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A B S T R A C T

In the present work, the corrosion behavior and passive film properties of TiHfZrNbx (x = 0.2, 0.3 and 0.4) high- 
entropy alloys (HEAs) were evaluated under a simulated condition of a proton exchange membrane water 
electrolyser (PEMWE) in view of their application as bipolar plates. Results from electrochemical-impedance 
spectroscopy, cyclic- and static-polarizations evaluation revealed that in a 0.5 M H2SO4 + 5 ppm F– solution 
at 70 ◦C the HEAs exhibited about 600 times higher polarization resistance than that of CP-Ti, with the highest 
achieved at 79.57 kΩ.cm2 for TiHfZrNb0.2, leading to a sharp contrast in the corrosion-current density, 805.11 
µA.cm-2 for the CP-Ti vs. 0.92 µA.cm-2 for the TiHfZrNb0.2, reflecting a far superior corrosion resistance of the 
HEAs. X-ray photoelectron spectroscopy analysis confirmed the formation of a multi-oxide passive film, pre
dominantly by HfO2 > ZrO2 > TiO2, with a presence of Nb2O5 only in TiHfZrNb0.4, all possess an n-type sem
iconducting characteristic and a much lower electron-donor concentration in the HEAs than in the CP-Ti. The 
complementary analyses of scanning electron microscopy, atomic force microscopy and solution chemistry 
highlighted the synergistic effects of Hf, Zr, and Nb in enhancing protectiveness of the passive film, but the 
absence of Nb2O5 on the top surface of TiHfZrNb0.2 and TiHfZrNb0.3 indicated a small role of Nb toward 
passivation.

1. Introduction

The development of clean hydrogen production technologies has 
been receiving considerable attention and support, witnessed by an 
increasing number of projects and policies worldwide [1]. In the long 
term, hydrogen has a great potential to become an essential element of a 
clean, safe and cost-effective energy system of the future. Its versatility 
allows it to amplify the contribution of renewable energies, such as wind 
and solar photovoltaic matters, to the effort of mitigating climate change 
and protecting the environment [2]. High-purity and environmental 
friendly hydrogen has been produced through water electrolysis, 
particularly in proton exchange membrane water electrolyser (PEMWE) 
cells, where water molecules dissociate into hydrogen (H2) and oxygen 
(O2) under the influence of electricity from sustainable energy resources 
and with zero CO2 emissions [3]. However, the short lifetime and high 

cost of PEMWE cells continue to be a major obstacle to their develop
ment and large-scale commercialization [4]. Among the damage factors 
that seriously reduce the performance and lifetime of this technology is 
the degradation of bipolar plates [5]. However, it receives insufficient 
attention compared to other components of a PEMWE cell, such as the 
catalytic layers for the hydrogen and oxygen evolution reactions at the 
cathode and anode [6,7].

The bipolar plates represent 30 % of the size and 50 % of the cost of a 
PEMWE cell, making it essential to design this component optimally [8]. 
They are located at the ends of each of the cells and have flow distri
bution channels that allow water to flow towards the catalytic mem
brane layer as well as for the evacuation of the generated gases. 
Currently, titanium (Ti) is often used as bipolar plates due to its light 
weight and higher corrosion resistance compared to stainless steels [9,
10]. In a PEMWE cell, the bipolar plates are subjected to an acidic and 
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humid environment (pH of 2 - 4), a high operating temperature (70 - 80 
◦C), leaching of fluoride ions from the polymeric membrane, and a high 
electrode voltage (1.6 - 2 V in the anode part) [5,11]. This harsh envi
ronment can cause a breakdown of passive films and corrosion of the 
plates, which increases their surface contact resistance, thus reducing 
the overall efficiency of the cell [12]. At the same time, corrosion also 
causes metal dissolution, leading to a contamination of the catalytic sites 
and triggering a chemical degradation mechanism of the membrane. 
This process creates a chain reaction where membrane degradation re
leases fluoride ions that accelerate the corrosion of the bipolar plates, 
which leads to the metal ions dissolution that, in turn, catalyze the 
deterioration of the membrane, releasing more fluorides [11]. In addi
tion, the accumulation of corrosion product deposits in the channels 
causes long-term obstruction and deformation of the channels, which 
leads to plate embrittlement [10]. Thus, understanding the degradation 
phenomena of these plates and finding alternative materials are crucial 
to developing more efficient and durable PEMWE cells.

Few works have proposed the coating of noble metals (Au, Pt, and Ir) 
on the corrosion resistance improvement of Ti bipolar plates [13]. 
However, in some cases, this protective coating expanded and delami
nated after several hundred hours of operation, leading to the pollution 
of the catalytic membrane layer. Another work improved both corrosion 
resistance and surface conductivity of Ti alloys by adding Nb and Ta 
through matrix doping, indicating the potential benefit of multi-oxides 
passive films [14]. The limitations of using metals or alloys based 
mainly on a single element can be overcome using so-called high-
entropy alloys (HEAs), novel alloys composed of several elements (5 
elements and more) at equal concentrations. These alloys, characterized 
by their multi-element compositions, can exhibit unique properties such 
as superior hardness, high strength, and excellent wear resistance, 
making them highly attractive for applications in various fields, 
including thermoelectric and magnetocaloric materials, superconduc
tors, and catalysis [15,16]. In the latter, HEAs possess a wide range of 
excellent qualities that distinguish them from conventional metal-based 
catalysts, including mechanical strength, thermostability, and radiation 
resistance. The stability and activity of HEA electrocatalysts have been 
demonstrated for the reaction of hydrogen-evolution and the 
oxygen-reduction reaction [17]. A refractory family of HEAs have 
recently been developed based on Ti, Zr, Hf, V, Nb, Ta, Mo, and W, 
resulting in a single BCC phase solid solution, and demonstrating an 
exceptional high-temperature behavior with remarkable resistance to 
oxidation and corrosion. They exhibited yield strengths ranging from 
900 to 1600 MPa, while maintaining satisfactory compressive plasticity. 
In two previous works, we showed that a family of TiZrHfNbx HEAs 
exhibited higher corrosion resistance than Ti in chloride-containing 
solutions and revealed the role of Nb to the passivation/dissolution of 
passive films [18,19]. Therefore, the present work aims at determining 
the potential of TiZrHfNbx HEAs as alternative materials for PEMWE 
bipolar plates by thoroughly investigating their 
electrochemical-corrosion behavior in a solution of a 0.5 M H2SO4 with 
and without 5 ppm F– at 70 ◦C. Through a series of electrochemical 
evaluations, including electrochemical impedance spectroscopy, cyclic 
potentiodynamic polarization, and potentiostatic polarization, com
bined with surface characterizations such as scanning electron micro
scopy, atomic force microscopy, and X-ray photoelectron spectroscopy, 
we aim to uncover the passivation and dissolution mechanisms of the 
HEAs. This will enhance the fundamental understanding of the corrosion 
behavior of bipolar plate materials under simulated PEMWE cell 
conditions.

2. Experimental

2.1. Sample preparation

Samples of TiZrHfNbx HEAs (x = 0.2, 0.3, and 0.4 in molar ratio, 
hereinafter referred to as HEA0.2, HEA0.3 and HEA0.4) were prepared 

through arc melting of pure element mixtures (Ti, Zr, Hf, and Nb) in a Ti- 
gettered argon atmosphere. The ingots were solidified and remelted at 
least five times before being vacuum cast into a 6.35-mm diameter 
water-cooled copper mold and subsequently cut into thin rectangular 
plates, 2 mm thick. The microstructure of the produced HEAs is 
described in detail in other work [18]. Specimens for electrochemical 
evaluation were prepared from the HEAs and commercial pure titanium 
(CP-Ti), each having 1 cm2 of the exposed surface embedded in an epoxy 
resin with copper-wire connections. Prior to each test, all specimen 
surface was polished with SiC paper up to 2400 grit, then with the 9-μm 
polycrystalline diamond suspension and 0.02-μm colloidal-silica 
suspension.

2.2. Electrochemical evaluation

The electrochemical evaluation was conducted using an electro
chemical workstation (CH Instruments 760E, Austin, TX, USA) in a 
three-electrode cell system. The working electrode consisted of CP-Ti 
and HEA specimens, while a carbon rod served as the counter elec
trode, and a saturated calomel electrode (SCE) was used as the reference 
electrode. Therefore, all potential was referred to SCE. The electrolyte 
solution was a 0.5 M H2SO4 solution with and without 5 ppm F-, by 
adjusting a proportion of NaF, and maintained at 70 ◦C ± 2 ◦C (with air 
bubbling) to simulate the anode side of a PEMWE cell. The electro
chemical system was left to stabilize for 60 min at an open circuit po
tential (OCP). The electrochemical impedance spectroscopy (EIS) was 
performed using an applied AC amplitude of 10 mV, with 12 points per 
decade, over a scanning frequency range of 105 to 10–2 Hz. The cyclic- 
potentiodynamic polarization (CPP) was performed in a potential 
range of - 0.5 to + 2 V for the three HEA alloys and - 1 to + 2 V for CP-Ti, 
with a scan rate of 1 mV.s-1. The potentiostatic polarization (PSP) was 
recorded at + 2 V for 2 h to ensure stable passive film formation. The 
Mott-Schottky was also conducted at potential ranges of - 1 to + 2 V for 
CP-Ti and from - 0.5 to + 2 V for HEAs, with a 10 mV.s-1scanning rate. To 
ensure reproducibility, all experiments were conducted at least three 
times.

2.3. Surface characterization

Characterization of the passive film of CP-Ti and all HEA samples was 
performed before and at the end of the PSP test. A general surface 
morphology was observed using a scanning electron microscope (SEM, 
Quanta 250 FEI, Hillsboro, OR, USA), and the change in the surface 
topography as well as the roughness at scan size of 120 μm2 was 
measured using an atomic force microscope (AFM, MFP-3D Origin+, 
Oxford Instruments, Santa Barbara, CA, USA) in a contact mode in air. 
The chemical composition of the surface film and its chemical state were 
determined using an X-ray photoelectron spectrometer (XPS, PHI 5600- 
ci, Physical Electronics, Chanhassen, MN, USA). XPS survey and high- 
resolution spectra were acquired at a detection angle of 45◦, using a 
Kα line of a standard Al X-ray source operated at 300 W without charge 
neutralization. High-resolution curve fittings were determined using the 
least-squares method employing Gauss-Lorentz functions with a Shirley 
background subtraction. All peak positions were normalized to the C1 s 
peak, set at 284.5 eV. Additionally, a microwave plasma atomic emis
sion spectroscopy (MP-AES, Agilent Technologies 4100/4200-torch 
system, Santa Clara, CA, USA) was used to perform additional chemi
cal analysis of the electrolyte solution. This was mainly to verify the 
dissolution of Nb after the HEA specimens were subjected to polarization 
at 2 V for 2 h (PSP test) in the 0.5 M H2SO4 + 5 ppm F- solution.

3. Results and discussion

3.1. Electrochemical characteristics

Over 1 h period of immersion in the 0.5 M H2SO4 solution with and 
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without 5 ppm F– ions (Figs. 1a, 1b), the HEA specimens exhibited a 
slight drop in the potential, reflecting the dissolution of the primary 
passive film, before subsequently reaching a stable OCP, which indicates 
the stable passive film formation. On the contrary, the CP-Ti specimen 
experienced a remarkable drop in the potential that remained un
changed at a lower OCP value, indicating an extensive oxidation of Ti to 
Ti³⁺ in the acidic environment where over time its corrosion products 
further oxidize to Ti⁴⁺ [20,21]. The higher OCP values of HEA specimens 
indicate their superior corrosion resistance over CP-Ti. In the presence of 
F– ions, all specimens showed lower OCP values compared to those in the 
0.5 M H2SO4 alone, suggesting the effect of F– ions in reducing the 
protectiveness of their passive film.

The EIS results, presented as Nyquist diagrams (Figs. 1c, 1e), show a 
similar semicircle feature for the three HEA specimens, confirming the 
passive film development on the alloy’s surface [22]. The semicircle 
diameter size can directly relate to their corrosion resistance, where a 
larger diameter indicates higher corrosion resistance. For HEA speci
mens, in both 0.5 M H2SO4 solutions with and without 5 ppm F– ions, the 
resistance increases with decreasing the Nb content, as confirmed later 
by an equivalent electrical-circuit analysis. Differently, the CP-Ti 
exhibited two capacitance semicircles, indicating a passive film that is 
not dense and susceptible to severe damage, which is more noticeable in 
the presence of F– ions. Both semicircles appeared for CP-Ti correspond 
to specific behaviors manifested by two distinct maxima in the Bode 
diagram (Figs. 1d, 1f), pronounced in the phase-angle inverse Gaussian 
[21]. The first maximum, which appears in the high-frequency region, 
shows a significant intensity of the relaxation process, attributed mainly 
to the double-layer phenomenon. Such phenomena are generally linked 
to the formation and relaxation of the electrical double layer at the 
electrode-electrolyte interface, highlighting processes, such as charge 
transfer. However, the response in the low-frequency region may result 
from a combination of processes, including the dielectric properties of 
the film, which acts like a capacitor by polarizing under the effect of the 
applied alternating signal [23,24]. In addition, partial dissolution of the 
film can occur if it is unstable, or diffusion of electroactive ions through 
porous or defective regions leads to a variation in impedance.

For the HEA specimens, the Bode diagrams (Figs. 1d, 1f) show a 
constant phase angle at around – 81◦ over four decades of frequency 
[25], suggesting the presence of two-time constants that are not well 
separated. The resulting behavior tends to indicate a dominant capaci
tive response, a result of the combined effects of the double-layer 
capacitance and the dielectric properties of the passive film [25]. The 
impedance magnitude (|Z|) shows three distinct regions; in the fre
quency range from 100 kHz to 10 kHz, the electrolyte resistance 
dominated the response, representing purely resistive behavior. From 10 
kHz to 0.1 Hz, the system exhibited capacitive behavior, characterized 
by a progressive slope corresponding to the capacitive contributions of 
the double layer and the passive film. Finally, from 0.1 Hz to 0.01 Hz, 
the impedance stabilized asymptotically, indicating a polarization 
resistance (Rp) where the system adopts a behavior dominated by the 
charge transfer process [26,27]. This Rp can be calculated from the total 
impendence of ω infinitely approaching zero using Eq. (1). 

Rp = lim
ω→0

(
|Z|total

)
(1) 

As the interface is not homogeneous, it behaves like a distribution of 
time constants, resulting in deviations from the ideal behavior of a 
capacitor. Typically, these deviations are modeled using constant-phase 
elements (CPEs) instead of ideal capacitors, to account for frequency 
dispersion. The impedance of CPE is: 

ZCPE =
1

Q × (jω)n (2) 

where Q is the admittance of CPE, ω is the angular frequency, n repre
sents the fitting exponent that ranges from 0 to 1, and j represents the 
imaginary unit. Therefore, the materials/solution interfaces can be 

modeled by means of an equivalent electrical circuit (Fig. 1g), where Rs 
is the electrolyte resistance in series with R1 attributed to the inner layer 
other than resistance to charge transfer, in parallel with the first con
stant phase element CPE1. And the second time constant attributed to the 
passive-film response modeled with R2 and CPE2 represents the film 
resistance and capacitance, respectively [28–30]. The Rp value of the 
CP-Ti is greatly lower than those of HEA specimens (Table 1), indicating 
the effect of Hf, Zr and Nb in improving the passivity of the formed 
passive film [31]. For the HEA specimens, their Rp values decrease as 
their Nb content increases. These Rp values are lower in the 0.5 M H2SO4 
+ 5 ppm F– solution compared to those in the 0.5 M H2SO4 solution only, 
indicating the effect of F– ions in weakening the protectiveness of the 
passive film. For the CP-Ti, the dramatic drop of Rp in the 0.5 M H2SO4 +

5 ppm F– solution can be explained by the inverse relationship between 
R2 and CPE2 that indicates a breakdown of the protective film, which 
substantially reduces its corrosion resistance. This finding highlights the 
superior performance of the HEA compared to the CP-Ti in the aggres
sive 0.5 M H2SO4 + 5 ppm F– solution [11].

In response to a potentiodynamic perturbation, the CP-Ti and three 
HEA specimens behave similarly under both solutions (Figs. 2a, 2b). The 
cyclic curves exhibit five main regions: active dissolution, primary 
passive transition, stable passive film, transpassive region, and anodic to 
cathodic transition. The specimens underwent a rapid anodic dissolution 
in the active region, where metal elements were oxidized to metal ions 
(Mn+) and released into the solution. This stage is characterized by a 
current rapid increase in density because of the absence of a protective 
layer. After this stage, the potential is increased to a higher value, 
confirming the initial growth of the passive film. A negative hysteresis 
was observed after the reverse scan, suggesting rapid recovery of the 
protective film and significantly lower current densities compared to the 
forward scan [32]. A slight decrease in the corrosion potential (Ecorr) 
was observed in all specimens tested in the 0.5 M H2SO4 + 5 ppm F– 

solution (Table 2), indicating a shift towards more negative potentials 
and suggesting an increased susceptibility to corrosion initiation. A 
sharp contrast in the corrosion current density (icorr) was evident be
tween the CP-Ti and HEA specimens, 805.11 µA.cm-2 for the CP-Ti 
compared to 0.92 µA.cm-2 for the HEA0.2 in the 0.5 M H2SO4 + 5 ppm 
F– solution, reflecting a better corrosion resistance of HEA specimens. 
The breakdown or pitting potential (Eb) shifted towards lower values in 
the presence of F- ions, confirming its negative impact on the passive 
film. The values of icorr and passivation current (ipass) followed the order: 
HEA0.2 > HEA0.3 > HEA0.4 > CP-Ti, a consistent trend with the results 
obtained from EIS.

Under a constant potential of 2 V recorded over 2 h (PSP test) in the 
0.5 M H2SO4 + 5 ppm F– solution, a noticeable progression towards 
passivity was observed for all tested specimens (Figs. 2c, 2d). Despite the 
aggressive nature of the F- ions, known for facilitating localized corro
sion by attacking protective oxide layers, the current density experi
enced an initial decrease in the first 100 s, suggesting a dynamic balance 
between the film formation and dissolution. Then, the current density 
remained low over the test period, implying a high corrosion resistance 
of the specimens during the steady-state operation. As observed in the 
last 1000 s of the experiment (Fig. 2d), the HEA specimens demonstrated 
a much lower stabilized current compared to the CP-Ti, with the HEA0.2 
stabilized at the lowest current density of about 7 µA.cm-2 whereas the 
CP-Ti reached a considerably higher value of 46 µA.cm-2. These values 
were in perfect agreement with the values determined from the CPP 
experiment. Again, this finding indicates the superior protectiveness of 
the passive layer formed on HEA specimens over that on CP-Ti, allowing 
for a significantly lower current flow, which is a key indicator of the 
reduced corrosion activity of bipolar plates in PEMWE cells.

3.2. Surface characteristics

Under the SEM observation (Fig. 3), the CP-Ti surface shows evi
dence of severe corrosion that uniformly attacked over the entire 
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Fig. 1. Electrochemical characteristics of HEA and CP-Ti specimens: (a, b) OCP curves, (c, d, e, f) Nyquist and Bode diagrams, (g) proposed equivalent elec
trical circuit.
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surface, as well as pitting corrosion after being subjected to polarisation 
in the 0.5 M H2SO4 + 5 ppm F– solution. In contrast, the HEA specimens 
show a negligible sign of corrosion, and an absence of visible pitting on 
their surface (Fig. 3f, 3g, 3h). This finding aligns with the negative 
hysteresis behavior observed in the CPP curves, confirming the ability of 
the passive film on HEA specimens to undergo self-repair once pitting 
corrosion has been initiated. Although the CPP curve of the CP-Ti also 
indicated a repassivation capability, pitting corrosion continued to 
progress to form larger pits (Fig. 3e).

Further surface analysis by AFM confirms an obvious increase in 
surface roughness after polarization (Fig. 4), which can be attributed to 
the oxidation of the metal elements [33]. Despite this increase in 
roughness, rapid repassivation could have occurred, allowing a 

protective layer to be maintained on the surface even in the presence of 
aggressive F– ions. The protective behavior is further confirmed by the 
absence of distinct pitting features on the surface. However, in the case 
of HEA0.4, a sign of corrosion was observed at the grain boundaries 
(Fig. 4b), suggesting that the grain boundaries in this alloy are more 
susceptible to localized corrosion in the given environment [34]. The 
average surface roughness (Ra) and the root mean square (RMS) 
roughness measured for each sample (Table 3) provide a quantitative 
insight into the surface changes induced during polarization. Note that 
AFM images for the CP-Ti after polarization cannot be obtained due to 
severe surface degradation (roughness) that rendered the AFM tips un
able to accurately measure the roughness [35]. This extreme surface 
roughness underscores the inferior resistance of the CP-Ti to the 

Table 1 
EIS fitted parameters of CP-Ti and HEA specimens.

Specimen RS 

(× 10–3)
CPE1 n1 R1 CPE2 n2 R2 Rp χ2/|Z|

In 0.5 M H2SO4

CP-Ti 1.63 454.10 0.90 0.041 58.95 0.86 0.040 0.81 0.13
HEA0.2 1.66 22.84 0.97 4.50 15.59 0.76 118.72 123.22 0.29
HEA0.3 1.59 24.05 0.96 3.00 3.08 0.70 63.73 66.73 0.31
HEA0.4 1.62 23.66 0.97 1.69 3.98 0.74 52.37 54.06 0.32
In 0.5 M H2SO4 + 5 ppm F–

CP-Ti 1.37 361.2 0.70 0.003 521.3 0.78 0.007 0.10 0.10
HEA0.2 1.36 26.63 0.94 4.71 1.88 0.70 74.86 79.57 0.53
HEA0.3 1.42 23.47 0.96 1.76 0.87 0.87 44.69 46.45 0.48
HEA0.4 1.53 20.66 0.96 1.20 1.31 0.76 41.12 42.32 0.41

Note: Rs, R1, R2 and Rp in kΩ.cm2; CPE1 and CPE2 in μF.sn-1.cm-2; χ2/|Z| indicates the accuracy of fitting.

Fig. 2. Polarization behavior of CP-Ti and HEA specimens: (a, b) CPP curves in both solutions, (c, d) PSP curves in the 0.5 M H2SO4 + 5 ppm F– solution.
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aggressive 0.5 M H₂SO₄ + 5 ppm F– solution when compared to the HEA 
specimens.

Further analysis by the XPS reveal the chemistry of the native film 
prior to being subjected to the PSP test and the passive film after the PSP 
test. The XPS spectra revealed a formation of the oxides of Ti, Zr, Hf, and 
Nb on the passive film (Fig. 5), where the binding energies in both native 
and passive films are summarized in Table 4.

The deconvolution of XPS spectra of Ti 2p revealed two distinct 
peaks appeared at bending energies of 458 eV and 463 eV corresponding 
to Ti 2p3/2 and Ti 2p1/2, respectively (Fig. 5a), which are attributed to 
TiO2 [36]. The oxidation of Ti to Ti⁴⁺ proceeds through an intermediate 
state, Ti³⁺, as described by the following reactions [37]: 

Ti + H2O → 2H+ + 2e–                                                                  (3)

2TiO + H2O → Ti2O3 + 2H+ + 2e–                                                 (4)

Ti2O3 + H2O → TiO2 + 2H+ + 2e–                                                 (5)

The XPS spectra of Zr3d were characterized by two peaks associated 
with ZrO₂ appearing at 182 eV for Zr 3d5/2 and at 185.4 eV are attributed 
to Zr 3d3/2 [38]. Although the latter peak could potentially be related to 
ZrF₄ [36], by its presence in the spectrum of the native film, it confirms 
that it originated exclusively from Zr 3d3/2, following these reactions 
[39]: 

2Zr + H2O → Zr2O + 2H+ + 2e–                                                    (6)

Zr2O + H2O → 2ZrO + 2H+ + 2e–                                                  (7)

2ZrO + H2O → Zr2O3 + 2H+ + 2e–                                                (8)

Zr2O3 + H2O → ZrO2 + 2H+ + 2e–                                                 (9)

The XPS spectra for Hf confirmed its metallic state in the native film 
[40], while in the passive film it formed HfO₂ 4f7/2 at 17.0 eV and HfO₂ 
4f5/2 at 19.0 eV [41]. No metallic states were detected for any of the 
alloying elements, indicating that the surface of the passive film was 
entirely in an oxide state. Therefore, it is predominantly in the form of 
Hf⁴⁺, as indicated by these reaction steps [41]: 

2Hf + H2O → Hf2O + 2H + 2e–                                                   (10)

Hf2O + H2O → 2HfO + 2H+ + 2e− (11)

2HfO + H2O → Hf2O3 + 2H+ + 2e− (12)

Hf2O3 + H2O → 2HfO2 + 2H+ + 2e− (13)

The XPS spectra of Nb were present exclusively in the HEA0.4 passive 
film, through two distinct peaks at 207.9 eV for Nb2O5 3d5/2 and at 
210.9 eV for Nb2O5 3d3/2 [42], formed through these reactions [37]: 

Nb + H2O → NbO + 2H+ + 2e− (14)

2NbO + H2O → NbO2 + 2H+ + 2e− (15)

2NbO2 + H2O → Nb2O5 + 2H+ + 2e− (16)

In contrast, no trace of Nb was detected in the passive film of HEA0.2 
nor HEA0.3. This absence could be explained by the relatively low con
centration of Nb on the surface of these alloys, as XPS principally ana
lyzes elements in the outermost surface layers. If the surface or bulk 
concentration of Nb is insufficient, the signal may fall below the tech
nique’s detection threshold. Furthermore, the absence of Nb in the 
native film of HEA0.4 suggests that surface reactivity is a key factor 
during electrochemical testing. A high affinity elements for oxygen, such 
as Ti, Zr, and Hf, dominate passive-film formation, reacting preferen
tially with oxygen and forming highly stable oxides, such as TiO2, ZrO2, 
and HfO2 [43,44]. These oxides probably obscure the contribution of Nb 
to the passive film, making its detection difficult in alloys with a low Nb 
content. Thus, the presence of Nb in the passive film does not necessarily 
ensure superior corrosion resistance and may, in some cases, contribute 
to a more complex interaction of factors influencing the protectiveness 
of the passive film.

In all HEA specimens, HfO2 remained the main component of their 
passive film, followed by ZrO2 and TiO2 (Fig. 5e). Accordingly, in terms 
of thermodynamics, the oxidation of Group IV elements (Hf, Zr, and Ti) 
is more advantageous than that of Group V elements (Nb and Ta) in 
refractory HEAs. Thus, the oxide growth rate adopted the following 
pattern: Hf > Zr > Ti > Nb [45].

Further semiconducting properties analysis of the passive film was 
performed by the Mott-Schottky technique to provide insights into the 
electronic structure and passive film stability formed after the PSP test 
(Fig. 5f). With this technique, the distribution of species charges at the 
film/electrolyte interface as a function of potential can be explained by 
measuring capacitance using the following equation [46]. 

1
C2 =

2
e εr ε0N

(

E − Efb −
KB T

e

)

(17) 

where C repersents the space charge capacitance of the passive film, e0 is 
the elementary charge (1.602 × 10− 19C), N is defined as the density of 
the charge carriers (ND: the electron donor concentration for an n-type 
semiconductor or NA: hole-acceptor concentration for a p-type semi- 
conductor), ε0 is the vacuum permittivity (8.854 × 10− 14 F/cm), εr de
notes the dielectric constant of the film oxide, E is the applied potential, 
Ebf is the flat band potential, KB is the Boltzmann constant (1.38 × 10− 23 

J/K), and T is the absolute temperature. Thus, the parameter, ND or NA, 
can be calculated from the slope of the linear part through this equation: 

ND/A =
2

e εr ε0

[
dE

d
(
C− 2

)

]

(18) 

In addition, the εr can be determined via the logarithmic composition 
and mixture rule [47,48]: 

lnεr =
∑

Vilnεi (19) 

where Vi and εi are related to the volume fraction and relative dielectric 
constant of the ith component, respectively. The constant of the oxides 
components were employed: εZrO2 = 25 [49], εTiO2 = 60 [50], εHfO2 = 25 
[51], and εNb2O5 = 42 [52]. The volume fraction is assumed to be 
approximately equal to the atomic-percentage results found by the XPS 
analysis (Fig. 5e). Thus, the calculated εr for each specimen and its 
corresponding ND were obtained (Table 5).

The Mott-Schottky plots of all specimens after the PSP test feature a 
linear region with a positive slope (Fig. 5f), indicating the n-type 
semiconductor nature of the formed passive film. The ND values of the 
passive film fell in a range of 1021 to 1022 cm− 3 orders of magnitude, 
with the highest value attributed to the CP-Ti. The same value was found 
in the literature for the pure Ti in the presence of F− ions, confirming its 

Table 2 
Polarization curves fitted parameters of CP-Ti and HEA specimens.

Specimen Ecorr (mV) icorr (µA.cm–2) ipass (µA.cm–2) Eb (mV)

In 0.5 M H2SO4

CP-Ti – 778.4 529.50 16.59 –
HEA0.2 – 146.47 0.61 6.36 1258
HEA0.3 – 178.01 1.41 7.47 1199
HEA0.4 – 296.62 1.61 9.02 1062
In 0.5 M H2SO4 + 5 ppm F–

CP-Ti – 779.53 805.11 44.90 –
HEA0.2 – 139.43 0.92 6.03 1228
HEA0.3 – 195.73 1.47 7.00 1008
HEA0.4 – 344.50 1.80 21.18 948

Note: The breakdown potential (Eb) refers specifically to the onset of trans
passive dissolution rather than the conventional initiation of pitting corrosion, 
and is identified at the potential where the current density begins to increase, 
marking the transition from passive film stability to active dissolution.
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highly desorbed passive film [53]. The HEA0.2 shows the lowest value, 
indicating the ability of its passive film to impede charge transfer. Based 
on the point defect model (PDM), oxygen ion vacancies are produced at 
the alloy/passive film interface. These vacancies will consequently 
reduced by the injection of oxygen ions from the electrolyte or the 
electrolyte/passive film interface [54]. In addition, F− ions causes an 

increase in the number of free electrons in the passive film, thereby 
improving its conductivity. Therefore, the presence of F− ions in the 
simulated conditions of PEMWE could have led to an increase in CP-Ti 
passive film carrier density, resulting in corrosion-resistance 
deterioration.

Further chemical analysis of the electrolyte solution confirmed the 

Fig. 3. SEM surface morphology of CP-Ti and HEA specimens before and after being subjected to the PSP test.
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dissolution of Nb ions from the passive film of HEA specimens after 
being subjected to the PSP tests (Table 6). During polarization, Nb un
derwent oxidation and then dissolved into the solution in an ionic form, 
with a higher dissolved amount detected for the HEA0.4 specimen. The 
Nb2O5 is concentrated in the outer layer of the passive film but does not 
significantly enhance the corrosion resistance of the formed passive film 
[31,55], thus dissolved into the solution. The lower Nb concentration in 
HEA0.2 and HEA0.3 could have restricted its contribution to the forma
tion of Nb2O5 in the passive film due to domination of higher stability 
oxides, particularly HfO2 and ZrO2 [43,44]. The Nb atoms competed 
with the stronger affinity for the oxygen of Ti, Zr, and Hf, which 
dominated the oxidation process during the passive-film formation, as 
evident from the XPS analysis (Fig. 5e). In HEA0.2 and HEA0.3, the Nb 
atoms are expected to be confined in deeper layers [31], thus prevented 

from dissolving into the solution.

3.3. Proposed corrosion mechanisms

The passive film formed on the surface of the CP-Ti in the solution 
without F⁻ ions exhibit a protective behavior due to a competition be
tween the dissolution reaction and the formation of the oxide film. This 
process leads to the development of an inner dense layer, which protects 
the material from further dissolution. However, in the simulated con
dition of a PEMWE cell with the presence of F⁻ ions, the stability of this 
protective film is compromised, leading to a transformation of the dense 
oxide structure into a porous layer (Fig. 3e). This structural change 
significantly reduces the protective properties of the film, allowing 
aggressive ions to penetrate and accelerate corrosion processes. This 
phenomenon is clearly seen in the difference in Rp before and after the 
addition of F⁻ ions into the electrolyte (Table 1). Based on the theory of 
PDM, the formation of oxygen vacancies in the passive n-type film at
tracts F⁻ ions to occupy these vacancies and thus disrupt the film 
structure through the generation of localized positive cations that 
accelerate the ion-transport rate through the passive film towards the 
metal surface. Increased ions transfer facilitates the electrochemical 
dissolution of the Ti substrate, thereby weakening the protective prop
erties of the passive layer. The XPS analysis of the passive film confirmed 

Fig. 4. AFM images of HEA specimens before and after being subjected to the PSP test alongside their surface roughness profiles.

Table 3 
Surface roughness parameters determined from the AFM data.

Specimen Before PSP test After PSP test

Ra (nm) RMS (nm) Ra (nm) RMS (nm)

HEA0.4 1.336 1.896 2.639 4.387
HEA0.3 2.103 3.577 2.702 4.218
HEA0.2 1.427 1.831 2.172 3.215
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the absence of TiF6
2– or TiF6

3– species (Table 4), which is consistent with 
the results of Li, et al. [56]. This observation can be credited to the high 
affinity of F⁻ ions to react with protons (H⁺) at the interface under 
high-temperature conditions, in this case, 70 ◦C. This reaction leads to 
the formation of hydrofluoric acid (HF), a strongly aggressive compound 
that actively attacks the TiO2-oxide film.

The synergistic effect of Hf, Zr, and Nb in influencing the corrosion 
resistance has been clearly demonstrated by the three HEA specimens. 

Hf and Zr contribute greatly to this improvement by promoting passiv
ation, which is mainly attributed to their high adsorption for oxygen, 
which facilitates the formation of stable and protective oxide layers. 
Moreover, these elements have a low metal-to-metal bond strength, 
which favors the uniform distribution and incorporation of these oxides 
into the passive film, further enhancing its protectiveness. It has been 
well reported that the presence of Nb in the oxide-layer structure 
significantly improves the quality of the passive film [18]. This 

Fig. 5. Surface analysis results of CP-Ti and HEA specimens after being subjected to the PSP test: (a, b, c, d) XPS spectra of Ti, Zr, Hf, and Nb oxides detected on the 
passive film, (e) atomic percentage of oxides in the passive film, (f) Mott-Schottky plots.

M. Kadiri et al.                                                                                                                                                                                                                                  



Electrochimica Acta 521 (2025) 145925

10

improvement can be attributed to the Nb ability to make covalent bonds 
with adjacent atoms through d-sharing [57], which contributes to the 
stability and integrity of the passive layer. Also, Nb can replace Ti in the 
TiO2 oxide lattice due to their similar atomic radii [58]. This substitu
tion acts as a crucial factor in improving corrosion resistance by effec
tively eliminating vacant anions in the TiO2-network, thereby reducing 
defects [59,60]. This feature is supported by the XPS analysis (Figs. 5d, 
5e, Table 4), which indicates the presence of Nb2O5 and an increase in 
the TiO2 content in the HEA0.4 passive film compared to the HEA0.3, with 
a magnitude comparable to that observed in the HEA0.2.

However, the present work indicates a small role of Nb toward 
passivation of HEAs in the acidic solution of the simulated PEMWE 
environment, contrary to the finding by Tanji, et al. in a neutral solution 
[18]. The Nb2O5 was absent on the top surface of the TiHfZrNb0.2 and 
the TiHfZrNb0.3 (Fig. 5e), yet their corrosion resistance is higher than 

that of TiHfZrNb0.4, indicating that Nb could be a poor alloying element 
toward passivation. This behavior can be attributed to two main factors: 
first, the low concentration of Nb in these alloys may limit its ability to 
contribute significantly to the passive film; second, after the dissolution, 
Nb may not readily reattach to the surface as an oxide, as evidenced by 
its detected presence in the electrolyte solution (Table 6). It is also 
possible that Nb₂O₅ forms in the underlying layers of the passive film, 
rather than at the surface. In addition, the fluoride state of all Ti, Zr, Hf 
and Nb elements was not detected, probably not formed at all (Fig. 5, 
Table 4). It is possible that some fluorides were formed and then dis
solved in the solution of 0.5 M H2SO4 to form HF gas.

4. Conclusions

In view of determining new materials for bipolar plates, the corro
sion characteristics of TiHfZrNbx (x = 0.2, 0.3, and 0.4) high-entropy 
alloys (HEAs) have been thoroughly evaluated, in comparison to the 
CP-Ti, in 0.5 M H2SO4 + 5 ppm F– solution at 70 ◦C that simulate the 
condition of PEMWE cells. The electrochemical performance of these 
HEAs purely relies on the nature of the formed passive film and the 
corrosive environment. The HEAs show a pseudo-passivation under 
open circuit potential conditions to a more noble potential, unlike the 
CP-Ti that was passivated to a lower potential. The formed passive layer 
on HEAs exhibits about 600 times higher polarization resistance than 
that of the CP-Ti, with the highest achieved at 79.57 kΩ.cm2 for 
TiHfZrNb0.2, leading to a sharp contrast in the corrosion current density, 
805.11 µA.cm-2 for the CP-Ti vs. 0.92 µA.cm-2 for the TiHfZrNb0.2, 
reflecting a far superior corrosion resistance of the HEAs. The synergistic 
effect of Hf, Zr, and Nb improves the corrosion resistance of HEAs by 
forming a dense passive film predominantly constituted of HfO2, ZrO2, 
and TiO2, with a presence of Nb2O5 only on the TiHfZrNb0.4. All passive 
films possess an n-type semiconducting characteristic with a much lower 
electron-donor concentration in the HEAs than in the CP-Ti. The absence 
of Nb2O5 on the top surface of the TiHfZrNb0.2 and the TiHfZrNb0.3 in
dicates a small role of Nb toward passivation in the aggressive acidic 
solution. Overall, the findings demonstrate the potential of TiHfZrNbx 
HEAs as alternative materials to titanium for durable and efficient bi
polar plates in a PEMWE system.
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Table 4 
Binding energy and corresponding component in the native and passive film.

Specimen Element Photo 
electron 
lines

Oxidation 
state

Binding energy (eV)

Native 
film

Passive 
film

CP-Ti Ti 2p3/2–2p1/2 Ti4+ (TiO2) 458.41 - 
463.33

459.33 - 
465.03

HEA0.4 Ti 2p3/2–2p1/2 Ti4+ (TiO2) 458.63 - 
463.99

459.17 - 
464.77

Zr 3d5/2–3d3/2 Zr4+(ZrO2) 182.61 - 
185.0

182.80 - 
185.18

Hf 4f7/2–4f5/2 Hf(0), 
Hf4+ (HfO2)

13.87 - 
15.28 
17.16 - 
18.84

17.40 - 
19.02

Nb 3d5/2–3d3/2 Nb5+

(Nb2O5)
– 207.74 - 

210.74
HEA0.3 Ti 2p3/2–2p1/2 Ti4+ (TiO2) 458.56 - 

463.97
459.03 - 
464.54

Zr 3d5/2–3d3/2 Zr4+(ZrO2) 182.5 - 
184.89

182.62 - 
184.97

Hf 4f7/2–4f5/2 Hf(0), 
Hf4+ (HfO2)

13.77 - 
15.21 
17.05 - 
18.73

17.25 - 
18.93

Nb 3d5/2–3d3/2 Nb5+

(Nb2O5)
– –

HEA0.2 Ti 2p3/2–2p1/2 Ti4+ (TiO2) 458.60 - 
463.97

459.05 - 
464.49

Zr 3d5/2–3d3/2 Zr4+(ZrO2) 182.47 - 
184.84

182.64 - 
185.01

Hf 4f7/2–4f5/2 Hf(0), Hf4+

(HfO2)
13.72 - 
15.15 
17.02 - 
18.69

17.23 - 
18.88

Nb 3d5/2–3d3/2 Nb5+

(Nb2O5)
– –

Table 5 
The calculated εr values and their corresponding ND.

Specimen HEA0.4 HEA0.3 HEA0.2 CP-Ti

εr 30.56 28.17 30.66 60
ND (× 1020 cm− 3) 1.58 1.43 1.20 10.9

Table 6 
Nb ions concentration in the electrolyte solution after the PSP 
test.

Specimen Ion concentration (ppm)

HEA0.4 0.78
HEA0.3 0.49
HEA0.2 0.37
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