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ultra-high
TiggZrygNby5VysHf 5Ta;5 of 1.85 pm yr-! in alkaline environment, adverting their use for battery/fuel cell com-

corrosion resistance of high entropy alloys (HEAs), i.e.

EIS ponents. Formation of several nanometers passive oxide layer confirmed by scanning transmission electron mi-

STEM

Alkaline corrosion
Passive film
gas-solid reactions

croscopy accounts for corrosion resistance which increases with TiO, content. Cathodic Tafel slope of
67 mV dec! and large transfer coefficient of 0.82 obtained for TiygZryoNbyyV,oTay, suggest its use for hydrogen
electrocatalysis. High amounts of hydrogen storage, 1.7 wt% in TiysZr,sNb;5Vi5Tas, were confirmed by gas-

solid reactions. This HEA also has high corrosion resistance in acidic and saline environments ideal for coatings

and surgical tools/implants.

1. Introduction

The hydrogen evolution reactions using advanced alloy systems
have a growing interest in recent years owing to the poor kinetics, i.e.,
sluggish water dissociation step, of the conventionally used materials in
alkaline electrolytes. The main difference between acidic and alkaline
media is the low number of protons in an alkaline environment. Hence,
a water-dissociation step is expected to detach the bonded hydrides and
form H, molecules [1,2]. This slow kinetics challenge the further ad-
vancement of the anionic exchange membrane water electrolyzer.

High entropy alloys are a new class of materials containing five or
more principal elements in an equimolar or near-equimolar composi-
tion. The presence of different elements increases the configurational
entropy of mixing, which can surpass the enthalpies of compound for-
mation, and in turn, do not permit the formation of undesired inter-
metallics phases nor the segregation [3]. In this way, a higher number
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of principal elements yields the formation of random solid solutions
during solidification. The lowering of free energies by the high entropy
of mixing results in simple solid-solution phases out of main con-
stituents, which does not allow complex phases, including oxides, car-
bides or silicides within the bulk but only on the surface [4,5]. So far,
studies of various high and medium entropy alloys, HEA and MEA, re-
spectively, have been tested in aqueous environments to understand the
electrocatalytic and electrocorrosion behavior along with diffusion and
electron transfer kinetics [6-15]. Due to the differences in electronic
structures and valence states, transition group elements display remark-
able differences in terms of hydrogen evolution reaction (HER). For ex-
ample, group IVB (Ti, Zr, Hf) and VB (V, Nb, Ta) elements have strong
M—H bond strengths and are excellent hydride formers [16,17]. Be-
sides, the large difference in elemental atomic radii (cf. 208 pm and
171 pm for Hf and V, respectively) is expected to induce an enhanced
electrocatalytic behavior in analogy to the large lattice distortions upon
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hydrogen absorption during gas-solid reactions of a similar TiVZrNbHf
HEA alloy.[16] Moreover, for the bio-implant applications, similar mul-
ticomponent alloy systems have been recently tested in different buffer
solutions and saline environments [18-22].

This study focuses on the (bio)corrosion kinetics and electrocat-
alytic activity of newly developed high entropy alloy,
TiyZrygNbyoVyoTa,, (HEAL), and TiygZrysNb,sV,sTa,, (HEA2) and
TiyyZry,Nb;5V,5Ta; sHf; s (HEA3) compositions derived from HEA1. Lin-
ear sweep voltammetry (LSV) in 1 M KOH solution is utilized to assess
the corrosion potential and current stability. Moreover, the charge
transfer coefficients calculated from the linear anodic, f,, and cathodic,
p., parts are used to compare the annual corrosion rates in the same
electrolyte. A newly introduced approach by our group via the fitting of
the non-linear anodic and cathodic parts to the Butler-Volmer (B-V)
model is applied to these entropy alloys [23], which enabled the trans-
fer coefficient, a, and the exchange current density j, of such alloys to
be calculated and evaluated for the first time. Electrochemical imped-
ance spectroscopy (EIS) data measured at instantaneous open circuit
potential is fitted by an equivalent circuit model, which provides solu-
tion and charge transfer resistance, and constant phase element para-
meters related to double-layer capacitance. Local structural analysis by
synchrotron X-ray diffraction (XRD) confirms the single-phase BCC
structure. A cross-sectional investigation of the as-sputtered and used
electrodes performed by the high-resolution (scanning) transmission
electron microscopy marks the influence of oxide formation upon po-
tentiodynamic polarization.

2. Experimental
2.1. Materials preparation

The chips of Zr (purity 99.5%), Ti (purity 99.5%), V (purity 99.7%),
Nb (purity 99.95%) Hf (purity 99.5%) and Ta (purity 99.95%) were
used for the preparation of the billets by arc-melting. Electron beam
melting with pendant drop melt extraction (EBM-PDME) produce con-
tinuous and discrete fibers where the powder sizes are smaller than by
traditional spraying techniques [24,25]. Rapidly quenched fibers were
developed by the electron beam melting of the billet material in a vac-
uum facility. In the EBM-PDME method, the lower end of a vertically
arranged billet melts with the formation of a hanging melt drop. The
molten drop touches the tip of the rotating cooled heat absorber in the
shape of an isosceles triangle, and subsequently solidifies in the zone of
the contact. The fiber-formed material is detached from the tip of the
working edge because of centrifugal forces. The method of extraction of
melt to obtain fine particles was used to retain high cooling rates of the
melt (up to 106 K s-1), yielding a microcrystalline or amorphous struc-
ture. The adopted production method enables for production of refrac-
tory and chemically active materials with the crucible-free melting
mode [26-28]. The developed compositions are Ti,yZr,Nb,;V,iTay,
(HEA1), TiysZr,cNb,:V,:Ta,, (HEA2) and Ti,,Zr,,Nb,sV,:Ta;Hf s
(HEA3). For all the post-characterization steps, since samples are very
thin and round, in order not to damage the samples, no polishing was
applied on the surface.

2.2. Synchrotron X-ray diffraction

Samples were tested as is (after cleaning in ethanol and rinsing) at
P02.1 the High Resolution Powder Diffraction Beamline at PETRA III.
The X-ray beam dimensions were tuned to 200 x 200 um? and
recorded with a 2048 X 2048 pixels Perkin Elmer XRD1621 CN3 - EHS
detector. The sample distance to the detector was 1.612 m. The X-ray
source has high flux (~ 100 photons/s monochromatic beam) and high
energy (60 kV).

2.3. Scanning electron microscopy and energy dispersive X-ray and optical
microscopy

The produced microfibers were cleaned in a sonication bath using
acetone, isopropanol, and ethanol in respective order for 5 min in each
organic solution. The samples were subsequently rinsed by distilled wa-
ter followed by air blow fast-drying. The fiber was fixed on the standard
aluminum stub by conducting carbon pad. The microstructure of the
microfibers was examined by scanning electron microscopy (SEM)
“Zeiss Ultra 55” carried out at 15 kV, equipped with an energy disper-
sive X-ray spectrometer (EDS) “Bruker”.

The optical micrographs used in the surface area measurement were
recorded by Olympus BX51 Fluorescence Microscope using the Olym-
pus Stream Motion 1.9.3. software — Extended Focal Imaging feature.
By capturing the entire depth, the actual surface area was determined
using Gwyddion SPM data visualization and analysis software from the
analysis of 20 x 20 um? regions registered from the middle of each
sample. The submerged surface areas for each microfiber were mea-
sured to be 0.0463 + 0.003 cm2 (HEA1), 0.0214 = 0.003 cm2 (HEA2),
and 0.0232 = 0.003 cm?2 (HEA3).

2.4. HAADF STEM/EDX
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AT represen'—- ~—sen, and after rinsing the
samples with is¢ Edit PDF to get rid of any residues
from sample preparation, the protective rectangular Pt layer with di-
mensions (15 pm length, 2 um width and 2 pm thickness) were de-
posited by an electron beam prior to FIB cutting. A cross-sectional spec-
imen with final thicknesses of 100 nm was prepared by FIB milling us-
ing a Helios Nanolab FIB/SEM (Thermo Fisher Scientific). The prepared
specimen was transferred from the sample to a standard grid for TEM.
Final polishing was done at a reduced voltage of 2 kV, which minimizes
the size of the damaged material and reduces implanted gallium levels
in the thin foil. Transmission electron microscopy (TEM) imaging of the
samples was performed using an FEI Tecnai Osiris microscope with
field emission gun operated at 200 kV equipped with Super-X window-
less EDX detector for high-resolution elemental mapping. The Energy
dispersive X-ray (EDX) experiments were conducted in scanning TEM
mode with a high-angle annular dark-field (HAADF) detector and a ~
0.2 nm probe diameter. SAED patterns and associated images were re-
trieved with a Gatan US1000 charge-coupled device camera.

2.5. Hydrogen storage

Hydrogen storage performance of the HEAs was studied on cast al-
loys. Prior to measurements, the samples weighing 2 g with a pre-
cleaned surface were crushed to a coarse powder and then placed in a
steel reactor. The reactor was connected to a Sieverts-type measuring
system equipped with a vacuum pump and a source of pure (99.999%)
hydrogen. [29]. The HEAs were subjected to activation in vacuum
(0.67 Pa) for 2 h at a temperature of 220-400 °C depending on the alloy
composition. Hydrogenation was performed at the same temperature
under a hydrogen pressure of 6 MPa. The amount of hydrogen absorbed
was determined from pressure changes in the measuring system with
calibrated volume. The composition of the formed hydride was calcu-
lated using the van der Waals equation for highly compressed non-
perfect hydrogen.

2.6. Electrochemical study

All the electrochemical measurements were performed using a PAR-
STAT 4000A Potentiostat Galvanostat (Princeton Applied Research,
USA), with 30 pV applied voltage resolution for + 1V signal and 1 ps
time-base resolution. Data was acquired via VersaStudio 2.60.6 soft-
ware. The potentials in this study are provided with respect to Ag/AgCl



with saturated KCl solution with a redox potential of +0.197 V vs. a
standard hydrogen electrode at 25 °C. The term overpotential, the shift
of the actual potential E from the equilibrium state E° (y = E — E°), is
used to define the cathodic and anodic reactions [30]. 5mL 1 M KOH
solution was prepared with deionized water and flushed with argon gas
for 15 min to minimize the impurities. A new solution is used for each
composition. A different single as-spun microfiber with a length of ~
2 cm was used for each experiment. All the microfibers were cleaned
and dried following the steps in SEM sample preparation. Linear poten-
tial sweep voltammograms (LSV) were registered at a sweep rate of
5mV s-! from —1.3 to 0 V with a shift in onset potential of 0.1 V until
1 V. The polarization was started from a highly cathodic side to obtain a
cleaner and corrosion-free surface of the specimen and thus to deter-
mine the hydrogen evolution and anodic reactions more accurately
over a longer range. Moreover, potentiodynamic polarization was per-
formed after argon-deaeration via a potentiostatic hold to minimize as
much as possible the air-formed oxide, which adjusts the reduction po-
tential of the Nernst potential upon polarization. Tafel fit function of
the VersaStudio was utilized to measure the cathodic . and anodic f,
Tafel fits, corrosion current density j,, and potential E_ ... The electro-
chemical impedance spectroscopy (EIS) measurements at open circuit
potential (OCP) at an ac amplitude of 10 mV were recorded from
100,000 Hz to 0.1 Hz. The simulation of the EIS data was conducted
with the electrical equivalent circuit of R(QR) using the ZSimpWin
V.3.10 analysis program.

2.7. Physical parameters

The equivalent weight EW of each alloy was calculated from
EW=1/ Zf‘a—"", where f,, n; and a; are mass fraction, electrons ex-
changed, and atomic weight, respectively, of the ith alloying element.
The theoretical alloy density T is determined from the equation
% = Z:;lwiT. Here, T; is the density of each component and @; is the
mass fraction of each component within the alloy, where Y7 o, = 1.

3. Results and discussion
3.1. Morphological investigation of microfibers

The morphology of the ion-plasma sputtered microfibers is shown in
Fig. 1a, b. The rods have an average diameter of 65-70 um with a rough
cross-sectional surface. The oxide particles of several microns are ob-
served on the microfiber surface (Fig. 1c). A digital image of the bundle

of microfibers is shown in Fig. 1d.

3.2. XRD investigation of microfibers

The synchrotron X-ray diffraction patterns (Fig. 2) confirm the sin-
gle HEA phase for each comnacition taken at 200 um X 200 pm beam
dimension with Edijt
ters of the BCC piiasc
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Fig. 1. (a) SEM micrograph of microfibers of a representative HEA2 sample, and (b) their cross-section. (c) The second phase is observed on the microfiber surface
for all the compositions (the image is taken from the HEA3 sample). (d) Digital photo of the bundle of the HEA1 microfibers.



Synchrotron XRD patterns of the BCC HEA
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Fig. 2. Synchrotron XRD diffractograms of the HEA1, HEA2 and HEA3 samples.
The indexed peaks show the miller indices of the BCC unit lattice for all the in-
vestigated compositions. Yellow lines indicate shifts in the reflections as a func-
tion of composition.
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3.3. Interaction with gaseous hydrogen

The hydrogen storage capacities of the obtained samples are pre-
sented in Table 1. It is important to note that hydrides with very high
thermal stability formed even at low equilibrium desorption pressure
and elevated temperatures. This condition did not allow us to measure
pressure-composition isotherms under experimental conditions.

3.4. Corrosion polarization behavior

The electrocatalytic activity of the high entropy alloys was exam-
ined in 1 M KOH solution using a standard three-electrode system at a
scan rate of 5 mV s-! via linear sweep voltammetry.

High stability, particularly for the Ti,;Zr,sNb,;V;sTa,, (HEA2), is
observed, where the sweep lines coincide with each other. The corre-
sponding potentiodynamic polarization curve (E vs. log j) shows only a
very slight shift of the corrosion potential, AE. . = 5mV (from
—451 mV to —446 mV), as the onset potential of the LSV shifts from
—-1.3V to -1V (Fig. 3a). This difference for Ti,,Zr,,Nb,sV,sHf sTa;5
(HEA3) is AE_,, = 27 mV (from —541 mV to —514 mV), and for the
TiyZry)NbyyVyoTa,, (HEAL) (from —-618mV to —674mV) AE_.
= 56 mV. Fig. 3b shows that the highest E_ is observed for the HEA2,
where the lowest corrosion current of j,. = 6.58 nA cm-2, is observed
for the Hf containing HEA3. The potentiodynamic polarization curves
recorded between —1.5 and 0 V show the shift of the corrosion potential
of the HEA1 (E.,,, = —575mV) towards positive direction, i.e. E .

= —497 mV for HEA3 and E_ . = —456 mV for HEA2. Moreover, the

Table 1
Comparison of the selected alloys in terms of hydrogen storage capacity in
mass percent.

Alloy composition Hydrogen storage capacity, mass% (error within

+ 0.1%)
TiyoZt20VaoNbygTay, (HEAL) 1.6
TiysZr,sV,sNb; sTay, (HEA2) 1.7
TiygZtsoV1sNbysTaysHE, 1.5

(HEA3)

corrosion current density of the HEA1 (j_,., = 435 nA cm-2, where the
measurement is shown in Fig. 3c) decreases to 234 nA cm-2 (HEA2) and
to 170 nA cm-2 (HEA3). These findings indicate better corrosion resis-
tance in the alkaline environment for the newly developed HEA2 and
HEAS3 alloys. All the considered HEAs have a lower j,,, compared to
that of the 304 SS in 1.5 M NaOH solution (j.o. 304 ss = 460 nA cm-2)
[31]. Table 2 shows the parameters retrieved from the Tafel fit mea-
surements and intrinsic properties. The average corrosion rate, V., (mi-
crometer per year, pm yr-1), is calculated from [32]:
327 X Jeor X EW

Vacr = T ’ 1)

where j.,, has units of pA cm-2, EW is the equivalent weight, and T
is the theoretical density of alloy. Hence HEA3 (1.85 pm yr-1) < HEA2
(2.64 pm yr-1) < HEA1 (4.87 um yr-1). Furthermore, no pitting corro-
sion is observed for the HEA2 and HEA3, confirming that they are bet-
ter than the HEA1 in the alkaline medium.

The hydrogen sorption and evolution kinetics were defined by But-
ler-Volmer non-linear fitting, which was applied on the LSV curve. This
is an approximate form of the current-overpotential equation, which
neglects the mass transfer effects while the currents are kept very low
[33]. The transfer coefficient « defines the activation free energy bar-
rier. In alkaline conditions the chance of insertion of a free proton in so-
lution is almost . Imer step (proton adsorp-
tion and dischar Eit PDF ¢ by a water dissociation
reaction which is presumably accompanied by the Volmer reaction and
happens separately before the Volmer reaction in the vicinity of the
electrode [34]. The electrochemical hydrogen desorption is described
by the Heyrovsky reaction (Eq. (3)). In this reaction, the instantly ab-
sorbed hydrogen intermediate HEA-H joins preferably with a proton
and electron concurrently and yields H, molecules [35]. Since the reac-
tion occurs in an alkaline environment, both Volmer and Heyrovsky
steps depend on water dissociation to form H,4/H, . Instead of a dis-
sociative step, H, 4, can directly join and form H, depending on the reac-
tion kinetics as the Tafel slope approaches 30 mV dec-1 (Tafel reaction).
The cathodic Tafel slope in our study is measured as 82 mV dec-1. It is
known that any HER electrocatalyst that has a Tafel slope value lesser
than 120 mV dec-1but higher than 60 mV dec-1 is considered to have
good electrocatalytic activity in alkaline solution, and the interface fol-
lows the Volmer-Heyrovsky mechanism [36]. Hence the two-step HER
mechanism in an alkaline medium is [34]:

HEA + H,0 + ¢~ = HEA-H,g, + OH (). (2)
HEA-H, 4 + H,0 + ¢~ = HEA + OH (5 + Hyg). (3)

From the Volmer and Heyrovsky steps of alkaline HER, it can be de-
duced that the interface is an extra burden to carry the water dissocia-
tion step providing the required free proton for the reaction to proceed.
This evidences that HER in alkali is harder than acidic HER. The overall
reaction with hydroxide ions in alkaline media is written as (Eq. (4))
[37]:

2H,0 +2¢~ = H, + 20H (4. 4)

Hence, the resultant cathodic and anodic reaction can be described
in B-V fitting by the assumed Volmer—Heyrovsky steps (Eq. (5)) as [38]:

. { XH, ( anFn )
= Jjo- exp | —
J=1Jo Xttt P RT

XH,0 x ((1 —a)nFn > ®)
p RT s

XH,0,ref

here j is the current density, j, the exchange current under equilib-
rium conditions, F the Faraday constant (96,485 A s mol-1), n the num-
ber of electrons involved in the electrode reaction, R the gas constant
(8.314 J K-1 mol-1) and T the temperature at which the measurements
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Fig. 3. (a) Potentiodynamic polarization of the representative TiysZr,sNb;5V;5Tas, (HEA2), confirming very high stability in terms of E,, and jo- A shift in onset
potentials from —1.3 V to —1 V was applied, where the scanning at each curve was until 0 V. (b) Comparison of the potentiodynamic polarization curves of HEAs
between —1.5 V and 0 V. (¢) Determination of E.,;; and j, for the representative TiyyZrygNbyoVyoTas, (HEAL) from the intersection of linear slopes of the anodic f,
and cathodic f parts. The anodic and cathodic Tafel slopes are determined from the linear regions indicated by light green. All potentials are with respect to Ag/AgCl
(3 M NacCl), where its redox potential is +0.197 V vs. a standard hydrogen electrode at 25 °C. (d) log j vs. overpotential # curve (blue) and the Butler-Volmer (B-V)
fitting (cyan) of the representative HEA1 sample. j, is measured from the y-intercept (7 = 0) of the log j vs. #§ graph. The corresponding j, values are -3.6 x 10~* for
HEA1, 4.5 x 1075 for HEA2 and -5.3 X 107 for HEA3. The intersection of vertical and inclined parts of the B-V curves j vs. # showing the measured curve profile
and the fitting are given in the inset. All measurements are conducted at a sweep rate of 5 mV s-1. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Table 2

Comparison of different HEAs. T: theoretical alloy density, EW: the equivalent weight of the alloys, E_: corrosion potential, j_,.: exchange current density, V,:
average corrosion rate, Ep;: pitting potential, f,: anodic beta constant, f.: cathodic beta constant.

Composition T (g cm™) EW ()  Ecow(mV)  jeorr (Acm™2) Vaer (um year) Epic until 0 mV B, (mV dec™) B (mV dec™)
Ti20ZraoNbagVaeTaze (HEAL) 8.469 28.78 -575 4.35 x 1077 4.87 —-160 mV 386 82
TigsZrasNbisVisTazg (HEA2) 8.241 28.20 -456 2.34 x 1077 2.64 no 194 136
TigoZraoNbi1sVisTaisHfis (HEA3) 8.987 29.67 —498 1.70 x 1077 1.85 no 154 147

were performed (298 K). j, is determined from the y-intercept (7 = 0)
of the log j vs. n graph (Fig. 3d). In order to stay in (quasi)reversible po-
tentials of the Tafel region close to equilibrium, a maximum current
range of 45 % 10~6 A cm-2 was selected (Fig. 3d inset), where this maxi-
mum current is below the limiting current reached at high , [39]. Since
the mass transfer is negligible due to micro-electrode size, very small
volume electrolyte solution (5 mL) and close positioning of anode and
cathode electrodes, surface and bulk concentrations become identical
and their ratio equals unity (as it was described in detail in [4]). Thus,
Eq. (5) turns into a simplified B-V equation (Eq. (6)) [23,30,33]:

j=j0‘{exp <—%> —exp (%)} (6)

The largest cathodic transfer coefficient of « = 0.82 with the high-
estj, = —3.6x 10~* + 3.3 x 10-6 mA cm-2 is noted for the HEAI, refer-
ring to the highest hydrogen evolution reaction rate (Table 3). Similar
values were recorded for the forward (cathodic) reaction of the pla-
tinized nickel electrode in 0.1 M KOH solution at room temperature («

Table 3

jO and ¢ calculated from the Butler—Volmer equation.
Composition jo (mA cm~2) a R-squared
HEA1 -3.6 x 10 + 3.3 x 10°° 0.82 0.987
HEA2 -4.5 x 10° + 8.1 x 107 0.60 0.905
HEA3 -5.3 X 10° + 1.4 x 107 0.64 0.745




= 0.75-0.8) [27]. For HEA1, larger hydrogen evolution is also con-
firmed by the smallest cathodic beta constant (f. = 82 mV dec1)
among the investigated compositions, calculated from the intersection
of the linear parts of the anodic and cathodic parts of the V vs. log i
curves. For this sample, the oxide layer mainly composed of Zr and Ti is
the main reason for the high anodic beta constant (f, = 386 mV dec-1)
as confirmed by the STEM-EDX analysis in Section 3.6. On the other
hand, the HEA2 is closer to the symmetric electron transfer (@ = 0.5),
facilitating Faradaic oxidation/reduction. As expected, the calculated j,
values are around three orders of magnitude lower than those for Pt and
graphite electrodes [40]. Furthermore, these values are also lower than
our previous study on Pd-thin film coatings on Si substrates [23]. Nev-
ertheless, the amount of hydrogen evolution can be significantly in-
creased using many microfibers, e.g. in a bundle or woven form.

3.5. Electrochemical impedance spectroscopy

The Nyquist plots of the HEAs show remarkable differences (Fig.
4a). The circuit R(QR) provides a very good fit in terms of each parame-
ter (error margins are provided in parenthesis) with a very small solu-
tion resistance R; values and overall chi-squared (Table 4). The differ-
ence in the solution resistance can correspond to the internal resistance
of active electrodes with hydrogen, the contact resistance between the
active material and electrode interface, and the electrolyte resistance
[41]. For this reason, reference (RE) and counter (CE) electrodes and
the contact clips of the RE, CE, and working electrode were polished, all
the solutions before the experiments were re-prepared and flushed with
Ar, and the measurements were repeated three times to avoid any exter-
nal contribution originating from the contacts or electrolyte. In this
way, the difference in the solution resistance R, was determined to be
stemming from the internal resistance of the individual nanofilms re-
lated to the composition differences. Furthermore, the resistance of the

oxide altered by the increase in the Ti content in the oxide layer for the
HEA3 sample (c.f. Ti/Zr = 0.36 for HEA1 and 0.77 for HEA3 for the
natural oxide layer).

The smallest semi-circle is obtained for the HEA1 using the R(QR)
circuit model (inset), indicating its high electron activity due to low
charge transfer resistance (see R, in Table 4). A very remarkable finding
is that the phase angle reaches up to 85.0° (for HEA3) and retains above
80° for 3-4 orders of magnitude frequency difference (Fig. 4b). Simi-
larly, the Bode magnitude plots for the electrodes show linearity except
for the very high frequencies. This linearity over a wide range of fre-
quencies indicates an excellent capacitance, possibly due to the growth
of the oxide layer as confirmed by the HRTEM and HAADF-STEM analy-
sis provided in Section 3.6 and Fig. S1 [42]. Moreover, very high R, val-
ues of 106-107 Q confirm this highly semiconducting behavior on the
outer microfiber layers.

Fig. 4c compares the R, and Q, parameters with f, from the Tafel
fitting and o from the B—V model. The increase in the EIS resistance R,
is correlated to the accumulation of hydrogen nearby the working elec-
trode [43] and hence yielding a larger cathodic Tafel coefficient f.. The
closest trend is observed between f. and Q,; an increase of the slope of
the linear part of the log j vs. E curve leads to a proportional drop in the
double-layer capacitance parameter. Besides, the transfer coefficient
calculated from the combination of non-linear and linear parts has a lin-
ear relationship with N for tha WEAT and HEAD electrodes, where the
deviation of the Edit PDF low confidence of the fit.

3.6. Structural investigation and hydrogen interactions

The cross-sectional imaging of the as ion-plasma sputtered samples
by high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) shown in Fig. Sla corroborates the smooth
and flat interface between the protective Pt and HEA2. The enlarged
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Fig. 4. (a) Nyquist plots of the HEA compositions measured at open circuit potential (scatter) and their fittings (line) with the R(QR) circuit. (b) Bode phase (filled
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Table 4

Parameters for each alloy retrieved from the equivalent circuit model. R;
= solution resistance, R, = charge transfer resistance and Q, = double-layer
capacitance parameter of the bulk electrode.

Electrode R1(Qcm?) Ry (Qcem?) Qo (S s® ecm™2) n-) Chi-
type (£ 0.05) (£1.9%x10% (+23x10% (+0.01) squared
HEA1 0.47 1.6 x 10° 1.9 x 10°° 0.93 1.87 x

103
HEA2 0.22 1.2 x 10° 8.4 x 107 0.94 1.11 x

103
HEA3 0.98 4.9 x 10° 8.2 x 107 0.94 1.96 x

103

HAADF-STEM image in Fig. S1b presents the existence of the natural
oxide layer (indicated by the blue arrow). This native oxide layer on the
HEA2 (single phase BCC structure confirmed by the selected area elec-
tron diffraction (SAED) in Fig. Slc) is only ~ 1.5 nm registered by the
high-resolution transmission electron microscopy (HRTEM) in Fig. S1d.
The native oxide is Zr and Ti-rich (25 at% Zr, 16 at% Ti, 9 at% Nb,
8 at% Ta, 8 at% V) as determined in the energy dispersive X-ray mode
(EDX). After conducting the polarization test in 1 M KOH solution, Fig.
5a shows the overall HAADF image of the cross-section after polariza-
tion, whereas Fig. 5b depicts the correlated SAED pattern. HRTEM im-
ages recorded from these regions confirm the 5 nm oxide layer (Fig. 5¢).
HAADF image and the corresponding EDX spectra indicated the compo-
sition of this oxide layer composed of Zr (22 at%), Ti (8 at%), V (6 at%),
Ta (5 at%) and Nb (4 at%) (Fig. 5d and e). Here, the Ti/Zr ratio after
LSV is determined as 0.36. A similar surface layer oxide can be ob-
served along the surface of the HEA3 electrode (Fig. S2a and b). A
slightly thicker oxide layer of 6.5 nm is observed for this composition
after the polarization test (Fig. S2c). In contrast to HEA2, HAADF and
EDX imaging confirm the increase in TiO, (Ti/Zr = 0.77) after LSV
(Fig. $3). This finding indicates that the material with the lowest corro-
sion rate (HEA3) has the highest Ti content within the oxide layer. No
clear difference in terms of the surface morphology is observed by SEM
when the region after immersion in 1 M KOH solution for 1 h (Fig. S4a)
compared to the as-sputtered microfiber region (Fig. S4b). The solidi-
fied surface during sputtering can be better visualized with optical mi-
crography (Fig. S4c).

3.7. Polarization behavior in acidic and saline environments

In order to show the corrosion resistance of these alloys in acidic
and saline environments, the representative HEA2 electrode was tested.
Fig. 6 shows the response of the electrodes in 0.5M H,SO, (violet
curve) and 0.9% NaCl (dark cyan curve) at room temperature. From
these curves, one can determine the corrosion current densities as 13.31
and 7.29 pA cm2 for the acidic and saline environments, respectively.
The jeorr for SS 304 and AlCoCrFeNi HEA were determined as 45.3 and
13.1 pA cm~2in 0.5 M H,SO,, respectively, indicating a superior or sim-
ilar performance for the HEA2 [44]. For the Mg0.5ZnX (X=Ca, Ge)
where x = 1.0, 0.5 or 0.2. j.. varies between 10 and 13 pA cm~2 pre-
pared with deionized water; thus, our HEAs can be an alternative mate-
rial for specific biomedical applications where the Mg-based alloys are
severely affected by corrosion [45]. Using Eq. (1) and Table 2, the an-
nual corrosion rates can be estimated as 0.148 mm yr! (in acidic solu-
tion) and 0.081 mm yr! (in saline solution). From these results, it can
be deduced that the adopted high and medium alloy systems are resis-
tant to corrosion not only in alkaline but also in acidic and saline envi-
ronments.

4. Conclusions

The main conclusions are:

(1) The developed microfiber HEA electrodes were analyzed for the
first time in the alkaline medium in terms of corrosion resistance
and hydrogen evolution performance via linear sweep
voltammetry, Tafel fitting and Butler—Volmer equation. Besides,
the ionic diffusion and electron transfer kinetics were assessed via
electrochemical impedance spectroscopy and simulated by an
equivalent circuit model.

Ultra-high corrosion resistance down to 1.85 um yr-1 (HEA3) was

estimated due to very small j., ., performing orders of magnitude

better than their conventional alloy counterparts.Furthermore,
extremely high potential stability is observed for these HEA alloys,

where for HEA2 the shift is only 5 mV for cyclic LSV cycles with a

—0.1 V shift in onset potential for an increasing number of cycles.

(3) Low cathodic Tafel slope for HEA1 (f, = 67 mV dec-1) and high
cathodic activity with a transfer coefficient « = 0.82 from B-V
suggest its use for HER in alkaline media.

(4) A stable capacitive response over a wide range of frequencies

with a Phase angle of ~ 85° and an almost linear decrease in the

Bode magnitude profile indicates the presence of the barrier

passive films stemming from the hydroxide and oxyhydroxide

groups, which can be differentiated by HRTEM and HAADF-EDX

before and after HER. Moreover, the R, is on the order of 106-107

Q, indicating that the passive films act as a semiconducting layer

against corrnecinn Thic emall naccivating oxide layer formation is

corroborat  Edit PDF T[EM imaging of the cross-
section of tie neA sampres; wiiere uie increase in the Ti/Zr ratio
within the oxide layer further increases the passivation stability.

For these alloys, the corrosion resistance is only 0.148 mm yr-1

in acidic and 0.081 mm yr-! in saline environments suggesting its

durability in daily-life uses such as water-conducting pipelines,
marine operations, or surgical instruments/implants.

(6) Compared to platinum group elements, HEAs are composed of
economical group IVB and VB transition elements with ultra-high
stability in alkaline media along with hydrogen evolution, which
can be considered in battery or fuel cell applications.
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Fig. 5. (a) Overall HAADF image of the cross-section of the HEA2 after polarization in an alkaline environment. (b) SAED pattern shows the (100) pattern of the
BCC structure. (c) 5 nm oxide layer is recorded, where (d) close-up HAADF imaging and (e) corresponding EDX confirm the Zr-rich oxide formation and homoge-

neous elemental dispersion within the HEA2.
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