to
electrolyte loss as a result of water splitting. One way to tackle
this issue is to add an electrocatalyst for water recombination.
However, alkaline batteries are considered harsh and corrosive
environments because of their high hydroxide concentration
and caustic properties,”” thus the batteries rely on corrosion-
resistant materials for their durability. The corrosion resistance
of metals is often achieved by their protective oxide on their
surfaces, also known as the passive layer.*

In high entropy alloys (HEA), a new class of multi-
component alloys first established by Yeh et al.’ and Cantor et Received:  May 16, 2022
al,® several elements are present in equimolar or nearly Accepted: August 15, 2022
equimolar proportions. As a consequence, their entropy of Published: August 25, 2022
mixing is high and free Gibbs energy is lowered® and this tends
to enhance certain physical properties of alloys such as
mechanical strength and corrosion resistance. CoCrFeNi alloys
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excellent corrosion properties of these HEAs, they have also
been synthesized as coatings and thin films. CoCrFeNi and
CoCrCuFeNi films synthesized by vacuum hot sintering'® and
CoCrFeMnNi by laser cladding'” on steel and CoCrFeMnNi
by electrodeposition®® on copper have been reported as
effectively protecting the substrates and showed similar
corrosion resistance to stainless steel 304 in NaCl and in
H,SO,. The corrosion properties of AICoCrFeNi thin films
deposited by RF magnetron sputtering have been studied by
Gao et al.”' and Shi et al.>> However, the corrosion resistance
in an alkaline environment is yet to be reported to ensure that
the films are suitable, for instance, for an alkaline battery
application.

As previously mentioned, alkaline batteries would benefit
from the introduction of a water recombinant electrocatalyst to
tackle water loss. The kinetically limiting reaction in water
recombination is the oxygen reduction reaction (ORR), which
requires an electrocatalyst. Cobalt oxides as nanoparticles have
been reported to be efficient toward ORR,””** and we have
previously demonstrated that Co thin films can be used as
electrocatalysts.”> Other alternatives with high efficiency for
ORR are Ni/NiO*® and NiCo,0, spinels.”’

The structural and mechanical properties of CoCrFeNi thin
films deposited by magnetron sputtering have been studied by
various research groups® > but neither their corrosion
properties nor their catalytic activity toward ORR has been
investigated. In this study, we report the synthesis of
CoCrFeNi thin films with varying Fe content by magnetron
sputtering and their corrosion resistance in an alkaline
environment together with their catalytic activity toward
ORR. Furthermore, the effect of the Fe concentration on
these properties was investigated to aid in designing a
bifunctional material system.

B MATERIALS AND METHODS

Thin-Film Deposition. Low-alloyed carbon steel (C 0.08 wt %; Si
0.02 wt %; Mn 0.52 wt %; Al 0.04 wt %; Cr 0.04 wt %; Fe balance) 1
mm thick plates were cut into 2-in. disks, ground, and polished with
diamond paste (down to particle size of 0.25 um). The disks were
ultrasonically cleaned with ethanol. CoCrFeNi thin films were
deposited by direct current magnetron sputtering. The system was
equipped with four 30° inclined magnetrons® and the base pressure
in the chamber was < 1077 Pa. Four 50-mm-diameter elemental
targets were used. The total power applied to the targets was kept
constant at 400 W. Argon gas was introduced at each magnetron with
a flow of 35 sccm corresponding to a process pressure of 0.3 Pa. The
steel substrate was heated to 300 °C prior to the deposition. The
substrate was rotated at 15 rpm during the deposition to ensure
uniform deposition. The deposition time was 30 min, aiming for 1 y#m
thick films.

Structural Analysis of Thin Films. The crystal structure of the
films was characterized by X-ray diffraction (XRD) using a Bruker D8
Discover diffractometer in a symmetric /26 configuration and a Cu
Ka X-ray source (1 = 1.5406 A). The morphology and chemical
composition of the thin films were analyzed using a scanning electron
microscope (SEM) Sigma 300 VP Gemini (Zeiss, S kV acceleration
voltage) and an energy dispersive spectroscopy (EDS) detector
(Oxford Instruments X-MAx", 5 kV acceleration voltage) integrated
into the microscope. The average grain size for the films was
determined from 20 grain measurements in the SEM micrographs.

To determine the thicknesses of the films and to study their
microstructure, cross-sectional samples for analysis by SEM and
transmission electron microscopy (TEM) were prepared using a dual
beam SEM-focused ion beam (FIB) microscope (Gemini Zeiss 1540
sB). Samples were placed with a 54° angle tilt, facing a Ga* ion source
to sputter away the film. Pt layers were first deposited on top of the

film to protect the surface of the film during milling. SEM images of
the cross sections were taken using the same instrument using a 36°
image correction to take account of the sample tilt. Thin lamellae
suitable for TEM analysis were prepared using the well-established
lift-out approach. All TEM analyses were performed using an FEI
Tecnai G2 TF 20 UT microscope operated at a 200 kV acceleration
voltage. For scanning transmission electron microscopy (STEM), a
high-angle annular detector was used spanning an angular range of
80—260 mrad.

Scanning Kelvin probe force microscopy (SKPFM) was used to
measure potential maps of the samples in addition to the height maps
obtained through atomic force microscopy (AFM). A Bruker
Dimension Icon AFM microscope was used in the frequency
modulation mode (FM-KFM). A Ptlr-coated Si tip, with a 200—
250 pum length and a resonance frequency of 60—100 kHz, was used
for the measurements. The results were analyzed using NanoScope
analysis V1.9 software.

Electrochemical Measurements. To investigate their corrosion
properties, the films were immersed in a neutral chloride (0.1 M
NaCl) and an alkaline electrolyte (1 M KOH), and electrochemical
measurements were carried out with a PARSTAT 3000A—DX
potentiostat. A three-electrode setup was used where the working
electrode was the thin film, a Ag/AgCl saturated with KCI (E=0.197
V vs SHE) was used as a reference electrode, and a Pt wire was used
as a counter electrode. The open-circuit potential (OCP) was first
measured for 30 min. Electrochemical impedance spectroscopy (EIS)
was carried out at OCP. A potential difference of 10 mV was applied
with frequencies from 100 kHz to 10 mHz. The data were analyzed
and fitted to equivalent electronic circuits using ZSimpWin 3.60
software. The circuits consist of different components: resistors and
constant phase elements (CPE). The CPE is used to model a nonideal
capacitor and considers the heterogeneity at the thin-film surface. Its
impedance can be written as Zcp = 1/[Yo(jw)"], where Zcpg is the
impedance for the CPE, Y is the modulus, j is the complex number, @
is the angular frequency, and # is the correction factor (n = 1 when
the capacitor is ideal and 0.5 < n < 1 when it is nonideal). R and R,
are resistors that model the resistance of the solution and the charge
transfer resistance, respectively. After EIS measurements, potentiody-
namic polarization (PD) was carried out from —0.25 V vs OCP to 0.8
V for NaCl and 0.6 V vs Ag/AgCl for KOH, with a scan rate of 0.167
mV/s (10 mV/min). The Tafel module in VersaStudio software was
used to calculate the Tafel slopes and determine the corrosion current
density j.,. The extrapolation was carried out +0.1 V away from E_,.
All measurements were repeated for duplicate samples and carried out
at room temperature. A wrought stainless steel 316L sample was used
as a reference material in 0.1 M NaCl, as it is a well-known corrosion-
resistant material in a neutral chloride environment.

Cyclic voltammetry (CV) and potentiostatic experiments for ORR
catalysis testing in 1 M KOH were carried out in the same cell as for
the corrosion testing. Scan rates for the initial CVs were 200 mV/s
and for the ORR 5 mV/s. The resulting plots shown in Figure 8 were
taken as an average value of the last three CVs for the 200 mV/s scan
rate and the last CV after 10 cycles for the ORR testing at 5 mV/s.
Prior to ORR testing, the electrolyte was purged with pressurized
oxygen gas (O,) for 30 min to saturate the solution or with nitrogen
(N,) to obtain an oxygen-free condition. To confirm that the
recorded catalytic activity is related to ORR activity of the CoCrFeNi
films and not due to deposited Pt from the counter electrode on the
films, the ORR measurements were also carried out with a graphite
counter electrode (available in the Supporting Information).

B RESULTS

As-Deposited Thin Films. Table 1 shows the composition
of the different thin films in atomic % based on EDS
measurements. The Fe content was varied from 0 to 19 at %
with Co, Cr, and Ni adjusted accordingly. The films were
named CoCrFe,Ni, where x is the Fe content over the average
composition of Co, Cr, and Ni in the films. No notable
composition gradients were observed along the film growth

https://doi.org/10.1021/acsaem.2c01499
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Table 1. Elemental Composition (at %) Based on EDS
Measurements of the Films

at % Co Cr Fe Ni
CoCrFe((Ni 373 £ 0.1 289 + 0.3 0 33.8 £ 0.2
CoCrFe, Ni 36.1 + 0.1 28.1 + 0.1 24 +£02 334 £ 02
CoCrFe(;Ni 33.7 £ 02 264 + 02 8.6 +0.2 313 £ 0.1
CoCrFe(sNi 31.7 £ 0.2 249 + 03 14.0 £ 0.2 293 £ 03
CoCrFe,,Ni 29.0 + 0.1 243 + 0.3 189 + 0.2 279 + 0.1

direction (based on the EDS line profiling available in
Supporting Information Figure S1).

The crystal structure of the films was analyzed by XRD. The
diffractograms are presented in Figure 1.
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Figure 1. X-ray diffractograms from the films. Identified phases are
represented by dashed lines or symbols (o for the sigma phase).

The steel substrate has a randomly oriented, body-centered
cubic (BCC) structure. For all films, three peaks can be
indexed to a face-centered cubic (FCC) phase.7‘28‘34 The
relative intensity of the peaks corresponding to the 200 and
220 planes of the FCC lattice decreases when the Fe content
decreases. The peak intensity for the 111 FCC plane does not
seem to be affected by the composition and could indicate a
small degree of texture along the [111] direction. For films
with low Fe concentrations (x = 0—0.3), a hexagonal close-
packed (HCP) structure is also observed.”>™*’ The peak
intensity for the HCP phase increases with decreased Fe
content. The 002 plane for the HCP phase is located at ~44°
and overlaps with the FCC 111 peak. A secondary tetragonal
P4mm group phase was identified for films with x = 0.1-0.5,
which could be a sigma (o) phase in agreement with Kini et
al.** The lattice parameters for the FCC phase calculated from
the 111 plane are 3.53 A for CoCrFe,oNi and 3.55 A for
CoCrFe,,;Ni, which are consistent with those of the previously
reported CoCrFeNi thin film.** The lattice parameters of the
HCP phase calculated from the 100 and 101 planes are a =
2.52 A and ¢ = 405 A.

The surface morphology and the films’ cross sections were
analyzed by SEM. Figure 2 features plane-view and cross-
sectional images of the deposited films.

From the plane-view images (Figure 2a,c,e,gi), large grains
(~270 nm in width) and smaller grains (<75 nm in diameter)
can be observed. When the Fe content is decreased, the
number of these large grains decreases. The measured average
grain sizes for the films are 159(£76), 199(+60), 203(+76),
244(+62), and 255(+75) nm for x = 0, 0.1, 0.3, 0.5, and 0.7,
respectively. The cross-sectional images (Figure 2b,d,fh;j)

CoCrFe,;Ni CoCrFe, Ni CoCrFe, Ni

CoCrFe,sNi

CoCrFe,-Ni

Figure 2. SEM plane-view (3, ¢, ¢, g i) and SEM images of the FIB
prepared cross sections (b, d, f, h, j).

show that the grains are columnar and their width is consistent
with the plane-view images. The columnar growth becomes
less evident when the Fe content increases, indicating less
defined grain boundaries and smaller grain size. Intragrain
features are present within the columns seen as lines almost
parallel to the substrate surface. These features are more clearly
seen in the TEM images (Figure 3 column 2). The film
thicknesses are consistent at ~1.1 um for all films. For
CoCrFe(Ni, a small gap between the film and the substrate is
observed in the cross-sectional micrograph. This could indicate
a decreased adhesion of the film to the steel substrate when no
Fe is present in the film.

The cross-sectional micrographs show that the films are less
columnar at the 200 nm closest to the substrate. This is further
confirmed in the TEM micrographs in Figure 3 (column 1, top
of grains indicated by hollow arrows) where small triangular
shaped grains can be observed at the film—substrate interface.
This indicates a mixed orientation competitive growth at the
initial film formation. At the top of the films (Figure 3 column
2), columnar growth is dominant, and a thin (2—4 nm) oxide
layer (Figure 3 column 3) is present on the surface of all grains

https://doi.org/10.1021/acsaem.2c01499
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CoCrFe,sNi CoCrFe;Ni

CoCrFey,Ni

Figure 3. TEM micrographs of the films and HAADF-STEM of the film—substrate interface (column 1: (a, d, g, j, m)); hollow arrows indicate
signs of competitive growth, and of top of the film (column 2: (b, e, h, k, 0)); arrows indicate the presence of defects in the films. HRTEM of the

native oxide layer indicated by red lines (column 3: (¢, f, i, , p)).

on all samples. The HRTEM images also confirm the presence
of the oxide layer, which seems to be crystalline, although the
exact structure or orientation could not be determined. From
the STEM and HRTEM images, it appears that the number of
defects increases with the Fe content. Features within the
columnar grains shown by arrows in the HAADF-STEM
images (Figure 3 column 2 indicated by arrows) show stacking
faults and twin boundaries.”* Well-defined grain boundaries are
visible in the STEM images (indicated by arrows) for
CoCrFeygNi, indicating either that they are underdense or
phase separation has occurred. The fitted SAED patterns
(Figure S2) indicate the presence of the HCP phase in
addition to FCC for x = 0—0.3 in agreement with findings from
XRD analysis. For the high Fe content films, the pattern

becomes more ring-like, indicating a higher number of
domains analyzed and, hence, a smaller overall grain size, as
shown in SEM images.

Corrosion Resistance. To investigate the corrosion
performances of the deposited thin films, two environments
were selected: 0.1 M NaCl, pH 6 and 1 M KOH, pH 13. EIS
measurements were carried out to gain information about the
resistance of the passive layer.”®”” Nyquist plots from EIS
spectra recorded at OCP for the films and the substrate are
shown in Figure 4(a) in 0.1 M NaCl and (b) in 1 M KOH.

In both environments, semicircles were recorded, one for 0.1
M NaCl and two for 1 M KOH (with the exception of
CoCrFe(oNi); each semicircle is attributed to a layer in the
passive film. To quantify the corrosion resistance, equivalent

https://doi.org/10.1021/acsaem.2c01499
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Figure 4. Nyquist plots for the EIS data recorded in 0.1 M NaCl (a)
and 1 M KOH (b) for the films, substrate, and 316L reference. The
lines correspond to the fitted model to the raw data (symbols).

electronic circuits were chosen based on prior knowledge of
the passive film structure in these environments*>*' and their
fit to the recorded data (fitted data presented as solid lines in
Figure 4 and numerically in Table 2). The selected circuits are
shown in Figure 5.

The higher the resistance values (R, R,,, and Rhyd) and the
lower the capacitance values (Y;), the higher the corrosion
resistance. In NaCl, CoCrFe,,Ni and CoCrFey;Ni have the
highest R, amongst the films, one magnitude higher than the
substrate and close to 316L, and the films also have low
associated capacitance Y, showing that these films have the
strongest, thickest, and most stable passive film.*!

() CPE (b) CPEhy CPE o

Figure 5. Equivalent electronic circuits used for the EIS data fitting
for samples immersed in NaCl (a) and KOH (b).

In 1 M KOH, the outer layer is associated to a porous
hydroxide on top of the inner oxide layer. The presence of
hydroxides after immersion in KOH was also confirmed by
FTIR analysis (Supporting information, Figure S3). CoCr-
Fe((Ni has the highest R and low Y; values for both hydroxide
and oxide layers, which indicates that this film has the most
protective and thickest oxide and hydroxide layer.*”*' Small
additions of Fe (x = 0.1—0.3) decrease the protectiveness of
the oxide layer based on the low R, and high Y_,,*" observed.
By increasing the Fe content (x = 0.5—0.7), the inner oxide
layer becomes more protective and denser with a small
increase of R, but especially with lower Y, values (2.7 X
107° on average). This could mean that for x > 0.5, the oxide
layer grows underneath a more porous hydroxide layer (higher
YO—hyd)'40 All films have a corrosion resistance almost 10 times
higher than the substrate.

Potentiodynamic polarization was applied to gain informa-
tion on the corrosion onset, pitting resistance, and corrosion
%% Figure 6 shows typical polarization curves in (a) 0.1
M NaCl and in (b) 1 M KOH.

In 0.1 M NaCl, all films have corrosion potentials close to
each other and exhibit a passive region. The lowest corrosion
current densities of the films are recorded for CoCrFe,,Ni and
CoCrFey Ni. All films and 316L exhibit a pitting potential,
where the current increases more rapidly, around 0.2—0.5 V for
the films and 0.67 V for 316L. The formation of pits was
verified by SEM imaging after the corrosion testing
(Supporting Information Figure S4).

In an alkaline environment, 1 M KOH, the film’s corrosion
behavior differs significantly compared to that in 0.1 M NaClL
After reaching the corrosion potential, the films present a sharp
peak followed by a constant current region until the critical
potential is reached. The peak corresponds to an active region
where the initial passive film is modified, most likely
depassivated, and then reformed. The sharp increase in current
is the start of the transpassive region where the passive film is
further oxidized but also the onset of the oxygen evolution
reaction that contributes to the current density. The corrosion
current density is the lowest for CoCrFe,(Ni and CoCrFe;Ni,
and their depassivation potential is higher than that of the
other films, indicating that reducing the Fe content improves
the corrosion properties in a basic environment. However, this

Table 2. EIS Simulation Results with R, Ry, 4, Yo.pya and nygq
Oxide Layer, which is Modeled by R

0x)

Parameters for the Outer Hydroxide Layer Formed on Top of the

Yo.op and n,, for the Films and Substrate in 0.1 M NaCl and 1 M KOH

R (Qem®) Ry (Qem®) Yo (Q7em™) fhyd Ry (Q-cm?) Yoo (@7 -cm™?) Mo

0.1 M NaCl substrate 103.4 N.A. 1.6 x 10° 23 x 107 0.86
CoCrFe,Ni 84.5 2.8 x 10* 69 x 107° 0.87

CoCrFe,,Ni 96.3 2.9 x 10* 63 x107° 0.86

316L 79.1 9.7 x 10* 29 x 107° 0.94

1 M KOH substrate 2.67 9.3 x 10° 62 % 107* 0.80 9.9 x 107 3.6 X 107° 0.98
CoCrFey(Ni 2.67 5.3 x 10* 52 % 107* 0.92 1.8 x 10* 1.0 x 107* 0.97

CoCrFey;Ni 2.71 52 % 10° 3.0x 1078 0.95 7.0 X 10° 1.2 x 1073 0.79

CoCrFe,sNi 2.72 8.2 x 10° 5.3 x 107 0.83 83 x 10° 29 x 107° 0.86
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Figure 6. PD polarization curves for the films, substrate, and 316L in
0.1 M NaCl (a) and 1 M KOH (b) after OCP was recorded for 30
min, scan rate 10 mV/min.

trend is not observed for CoCrFey;Ni. Table 3 shows the
extracted corrosion data in both tested environments.

The highest reduction of the corrosion current density and
increase in the corrosion potential relative to the substrate are
found for CoCrFe,,Ni in NaCl (0.8 vs 17.6 yA/cm® and
—0.298 vs —0.559 V). Hence, the 1.1 ym thin film could
potentially slow down the corrosion rate of the steel substrate
by a factor of 22 compared to a noncoated substrate.

SKPFM Measurements Ex Situ after Exposure to KOH.
To further understand the surface evolution during immersion
in 1 M KOH, SKPFM measurements were performed on the
films as-deposited and after 30 min of immersion in KOH. The
height and potential measurements for CoCrFe,(Ni and
CoCrFey;Ni as-deposited and after exposure to KOH are
shown in Figure 7.

The maximum height differences of the film surfaces are
20—30 nm. Potential maps show that anodic regions, with the
lowest potential, correspond to the top of the grains in the
films. Cathodic regions, with the highest potential, are in the
grain boundaries of the film. This indicates that the top of the

columnar grains is less noble in their joints, which could cause
the initiation of microgalvanic corrosion. After immersion in
KOH, the potential differences are less visible in the potential
maps, especially in CoCrFe;,Ni. The average potential for the
films is found to be 174 and 217 mV for as-deposited
CoCrFey¢Ni and CoCrFe,Ni, respectively. After exposure to
KOH, i.e., oxidation of the surface, the average potentials are
lower, i.e, —113 and —107 mV, respectively.

Catalysis ORR Testing. Co and Ni oxides can be active
catalysts for water recombination, in particular, toward ORR in
alkaline electrolytes.”>** For this purpose, the surface state of
the films was assessed by CV in 1 M KOH (Figure 8a),
followed by anodization to modify the films and create active
oxide sites for catalysis (Figure 8b,c) and evaluation of the
catalytic activity of the activated films by CV in O,-saturated 1
M KOH (Figure 8d).

The CVs in Figure 8a show two peaks, one for the anodic
sweep (low to high potentials) corresponding to an oxidation
reaction and one for the cathodic sweep (high to low
potentials) for the reduction reaction. The sharp increase of
the current at 0.55—0.60 V corresponds to the start of the
oxygen evolution reaction. The anodization profiles are shown
in Figure 8b; after 300 s at —1 V, the potential was increased to
0.32 V to anodize the surface of the film. As a result of the
potential step, the current reached a plateau and then decreases
over time for CoCrFey,;Ni and CoCrFe,Ni. The plateau is
less evident in the other films. CoCrFe,,Ni was further
investigated with SEM after the anodization step (Figure 8c),
which revealed that ~200 nm wide and a few nm thick platelet-
shaped particles had grown on the film surface. EDS analysis
shows that these particles are enriched in oxygen (compared to
the as-deposited film and the surrounding film after
anodization), which indicates that oxide particles had formed
during the anodization step.

During the ORR testing (Figure 8d), the highest cathodic
current density (—0.2 mA/cm?) was recorded for CoCrFe,,Ni
and CoCrFeysNi. This indicates that films with a strong
response during anodization are catalytically active. The ORR
for these films starts around —0.2 V and forms a peak at —0.3
V. This region can then be used for Tafel extrapolations and
extraction of kinetic constants, as summarized in Table 4. The
exchange current density for the films is in the 10™* mA/cm?
order, which is promising for the films as it is only one
magnitude lower compared to that of carbon-supported Pt
particles.*> The Tafel slopes for the films are around —160
mV/dec, which is 70 mV/dec higher than the ones reported
for Pt/C catalysts*”** and CoCrFeNi nanoparticles,*
indicating slightly slower kinetics for the films.

The ORR peak is followed by a current increase possibly due
to continued ORR activity and the build-up of reaction

Table 3. Corrosion Potential E,

corr)

Corrosion Current Density j,,,, Pitting Potential E;, and Depassivation Potential for All

Films, Substrate, and 316L Reference Obtained from the Recorded Polarization Curves

Eeow (V) NaCl  jior (uA/em®) NaCl  Ey (V) NaCl

substrate —0.559 17.650

CoCrFey,Ni —0.469 10.981 0.321
CoCrFe,;Ni —0.333 0.925 0.260
CoCrFey;Ni —0.457 6.442 0.370
CoCrFeysNi —0.434 3.689 0.309
CoCrFe,,Ni —0.298 0.802 0.224
316L —-0.076 0.157 0.668

10843

Ecore (V) KOH

jeorr (A/cm*) KOH depassivation potential (V) KOH

—0.350 3.181

—0.295 1.736 0.116
—0.271 2.356 0.129
—0.273 1.232 0.132
—0.294 1.798 0.017
—0.356 2.436 —0.097
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Table 4. Tafel Slope and Exchange Current Density
Extracted from CV Measurements

Tafel slope exchange current density j,
(mV/dec) (mA/cm?)
CoCrFe, Ni —168 8.8 x 107*
CoCrFe,,Ni —160 6.3 x 107
pt/C® —90 12 % 107°

products on the surface of the films as the sample is not
rotating. In the case of a rotating disk electrode, this potential

region corresponds to the diffusion-limited region.*® Prior to
the ORR potential, in the surface reaction-controlled region,
the current is rather high (0.2 mA/cm?), which could be due to
the oxidation of the films or adsorption of oxygen molecules.
To confirm that the recorded catalytic activity is related to
ORR activity of the CoCrFeNi films and not due to deposited
Pt from the counter electrode on the films, a control ORR
measurement was performed using a graphite counter
electrode (supporting information, Figure S7). No significant
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changes in the catalytic activity were observed with the
electrode change.

B DISCUSSION

Film Structure. The XRD results in Figure 1 show that all
films present a major FCC phase, which is in agreement with
previous studies.”***** For Fe content x > 0.3, the FCC
phase is dominant, and the HCP phase is prohibited. Fe seems
to have a similar role to Mn in the study by Li et al,** where
the FCC phase is stabilized. This suggests that a phase
transformation from the FCC phase to HCP has occurred in
the films, as the stacking sequences for HCP and FCC are
close to each other.*® This phase transformation has been
reported for CoCrFeNi and CoCrFeMnNi alloys.***”** Co
has a stable HCP structure;* as the films are composed of over
33 at % of Co, this could affect the phase transformation.

The small intensity peaks in the XRD spectra have been
identified as a sigma phase.”® Interestingly, the sigma phase is
not present for the film with close to equimolar composition
but is only present for low to medium Fe content (x = 0.1—
0.5). In Kini et al.’s>* study, the sigma phase is believed to be
Cr-enriched, which could also be the case here for the films
with higher Cr contents. Both the hexagonal and sigma phase
are supposedly nanosized grains and are not possible to
distinguish in TEM analysis.

Adding Fe into the film seems to decrease the difference in
surface energies between the film and the steel substrates,
enabling the diffusion of adatoms, which form larger nuclei and
later columns.””*" The triangular shapes in the first 200 nm of
the film (Figures 2 and 3) are typical for competitive growth
and zone model T°* where two grain orientations are present
at the same time until one of them takes over for the columns.
Based on the XRD spectra, the two directions are [111] and
[200].

The density of stacking faults and other defects increases
with the Fe content in the films based on the SEM and TEM
images shown in Figures 2 and 3. This could be explained by
the higher lattice distortion when multiple elements are
present in a structure. This has previously been observed in
thin films*>** and for alloys®*>> of these types of materials.

Corrosion in NaCl. The single phase and high density of
defects seem to have a beneficial role in terms of corrosion
resistance in NaCl, as CoCrFe,;Ni has the highest resistance,
based on EIS and PD results. The less defined columnar
structure in CoCrFe,;Ni suggests that the film has a finer grain
structure and is more nanocrystalline compared to CoCr-
Fey;Ni, where the columns and grain boundaries are more
defined. It has been reported for Co—Cr coatings*® and other
alloys®” that nanosized grains have a higher corrosion
resistance compared to coarse grains. The higher density of
grain boundaries in nanograined structures leads to a more
uniform material with less compositional differences between
the interior of grains and grain boundaries.

The presence of the HCP phase in the CoCrFe;Ni phase
could be the reason for the film’s lower corrosion resistance in
NaCl as it can create a galvanic cell with the main FCC
phase.”® The presence of secondary phases has been reported
for HEA alloys as detrimental to the corrosion properties.”' >
Since no Fe is present in CoCrFe((Ni, a pure Cr oxide would
form in the passive film and is likely not as resistant as it would
with Fe additions. For stainless steel, the passive film is often
multilayered with an inner Cr—Fe oxide and an outer Cr
hydroxide layer.”’

Corrosion in KOH. The EIS measurements in KOH
indicate that a hydroxide layer on top of the film’s native oxide
layer was formed (Figure 4b and Supporting Information
Figure S3). CoCrFey3Ni and CoCrFey,Ni have the highest
corrosion resistance based on EIS and PD results. The high
resistivity and low capacitance for CoCrFe((Ni reveal a highly
protective and thick passive layer, which leads to a low
corrosion current density (Table 3). This could be due to
higher chemical stability due to the lack of dissolution of Fe in
KOH.®" The formation of the hydroxide layer is believed to be
the result of the continuous diffusion of metallic cations from
the bulk toward the film surface. The depassivation peak
observed in the PD measurements (Figure 6b and Table 3) at
around 0.1 V vs Ag/AgClI corresponds to the potential region
where Cr,0; is further oxidized to CrO,>~.>° This implies
that the passive film is first dissolved in the electrolyte and then
reformed. For low Fe-containing films, this depassivation
occurs at higher potentials and a small second peak can be
observed at around 0.4 V just before the transpassive region.
The second peak is in agreement with the study of Ni alloys by
Mishra et al.° where Cr and Mo are depleted and a Ni(OH),
layer is formed. The films with no Fe or low content
consequentially have a higher Ni content compared to the
other films; this could mean that the higher depassivation
potential is due to the Cr dissolution and Ni activity.

The Volta potential maps obtained by SKPFM (Figure 7)
indicate no major difference within the films on the
micrometer scale but rather on the nanometer scale. These
potential differences could be due to uneven passive film
thickness, localized and superficial chemical gradients (not
detected by EDS mapping), or amounts of free atoms or
electrons available to be oxidized. The difference before and
after KOH exposure is more significant for CoCrFe(Ni
compared to CoCrFe,;Ni. This suggests that in the absence of
Fe, the film has a higher ability to be homogeneously oxidized;
in the presence of Fe, the high density of defects hinders the
oxidation. Based on the Volta potential obtained for the films
and the SKPFM measurements after exposure to KOH, the
anodic regions in the as-deposited films are first to be oxidized,
resulting in a decreased potential difference after immersion to
KOH, which indicates the formation of an even passive layer.
SKPEM analysis of AlICoCrFeNi alloys has previously shown
that potential differences between phases were the initiation
points for corrosion.'”® This is however interpreted for
individual grains in the present study.

Catalytic Activity. The CVs in Figure 8a show that the
anodic peak slightly shifts toward higher potential when the Fe
content is increased in the films, indicating that the
overpotential for the oxidation of the surface species increases
with the Fe content. Nevertheless, the average activation
potential is around 0.32 V and is likely to correspond to the
oxidation of Co®* and Ni** to Co* and Ni**, respectively.”***
This potential is then used for the anodization to promote the
oxidation of these species and form active sites for electro-
catalysis. Based on the Pourbaix diagrams, the reaction taking
place could be the formation of cobalt spinel Co;0, and nickel
hydroxide Ni(OH),% or a mix of both.” Cr and Fe do not
have any characteristic redox reaction at this potential;
however, Wang et al.’” reported in their simulated Pourbaix
diagrams the formation of NiFe,O, in addition to Co;0, and
Ni(OH),, indicating that Fe can be involved in the reaction as
well. The current plateau is more evident for CoCrFe,,Ni and
CoCrFeysNi, indicating that more of the film is oxidized and
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that Fe plays a role here. After the formation of the double-
layered passive film, Fe cations are likely to be present in the
film and provide a higher electron transfer and oxidation rate
of the films.”® Similar behavior has been reported by Torbati-
Sarraf et al.'> where Mn enhanced the diffusion of oxygen
vacancies in CoCrFeNiMn due to the formation of a more
defective passive film.

Once the surfaces were activated, the films were tested as
catalysts for ORR. Similarly, to the anodization step,
CoCrFey,Ni and CoCrFe;sNi had the highest current
densities. The catalytic activity in the films is attributed to
the Co*" and Ni®* active sites in the anodized surfaces as it has
been reported in other studies***>%”’° and also in our study
about Co thin films™® but also to the synergy effect with Fe
additions. Higher catalytic activity toward OER and ORR
when Fe is introduced in excess in FeNi;/NC nanoparticles
has been reported by Chen et al.®® Nevertheless, the high
performance of the films was hypothesized to be due to the
lattice distortion caused by the addition of Fe, which increases
the surface area and the density of active sites. The authors also
report that the excess of Fe cations provides more active
electrons in the overall electronic structure, which enhances
the electron transfer and thus increases the catalytic effect.
Higher Tafel slopes and lower exchange current densities were
found for the anodized films compared to Pt/C catalysts. This
is likely due to the lower surface area available for the films
compared to nanoparticles; however, this could be tailored to
enhance the CoCrFeNi thin films further.

B CONCLUSIONS

CoCrFe,Ni thin films with varying Fe contents were
successfully deposited with magnetron sputtering on low
alloy steel substrates. It was observed that Fe stabilizes the
FCC structure of the film, while films with a Fe content x < 0.3
have a secondary HCP phase. However, the higher the Fe
content, the more defects are present in the films, and overall
smaller grain size was observed.

In 0.1 M NaCl], the films with high Fe content (x = 0.7) had
the highest corrosion resistance. The high resistance is
attributed to less defined columnar grains and higher defect
density, which lead to the formation of a more protective
passive film. In 1 M KOH, the medium Fe content (x = 0.3)
presented the lowest corrosion current density and higher
resistance of the passive layer. The higher performances are
related to the lower Fe content and dissolution rate into the
electrolyte and the build-up of a thick and protective hydroxide
layer. A potential difference between the top of the grains and
grain boundaries was observed, which could be due to passive
film thickness and local superficial chemical gradient.

Anodization of thin films resulted in the formation of
platelet-shaped particles grown on the surface of films with
high Fe content. These particles were found to be active
toward ORR, and the highest activity was recorded for high Fe
content films. Fe enhanced the electron transfer at the active
Co® and Ni’* sites, making these films promising electro-
catalysts in an alkaline medium.

The combination of corrosion resistance and catalytic
activity toward ORR is possible for CoCrFe,Ni (x > 0.5), as
the corrosion current densities remained low and the catalytic
activity high, making this material system a suitable candidate
for water recombination in an alkaline environment.
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