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Abstract
There are apparent technical and economic advantages to replace carbon-based bipolar
plates using metal bipolar plates (MBP) for applications in polymer electrolyte
membrane fuel cell (PEMFC). However, MBP suffers from corrosion in the acidic
environment of PEMFC, and the subsequently formed corrosion products on the metal
surface will greatly increase the interfacial contact resistance (ICR), eventually leading
to the poor stack performance. Therefore, this thesis work focuses on the development
of electrically conductive and highly corrosion-resistant coatings on 304 stainless steel
(304 SS) and their applications in PEMFC.
The first part of the thesis is the development of a Zr2N2O coating by oxygen plasma
treatment on ZrN through plasma enhanced atomic layer deposition (PEALD). During
the polarization test, a layer of protective ZrO2 forms on the surface, thus inhibits
further corrosion of the underneath coating and subsequently limits the coating
oxidation. Zr2N2O thus formed combines the high corrosion resistance of ZrO2 and high
conductivity of ZrN to best utilize the individual merits of the two component
compounds. Compared with ZrN, Zr2N2O exhibits a significantly enhanced oxidation
resistance and just a little increase in ICR after the test. Moreover, multilayer Cr
Oxide/Cr coatings were prepared using the remote inductive oxygen plasma (O-ICP)
treatment on the Cr coating. O-ICP attributes to the formation of a dense and thick oxide
layer (CrO*), which decreases the corrosion of the underneath substrate and the coating
oxidation during the polarization process and subsequently limits the total thickness
increase of the oxide layers. As a result, although the CrO* gives the higher ICR than
native oxide layer before the polarization test, only a mild increase in ICR after the test
is observed for the O-ICP treated coatings. These studies demonstrate that incorporating
oxygen atoms or introducing oxide layers into conductive coating proves to be a
ii

feasible strategy to improve the corrosion resistance while maintaining considerable
electrical conductivity at the same time. This work points to a new direction to prepare
the electrically conductive coatings with high corrosion resistance.
Additionally, the thesis work also involves the studies on how the Zr2N2O coating
improved corrosion resistance against the anodic dissolution induced by cathodic
transient potential (CTP). The quite low corrosion current and the mitigated corrosion
morphologies of the coated specimens confirm that the Zr2N2O coating can effectively
restrain the anodic dissolution caused by the high CTPs. Analysis of the electron energy
level diagrams of the oxide layer suggests that a protective coating with a wider gap
between Fermi level and energy level of valence band contributes to the improved
corrosion resistance towards the transpassive dissolution.
Since hydrogen penetrates into the MBP during the operation of PEMFC and the MBP
is stressed if the assembly process of stacks is less perfectly performed, the last part of
this thesis work involves the investigation of the effects of hydrogen and stress on the
corrosion of 304 SS in the simulated environment of PEMFC. Results show that 1) both
hydrogen and stress significantly increase the critical current density (icrit) and passive
current density (ipass), 2) hydrogen has a more obvious impact on icrit than that on ipass,
3) a high synergistic effect between hydrogen and stress on the current densities is
observed in the range of the intermediate hydrogen charging current densities because
the stress amplifies the effect of hydrogen alone and vice versa.
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Preface
Chapter 1 is the introduction containing the background knowledge and principles of
metal bipolar plates used in polymer electrolyte membrane fuel cell.
Chapter 2 covers the literature survey of the corrosion behavior and surface
modification/coating of metal bipolar plates.
Chapter 3 of this thesis has been published as Xian-Zong Wang, Triratna P.
Muneshwar, Hong-Qiang Fan, Ken Cadien, Jing-Li Luo. Achieving ultrahigh corrosion
resistance and conductive zirconium oxynitride coating on metal bipolar plates by
plasma enhanced atomic layer deposition. Journal of Power Sources, 2018, 397, 3236. Dr. Muneshwar worked on the coating preparation under the guidance of Prof.
Cadien, Dr. Fan helped with the coating characterization. Prof. Luo and Dr. Muneshwar
provided valuable discussions, comments and suggestions for manuscript writing and
revision.
Chapter 4 of this thesis has been submitted to Journal of Applied Surfaces Science as
Xian-Zong Wang, Triratna P. Muneshwar, Hong-Qiang Fan, Ken Cadien, Jing-Li Luo.
Steering the corrosion resistance and electrical resistance of chromium coating by
oxygen plasma. Dr. Muneshwar worked on the coating preparation under the guidance
of Prof. Cadien, Dr. Fan helped with the coating characterization. Prof. Luo and Dr.
Muneshwar provided valuable discussions, comments and suggestions for manuscript
writing and revision.
Chapter 5 of this thesis has been published as Xian-Zong Wang, Hong Luo, Triratna
P. Muneshwar, Hong-Qiang Fan, Ken Cadien, Jing-Li Luo. Zr2N2O coating improved
corrosion resistance for the anodic dissolution induced by cathodic transient potential.
ACS Applied Materials & Interfaces, 2018, 10, 40111-40124. Dr. Muneshwar worked
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on the coating preparation under the guidance of Prof. Cadien, Dr. Fan helped with the
coating characterization. Prof. Luo and Dr. Hong provided valuable discussions,
comments and suggestions for manuscript writing and revision.
Chapter 6 of this thesis has been published as Wang Xian-Zong, Luo Hong, Luo JingLi. Effects of hydrogen and stress on the electrochemical and passivation behavior of
304 stainless steel in simulated PEMFC environment. Electrochimica Acta, 2019, 293,
60-77. Prof. Luo and Dr. Hong provided valuable discussions, comments, suggestions
and feedbacks for manuscript writing and revision.
Chapter 7 of the thesis includes the summary and future prospects.
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Chapter 1. Introduction
1.1 Introduction of polymer electrolyte membrane fuel cell
The research on alternative and renewable energies has attracted considerable attention
owing to the continuously increasing demand for green energy supplies and depletion
of natural resources as well as the awareness of environmental issues [1, 2]. Fuel cell is
an electrochemical device which converts the chemical energy of reactant (fuel) into
electrical energy and therefore, is a promising energy conversion technology due to its
technical and environmental advantages such as high efficiency, reliability and clean
power [3-6]. Among various types of fuel cells, polymer electrolyte membrane fuel cell
(PEMFC) is considered as a promising one for mobile applications ranging from
automobiles to backup power due to its distinctive advantages like high conversion
efficiency and relatively low operating temperatures (around 80℃), quick start-up/shut
down (SU/SD) and low pollutant emission [7-9].
PEMFC is so named as it uses a proton-conducting polymer electrolyte
(perfluorocarbonsulfonic acid, PSA), each side of which is bonded to a porous catalyst
electrode [7]. A PEMFC stack is realized by connecting a single component of the
anode-electrolyte-cathode assembly, usually referred to as membrane electrode
assembly (MEA) with gas diffusion layer (GDL), in series with bipolar plates (BPP),
as shown in Figure 1.1 [10]. Catalysts are used to lower the activation energy barriers
of electrode reactions, especially to overcome the sluggish kinetics of oxygen reduction
reaction (ORR) and maintain efficient power generation of fuel cells. GDL provides
pathway for input of reactant gas and output of products (water). BPP serves the
function of current collection, gas reactant distribution and mechanical support of MEA.
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Figure 1.1 PEMFC with end plates for drawing current from all over the surface of the electrodes and
also supplying gas to the electrodes [10].

1.2 PEMFC performance and operating principles
For a single cell using hydrogen as the fuel, hydrogen is oxidized (hydrogen oxidation
reaction, HOR) at the anode/electrode interface, releasing proton and electrons. The
proton migrates through the electrolyte and the electrons travel through the BPP and
the external circuit (electricity is extracted from this process), both arriving at the
cathode electrode where ORR occurs at triple phase boundaries. The two half-cell and
overall reactions are [3]:
Anode reaction:
𝐻2 →

2𝐻 + + 2𝑒 −

(1 − 1)

Cathode reaction:
1
𝑂 + 2𝐻 + + 2𝑒 − →
2 2

𝐻2 𝑂

(1 − 2)

Overall cell reaction:
𝐻2 +

1
𝑂 →
2 2

𝐻2 𝑂

(1 − 3)

An electrode potential difference between the anode (lower electrode potential) and
cathode (higher electrode potential) is the cell potential, Ethermo. The theoretical Ethermo
2

is 1.229 V when the fuel is pure H2 and the oxidant is pure O2 at standard state of 25 ℃
and 1 atm [3]. This value, calculated from the Gibbs free energy (ΔG), is given by:
1

𝑎𝐻 ∙ 𝑎𝑂2 2
∆𝐺 = ∆𝐺 0 − 𝑅𝑇 ln ( 2
)
𝑎𝐻2 𝑂

(1 − 4)

Where:
∆𝐺 0

Standard free energy for the overall reaction,

𝑎𝐻2 , 𝑎𝑂2 , 𝑎𝐻2 𝑂 Activities of H2, O2 and H2O, respectively,
R
T

Gas constant, 8.314 J· mol-1 ·K-1,
Temperature in K.

When the reaction occurs at a unit activity of both reactants, the cell potential is:
𝐸𝑡ℎ𝑒𝑟𝑚𝑜

−∆𝐺 0
=
𝑛∙𝐹

(1 − 5)

Where:
n

number of moles of electrons transferred during cell reaction,

F

Faraday constant.

In practical situation, however, the output potential of a fuel cell in operation is always
lower than Ethermo due to overpotential losses including activation losses, ηact, ohmic
losses, ηohmic, concentration losses, ηconc, fuel crossover and internal currents. ηact is
caused by the voltage required to drive HOR and ORR, especially the ORR at cathode.
ηohmic is caused by the resistance from all components of the fuel cell, such as electrical
resistance of the BPP and resistance of ions passing through the electrolyte, etc. ηconc
becomes significant when the reactant concentration on the surface is obviously
reduced. Therefore, the output voltages (V) of a fuel cell can be expressed as [11]:
𝑉 = 𝐸𝑡ℎ𝑒𝑟𝑚𝑜 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐

(1 − 6)

A typical voltage-current curve indicating voltage losses is shown in Figure 2. The
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energy losses within the system reduce the practical operating voltage that can be
obtained from a single cell to around 0.7‒0.8 V. To satisfy the voltage requirement in
practical application, several cells are connected together in series and thus, BPP is
required to electrically connect single cells together. The detailed functions of BPP will
be described in 1.3.1.

Figure 1.2 Ideal and actual performance of a fuel cell with respect to the potential current response
[11].

1.3 Introduction of Bipolar Plates
BPP is a key component in PEMFC, accounting for over 75% of total weight (Figure
3) and around 35% of gross cost (Figure 4) of a fuel cell stack [12]. Also, the ohmic
loss from interfacial contact resistance (ICR) accounts for the most significant portion
(11%) apart from the dominant loss by ORR (Figure 5) [13], which obviously lowers
PEMFC performance. Thus, limits the degradation of BPP’s conductivity is important
for proper function and application of PEMFC.
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Figure 1.3 Weight percentages of the components of a PEMFC Stack [12].

Figure 1.4 Cost percentages of the components of a PEMFC Stack [12].

Figure 1.5 Voltage losses for automotive PEMFC [13].

1.3.1 Functions and requirements of BPP
As a multi-functional component, BPPs mainly (i) connect the individual fuel cells in
series and separate MEA to form a fuel cell stack to meet a certain voltage requirement;
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(ii) supply and distribute the fuel gas and the oxygen uniformly over the whole active
surface area of the MEA through the gas flow channels; (iii) carry electric current from
the cathode of one cell to the anode of the next cell; (iv) facilitate the heat and water
management within the cell; (v) provide structural support for the thin membrane and
electrodes and clamping forces for the stack assembly [14-16]. To perform those multifunctions above, BPP should meet the criteria established by the United State
Department of Energy (DOE), as listed in Table 1.1 [15]. The ideal BPP candidate
materials should have good electrical conductivity, high corrosion resistance, suitable
mechanical strength, good machinability, low cost and light weight, high gas
impermeability and low cost to achieve these technical requirements.
Table 1.1 The DOE targets for bipolar plates [15].

Property

Unit

Value

Density

g cm-3

<5

ICR

mΩ cm2

< 10

Electrical conductivity

S cm-1

> 100

Flectural strength

MPa

> 60

μA cm-2

<1

Stack Weight

g (kw)-1

at least

Stack Volume

cm3 (kw)-1

at least

Stack Cost

$ (kw)-1

<3

Corrosion rate
at work potential

1.3.2 Materials for BPP
There are two main categories of BPP: carbon BPP and metal-based BPP.
Conventionally, high-density graphite was used to fabricate BPP owing to its intrinsic
6

electric conductivity, excellent corrosion resistance and high chemical stability in the
aggressive environment of PEMFC [15, 17]. However, graphite BPP has poor
mechanical properties because of its molecular structure. It is brittle and prone to
breaking, which greatly limits its transportation applications due to lack of good
structural durability to be against shock and vibration. Also, the inherent brittleness of
graphite makes it hard to form precise flow field channels and the high gas permeability
of graphite requires BPP in large thickness, leading to the significant increase in weight,
volume as well as the cost of BPP [17].
To increase the mechanical strength of graphite BPP, polymers were mixed with
graphite particles to make composite BPP [18, 19]. Carbon-based composite BPP is
generally made from various fillers and polymer matrix (thermoset and thermoplastics).
The polymer matrix of the composite plates has greatly improved its mechanical
strength; the composite plates can be massively manufactured using injection molding
for thermoplastics with a reasonable cost [20, 21]. Unfortunately, the insulation
property of polymer has diminished the electrical conductivity of the composite plates
[20, 21]. Generally, high content of filler is needed to get sufficient electrical
conductivity for composite BPPs, such a high loading amount may lead to brittleness
and cracking [15, 18].
In light of these drawbacks of graphite and composite BPP, there are apparent technical
and economic advantages to replace these BPP with metal BPP [14, 15, 22]. Metallic
materials have good electrical conductivity, formability and machinability, gas
impermeability, superior mechanical properties and relatively low cost. The high
mechanical strength of metal plates is ideal for transportation applications when they
are subject to shock and vibration, thus preventing cracks and leakage of the reactant
gas [22]. Stainless steels (SS) and titanium and aluminum alloys are the widely studied
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base materials for BPPs [23]. Among these metals, research work is mainly focused on
SSs due to their good comprehensive properties, abundance and lower cost. Moreover,
the thickness of metallic BPPs can be reduced to a large extent compared with carbonbased BPP, thus higher power density can be achieved [24-26]. For example, metal
plates can be stamped with a thickness of 0.1 mm, which will greatly reduce the weight
and volume of the BPP [26, 27].
As mentioned in Section 1.3.1, the properties required for BPP are closely inter-linked
with each other, and it is extremely challenging to find the materials that can meet all
the requirements: Graphite has poor gas impermeability, poor machinability and high
cost while composite materials own low electrical conductivity and poor stability.
Metallic BPPs, on the other hand, suffer severe corrosion and high ICR [14, 17, 18].
Apparently, no single material could simultaneously satisfy all the proposed property
requirements, but out of all the materials in consideration, SS has emerged as the most
promising one to better meet DOE targets after suitable modification, which is the main
focus of this research, due to the intrinsic advantages of SS [16].
1.3.3 Corrosion of metal BPP
The fact that metal BPP is susceptible to corrosion which negatively affects its
performance and durability, has limited its applications [14]. It is known that BPP
operates in an acidic (pH = 3~5), and highly humid (relative humidity ≈ 90%)
environment in PEMFC [9, 16, 17]. The anode side of PEMFC is a reducing
environment because of the presence of hydrogen, and the protective oxide layer
formed on the surface of metal plates may be reduced and unwanted hydride will form
on the surface [28]. At the cathode, the oxidizing environment leads to the oxidation of
metal BPP. Oxide layers/passive films with low electrical conductivity formed on BPPs
surface would significantly increase the contact resistance between GDL and BPPs,
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resulting in the performance losses and even failure of the plates [27]. Moreover, the
dissolved metal ions will adversely affect the activity of the catalyst layer, resulting in
the decrease in cell performance [14].

1.4 Summary of metal BPP
In summary, metal BPPs (mainly SSs) are the most promising candidates to be used in
PEMFC, especially for the automotive and portable devices. However, the problems
related to corrosion and ICR in the working environment of PEMFC have greatly
limited its large-scale application. To address these two issues, many researches have
been focused on surface modification treatments and various coatings to improve
corrosion resistance and simultaneously reduce the ICR to make metal BPP meet the
requirements for PEMFC environment. Meanwhile, extensive researches on corrosion
behavior of metal BPP in simulated PEMFC environment have been conducted to
uncover the corrosion mechanism.

1.5 Aim of this thesis
The aims of this thesis are: (i) study of the corrosion of metal BPP in the simulated
environment of PEMFC and (ii) preparation of highly electrically conductive and
corrosion resistant coatings on stainless steel substrate to enable its application as metal
BPP. In the following chapter, a literature review of corrosion behavior of the bare
metal BPP and surface engineering of metal BPP is presented to summarize what have
been achieved by other researchers and the remaining gaps.
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Chapter 2. Literature survey of metal bipolar plates
This chapter focuses on the researches on (i) corrosion behavior of bare substrate and
(ii) coating/surface modifications on SS, which have been reported in the literature.

2.1 Corrosion of bare metal substrate
The corrosion behaviors of metal BPP in simulated PEMFC environment have been
extensively studied to uncover the corrosion mechanism.
2.1.1 Effect of test solution
Wang et al. [28] studied the effects of O2 and H2 on the corrosion of 316L SS in the
simulated cathode and anode environments of PEMFC. Results from potentiodynamic
test showed that corrosion current density in O2 containing environment is only about
one-fourth of that in the H2 containing environment. The reason is that in O2 containing
environment, the 316L SS is more readily passivated and the passive layer is more
stable and thicker. Potentiostatic tests at -0.1 V vs. SCE bubbled with H2 and 0.6 V vs.
SCE bubbled with O2 showed that the current densities under the simulated anode and
cathode conditions stabilized at about –7 × 10-7 and 5 × 10-6 A/cm2, respectively. At the
anode side, the stable current is negative because of the reduction of H+ to H2. The
positive current at the cathode arises from the corrosion of the metal. Moreover, the
results from inductively coupled plasma optical emission spectrometer (ICP-OES)
measurement showed that the metal ion concentrations at the anode and cathode are
about 25 and 42 ppm, respectively, in solution after potentiostatic test. It is well known
that such levels of metal ion concentrations would adversely affect the membrane
performance.
Yang et al. [29] studied the corrosion behavior of 316L SS in simulated PEMFC cathode
environment with different H2SO4 concentrations. The results showed that as the H2SO4
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concentrations increase, corrosion current increases owing to the decrease in the
thickness of the passive film formed on 316L SS. Moreover, based on the results of
Auger electron spectroscopy (AES), the ratio of Cr/Fe in the passive film is low (< 0.7)
in relatively low H2SO4 concentrations (≤1× 10–4 M) and high (> 0.7) in relatively high
H2SO4 concentrations (≥ 0.01 M).
Li et al. [30, 31] investigated the influences of solution pH, temperature, chloride ions
and sulfide ions on the corrosion behaviors of 316L SS in the simulated cathodic
environment of PEMFC. Results show that with increasing pH value, decreasing
temperature, decreasing chloride ions and sulfide ions concentrations, the passivity of
316L SS is enhanced and the donor and acceptor densities of the passive films are
decreased. The authors pointed out that the decreased passivity and the increased
doping density may be beneficial to the conductivity of the passive film, but they
decrease the protectiveness of the passive film towards corrosion.
2.1.2 Effect of metal composition
For the materials selected to be used as metal BPP, chemical composition is an
important factor. It is generally agreed that the corrosion resistance of stainless steel
depends on the chemical composition of the material as the alloy elements, such as Cr,
Mo, and Ni, have a significant influence on the corrosion resistance of the passive film.
Wang et al. [32] studied the electrochemical behaviors of four types of stainless steels,
i.e., 316L, 317L, 349 and 904 in the environment with 1 M H2SO4 + 2 ppm F– at 70 ℃
purged with O2 or H2. Their results showed that the higher the Cr content in the material
(349 > 904L > 317L > 316L), the higher the corrosion resistance and the lower the ICR.
Moreover, for 349 SS polarized at 0.6 V for 30 min, it was found that the thickness of
the passive film was constant in the duration of the test. Although the test time was too
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short to be conclusive, this result clearly showed that 349 SS was a promising candidate
for metal BPP. However, all four bare SSs cannot satisfy DOE requirements in the
simulated environment, with the current density larger than 10–6 A/cm2 in both anode
and cathode, and ICR higher than 100 mΩ·cm2 at a compaction force of 1.4 MPa.
Iversen et al. [33] studied the ICR of eleven stainless steels (201, 347, 316L, 904L,
S31254, S32654, S30415, S30815, S35315, LDX2101, S32205) in simulated PEMFC
environment. The 201 SS (7% Mn) presented a lower increase in ICR, suggesting that
the alloy element Mn appeared to contribute to the formation of desired conductive
properties in a passive film. The 904L SS showed promising results in corrosion
resistance and a lower increase in ICR, showing its suitability for application in metal
BPP. S31254 and S32654, containing 6-7% Mo, exhibited a higher increase in ICR after
test than all other steels and were thus regarded as unsuitable for use in the BPP. Davies
et al. presented the similar tendency that grade 904L SS showed the lower ICR than
that of 316 and 310 SS because 904 SS has highest Cr and Ni contents [34] . They
identified a general trend that the increase in Cr and Ni contents of the alloys leads to
the formation of thinner passive films and thus the lower ICR.
Some other researchers [35-37] pointed out that bare 316 SS was unsuitable to make
BPP because of the increased ICR as a result of the thickening of the passive layer. The
power generation performance of a single cell with 316L SS as BPP was investigated
and degradation of performance was observed after 300-h test due to an increase in
contact resistance between the BPP and GDL. This was associated with an increase in
iron oxide content in passive film on BPP surface. From previous studies, it is obvious
that bare SSs could not meet the requirements of DOE, and surface engineering
techniques are required.
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2.2 Coating/Surface modification of metal BPP
2.2.1 Surface Modification
Surface chromizing, nitriding and ion implantation are typical surface modification
technologies and have been widely used on stainless steel BPP to decrease the corrosion
rate and ICR.
2.2.1.1 Surface chromizing
Cho et al. [38] prepared a Cr layer by a pack cementation process and the results from
potentiodynamic and potentiostatic tests showed that the corrosion current density was
greatly decreased. This decrease in corrosion rate was considered beneficial from a Cr
enrichment layer with few defects on the surface. Recently, they varied the Cr content
in the powder mix and the heating time during the treatment process to prepare the
chromized 316L SS BPP [39]. Results showed that the thickness of the Cr enrichment
layer was related to the heating time. A shorter heating time produced a thinner Cr rich
layer with Cr carbides while a longer heating time produced a thicker Cr rich layer
without Cr carbides on the surface. Although both processes presented a lower
corrosion rate, the ICR of the sample with longer heating time was greatly increased
while the sample with shorter heating time showed a much lower ICR value. The Cr
carbide on the surface was considered as the reason to achieve this interfacial
conductivity. This conclusion was in agreement with Bai’s research [35] that the
carbides and nitrides in the surface layer after chromizing treatment will increase the
interfacial conductivity. In order to decrease the ICR and the corrosion rate at the same
time, Bai et al. [35] used electron discharge machining (EDM) in combination with
chromizing treatment. It is known that surface roughness would affect the contact
resistance of the surface layer. Therefore, EDM was used to decrease the surface
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roughness, thus to decrease the contact resistance. The results showed Cr combined
with EDM could enhance the corrosion resistance and lower ICR.
2.2.1.2 Surface nitriding
Wang et al. [40] conducted thermal nitriding treatment on 349 SS and achieved obvious
ICR reduction after the treatment, however, poor corrosion resistance was observed
under both anodic and cathodic conditions. This poor chemical stability was ascribed
to the discontinuous Cr-nitride layer formed on the surface of steel matrix. Thermal
nitriding generally can be accomplished at high temperature, producing a surface layer
composed of various nitrides, such as CrN, Cr2N (Cr,Fe)2N1–x (x = 0–0.5) which have
higher electrical conductivity (lower ICR) compared with native oxide layer formed on
bare alloy surface. However, the formation of discrete nitride phase due to issues related
to surface energy, nitride nucleation or possible matrix metal composition decreases the
corrosion resistance. To mitigate possible problems from thermal nitriding, other
nitriding methods have also been employed. A 2.5 nm thick nitrogen incorporated oxide
layer on bare AISI 446 SS formed by electrochemical nitriding is reported to have
provided excellent electrical conductivity and corrosion resistance of steel [41].
Decreased ICR and improved corrosion resistance were also achieved after active
screen plasma nitriding on 316 SS surface. However, most of the ICR values are still
higher than the DOE target, and the ICR values after tests and long-term durability of
the BPPs are not provided.
2.2.1.3 Surface ion implantation
Kim et al. [42] modified an austenitic stainless steel with W and La to improve the
stability of the passive film in an acidic environment of PEMFC as well as to reduce
the ICR. The tests results showed that the austenitic stainless steel modified with W and
La has a good passive stability for corrosion resistance and low ICR in comparison with
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the original unmodified stainless steel. Analysis suggested that this good performance
was benefited from the protective and conductive film of WO3 formed on the modified
austenitic stainless steel. Lavigne et al. [43] studied the effect of cerium insertion in
316L passive film, a decrease of ICR was obtained due to an increase of charge carrier
density in the passive film after cerium treatment, improved corrosion resistance was
also observed.
2.2.2 Coatings
Based on the composition of coatings, the coatings prepared on metal substrate used as
metal BPP can be divided into two main categories, carbon-based and metal-based.
2.2.2.1 Carbon-based coating
The search for coatings with dual merits of high corrosion resistance and high
conductivity has been in good progress. Carbon films appear to be the promising
candidates due to its good conductivity and high corrosion resistance. Feng et al. [37]
prepared an amorphous carbon film on 316L SS by close field unbalanced magnetron
sputtering. The AFM and SEM results showed that a dense and compact carbon film
with a thickness of 3 μm is deposited on the substrate. Electrochemical test results
showed that the carbon film has reduced the corrosion rate from 11 μA/cm2 to 2 μA/cm2.
The ICR of the carbon-coated 316L SS is 10 to 5 mΩ·cm2 under the clamping pressure
from 90 to 210 N/cm2, which are much smaller than that for bare stainless steel.
However, the long-term durability of this coating has not been reported in the literature.
Poly-aniline and poly-pyrrole coatings have been electrodeposited on SSs and
aluminum substrates and have shown improvements in corrosion resistance. However,
the conductivity still fails to meet the ICR targets [44-46].
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The researches have shown that the Cr and N in carbon film could influence the electric
conductivity. Doping Cr in carbon film is probably beneficial for improving the
conductivity of the carbon-coated 316L SS used as metallic BPP. Based on this, a series
of Cr-containing carbon films with different composition was deposited on 316L SS
[47]. The results showed that the conductivity and corrosion resistance of 316L SS are
greatly improved in the presence of the Cr-containing carbon film. Best performance
was obtained for the sample with Cr0.23C0.77 film, which demonstrated an ICR of 3
mΩ·cm2 and a corrosion rate of 9×10–2 μA/cm2 under the simulated PEMFC operating
conditions.
Overall, most carbon-based coatings are not considered suitable for metallic BPPs due
to their intrinsic brittleness. Also, poor adhesion is usually a problem for carbon-based
coatings on SS.
2.2.2.2 Metal coatings
BPPs with noble metals such as gold coatings usually have exceptional electrical
conductivity and stability. Kumar et al. [48] evaluated the performance of 10 nm gold
coated 316L SS (Au/SS) (a.k.a. Au Nanoclad®) BPP material provided by Daido Steel
(Japan) through ex-situ tests. The corrosion current density was less than 1 μA/cm2 at
0.8 V vs. NHE under the simulated cathodic conditions. Additionally, Au/SS showed
anodic passivation of 316L SS, thereby exhibiting robustness towards coating defects
including surface scratches that may originate from the manufacturing process of the
BPP. Besides, the area specific resistance of the sample is only 0.9 mΩ·cm2 at flat form
and increases to 6.3 mΩ·cm2 after formation at compaction force of 60 N/cm2. This
Au/SS is considered as one of the benchmark materials for current BPPs.
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Due to the relatively high cost of precious metals, many researches are focusing on the
development of more cost-effective coating materials. The non-precious metals
category, such as metal nitride, carbide, oxide, and oxynitride, are among the most
investigated due to their relatively low cost and the potential to meet the performance
requirements.
2.2.2.3 Metal nitrides coating
Metal nitride coatings have attracted extensive attention due to their high adhesion
strength, good electrical conductivity and relatively acceptable corrosion resistance.
Transition metal nitrides, such as CrN, TiN, NbN, ZrN, and VN, are widely investigated
as well.
Lavigne et al. [49] deposited a single layer CrN (100 nm) on 316L SS foil (0.1 mm
thick) and found that performances of CrN coated SS is strongly dependent upon the
nature of the passive film developed on the CrN. The conductivity of the coated SS is
greatly improved when the typical p-n heterojunction constituting the passive film is
replaced by a single p-type semiconductor formed on the conductive CrN, but the
corrosion resistance at cathode could not meet DOE requirement.
Zhang et al. [50] prepared TiN coating and multilayer Ti2N/TiN coating by pulsed bias
arc ion plating and magnetron sputtering. The electrochemical test results of Ti2N/TiN
coated specimen exhibited superb corrosion resistance, with very low Icorr of 0.0145
μA/cm2. Also, ICR test showed that both the TiN and Ti2N/TiN coatings give
acceptable ICR values (around 25 mΩ·cm2). Although the above reported results
recognize that the nitrogen containing coated BPP is a promising candidate, a long-term
test is necessary prior to its application in PEMFC.
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Xu et al. [51] prepared a ZrN nanocrystalline coating with a thickness of ~10 mm on
316L SS substrate using a double glow discharge plasma technique. Results showed
that corrosion resistance of the ZrN coated 316L SS was significantly higher than that
of uncoated material. Additionally, in comparison with uncoated 316L SS, the ICR
value was reduced by two orders of magnitude and remained almost unchanged (from
7.4 to 9.2 mΩ·cm2) after potentiostatic polarization for 5 h.
Cha et al. [52] coated 304 SS BPPs with NbN or NbN/NbCrN multilayer films using
inductively coupled plasma-assisted D.C. magnetron sputtering. Different Cr target
powers and the gas ratios of N2/(Ar+N2) were employed to explore the influence of
deposition parameters. All coated specimens exhibited improved performance
compared with the bare specimens. Polarization tests show that NbN/NbCrN film with
a Cr target power of 300 W and gas ratio of 0.2 performed the best, while the best result
for NbN film was obtained at 150 W Cr target power and 0.4 gas ratio. Besides, the
performance of NbN/NbCrN films was more stable than pure NbN films. However, the
reported ICR values, more than 35 mΩ·cm2 at 1.5 MPa compaction force for all the
coated samples, were much higher than the target value set by DOE.
Wang et al. [53] investigated the ICR and electrochemical dissolution properties of TiN,
TiAlN and CrN coatings with the thickness of around 2 μm, deposited via electron beam
physical vapor deposited (EBPVD) on 316L SS. All the coated 316L SS showed a lower
ICR compared with bare 316L SS, while the corrosion performance of the coatings
varied and depended on the cathodic and anodic conditions. ICR increased in the order
of TiAlN < CrN < TiN <316L SS while corrosion resistance in simulated anodic and
cathodic environments were CrN > TiN> 316L SS > TiAlN, and 316L SS > CrN > TiN >
TiAlN, respectively.
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2.2.2.4 Metal carbides coating
Ren et al. [54] adopted a high-energy micro-arc alloying process to deposit a layer of
TiC on 304 SS and found that TiC coating increased the corrosion potential of the bare
SS in 1 M H2SO4 solution at room temperature by more than 200 mV, and its corrosion
current density was decreased significantly from 8.3 μA/cm2 for the bare steel to 0.034
μA/cm2 for the TiC-coated steel. No obvious degradation was observed for the TiC
coatings after 30-day exposure in solution. However, the ICR data before and after
exposure test were not provided from this study.
Wang et al. [55] used plasma surface diffusion alloying method and fabricated an NbC
surface layer with a thickness of 6-7 µm on 304 SS. The corrosion current densities
under the simulated anode and cathode PEMFCs conditions (0.5 M H2SO4 + 2 ppm HF
solution at 80 °C) were maintained at 0.058 μA/cm2 and 0.051 μA/cm2, respectively.
Before the test, the ICR of NbC coated sample was 8.47 mΩ·cm2 less than the target of
DOE. After 10 hours of potentiostatic polarization, its ICR under the anode and cathode
conditions was increased to 8.77 and 9.04 mΩ·cm2, respectively.
2.2.2.5 Metal oxides coating
Some researchers reported the investigations on the performance of oxide films on
metal surface, since oxides (e.g., chrome oxide) are the effective protecting component
which can attribute to the corrosion resistance of stainless steels. However, most metal
oxides are generally electrically non-conductive, which is the main reason that
relatively few oxides are deemed suitable for BPPs. In order to improve the ICR and
corrosion resistance of 316 SS BPP, Park et al. [56, 57] deposited fluorine-doped tin
oxide (FTO) thin films by electron cyclotron resonance-metal organic chemical vapor
deposition after surface pretreatment at mild plasma condition. Compared with pure
oxide, this FTO coated sample has improved ICR values (over 73 mΩ·cm2) but still
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much higher than the target. The corrosion resistance is not as good as the pure oxide
probably due to the defects in the doped oxide films.
Treadstone Technologies [58, 59] suggested the improved electrical conductivity of
metal oxides through incorporation of conductive metals. This involves using a small
amount of electrically conductive and corrosion-resistant material like Au dots to cover
a small portion of the substrate surface, then use the corrosion resistant but poor
conductive materials to cover the rest of the substrate. At microscale, the contact
between GDL and the metal plates is of point contact, but as long as these contact points
are electrically connected, the electrical conductivity can be maintained. They proposed
a coating with a non-conductive and corrosion resistant Ti oxide base and plasma
sprayed conductive Au nanodots which only cover ~2% surface area [59]. In this
coating, the dots can stand out from the rough SS plates surface and have more chances
to be in contact with the GDL. This coating is reported to have sufficiently low ICR
and high corrosion resistance in the ex-situ testing, with corrosion currents of ~ 0.1
μA/cm2 at the cathode and no active peak observed at the anode, but the high price of
Au limits its practical application.

2.3 Summary of literature and overview of thesis
Based on the literature review, various coatings or surface modification treatments have
been applied to the stainless steel. Improved corrosion resistance and/or electrical
conductivity have been reported in the literature. However, even if the coatings on the
metal BPP possess satisfactory performance of electrical conductivity and corrosion
resistance, they still have one or more limitations including the long-term stability,
increased ICR after test and cost-effectiveness. Therefore, the research for a low cost
coating with enhanced corrosion resistance and conductivity as well as long-term
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stability is necessary. Despite of the extensive efforts so far on studying the corrosion
behaviors of BPP, the limitations of the previous investigations have left the knowledge
gaps that need to be filled, which is the main focus of this thesis work.
Firstly, it is known that ZrN possesses high electrical conductivity but its ICR, due to
the coating oxidation is significantly increased after long-term potentiostatic
polarization test. A Zr2N2O coating is therefore prepared by introducing oxygen atom
to ZrN film through oxygen plasma enhanced atomic layer deposition (ALD). The
results are presented in Chapter 3.
Moreover, to constrain the coating oxidation and formation of the corrosion product on
the surface during the potentiostatic polarization process, Cr coatings were treated with
a remote inductively coupled oxygen plasma (O-ICP) and multilayer Cr coating with 2
and 3 cycles of O-ICP treatments being prepared on stainless steel. The results are
presented in Chapter 4.
Also, during start-up and shut-down (SU/SD) processes of PEMFC stack, the cathode
electrode experiences a high cathodic transient potential (CTP) that can reach 1.4 V.
Such CTP is in the transpassive potential region of stainless steel in H2SO4 solution and
would induce significant corrosion of the metal BPP which is electronically connected
with the cathode electrode. To the best of my knowledge, there has been little research
conducted to study the effect of CTP on the dissolution of metal BPP. Therefore, this
work concentrates on the study of Zr2N2O coating with improved corrosion resistance
against the anodic dissolution induced by CTP. The results are presented in Chapter 5.
Finally, with the knowledge that hydrogen will penetrate into the BPP at the anode of
PEMFC during long-term operation and the BPP is stressed if the metal BPP is stamped
and/or the stack is not perfectly assembled. The hydrogen penetration and stress will
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have a remarkable influence on the corrosion behavior of metal BPP. So far, there are
few reports available that focus on studying the influence of hydrogen and stress on the
behavior of metal BPP. To be more specific, effects of hydrogen and tensile stress on
electrochemical behavior and passivation of 304 SS in the simulated anode
environment of PEMFC was studied in this work. The results are presented in Chapter
6.
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Chapter 3. Achieving ultrahigh corrosion resistance and
conductive zirconium oxynitride coating on metal bipolar
plates by plasma enhanced atomic layer deposition

ABSTRACT: Susceptibility to corrosion of metal bipolar plates limits their application
in polymer electrolyte membrane fuel cells (PEMFCs) and hence, the development of
a conductive coating with high corrosion resistance is essential. Zirconium nitride
(ZrN) exhibits high corrosion resistance but the interfacial contact resistance (ICR) after
the long-term test is not satisfied owing to the surface oxidation and the corrosion
products.

To further improve the corrosion resistance and retain a considerable electrical
conductivity, herein, we present a novel zirconium oxynitride (Zr2N2O) coating on 304
stainless steel by incorporating a controlled amount of oxygen into ZrN with plasma
enhanced atomic layer deposition. The corrosion current density of the Zr2N2O coated
specimen is found to be over one order of magnitude lower than that of the ZrN coated
substrate. More importantly, after the long-term test, the ICR of Zr2N2O coated
specimen is much smaller than that of ZrN coated specimen owing to the improved
oxidation resistance and decreased corrosion rate, suggesting incorporating a controlled
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amount of oxygen into conductive coating is a feasible strategy to achieve an ultrahigh
corrosion resistance while retaining a considerable electrical conductivity.

3.1. Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) are considered as a promising
technology for automotive applications and portable devices.[60] Bipolar plates, as a
key component of PEMFCs, play a critical role in conducting electrons to adjoining
cells, supporting the membrane electrode assembly and facilitating the removal of heat
and reaction products.[61] Therefore, the bipolar plates are expected to exhibit high
corrosion resistance, low interfacial electrical resistivity, low gas permeability, good
mechanical strength and high chemical stability under PEMFCs working
conditions.[62] Presently, carbon-based bipolar plates are widely used but the poor
mechanical properties significantly limit its application, particularly in automobiles or
other devices that involve mechanical vibration during their operations.[63] In this
respect, stainless steel is considered as an attractive candidate material for metal bipolar
plates. Nevertheless, stainless steel is susceptible to corrosion under harsh acidic (pH
2-5) condition in PEMFCs,[64] and the subsequently formed corrosion products on the
stainless steel surface greatly increase the interfacial contact resistance (ICR) and
eventually lead to poor stack performance.[64] Hence, an electrical conductive coating
with high corrosion resistance is very much desired to enable its application as metal
bipolar plates. To improve its corrosion resistance and decrease its ICR, various types
of coating materials, such as transition metal nitrides including ZrN, TiN and TaN, have
been applied on the metal surface.[51, 65, 66] Although transition metal nitrides coated
stainless steel offers an improved corrosion resistance, its high corrosion current
densities in the range of 10-6 to 10-5 A/cm2 still makes it not suitable as metal bipolar
plates.[51, 65, 66]
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Zirconium oxynitride (ZrNxOy) has a high resistance to dissolution in acidic media of
PEMFCs, and has been studied as a catalyst for the oxygen reduction reaction.[67]
Notably, electrical conductivity of ZrNxOy varies from conducting ZrN to insulating
ZrO2 when the content of oxygen in ZrNxOy increases.[68] This dependence of
electrical conductivity of ZrNxOy on oxygen content enables the application of oxygen
plasma enhanced atomic layer deposition (PEALD) through controlling the oxygen
content in ZrNxOy by adjusting the duration of oxygen plasma, a remarkable and highly
desired deposition technique.[69] Therefore, a ZrNxOy coating fabricated by
incorporating a small amount of oxygen atoms into the ZrN holds the potential to
achieve a comparable electrical conductivity and enhanced corrosion resistance
simultaneously. In this study, a ZrNxOy coating was deposited on 304 SS metal
substrate through PEALD and a 36 nm thin film of single phase Zr2N2O (confirmed by
XRD and TEM) was obtained. The electrochemical behavior, ICR and long-term
stability were investigated; the corrosion current density of the ZrNxOy coated substrate
was found to be over two orders of magnitude lower than that of the bare substrate
while retaining considerable electrical conductivity.

3.2. Experimental
3.2.1. Material and solution
The substrate material was 304 SS with nominal chemical composition (in at. %) of
0.072 C, 1.43 Mn, 0.57 Si, 18.24 Cr, 8.06 Ni, 0.07 Cu, 0.048 P, 0.0088 S, and Fe for
the balance. The size of the specimen was 12 mm × 12 mm ×2 mm. All of the specimens
were first ground up to 1200# SiC paper, and then successively cleaned with distilled
water, rinsed with alcohol and dried in air. The test solution was 0.5 M H2SO4 + 2 ppm
NaF to simulate the working condition of PEMFC. Prior to and during the
electrochemical measurements, the solution was purged with air. Multiple
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electrochemical experiments and ICR measurements were conducted on separate
specimens to ensure reproductivity of the results reported in this work.
3.2.2. Coating deposition process
ZrNxOy coatings on 304 SS substrate were grown in a continuous flow reactor ALD150LX (Kurt J. Lesker) equipped with an inductively coupled (0.6kW and 13.56MHz)
remote-plasma (ICP) source. ZrNxOy film was obtained from PEALD grown ZrN upon
exposure to Oxygen ICP plasma. ZrN films were grown using tetrakis dimethyllamino
zirconium (TDMAZr) precursor and forming gas (5% H2, 95% N2) ICP plasma using
deposition cycles parameters as 0.10 s TDMSZr pulse/ 12 s purge/ 9 s forming gas ICP
plasma/ 9 s purge as reported in literature [70]. To ensure uniform oxidation, after every
5 nm thick deposition, ZrN film was exposed to oxygen plasma for 50 s, and this
deposition/oxidation sequence is illustrated in Scheme 3.1.

Scheme 3.1. Deposition process of ZrNxOy coating.
3.2.3. Electrochemical measurements
A Solartron electrochemical workstation was used to perform the potentiodynamic
polarization tests. An Ag/AgCl electrode (4.0 M KCl solution) connected to a salt
bridge acted as the reference electrode and a platinum mesh as the counter electrode.
For the bare specimen, prior to the tests, the working electrode was initially
potentiostatic polarized at ‒0.8 V (all reported potential are based on Ag/AgCl) for 10
min to remove the native oxide layer on the surface. When the open circuit potential
(OCP) reached a stable state, potentiodynamic polarization curves were measured at a
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scan rate of 1 mV/s from an initial potential of ‒0.3 V vs. OCP to transpassive potential
region. Potentiostatic polarization measurements were intermittently carried out for 42
hours (6 hours every day for a week) at +0.6 V. EIS measurements were conducted at
OCP with an amplitude of AC signal of 10 mV and the frequency was swept from 100
kHz to 10 mHz. All the tests were done at ambient temperature.
3.2.4. Coating characterization
ZrNxOy coating was characterized using glancing incidence X-ray diffraction (XRD)
measurements at an incidence angle of 0.5 degree. Cross-sectional analyses in
transmission modes were carried out on a lamella prepared by focused ion beam (FIB)
system using the “in situ” lift-out technique. The samples were then examined by
scanning transmission electron microscope (STEM) to obtain the cross-sectional image
and elements distribution. The compositions of coatings were analyzed by XPS with a
monochromatic Al Kα radiation source and a hemispherical electron analyzer operating
at a pass energy of 1486.6 eV. No sputtering was conducted before the analysis. The
C1s peak at 284.8 eV was chosen as the calibration peak. The XPS data were fitted by
CasaXPS v.2.3 with an iterated Shirley background. The Fermi level electronic
structures of ZrNxOy, ZrN, and ZrO2 coatings were analyzed from valence band-XPS
spectrum measured using Axis Ultra Spectrometer (140 W, 1486.6 eV Al Ka source)
from Kratos Analytical.
3.2.5. Interfacial contact resistance measurement
The interfacial contact resistance (ICR) between the specimens and carbon paper was
determined using methods described elsewhere [71, 72]. In detail, two pieces of
conductive carbon papers were sandwiched between the specimens and two copper
plates (both sides are plated with gold to increase the conductivity). A constant
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electrical current was applied via the two copper plates and the variation of the total
resistance was recorded as a function of steadily increasing compaction force from 60
to 240 N/cm2. The ICRs of the specimen before and after the polarization tests were
both measured, and the typical results at the compact force of 140 N/cm2 were reported
in this work.

3.3. Results and discussion
ZrNxOy coating is obtained through oxygen plasma treated ZrN by PEALD (Scheme
3.1). The XRD pattern in Fig. 3.1a shows a single phase and matches well with Zr2N2O
(PDF-#50-1170). The cross-section TEM image (Fig. 3.1b) exhibits a d-spacing of
0.2963 nm (Fig. 3.1c), which corresponds to the value calculated from the XRD pattern
of Zr2N2O at the (222) plane.[73] The EDS elemental mappings (Fig. 3.1d) presents the
homogeneous distribution of N and O throughout the cross-section, where the signal of
Fe (red) is from the 304 SS substrate. In light of the above analysis, oxygen plasma
assisted the oxidation of ZrN, forming a single phase Zr2N2O coating on the 304 SS
substrate. It is known that the formation of a Zr-O bond is energetically more favorable
than that of a Zr-N bond. The higher affinity of Zr towards O rather than N can
reasonably explain the relative ease incorporation of O into ZrN to form Zr2N2O. Also,
the ultrathin ZrN layer (deposition step in Scheme 3.1) is in favor of forming a uniform
Zr2N2O phase since the oxygen can easily diffuse (oxidation step in Scheme 3.1) a few
nanometers.
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Figure 3.1 (a) XRD, (b, c) cross-sectional FIB-TEM images, and (d) EDS elemental mappings (Fe, Zr,
N, and O) of the ZrNxOy coated 304 SS.

In Fig. 3.2a, the bare 304 SS has a corrosion potential (Ecorr) of −0.30 V, whereas
Zr2N2O coated 304 SS (Zr2N2O/SS) and ZrN coated 304 SS (ZrN/SS) have an Ecorr of
0.31 and −0.04 V, respectively. The more positive Ecorr implies that the Zr2N2O coating
exhibits a higher chemical stability than ZrN in 0.5 M H2SO4.[65] The anodic current
density (i0.6V) of Zr2N2O/SS at the working potential in the cathode of PEMFC is only
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0.020 μA/cm2, much lower than the values of 4.10 μA/cm2 for the 304 SS and 0.46
μA/cm2 for ZrN/SS, respectively, demonstrating an ultrahigh corrosion resistance. This
low corrosion current density has not been reported previously in metal- based bipolar
plates under the condition of 0.5 M H2SO4 +2 ppm NaF, and the i0.6V of Zr2N2O/SS is
significantly lower than the corrosion target ( 1 μA/cm2) set by the U.S. Department
of Energy for the bipolar plates.[66] This ultrahigh corrosion resistance of Zr2N2O/SS
can be attributed to the low defect density of the coatings prepared by the PEALD, since
both Zr2N2O/SS and ZrN/SS have a much lower defect density than that of the 304 SS,
as confirmed by the Mott-Schottky results(Fig. 3.2b). Moreover, the defect density of
Zr2N2O is further decreased after oxygen plasma treatment, which interprets the lower
corrosion rate of Zr2N2O/SS than that of ZrN/SS. The previous study shows that ZrN
film prepared by magnetron sputtering requires a thickness of 10 µm for the purpose of
achieving a good corrosion resistance in simulated PEMFC condition,[51] wherein the
corrosion current density was found to decrease only by one order of magnitude.
Possible pin-holes, grain boundary and other defects in corrosion-resistant coatings
prepared by the traditional thin film deposition techniques provide pathways for the
corrosion species to transport inwards to the metal substrate underneath.[51] On the
contrary, ALD grown thin films are inherently free of pin-hole defects and thus,
effectively restrict the transport of corrosive species.[69] The low corrosion rate is also
supported by the impedance results (Fig. 3.2c). The Zr2N2O/SS has a much higher
reaction resistance (107 Ω·cm2) than that of the 304 SS (105 Ω·cm2) and the ZrN/SS
(106 Ω·cm2) (Fig. S3.3 and Table S3.1), an indication of a slower transport rate of
corrosive species. Hence, the corrosion reaction at the interface of Zr2N2O/SS and
solution is more sluggish than that of 304 SS and solution. More importantly, the high
corrosion resistance benefits from the high chemical stability of Zr2N2O in H2SO4
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solution. It has been reported that the solubility of Zr2N2O is less than 5×10−8 mol/L in
simulated PEMFCs environment.[74] Such a low solubility originates from the passive
ZrO2 layer formed on the surface of the coating. The reaction of Zr2N2O in H2SO4
solution is:[75]
𝑍𝑟2 𝑁2 𝑂 + 3 𝐻2 𝑂 → 𝑍𝑟𝑂2 + 𝑁2 + 6 𝐻 + + 6 𝑒 −

(3 − 1)

ZrO2, as one of the reaction products, deposits on the surface and then forms a thin layer
(Fig. S3.1, confirmed by the results shown in Fig. 5.11), which acts similarly to the
passive film on stainless steel, and this protective layer greatly slows down the
dissolution rate of the coating in H2SO4. The stability of Zr2N2O coating is further
confirmed by the long-term polarization test (Fig. S3.2). After 42 h of potentiostatic
polarization tests, i0.6V for Zr2N2O/SS is only 0.091 μA/cm2, indicating the good
stability of the prepared coating with limited degradation. SEM morphologies for the
samples after the long-term tests (Fig. 3.2d) further highlight the effective protection of
the Zr2N2O coating; only a few shallow corrosion pits were observed on the surface of
the Zr2N2O/SS. In contrast, deep corrosion pits with the width in micrometers range are
distributed on the surface for the ZrN/SS and 304 SS is severely corroded under the
same condition. This leads to the conclusion that the high corrosion resistance of the
Zr2N2O/SS originates from the defects-free thin film deposition achieved by ALD, and
the high chemical stability of Zr2N2O (compared to ZrN) in the H2SO4 (Fig. S3.2c).
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Figure 3.2 (a) Potentiodynamic polarization curves, (b) Mott-Schottky measurements, (c) impedance
spectrum, and (d) surface morphologies of the fresh 304 SS, and the Zr2N2O/SS, ZrN/SS, 304 SS after
long-term test in 0.5 M H2SO4 + 2 ppm NaF solution, (e) ICR results of the 304 SS and the Zr2N2O/SS,
(f) valence band spectra of Zr2N2O, ZrN and ZrO2.

Besides the high corrosion resistance, the high electrical conductivity is equally
important for the bipolar plates. ICR is a parameter indexing the total interfacial
electrical resistance and a lower ICR is desirable for better stack performance.[64] For
the fresh surface, the ICR of Zr2N2O/SS and ZrN/SS are 6.9 and 8.2 mΩ·cm2(Fig. 3.2e),
respectively; both meet the ICR target ( 10 mΩ·cm2) set by the U.S. DOE.[66] In the
valence band spectra (Fig. 3.2f), the valance band for Zr2N2O is closer to the Fermi
level than that for ZrO2. Meanwhile, the signal intensity starts to increase at a small
value of 0.7 eV, which implies that the Zr2N2O coating behaves more like ZrN in regard
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to electrical conductivity, and thus Zr2N2O/SS and ZrN/SS have comparable ICRs. The
low ICR of Zr2N2O/SS is first attributed to the limited oxygen content in the Zr2N2O
coating. Normally, the Zr2N2O coating prepared by traditional reactive magnetron
sputtering or cathodic arc evaporation is a mixture of ZrN and ZrO2. Complete
oxidation will introduce ZrO2 which decreases the electrical conductivity of the Zr2N2O
and thus increases the ICR of the metal bipolar plates. By controlling the duration of
the oxygen plasma treatment (oxidation step in Scheme 3.1), sufficient amount of the
oxygen (but not leading to complete oxidation) is incorporated into the ZrN and thus a
Zr2N2O coating with a limited but sufficient amount of oxygen atoms is obtained by the
PEALD. More importantly, by restricting Zr2N2O coating thickness to 36 nm, its
contribution towards the total electrical resistance is negligible; the Zr2N2O /SS,
therefore, has a lower ICR. After the tests, the ICRs for 304 SS and ZrN/SS increased
to 270.5 and 34.6 mΩ·cm2, respectively. In contrast, only a slight increase in ICR is
observed for the Zr2N2O /SS after the tests, reaching 12.5 mΩ·cm2. The increase of ICR
for 304 SS results from the formation of a layer of porous corrosion products having a
poor electrical conductivity on the surface during the polarization process, thus leading
to a large increase in ICR. For ZrN/SS, the increase of ICR not only comes from the
corrosion products on the surface but also from the thick ZrO2 layer formed on top of
ZrN, which has a lower oxidation resistivity than Zr2N2O. In contrast, the inactive and
chemically stable Zr2N2O coating significantly slows down the corrosion rate of the
coated 304 SS substrate and therefore, effectively hinders the formation of corrosion
products on the surface. Also, benefited from the oxygen atoms incorporated into the
Zr2N2O, the thickness of the top oxide layer is considerably thinner than that of ZrN.
Therefore, ICR for the Zr2N2O/SS only exhibits a mild increase, further indicating the
high stability of Zr2N2O (Fig S 3.2c).
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In summary, the Zr2N2O coating was obtained by incorporating a controlled dose of
oxygen atoms into the ZrN deposited by the PEALD. The Zr2N2O/SS has a comparable
ICR with ZrN/SS, but the corrosion current density is further decreased one order of
magnitude, exhibiting the dual merits of the good electrical conductivity of ZrN and the
high corrosion resistance of ZrO2 in H2SO4 (Scheme 3.2a). Moreover, the introduced
oxygen increases the oxidation resistance of ZrN and thus limits the thickness of the
oxide layer with less corrosion products formed on the surface that owing to the
decreased corrosion rate; therefore, the ICR after the long-term test for Zr2N2O/SS is
much lower than that of ZrN/SS (Scheme 3.2b).

Scheme 3.2. (a) Comparison of corrosion resistance in sulfuric acid solution and ICR
of Zr2N2O, ZrN and ZrO2, (b) the electrochemical process of the ZrN and Zr2N2O
prepared by PEALD and its effect on the ICR after test in H2SO4 solution.
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3.4. Conclusions
A 36 nm thick Zr2N2O coating was successfully prepared by oxygen plasma treated
ZrN on 304 SS substrate to be used as PEMFCs metal bipolar plates. The results permit
the following conclusions:
(1) Zr2N2O coating decreased the corrosion current density for more than 2 orders of
magnitude owing to low defect density in ALD film and the high stability of the Zr2N2O
in H2SO4 solution.
(2) The ICRs of the Zr2N2O/SS meet the target set by the U.S.DOE and only a small
increase is observed after long-term (42 hours) polarization tests.
(3) Incorporating a controlled dose of oxygen atoms into ZrN by PEALD is a feasible
strategy to achieve an ultrahigh corrosion resistance while retaining a considerable
electrical conductivity.
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3.5. Support information

Figure S 3.1 XPS of Zr2N2O coating, (a) Zr3d, (B) N1s, and (c) O1s.
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Figure S 3.2 (a) Potentiodynamic polarization curves and (b) EIS for the 304 SS bare substrate and the
Zr2N2O/SS in 0.5 M H2SO4 + 2 ppm NaF solution before and after long-term polarization tests. (c)
Potentiostatic curve for Zr2N2O/SS at 0.6 V in 0.5 M H2SO4 + 2 ppm NaF.

37

Figure S 3.3 Equivalent electrical circuit used for modeling experimental EIS data. CE: counter electrode;
Rs: solution resistance; Qdl: capacitance of double layer; Rct: electron transfer resistance of the double
layer; Qc: capacitance of the coating; Rc: resistance of the coating; WE: work electrode.

Table S 3.1 Parameters obtained from the fitting impedance results.

Symbol

Unit

304 SS

Zr2N2O/SS

ZrN/SS

Rs

Ω.cm2

5.667

6.712

5.076

Qdl

Ω-1.cm-2.sn

5.639×10-8

4.274×10-8

3.176×10-6

1

1

0.834

5.93

56.42

69.76

ndl
Rct

Ω.cm2

Qc

Ω-1.cm-2.sn

nc
Rc
Σx2

Ω.cm2

5.325×10-5 19.427×10-7 4.899×10-6
0.910

0.938

0.915
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37.8

17.1

1.002×10-3

8.979×10-2

3.102×10-2
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Chapter 4. Steering the corrosion resistance and electrical
resistance of chromium coating by oxygen plasma
Abstract: Developing an electrically conductive and corrosion-resistant coating is
essential for metal bipolar plates of polymer electrolyte membrane fuel cell. Although
improved corrosion resistance was seen for chromium coated stainless steel (Cr/SS)
bipolar plates, their long-term application is limited by an increase in interfacial contact
resistance (ICR) due to the formation of a porous and thick low-conductive oxide layer
at the plate surface. To constrain the increase of ICR during the potentiostatic
polarization process, Cr coatings were treated with a remote inductively coupled
oxygen plasma (O-ICP). O-ICP attributes a dense and thick surface oxide layer (CrO*)
along with oxidizing Cr to its highest valence state, Cr (VI).

Compared to Cr/SS, the stable state corrosion rate (iss) of the O-ICP treated coating
(CrO*/Cr/SS) is remarkably lower. More importantly, after the long-term polarization
test, the ICR of CrO*/Cr/SS is much smaller than these of Cr/SS and SS owing to the
reduced iss and improved oxidation resistance. The specimen with two cycles of
CrO*/Cr achieves the best balance between iss and ICR. Our study shows that O-ICP
treatment on conductive metal coating is an effective strategy to improve the corrosion
resistance and thus constrain the increase of ICR over the long-term polarization.
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4.1 Introduction
The background information on MBPs and a protective coating has been included in
the paragraph 1, Section 3.1, Chapter 3.
Hence, for application of SS bipolar plates in PEMFC, development of corrosion
resistant and electrically conductive coatings is highly desired.
To improve the corrosion resistance and reduce the ICR of SS bipolar plates, various
types of coatings consisting of metals [40, 76, 77], metal nitrides [51, 65, 78, 79], metal
carbides [66, 80], and carbon-based materials [81-83] have been studied. Among these
materials, metallic chromium (Cr) is promising because of its outstanding corrosion
resistance contributed to the native oxide layer on Cr surface [40, 84]. Improved
corrosion resistance was seen for Cr coated SS (Cr/SS) bipolar plates, however,
sputtered Cr is susceptible to oxidation during the long-term polarization process under
the normal working potential (0.6 ~ 0.9 V, cathode side) of PEMFC [84, 85].
Consequently, after long-term polarization process, the formation of a porous and thick
low-conductive Cr oxide layer at the surface of Cr/SS leads to a significant increase in
ICR. To mitigate the oxidation of Cr coating during the polarization process,
pretreatment for growth of a dense surface oxide (CrO*) layer with a higher valence
state at Cr/SS surface (CrO*/Cr/SS) may be a feasible solution [86-88]. Although this
CrO* layer increases the ICR of CrO*/Cr/SS compared to Cr/SS before the test, the
resulting enhancement in oxidation resistance limits the oxidation of Cr during the longterm polarization process. Moreover, the improvement in corrosion resistance
subsequently reduces the thickness of the corrosion products layer (mainly consisted
by Fe hydroxide/oxide and Cr hydroxide/oxides) that forms on the sample surface
during the corrosion process. Therefore, compared to the Cr/SS, the total thickness of
the low-conductive oxide layer forms on CrO*/Cr/SS is restrained and thus a small
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increase in ICR is expected after the long-term polarization. The dense CrO* layer
formed by exposing the Cr coating to oxygen plasma has been reported to possess a
high resistance to dissolution in acidic media [84]. Notably, the electrical conductivity
of the CrO*/Cr coating varies with CrO* thickness, which is controlled by adjusting
the plasma exposure duration and plasma power [85]. Accordingly, CrO*/Cr/SS may
hold the potential to achieve a comparable electrical conductivity and enhanced
corrosion resistance simultaneously. Furthermore, as multi-layered coatings show a
lower corrosion rate than single layer coating [65, 80, 89], we expected the multilayered CrO*/Cr coatings to exhibit improved corrosion resistance.
In this study, single deposition of CrO*/Cr (one cycle of Cr deposition and oxygen
plasma treatment), double deposition ((CrO*/Cr)2, two cycles) and triple deposition
((CrO*/Cr)3, three cycles) of coatings were prepared on 304 SS substrate. Cr layer was
deposited with d.c. magnetron sputtering and dense CrO* was grown by exposing Cr
coating to a remote inductively coupled oxygen plasma (O-ICP). Corrosion properties
of the specimens were evaluated by electrochemical methods in 0.05 M H2SO4 + 2 ppm
NaF. The ICR measurements made before and after the long-term potentiostatic
polarization test were compared. Compared to Cr/SS, CrO* layer(s) of O-ICP treated
coatings slightly increases the ICR before the test but considerably decreases the ICRs
after the long-term polarization. This study shows that O-ICP treatment of Cr/SS is an
effective strategy to improve the corrosion resistance and thus constrain the increase of
ICR over the long-term test.

4.2. Experimental
4.2.1. Material and solution
The substrate material was 304 SS, and its chemical composition (in wt.%) was 18.5
Cr, 8.33 Ni, 0.447 Mo, 1.69 Mn, 0.032 C, 0.318 Si, 0.425 Cu, 0.028 P, 0.002 S, and Fe
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for the balance. The test solution was 0.05 M H2SO4 + 2 ppm NaF to simulate the
working condition of PEMFC. Please refer to Section 3.2.1 in Chapter 3 on specimen
preparation.
4.2.2. Coating deposition process
Cr depositions and inductively coupled oxygen plasma (O-ICP) treatments of 304 SS
substrates were done in CMS18 sputtering system (Kurt J. Lesker) and ALD150-LX
ALD system (Kurt J. Lesker) connected through a load lock assembly at a base pressure
of 1×10-7 Torr. Prior to deposition or surface treatment, base pressure in the sputtering
chamber was 1×10-8 Torr, and in ALD reactor was ~1 Torr. Sputtering deposition of Cr
films was done at 2.2 mTorr pressure (15 sccm Ar, 99.999 % purity, Praxair), and 200
watt d.c. plasma. Post sputtering, 304 SS substrates were transferred to ALD150LX
reactor, under vacuum, for surface treatment using a 600 watt remote O-ICP. For
multilayered coatings, the substrate was transferred between CMS18 and ALD150LX
system multiple times, without exposing samples to the ambient atmosphere.
4.2.3. Electrochemical measurements
Please refer to Section 3.2.3 in Chapter 3 on electrochemical measurements.
4.2.4. Coating characterization
Please refer to Section 3.2.4 in Chapter 3 on coating characterization.
4.2.5. Interfacial contact resistance measurement
Please refer to Section 3.2.5 in Chapter 3 on interfacial contact resistance measurement.

4.3. Results and discussion
4.3.1. Characterization of coatings
The influence of the O-ICP on the chemical composition of the coating was studied
with XPS. Figs. 4.1a and b show the XPS spectra of Cr and CrO*/Cr before Ar+ ion
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sputtering. The Cr 2p of the Cr coating (Fig. 4.1a) reveals the presence of metallic Cr
(0) (574.3 and 583.6 eV) and Cr (III) oxide (576.5 and 586.4 eV) species in the surface
layer. However, additional Cr(VI) species (579.0 and 588.4 eV) [86, 87] were also
detected in CrO*/Cr (Fig. 4.1b). The presence of Cr (VI) indicates that O-ICP promotes
oxidation of metallic Cr in CrO*/Cr coating to the highest oxidation state [87]. Another
effect of O-ICP treatment is to form a thicker oxide layer, as suggest by the remarkable
decrease in Cr (0) content from 14.88% in Cr to 4.01% in CrO*/Cr [87]. This thickening
effect is also supported by the depth profiles of XPS measurements. The intensity of Cr
(III) species is much weaker after 10 seconds of sputtering and disappear after 30
seconds (Fig. 4.1c) whereas CrO*/Cr exhibits obvious Cr (III) species even after 30
seconds of sample sputtering (Fig. 4.1d). This observation further confirms that CrO*
in O-ICP treated coating is relatively thicker than the native oxide formed on Cr coating.
Fig. 4.1e presents the XRD patterns of the Cr and CrO*/Cr coatings with diffraction
peaks (110), (200), and (211) planes from Cr (PDF#00-006-0694). A distinct peak
corresponding to chromium oxide (2θ=44.83°) was detected for CrO*/Cr coating (Fig.
S4.1). The fractured cross-sectional SEM images of the Cr, CrO*/Cr, (CrO*/Cr)2 and
(CrO*/Cr)3 coatings are shown in Fig. 4.1f. All four coatings have a comparable
thickness and exhibit a columnar structure. The single layer Cr and CrO*/Cr show no
remarkable difference, but interlayers in (CrO*/Cr)2 and (CrO*/Cr)3 are distinctly
visible and these interlayers interrupt the columnar crystal growth of the Cr coatings.
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Figure 4.1 XPS spectra of Cr 2p of the Cr (a) and CrO*/Cr (b) before sputtering. Depth profile of the
Cr2p of the Cr (c) and CrO*/Cr (d). (e) XRD patterns of the Cr and CrO*/Cr coatings. (f) Crosssectional SEM images of Cr, CrO*/Cr, (CrO*/Cr) 2 and (CrO*/Cr)3.

4.3.2. Electrochemical behaviors of the Cr and CrO*/Cr coatings
Fig. 4.2a shows the potentiodynamic polarization curves of the specimens. The anodic
branch of Cr/SS presents a slow increasing trend in the current density with the potential
because of Cr oxidation [40], different to the current plateaus of other specimens in the
passive potential range. From the current densities (i0.6V) at the working potential
(cathode) of PEMFC, CrO*/Cr/SS has a much lower i0.6V than Cr/SS, and these values
of (CrO*/Cr)2/SS and (CrO*/Cr)3/SS are further decreased. Cr/SS has a corrosion
potential (Ecorr) of −0.16 V, whereas CrO*/Cr/SS has an Ecorr of −0.02 V. The Ecorr of
(CrO*/Cr)2/SS and (CrO*/Cr)3/SS are shifted to more positive values. A more positive
Ecorr implies that the CrO*/Cr/SS possess a higher stability than Cr/SS in 0.05 M H2SO4
[78, 90]. Lower i0.6V and a more positive Ecorr demonstrate an improved chemical
inertness and corrosion resistance of O-ICP treated specimens.
To evaluate the influence of the O-ICP treatment on the long-term corrosion of the
coatings, three hours of potentiostatic polarization tests were performed (Fig. 4.2b). In
all cases, the transient current densities of the test specimens fall sharply in the initial
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stage and reach a relatively stable current density, iss after three hours. The iss of
CrO*/Cr/SS is 0.081 μA/cm2, significantly lower than 0.33 μA/cm2 for 304 SS and 0.14
μA/cm2 for Cr/SS. For (CrO*/Cr)2/SS and (CrO*/Cr)3/SS, the measured iss is 0.054 and
0.043 μA/cm2, respectively, even lower than that for CrO*/Cr/SS. This iss is a parameter
indicating the kinetics of growth and dissolution of oxide layers [64]. Lower iss of
CrO*/Cr/SS indicates that the O-ICP treatment decreases the charge exchange rate of
the electrochemical reactions that occur at the interface between the specimen and
solution [76, 83], consistent with the mitigated surface corrosion morphologies of the
specimens after the potentiostatic polarization test (Fig. S4.2~6). This low corrosion
rate is also supported by the impedance results (Fig. 4.2c). The CrO*/Cr/SS has a higher
reaction resistance (Rp, Fig. S4.7, and Table S4.1) than that of Cr/SS, an indication of
a slower corrosion rate [78, 80]. Hence, the corrosion reaction at the interface of
CrO*/Cr/SS and solution is more sluggish than that at the Cr/SS and solution interface.

Figure 4.2 Potentiodynamic (a) and potentiostatic (b) polarization curves, AC impedance spectra (c) of
the specimens in 0.05 M H2SO4 + 2 ppm NaF solution. (d) Summary of the i0.6 V, iss, and Rp derived
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from (a), (b), and (c), respectively. Mott-Schottky plots of the CrO*/Cr/SS (e) and Cr/SS (f) in 0.05 M
H2SO4 + 2 ppm NaF solution.

Fig. 4.2d summarizes the results of i0.6V, iss, and Rp. Overall, O-ICP treated specimens
have a higher Rp while a lower i0.6V and iss, suggesting enhanced resistance to corrosion,
as reported in the literature [86, 87]. This increased corrosion resistance of CrO*/Cr
coating could be attributed to the lower defect density in CrO*/Cr/SS as confirmed by
the Mott-Schottky measurements (Figs. 4.2e and f). The defect density in CrO*/Cr/SS
is over one order of magnitude lower than that in Cr/SS, implying that the O-ICP
promotes the formation of a dense oxide layer. Moreover, oxygen plasma enhances the
diffusion barrier property of CrO*/Cr coating compared with that of pristine Cr. The
reason for that is the blocking effect of oxygen as reported in some studies [84, 85, 91];
to be specific, oxygen atoms can be easily trapped at the porous spaces between the
columnar grains. As a result, the diffusion paths along the defect, i.e., the gap between
columns for the transport of the corrosion species is inhibited by the CrO* layer (Fig.
4.3) [92]. Additionally, the thicker CrO* than that of native oxide on Cr (Fig. 4.1c and
d) also contributes to the increased corrosion resistance by restricting transport of the
corrosion species towards the underneath substrate and resulting in slower reaction at
the electrode/electrolyte interface. In summary, the denser and thicker oxide layer with
a low defect density contributes to the lower corrosion rate of CrO*/Cr/SS than that of
Cr/SS (Fig. 4.3).
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Figure 4.3 Schematic plots of the effect of oxygen plasma on the coating and thus on the corrosion
process.

4.3.3. Interfacial contact resistance of the specimens
In addition to the high corrosion resistance, a low ICR is also required for metal bipolar
plates. For the fresh surface, the ICRs of 304 SS and Cr/SS are both less than 10
mΩ·cm2. Because of the thicker CrO* layer, O-ICP treated specimens have a higher
ICR with values of 15.2 (CrO*/Cr/SS), 22.3 ((CrO*/Cr)2/SS) and 64.5 ((CrO*/Cr)3/SS)
mΩ·cm2 (Fig. 4.4a) before the tests. After three hours of potentiostatic polarization test,
a remarkable increase of ICR is seen for 304 SS (120.3 mΩ·cm2) and Cr/SS (83.0
mΩ·cm2). In contrast, an acceptable increase of ICR is observed for the CrO*/Cr/SS
and (CrO*/Cr)2/SS and their ICRs reach 42.5 and 36.5 mΩ·cm2, respectively.
The increase of ICR results from the low-conductive oxide layers that form on the
surface of the specimen. To illustrate the changes of ICR before and after the
potentiostatic polarization test, the status of the oxide layers on the specimen surface
are summarized into three parts, namely, Oxide-I: before the test, CrO* layer on O-ICP
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treat specimens or the native oxide for 304 SS and Cr/SS; Oxide-II: the corrosion
products formed on specimen surface; and Oxide-III: the long-term polarization
induced oxidation at the coating surface. These statuses are compared and
schematically plotted in Fig. 4.4b. For 304 SS, the increase in ICR originates from the
porous Oxide-II (primarily a mix of iron oxide/hydroxide and chromium
oxide/hydroxide) [76]. The thickness of Oxide-II depends upon the corrosion rate, i.e.,
a larger iss leads to a thicker Oxide-II. 304 SS has the highest iss and thus exhibits the
largest increase in ICR after the test. For Cr/SS, the increase of ICR not only comes
from the Oxide-II but also the Oxide-III. As suggested from the potentiodynamic curve
of Cr/SS (Fig. 4.2a), the increasing corrosion rate rather than a current density plateau
in the passive potential range implies the Cr undergoes oxidation when the specimen is
polarized at 0.6 V during 3 hours test duration and thus, a thicker Oxide-III is expected
[40]. This Oxide-III considerably increases the total thickness from the interface oxide
layers. Therefore, although Cr/SS has a smaller corrosion rate compared to 304 SS and
thus a thinner Oxide-II, its ICR after the test is still high.
The small increase of the ICRs for oxygen plasma treated coatings can be ascribed to
the simultaneously reduced iss and the increased resistance to oxidation during test since
the surface Cr species are already in higher oxidation state in CrO*/Cr/SS (Fig. 4.1d)
[86]. The CrO*/Cr coating slows down the corrosion rate of the SS substrate, effectively
hinders the formation of corrosion products and thus has a thinner Oxide-II. The high
oxidation resistance of CrO* further mitigates the oxidation of the underneath Cr layer
during the long-term polarization process and thus restricting the thickness of OxideIII in the CrO*/Cr/SS as compared with the that in Cr/SS (Fig. 4.2b). Although oxygen
plasma thickens the Oxide-I at the beginning of test, the total thickness of the oxide
layers after test is decreased as a result of the reduced Oxide-II and Oxide-III.
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Therefore, CrO*/Cr/SS only exhibits a mild increase in ICR, highlighting the advantage
of the O-ICP treatment. (CrO*/Cr)2/SS has a lower iss than CrO*/Cr/SS and thus the
contribution from the Oxide-II towards ICR after test will be smaller. Compared with
CrO*/Cr/SS, the ICR for (CrO*/Cr)2/SS is higher before but lower after the polarization
test, suggesting that the Oxide-I contributes less than the Oxide-II to the observed
increase in ICR. However, (CrO*/Cr)3/SS has a much larger ICR (64.5 mΩ·cm2, Fig.
4.4a) than these of CrO*/Cr/SS and (CrO*/Cr)2/SS before the test. One possible
explanation for this is that there exists a critical thickness of the oxide layer. Three
layers of CrO* in (CrO*/Cr)3/SS exceeds this critical value and thus resulting in higher
ICR before the test. Therefore, although the (CrO*/Cr)3/SS has a higher resistance to
oxidation and the lowest iss, its ICRs both before and after tests are remarkably larger.
To quantitatively evaluate the performance of the coatings in corrosion resistance and
electrical conductivity, the figure of merit (FOM) is defined based on the relationship
between the measured iss and the after test ICR and their corresponding targets (iss0=1
µA/cm2, ICR0 =10 mΩ·cm2 when the compact force is 140 N/cm2) set by the
Department of Energy [64]. The FOM is given by:
FOM =

𝑖𝑠𝑠 0 ICR0
∗
𝑖𝑠𝑠 ICR

(1)

A low FOM (< 1) is desirable and the calculated FOM for all specimens tested in this
study are presented in Fig. 4.4c. It is worth pointing out that this FOM is an overall
evaluation, and it overlooks the specific performance of one particular parameter. For
example, (CrO*/Cr)3/SS has a FOM of 0.441; it seems to be a good result but ignores
the fact of poor conductivity after the test.
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Figure 4.4 (a) ICRs of the specimens before and after potentiostatic polarization at 0.6 V for 3 hours in
0.05 M H2SO4 + 2 ppm NaF solution. (b) Schematic plots of the corrosion products form on the specimen
surface and oxidation of the coatings. (c) FOM of the specimens based on the iss derived from Figure 2b
and ICRs derived from Figure 4.4a.

In summary, O-ICP treatment promotes the formation of a dense and thick CrO*
(Oxide-I), which decreases the iss and subsequently slows down the formation of the
porous Oxide-II. Meanwhile, the higher oxidation state of Cr in CrO* also increases
the oxidation resistance of the CrO*/Cr and thus limits the thickness of the Oxide-III.
Therefore, the best coating for metal bipolar plates of PEMFC should be benefited from
both the reduced corrosion rate and enhanced oxidation resistance from O-ICP treated
Cr/SS. This study illustrates O-ICP treatment on conductive metal coating is an
effective strategy to enhance the corrosion/oxidation resistance while retaining a
considerable electrical conductivity over the long-term test.

4.4. Conclusions
CrO*/Cr/SS, (CrO*/Cr)2/SS and (CrO*/Cr)3/SS coatings were prepared from Cr coated
304 SS by O-ICP treatment to be used as PEMFC metal bipolar plates. The results
permit the following conclusions:
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(1) Oxygen plasma forms a dense and thick CrO* layer on Cr coating. This CrO* layer
constricts the transportation of corrosion species towards the underneath substrate.
Accordingly, the corrosion rates of CrO*/Cr/SS are much lower than that of Cr/SS.
(2) Oxygen plasma increases the oxidation resistance of the coating surface and
subsequently reduces the thickness of the oxidation products resulting from the longterm polarization. Therefore, although the CrO* gives a higher ICR before the test, a
mild increase of ICR after the test is accomplished.
(3) (CrO*/Cr)2/SS exhibits the best performance in balancing the corrosion resistance
and electrical resistance among all the Cr based coatings. Nonetheless, Zr2N2O/SS has
better properties than these of (CrO*/Cr)2/SS.
(4) Application of a remote O-ICP on Cr coating is a feasible strategy to achieve an
enhanced corrosion/oxidation resistance while retaining a considerable electrical
conductivity.

4.5. Support information

Figure S 4.1 The XRD pattern of the CrO*/Cr coating.
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Figure S 4.2 The surface morphologies with a different magnifications (a) 1000 X, (b), 2000 X, (c)
5000 X, and (d) 10000 X of the 304 SS after 3 hours of potentiostatic polarization at 0.6 V.

Figure S 4.3 The surface morphologies with a different magnifications (a) 1000 X, (b), 2000 X, (c)
5000 X, and (d) 10000 X of the Cr/SS after 3 hours of potentiostatic polarization at 0.6 V.
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Figure S 4.4 The surface morphologies with a different magnifications (a) 1000 X, (b), 2000 X, (c)
5000 X, and (d) 10000 X of the CrO*/Cr/SS after 3 hours of potentiostatic polarization at 0.6 V.

Figure S 4.5 The surface morphologies with a different magnifications (a) 1000 X, (b), 2000 X, (c)
5000 X, and (d) 10000 X of the (CrO*/Cr)2/SS after 3 hours of potentiostatic polarization at 0.6 V.
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Figure S 4.6 The surface morphologies with a different magnifications (a) 1000 X, (b), 2000 X, (c)
5000 X, and (d) 10000 X of the (CrO*/Cr)3/SS after 3 hours of potentiostatic polarization at 0.6 V.

Figure S 4.7 The equivalent electrical circuit used for fitting experimental EIS data shown in Figure 2c.
CE: counter electrode; Rs: solution resistance; Qdl: capacitance element of the double layer; Rt: charge
transfer resistance (associated with the reaction occurring between the substrate and the test solution);
Qf: capacitance of the coating; Rf: resistance of the defects in passive film/coating (associated with the
reaction occurring between the passive film/coating and the test solution); WE: work electrode.

Table S 4.1 Values of the components from the impedance fitting results of 304 SS, CrOn/Cr/SS,
CrO*/Cr/SS, (CrO*/Cr)2/SS, and (CrO*/Cr)3/SS in 0.05 M H2SO4+2 ppm NaF.

Symbo
l

Unit

304 SS

CrOn/Cr/SS
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CrO*/Cr/S
S

(CrO*/Cr)2/S
S

(CrO*/Cr)3/S
S

Rs

Ω.cm2

2.865

2.680

2.661

2.960

2.172

Qf

Ω-1.cm-2.sn

5.135×10-5

1.191×10-4

3.299×10-5

5.104×10-5

3.63×10-6

0.802

0.835

0.853

0.934

0.901

14.8

12.5

19.4

10.6

2.061×10-5

5.061×10-5

nf
Rf

Ω.cm2

20.2

Qdl

Ω-1.cm-2.sn

1.829×10-4

nt
Rt
Σx2

5.557×10-5 5.158×10-5

0.959

1

0.841

0.797

0.889

35790

1.579×105

3.779×105

6.597×105

8.341×105

1.505×10-3

1.822×10-3

2.888×10-3

2.212×10-4

2.010×10-3

Ω.cm2
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Chapter 5. Zr2N2O coating improved corrosion resistance to
the dissolution induced by cathodic transient potential

Abstract: Developing a corrosion resistant and electrically conductive coating on
metallic bipolar plates is essential to mitigate the performance degradation induced by
the high cathodic transient potentials (CTPs) in the start-up/shut-down (SU/SD)
processes of polymer electrolyte membrane fuel cells (PEMFCs).

Herein, a zirconium oxynitride (Zr2N2O) coating prepared by atomic layer deposition
was used to improve the corrosion resistance of 304 stainless steel (304 SS) towards
anodic dissolution at various CTPs. Triangular potential pulses were applied to the
specimens to simulate potential variations at the cathode side of the PEMFCs at SU/SD
stages. Results show that the Zr2N2O coating can provide effective protection at a CTP
as positive as 1.1 V vs. Ag/AgCl. At all CTPs examined, the peak current density (ipeak)
extracted from the pulse test of the coated specimen (Zr2N2O/SS) is two orders of
magnitude lower than that of uncoated 304 SS, indicating that the presence of the
Zr2N2O coating remarkably increases the corrosion resistance for the anodic dissolution
induced by CTPs. More importantly, upon increasing the CTPs, 304 SS experiences
severe intergranular corrosion after 4050 pulses, whereas Zr2N2O/SS shows slight
pitting corrosion. The quite low ipeak and the mitigated corrosion morphologies of
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Zr2N2O/SS confirm that incorporating oxygen into the protective coating for achieving
a high oxidation resistance is a feasible way to restrain the anodic dissolution caused
by high CTPs. Analysis of the electron energy level diagrams of the passive film
suggests that a protective coating with a wider gap between Fermi level and energy
level of valence band contributes to the improved corrosion resistance towards the
transpassive dissolution.

5.1 Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) are attracting great attention as a
source of power generation and a pivotal technology for the future hydrogen economy
[93-95]. However, high cost and limited durability have hindered its widespread
commercialization. Dynamic operation conditions, such as cyclic loads [94, 96], idling
situations [97], and start-up/shut-down (SU/SD) cycles [95, 98-101] severely
deteriorate the performance of PEMFCs. Among these degradation modes, the cathodic
transient potential (CTP) originated from the SU/SD processes is the one that cannot be
ignored [99]. CTP is introduced when the anode flow field is partially filled with
oxygen and thus a hydrogen/air (or oxygen) boundary forms. The potential drops
locally where hydrogen is absent, inducing a large interfacial potential difference at the
cathode side of fuel cell stack [102-104]. Hinds and Brightman [105, 106] investigated
the potential transients of an operating fuel cell at the SU/SD stages using an innovative
fuel cell reference array and found that the CTP can reach 1.4 V vs. SHE, which is
consistent with the calculation by Reiser et al. [102]. The high CTP leads to carbon
corrosion [95, 107], Pt oxidation [96, 100], and dissolution of the catalyst layer [94, 95,
108]. Repetitive SU/SD events, especially for the automotive systems which experience
many start/stop cycles, result in dramatic performance loss of the fuel cell stack.
Gasteiger et al. [109] investigated the effect of potential cycling on the
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electrochemically active surface area (ECSA) of the cathode electrode and suggested
that increasing upper potential limits (0.8 ~ 1.0 V) lead to substantial losses in ECSA
and fuel cell performance. This potential cycling-induced degradation behavior has also
been reported by Higashi et al [100]. Park et al. [110] report the deleterious effects of
potential cycling on Pt/carbon black catalyst during long-term SU/SD events. The
results reveal that these interim cyclic potentials can cause additional corrosion of the
carbon black support. Concurrently, the measured ECSA loss confirms that the
potential cycling contributes to Pt dissolution and carbon corrosion, thereby resulting
in severe lifetime reduction and performance degradation of the Pt/carbon black catalyst.
Besides catalyst degradation, the high CTP also accelerates the corrosion of the
electronically connected bipolar plates, especially that of the metallic bipolar plates,
which have been intensively studied as a replacement of the carbon-based bipolar plates.
Stainless steel has a high chemical stability and is considered a promising candidate
material for metallic bipolar plates [76, 111]. However, in the harsh acidic aqueous
environment of the fuel cell stack, the high CTP can lead to severe corrosion of stainless
steel and thus reduces the stack performance [104]. Moreover, the CTP is usually
located within the transpassive potential region of stainless steel in sulfuric acid
solution, which consequently stimulates the anodic dissolution of stainless steel [112,
113]. Although there has been extensive academic and commercial interest in CTPinduced catalyst degradation [94, 95, 100, 107], limited reports are available about the
effect of CTP on the corrosion of metallic bipolar plates in simulated PEMFCs
environments. Especially, the strategies to minimize the detrimental effects of CTP on
metallic bipolar plates are left unclear. Our previous research indicates that the
zirconium oxynitride (Zr2N2O) coating prepared by plasma enhanced atomic layer
deposition (ALD) remarkably improves the corrosion resistance of the stainless steel in
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the passive potential region [114]. Nevertheless, it is uncertain whether the coating is
still effective in the transpassive potential region after cyclic potential polarization.
Therefore, the purposes of this work are (i) to investigate the effect of CTP on the
anodic dissolution process and the properties of the passive film, and (ii) to inspect the
improvement in the corrosion resistance of 304 stainless steel (304 SS) in the
transpassive potential region by the Zr2N2O coating. To this end, a triangular potential
pulse with a rate of 50 mV/s (the lower potential limit is 0.7 V vs. Ag/AgCl and the
upper potential limit varies from 0.9 to 1.2 V vs. Ag/AgCl) was applied to the
specimens to simulate potential changes at the cathode side of the PEMFCs stack at
SU/SD stages. The electrochemical behavior, anodic dissolution processes, and surface
morphologies of 304 SS and Zr2N2O coated 304 SS (Zr2N2O/SS) at different upper
potential limits in the transpassive region were investigated in a solution consisting of
0.5 M H2SO4 and 2 ppm NaF. It is found that the Zr2N2O coating has significantly
increased the corrosion resistance of 304 SS over the entire transpassive potential
region. More importantly, surface morphologies of the Zr2N2O/SS after the 4050 cycles
of pulse test reveal that the coating can provide effective protection at a CTP as positive
as 1.1 V vs. Ag/AgCl, suggesting incorporating oxygen into the protective coating is a
feasible way for achieving a high corrosion/oxidation resistance, limiting the anodic
dissolution induced by high CTPs.

5.2. Experimental
5.2.1. Material and solution
304 SS with a chemical composition of (wt.%): 18.4 Cr, 0.04 Cu, 1.08 Mn, 0.05 Mo,
8.81 Ni, 0.02 P, 0.581 Si, 0.05 C, 0.009 S, and Fe for balance was used in this work.
Please refer to Section 3.2.1 in Chapter 3 on specimen preparation. Zr2N2O coatings
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were deposited on 304 SS using ALD. Details of the deposition process have been
reported in our previous work [114].
5.2.2. Electrochemical measurements
Please refer to Section 3.2.3 in Chapter 3 on electrochemical measurements of
potentiodynamic polarization, test cell and reference electrode.
For the triangular potential pulse tests, the lower potential limit was fixed at 0.7 V,
which was the normal working potential of PEMFCs stacks at the cathode side. The
upper potential limits were 0.9, 1.0, 1.1 and 1.2 V (all potentials reported are versus
Ag/AgCl) to simulate the conditions of different CTPs during the SU/SD events [109].
The potential scanning rate was 50 mV/s and the number of cycles was set at 200, 2000,
and 4050. The first 50 cycles were recorded at an interval of 5 cycles and the following
cycles were recorded at an interval of 50 cycles. During the SU/SD processes of
PEMFC stack, the bipolar plates experience a quick potential change and thus, a fast
scan rate (50 mV/s) is used in this study to simulate the real situation. This fast scan
rate has been widely used in the literature to study the effect of potential changes during
the SU/SD processes on the degradation of the catalyst layer of PEMFC.
5.2.3. Surface analysis
Please refer to Section 3.2.4 in Chapter 3 on surface analysis.

5.3. Results and discussion
5.3.1. Characterization of the Zr2N2O coating
The zirconium oxynitride coating is prepared on a 304 SS substrate by ALD. As seen
from the Fig. 5.1a, the coating with a thickness of approximately 36 nm is deposited on
the surface of stainless steel. The cross-section TEM image (Fig. 5.1b) exhibits a dspacing of 0.296 nm (Fig. 5.1c), which is assigned to the (222) plane [73]. The XRD
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pattern (Fig. 5.1d) suggests that the prepared coating matches with the Zr2N2O
[PDF#50-1170] [114]. The peak at 2θ=30.54° (222) further confirms the crystal
structure of the Zr2N2O coating.

Figure 5.1 (a-c) Cross-sectional FIB-STEM images and (d) XRD pattern of the Zr2N2O/SS.

5.3.2. Effects of CTPs on the anodic dissolution behavior
5.3.2.1 Effects of CTPs on the peak current density of the potential pulse tests
Fig. 5.2 shows the potential range of the triangular potential pulse tests and the
corresponding current responses of 304 SS and Zr2N2O/SS in 0.5 M H2SO4 and 2 ppm
NaF solution (only one typical cycle is presented here). The peak current density (ipeak)
at the upper potential limit is recorded. The ipeak of 304 SS varies from 4.38 ×10-6 A/cm2
at 0.9 V to 4.15×10-3 A/cm2 at 1.2 V, which is an increase of three orders of magnitude.
Within the same potential range, the ipeak of Zr2N2O/SS increases from 6.35 ×10-8 to
1.01×10-5 A/cm2, about two orders of magnitude lower than those of 304 SS at each
upper potential limit. The low current response indicates that the Zr2N2O coating
remarkably mitigates the corrosion of the metal substrate. It is noticed that during the
negative potential polarization process (sweep from upper potential limits to the lower
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potential limit), the current densities decrease much more quickly at 0.9 and 1.0 V than
those at 1.1 and 1.2 V. The rate at which the current density drops is a sign of the
recoverability of the passive film. The rapid current decline at 0.9 and 1.0 V, compared
to 1.1 and 1.2 V, indicates improved recoverability of passive films at lower potentials.

Figure 5.2 The potential ranges of the triangular potential pulse test and its corresponding current
response of the 304 SS and the Zr2N2O/SS in 0.5 M H2SO4 + 2 ppm NaF. (a) 0.7‒0.9 V, (b) 0.7‒1.0 V,
(c) 0.7‒1.1 V, and (d) 0.7‒1.2 V. The scan rate is 50 mV/s.

Fig. 5.3 summarizes the variations of ipeak with cycle number obtained from the
triangular potential pulse tests (Fig. 5.2). For 304 SS, the ipeak decreases sharply during
the first 390 cycles followed by a slow decline, reaching 1.37×10-6 A/cm2 after 4050
cycles at the upper potential limit of 0.9 V (Fig. 5.3a). The sharp decrease in ipeak during
the first stage is owing to the passivation of stainless steel, i.e., the growth of the passive
film slows down the anodic dissolution rate. The calculated decrease rate of the second
stage is ‒0.44 µA/cm2 per 1000 cycles. The presence of the slow decrease stage
suggests that the passive film on the stainless steel provides good protection for the
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substrate at a relatively small CTP (0.9 V) and thus, the ipeak decreases as the cyclic
number increases. For 304 SS at 1.0 V (Fig. 5.3b), after the initial sharp drop of ipeak at
the beginning of the test, ipeak exhibits a small positive slope after 970 cycles. The
increase in ipeak is a sign of the degradation of the passive film, i.e., the passive film is
broken to some extent, which reduces its protection of the underneath substrate. The
slope after 970 cycles is 3.63 µA/cm2 per 1000 cycles, suggesting the deterioration of
the passive film. When the potential is increased to 1.1 V (Fig. 5.3c), the changes of
ipeak for 304 SS can be divided into three stages: a sharp ipeak drop before reaching 210
cycles, a fast increase stage with large positive slope after 2930 cycles and a slow
increase stage between them. The ipeak starts to increase after only 210 cycles, much
sooner than the 970 cycles at 1.0 V, implying that the passive film is damaged more
quickly at 1.1 V. The slopes of the two positive sloped stages at 1.1 V are 2.5 and 13.5fold larger than that at 1.0 V, reaching 9.06 and 48.93 µA/cm2 per 1000 cycles,
respectively. The large positive slope after 2930 cycles possibly means that the passive
film is severely damaged and provides poor protection for the underlying substrate and
thus, the ipeak increases 24% in the last 1120 cycles, from 3.24×10-4 A/cm2 to 4.03×104

A/cm2. At 1.2 V (Fig. 5.3d) two distinct stages are observed, an initial sharp ipeak drop,

followed by a stage with large positive slope. After 170 cycles, the ipeak of 304 SS has
a large positive slope of 351.18 µA/cm2 per 1000 cycles, demonstrating that the passive
film is severely destroyed and provides limited resistance for the transportation of the
corrosive species toward the underneath metal substrate.
For Zr2N2O/SS, the values of ipeak are remarkably smaller than that of 304 SS at all four
CTPs throughout the 4050 cycles. At 0.9 V (Fig. 5.3a), the ipeak of Zr2N2O/SS fluctuates
around 5×10-8 A/cm2 and is 40~60-fold smaller than that of 304 SS. A negative slope
(‒0.0017 µA/cm2 per 1000 cycles) is observed and such a low value reveals that the
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coated specimen reaches a quasi-stable state much faster than 304 SS. This is consistent
with the fast decline of the corrosion rate during the negative potential sweeping process
shown in Fig. 5.2a. A slope of 0.015 µA/cm2 per 1000 cycles (Fig. 5.3b), 240-fold
smaller than the 3.63 µA/cm2 per 1000 cycles of 304 SS, implies that the deterioration
of the protection provided by the coating is much slower, highlighting the good stability
of the coating after 4050 cycles of polarization at 1.0 V (tests duration is 15 hours). As
the upper potential limit increased to 1.1 V (Fig. 5.3c), the ipeak of Zr2N2O/SS increases
from 1.02×10-6 A/cm2 to 9.05×10-6 A/cm2 (2.31 µA/cm2 per 1000 cycles). ipeak starts to
increase from the beginning of the test; however, the small slope and low values of ipeak
confirm that the protective coating is still effective at a CTP of 1.1 V. Like 304 SS at
1.1 V, two regions with positive slope are observed for Zr2N2O/SS at 1.2 V (Fig. 5.3d).
The slopes are 7.60 and 19.29 µA/cm2 per 1000 cycles, respectively, both smaller than
that of 304 SS (9.06 and 48.93 µA/cm2 per 1000 cycles) in the corresponding cycle
range. Although the ipeak of the Zr2N2O/SS is two orders of magnitude smaller than that
of 304 SS (8.03×10-3 A/cm2), it reaches 6.13×10-5 A/cm2 after 4050 cycles, implying
the coating loses its protection at a CTP of 1.2 V. Considering the prepared coating
possesses a thickness of 36 nm, a thicker coating or a coating with improved oxidation
resistance is desirable.
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Figure 5.3 Changes of ipeak with the cycle number of the triangular potential pulse tests of the 304 SS
and Zr2N2O/SS in 0.5 M H2SO4 + 2 ppm NaF within the potential range between 0.7 V vs. Ag/AgCl,
and (a) 0.9 V, (b) 1.0 V, (c) 1.1 V, and (d) 1.2 V vs. Ag/AgCl, respectively. The unit of the slopes in
the images is µA/cm2 per 1000 cycles.

5.3.2.2 Effects of CTPs on the surface morphologies after potential pulse tests
The surface morphologies of 304 SS and Zr2N2O/SS after 4050 cycles of triangular
potential pulse tests within different potential ranges are shown in Fig. 5.4. Slight
intergranular corrosion (IGC) is observed on 304 SS at 0.9 V and some shallow pits
with diameters of ~0.5‒1 μm are distributed along the grain boundaries (Fig. 5.4a1).
Upon reaching the potential of 1.0 V, the average diameter of the pits increases to ~1‒
2 μm (Fig. 5.4b1). Particularly, some deep pits are observed at the intersection of three
grains, the growth of the pits in the depth direction might be the result of the increasing
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ipeak, as shown in Fig. 5.3b. Severe corrosion occurs when the potential is further
increased (Fig. 5.4c1). Besides the IGC, local dissolution of grains occurs, along with
the formation of a large number of corrosion pits with the diameter of ~2‒5 μm. At 1.2
V (Fig. 5.4d1) the dissolution of both grains and grain boundaries becomes much more
severe; deep pits are present and the diameter of pits at the intersection of three grains
reaches 10 μm. The surface morphologies at 1.1 and 1.2 V are consistent with the
changes of ipeak shown in Fig. 5.3c and d. First, the IGC in Fig. 5.4c1 is much severe
than that in Fig. 4b1, agreeing with the much larger slope of ipeak at 1.1 V (Fig. 5.3c).
Also, the two positive slope stages of ipeak in Fig. 5.3c seem consistent with both IGC
and local grain dissolution as seen in Fig. 5.4c1. At 1.2 V, the large slope of 358.18
µA/cm2 per 1000 cycles is a result of the dissolution of both grains and grain boundaries.
Therefore, the corroded surface is much lower than the initial surface. The variation of
ipeak of 304 SS in Figs. 5.3b-d and the surface morphologies shown in Figs. 5.4b1-d1
suggest that a CTP of 1.0 V or higher induces significant dissolution of the bare metal
substrate after a certain amount of cyclic SU/SD events. A protective coating which
possesses a high corrosion resistance towards the CTP induced dissolution is highly
demanded.
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Figure 5.4 Surface morphologies of the 304 SS and Zr2N2O/SS in 0.5 M H2SO4 + 2 ppm NaF after
4050 cycles of the triangular potential pulse tests within the potential range between 0.7 V vs.
Ag/AgCl, and (a) 0.9 V, (b) 1.0 V, (c) 1.1 V, and (d) 1.2 V vs. Ag/AgCl, respectively.

Apparently, the corrosion severity of Zr2N2O/SS (Figs. 5.4a2-d2) is far less than that
of 304 SS under the same conditions, in accordance with the variations of ipeak in Fig.
5.3. The surface morphologies after cycling (Fig. 5.4) further confirm the protective
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nature of the Zr2N2O coating. No serious localized corrosion is found on the sample
surface when the electrode potential is less than 1.0 V for Zr2N2O/SS (Figs. 5.4a2 and
b2), indicating the transpassivation dissolution process is accompanied by corrosion of
the entire surface, as confirmed by the relatively small ipeak at these two potentials (Figs.
5.3a and b). Slight localized corrosion was observed in the form of pits with a diameter
of ~5 μm at 1.1 V (Fig. 5.4c2), implying that the coating has been locally damaged.
When electrode potential is increased to 1.2 V, localized corrosion becomes much
severe and forms some larger pits with a diameter of ~10 μm (Fig. 5.4d2). The surface
morphologies of Zr2N2O/SS suggest the coating can provide effective protection at a
CTP as positive as 1.1 V but loses its effectiveness at 1.2 V.
5.3.2.3 Evolution of surface morphology with potential pulse cycle number
From the above analysis in Section 3.2.1, the positive slope in ipeak with cycle number
indicates an acceleration in dissolution rate as the cyclic polarization progresses. The
differences in slope, which describes the deleterious effect of the cyclic potential
polarization, implies there exist different stages of the dissolution processes. To
uncover these dissolution stages, Fig. 5 presents the changes in surface morphology for
304 SS and Zr2N2O/SS with cycle number of the pulse polarization tests (the sweep
potential range is 0.7 ~ 1.2 V). The corresponding side view of the surface morphology
is also shown schematically. The surface morphologies of the 304 SS after 200, 2000,
and 4050 cycles of polarization are presented. Visible IGC is noticed after 200 cycles
of polarization (stage I, Figs. 5a1 and a2). There are several possible reasons for the
corrosion morphologies shown in Figure 4 for a non-sensitized 304 SS. In the present
study, 304 SS experiences the fast cyclic potential polarization from the passive region
to transpassive region; thus, the driving forces of the anodic dissolution of both grain
interiors and grain boundaries are high. Both the grain interiors and the grain boundaries
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dissolve, as shown in Figures 5.4c1 and d1, and preferential dissolution of grain
boundaries is present. According to literature, for austenitic SS which does not contain
any precipitate at grain boundary, particularly for solution-annealed and quenched SS,
IGC can also be present [115], [116]. Considering the segregation of impurity atoms,
such as P, Si, and along the grain boundaries and the higher disorder of the grain
boundaries than that of the grain interiors, it is expected that the activity of grain
boundary towards anodic dissolution is higher than that of grain interior. Therefore, the
grain boundaries experience faster dissolution rate in H2SO4 solution.
Besides the IGC, localized corrosion pits, which may originate from the selective
dissolution of inclusions, are also observed. As the cyclic polarization progresses, the
edge of the grains starts to dissolve, resulting in the widening of the grain boundary and
thus, the IGC become more significant after 2000 cycles (stage II, Figs. 5.5b1 and b2).
When the cyclic polarization is further extended to 4050 cycles, both the grains and the
grain boundaries are severely dissolved. The corroded surface is much lower than the
initial surface (stage III, Fig. 5.5c1 and c2). Conclusively, the 304 SS starts to dissolve
at the grain boundaries (Fig. 5.5a2), followed by the widening of the IGC (Fig. 5.5b2),
and then severely extends into the in-depth direction (Fig. 5.5c2).
For Zr2N2O/SS cycled to 1.2 V, two distinct slopes in ipeak vs cycle number are observed
in Fig. 5.3d, this transition occurs at around 2010 cycles. Therefore, the surface
morphologies of the Zr2N2O/SS after 2000 and 4050 cycles of polarization are given
for comparison. Limited pitting corrosion is observed after 2000 cycles (stage I, Figs.
5.5d1 and d2). At locations on the surface where the specimen is partially covered by
the coating, the protection provided by the coating is less effective than that at the
surface where the coating is well covered. As a result, the partially covered site is more
active and thus dissolves faster than that of the fully covered surface [117]. After a
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certain number of cyclic polarizations, the weak site of the coating is preferentially
corroded, leading to pitting. On the other hand, intrinsic impurities like inclusions may
also be preferentially dissolved and form corrosion pits [115]. From the surface
morphology after 4050 cycles, the widening effect of the pitting is also observed for
Zr2N2O/SS (stage II, Figs. 5.5e1 and e2). One single pit (the middle one in the image)
contains three distinct depths and the outer edge is shallower than the inner pits,
indicating the corrosion progressing along the planar direction. Different from the IGC
of 304 SS, Zr2N2O/SS presents localized corrosion and the pits initiate at sites where
the coating is weak or has intrinsic impurities. As the cycling polarization progresses,
the active pits dissolve fast and thus the pitting becomes deeper and larger, consistent
with the increase in slope observed in Fig. 5.3d.

Figure 5.5 Evolution of surface morphologies for 304 SS (a1, b1, c1) and Zr 2N2O/SS (d1, e1) and the
corresponding schematic cross-sections (304SS: a2, b2, c2; Zr2N2O/SS: d2, e2) in 0.5 M H2SO4 + 2
ppm NaF with the numbers of the triangular potential pulse test cycles (200, 2000, and 4050 cycles).
The potential range is 0.7 ‒ 1.2 V vs. Ag/AgCl and the scan rate is 50 mV/s.
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5.3.3. Effects of CTPs on impedance behavior
To understand the anodic dissolution process at the interface between the metal
substrate and solution, EIS measurements are conducted after the specimens are
potentiostaticaly polarized at potentials of 0.9, 1.0, 1.05, 1.1, 1.15, and 1.2 V. Compared
with the triangular potential pulse tests that were conducted at 4 potentials, two more
potentials (1.05 and 1.15 V) are also included to elucidate the trend. All EIS data has
been validated using the Kramers-Kronig transforms and the constraints of the Linear
System Theory are satisfied. The Nyquist plots of 304 SS and Zr2N2O/SS are given in
Fig. 5.6, including fitting results shown as solid lines. To obtain quantitative
information of the experimental EIS data, three electrical equivalent circuits (Fig. S5.1),
as suggested in the literature [112, 118-121], were used and the fitting results of 304 SS
and Zr2N2O/SS are listed in Tables S5.1 and S5.2, respectively. In all cases, the
correlation between experimental and fitting data is judged to be acceptable. In these
circuits, the physical significance of the elements in Fig. S5.1 can be described as
follows: Rs is the solution resistance; the element Rt represents the resistance of the
charge transfer between the solution and substrate, i.e., the reaction occurs at the
substrate. The element Rf represents the resistance of the defect in the passive film on
304 SS or in the coating for Zr2N2O/SS, i.e., the reaction occurs between the
film/coating and solution. RL and L in Fig. S5.1b and c are the elements associated with
the inductive loop. The Ra//Qa combination in Fig. S5.1c represents the ion adsorption
that occurs at higher electrode potentials. The symbol Q is used to signify the possibility
of a non-ideal capacitance (constant phase element, CPE). The use of a CPE instead of
an ideal capacitor is owing to the distribution of the relaxation times associated with
heterogeneities (including surface defects and roughness) at the surface of the
electrodes [118, 122].
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Figure 5.6 Nyquist plots of the 304 SS (a, b) and Zr2N2O/SS (c, d) in 0.5 M H2SO4 + 2 ppm NaF at
various selected potentials (0.9, 1.0, 1.05, 1.1, 1.15, and 1.2 V vs. Ag/AgCl).

The Nyquist plots of 304 SS (Figs. 6a and b) and Zr2N2O/SS (Figs. 6c and d) displays
similar trends. At 0.9 V, both samples exhibit a large capacitance. The high-frequency
capacitive semicircle (two distinct semicircles for Zr2N2O/SS) can be attributed to the
interfacial charge transfer reaction [123, 124]. The diameter of the capacitance loops
reveals the resistance that determines the corrosion resistance of the oxide film. A large
diameter of the loops at 0.9 V indicates that the two materials are both in the passive
region and that the growth of the oxide film is dominant at this potential [113]. Thus,
the equivalent circuit (Fig. S5.1a) is used to simulate the interface between the solution
and substrate at 0.9 V. Besides the high-frequency capacitance loop, a low-frequency
inductive loop appears at 1.0, 1.05, and 1.1 V. The presence of an inductive loop in the
low-frequency range indicates the breakdown of the passive film (Figs. 5.4b1, c1, and
c2) and the onset of the transition from film growth to film dissolution [125-127].
Therefore, RL and L, as well as a damaged coating/passive film are included in Fig.
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S5.1b to simulate the interface between the solution and substrate at these three
potentials. No pitting is observed for Zr2N2O/SS (Fig. 5.4b2) but the inductive loop
presents from the impedance spectra at 1.0 V. The reason might be that there is a
recovery stage (negative sweeping) of the cyclic potential pulse test and the coating is
still effective at 1.0 V. Thus, no obvious corrosion morphology is observed. However,
the specimens are potentiostatic polarized at 1.0 V for 1 hour before EIS measurement.
It is reasonable to expect the coating is locally damaged to some extent and thus, an
inductive loop is present at this potential. When the potential is increased to 1.15 and
1.2 V, the spectra of the 304 SS and the Zr2N2O/SS comprise three time-constants (Fig.
5.7), namely, a highest frequency capacitance loop, an intermediate-frequency
inductive loop, and a lowest-frequency capacitance loop. The presence of the second
capacitance loop at low frequency could be assigned to the adsorption of the
intermediate corrosion product on the electrode surface [112, 113, 128, 129]. At higher
potentials, the dissolution rate of the substrate increases dramatically and thus, the
adsorption of the corrosion product occurs at the interface of the solution and substrate
[130, 131]. Therefore, a Ra//Qa combination is included in Fig. S5.1c to simulate the
interface between the solution and substrate at these two potentials [132].
Based on the Bode plots in Fig. 5.7, the dependency of the polarization resistance at the
frequency of 10 mHz (R10 mHz) on the applied potential is presented in Fig. 5.8. In the
potential range of 1.1 ~ 1.2 V, the R10 mHz of 304 SS is lower than 100 Ω·cm2. These
small values of R10 mHz suggest that the passive film, if it is still present, has limited
resistance to the current flow. This explains the high ipeak (Figs. 5.3c ‒ d) and severely
corroded surfaces (Figs. 5.4c ‒ d) of the specimens at both 1.1 and 1.2 V. In contrast,
even at 1.2 V the R10

mHz

of Zr2N2O/SS is on the order of 6000 Ω·cm2, which is

comparable to the value of 304 SS at 1.0 V. In general, the corresponding R10 mHz values
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for Zr2N2O/SS are remarkably larger than that of the 304 SS over the whole potential
range. A higher resistance means a slower reaction rate and thus, the corrosion rate of
the passivation layer for the coated sample is much slower, demonstrating the
effectiveness of the coating. These results indicate that the Zr2N2O/SS coating greatly
increases the resistance to anodic dissolution in the transpassive region.

Figure 5.7 Bode plots of 304 SS (a, b) and Zr2N2O/SS in (c, d) in 0.5 M H2SO4 + 2 ppm NaF at various
selected potentials (0.9, 1.0, 1.05, 1.1, 1.15, and 1.2 V vs. Ag/AgCl).

Figure 5.8 Resistance at a frequency of 10 mHz (R10 mHz) for 304 SS and Zr2N2O/SS.
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In summary, the above results indicate that the growth of the passive film on 304 SS is
dominant at 0.9 V and the passive film begins to dissolve at 1.0 V. As the potential
increases, the passive film enters the dissolution dominant potential region. R10 mHz
decreases with increasing potential and is smaller than 100 Ω.cm2 when the potential is
higher than 1.1 V. Such a small resistance implies that the film, if it still exists, is a nonbarrier layer for the current flow in the high potential region. Therefore, the corrosion
current of 304 SS at high potentials is significantly higher. Although the Nyquist plots
of Zr2N2O/SS display a similar trend as that of 304 SS, the scale of the resistance of
Zr2N2O/SS is much larger, especially at higher potentials. The enhanced corrosion
resistance is first attributed to the amorphous nature of the coating prepared by ALD
[67, 133]. The high stability of Zr2N2O in sulfuric acid solution [134] also decreases
the degradation of the coating at high potentials and thus, improves the corrosion
resistance. More details of the effect of the Zr2N2O coating will be discussed in the
following Section of 3.4.2 and 3.5.2.
5.3.4. Effects of CTPs on the passive films of 304 SS and on Zr2N2O coating
5.3.4.1 Effects of CTPs on the chemical composition of passive films on 304 SS
XPS analysis was used to further illustrate the effect of the CTPs on the surface
chemistry of the passive film. XPS spectra of the passive film formed on 304 SS after
4050 cycles of triangular potential pulse tests at 0.9 – 1.2 V are shown in Fig. 5.9. All
the metallic and oxidized states of Cr2p, Fe2p, O1s are presented based on their binding
energies and the results are listed in Table 5.3. The Fe2p3/2 spectra (Fig. 5.9a) can be
separated into five constituent peaks representing the metallic state Fe0 (metal), FeO,
Fe3O4, Fe2O3, and Fe(OH)3 species. The Cr2p spectra (Fig. 5.9b) reveal that there are
four constituent peaks representing the Cr0(metal), Cr2O3, Cr(OH)3 and CrO3. The
presence of CrO3 means some of the Cr is oxidized to the highest valence state over the
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whole potential range. The O1s spectra (Fig. 5.9c) may be separated into three
components, O2‒ (metal oxide), OH‒ (metal hydroxide) and Oads (adsorbed H2O). The
O2‒ is the primary oxygen component of the passive film, corresponding to the
formation of FeO, Fe3O4, Fe2O3, Cr2O3, and CrO3. While the OH‒ is another primary
component of the passive film, in the forms of Cr(OH)3 and Fe(OH)3. To further
illustrate the changes of composition of the passive film, the contribution of each
component is normalized to the percentage. Table 5.1 listed the calculated results and
the relevant ratios are present in Fig. 5.10.
The following phenomena are observed:
(1) As the polarization potential increases, the intensity of the OH‒ components are
increased (from the 41% at 0.9 V to the 55% at 1.2 V), changing from an O2‒ dominant
passive layer to an OH‒ dominant layer. As suggested by the literature [122], OH‒
species are less protective than the O2‒ species in the passive layer. The observed
increase of the OH‒ component implies a decrease of the corrosion resistance of the
passive layer formed at higher polarization potentials, explaining the small R10 mHz of
the 304 SS (Fig. 8) and the higher peak current densities (Fig. 3).
(2) The content of metallic Fe species increases remarkably as the polarization potential
increases, from the 4% at 0.9 V to the 21% at 1.2 V. The increase of metallic content
reveals that at higher polarization potential the thickness of the passive layer is
decreased due to the enhanced dissolution process [122], consistent with the decreased
R10 mHz of the 304 SS (Fig. 8).
(3) In contrast to the Fe spectra, the Cr spectra show little change with varying
polarization potential. The ratios between metallic Cr and Cr compounds are fairly
constant. The oxidized Cr is the dominant component in the passive layer (Fig. 9b).
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Figure 5.9 The detailed XPS spectra of (a) Fe2p3/2, (b) Cr2p3/2, and (c) O1s of the passive film formed
on 304 SS after 4050 cycles of the triangular potential pulse polarization tests within the potential
range between 0.7 V and 0.9 ‒ 1.2 V vs. Ag/AgCl in 0.5 M H 2SO4 + 2 ppm NaF.

Table 5.1 Percentage of the components from the XPS spectra of the 304 SS after the 4050 cycles of
triangular wave potential pulse tests within various potential ranges in 0.5 M H 2SO4+2 ppm NaF.

Elements

O1s

Fe2p3/2

Cr2p3/2

Components

Percentage of the components (%)

Binding
Energy (eV)

0.9 V

1.0 V

1.1 V

1.2 V

O2‒

529.9±0.0

49.8

47.8

44.6

41.2

OH‒

531.5±0.1

41.0

48.3

51.5

55.0

Oads

533.2±0.2

9.2

3.9

3.9

3.9

Fe0

706.8±0.0

3.7

10.0

12.6

20.9

FeO

708.2±0.2

2.6

7.1

11.8

16.1

Fe3O4

709.9±0.1

39.2

26.7

23.1

19.5

Fe2O3

711.0±0.1

48.6

47.4

37.9

24.5

Fe(OH)3

712.8±0.2

6.0

8.8

14.7

19.0

573.9±0.1

7.4

8.1

9.2

10.6

Cr

0
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Cr2O3

575.7±0.1

40.9

36.4

31.9

27.7

Cr(OH)3

576.9±0.1

39.6

44.2

47.3

49.4

CrO3

578.4±0.2

12.2

11.4

11.6

12.3

Figure 5.10 Evolution of the ratio between O 2‒ and OH‒ in O1s, the percentage of metallic Fe and Cr,
Fe(OH)3 and Cr(OH)3 based on the XPS fitting results of 304 SS.

5.3.4.2. Effect of CTP on the chemical composition of Zr2N2O coating
A comparison of the XPS spectra of Zr2N2O/SS before and after 4050 cycles of the
triangular potential pulse polarization test (the sweep potential range is 0.7 - 1.2 V) is
given in Fig. 5.11 after normalizing the intensities. From the Zr3d peak (Fig. 5.11a),
two chemical forms of Zr are confirmed, Zr2N2O at 181.4 eV (3d5/2) and 183.7 eV
(3d3/2), and ZrO2 at 182.0 eV (3d5/2) and 184.3 eV (3d3/2). An obvious decrease in peak
intensity for Zr2N2O is observed after the cycling test. Accordingly, the full width at
half maximum (FWHM) of the Zr3d5/2 is decreased from 1.40 eV (before test) to 1.09
eV (after test), suggesting that the surface layer is mainly composed of ZrO2. For the
N1s (Fig. 5.11b), the strong signal of lattice N before the test disappears after 4050
polarization cycles, implying that the outmost layer of the coating does not contain
Zr2N2O. The O1s (Fig. 5.11c) displays an increase in adsorbed H2O intensity after
testing. The above results demonstrate that after 4050 polarization cycles, the surface
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layer of the coating transforms from a mixture of Zr2N2O and ZrO2 to mainly ZrO2, as
shown in Fig. 5.11d. The reaction of Zr2N2O in H2SO4 solution is [75]:
𝑍𝑟2 𝑁2 𝑂 + 3 𝐻2 𝑂 → 𝑍𝑟𝑂2 + 𝑁2 + 6 𝐻 + + 6 𝑒 −

(5 − 1)

During cycles of polarization (mainly the oxidation process), a thin layer of ZrO2 forms
on the external surface, and this protective layer greatly slows down the dissolution rate
of the coating in H2SO4 solution [133, 135, 136]. When the ZrO2 layer dissolves from
the surface, a new oxide layer will re-form. The high corrosion resistance and low
solubility of the Zr2N2O coating suggest that the coating has a low “electrochemical
activity” in the simulated environment of PEMFC. Contributed by the protective ZrO2
and the intrinsic low solubility of Zr2N2O in H2SO4 solution [67, 134], the Zr2N2O
coating greatly increases the corrosion resistance to anodic dissolution in the
transpassive potential region.

Figure 5.11 A comparison of the XPS spectra of (a) Zr3d, (b) N1s, and (c) O1s, and (d) schematic plot
of the changes of the Zr2N2O/SS coating before and after 4050 cycles of polarization tests within the
potential range of 0.7 ‒ 1.2 V vs. Ag/AgCl in 0.5 M H2SO4 + 2 ppm NaF.
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5.3.5. Effects of CTPs on the transpassive dissolution process
5.3.5.1. Effects of CTPs on the dissolution process of 304 SS
As suggested by Norio Sato [137, 138], the electron energy level diagram and the
electrostatic potential distribution in the film are schematically present in Fig. 5.12. The
passive film on 304 SS is regarded as a highly defective semiconducting oxide layer.
When a relatively small anodic polarization is applied on the electrode (e.g. 0.9 V), the
Fermi level (EF) in the metal is lowered, producing an anodic potential drop in the film.
As long as the EF of the metal lies within the forbidden energy band in the film, this
situation is maintained. At this potential, the growth of the passive film is dominant and
only a high-frequency capacitance loop is observed (Fig. 5.6a, 0.9 V). Therefore, the
ipeak decreases with the increasing cyclic number (Fig. 5.3a) and only slight
intergranular corrosion occurred (Fig. 5.4a1). When the applied potential is increased
to 1.0 V, 304 SS enters the transpassive region. Band bending caused by the anodic
polarization results in the EF of the metal reaching the valence band (VB) edge εv at the
outmost layer of the film. At this potential, an inductive loop at low frequency starts to
present (Fig. 5.6a, 1.0 V). The passive film transitions from growth dominant to
dissolution dominant and thus, the passive film is damaged to some extent and the pits
at the intersection of three grains start to grow larger (Fig. 5.4b1). When the anodic
polarization is larger (E >1.0 V), that band bending results in the EF of the metal
dropping below εv at the outmost layer of the film. Positively charged holes leave the
outmost layer of the film due to electron tunneling. This additional charge increases the
potential difference of the double layer (ΔϕH) at the film/solution interface, and as a
result, ΔϕH becomes electrode potential dependent. The anodic increase of ΔϕH with
electrode potential results in a potential-dependent rate of metal ion transfer from the
passive film to the electrolyte, i.e., transpassive dissolution [138]. When the potential
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is higher than 1.0 V, the barrier layer provides limited resistance for current flow,
supported by the small R10 mHz shown in Fig. 5.8. Therefore, severe corrosion occurs,
both at grain boundaries as well as grain interiors. (Fig. 5.4c1).
In summary, at 0.9 V, EF is higher than εv, the growth of the oxide film is dominant.
When the applied potential is increased to 1.0 V, the transpassive potential (Etp), EF
reaches εv. The passive film transfers from growth dominant to dissolution dominant.
As the potential is increased beyond Etp, ΔϕH becomes electrode potential dependent.
The passive film is dissolution dominant and has limited protection for the underneath
substrate.

Figure 5.12 A summary of the anodic dissolution process of the 304 SS in 0.5 M H 2SO4 + 2 ppm NaF
at different potentials.
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5.3.5.2. Zr2N2O coating decreased anodic dissolution of 304 SS
To uncover the potentials at which 304 SS and Zr2N2O/SS enter the transpassive
potential region, their potentiodynamic polarization curves were measured in 0.5 M
H2SO4 + 2 ppm NaF (Fig. 5.13a). Significant increases in corrosion current densities
(transpassive dissolution stage) appears at 0.946 and 0.984 V for 304 SS and Zr2N2O/SS,
respectively; indicating that the Zr2N2O coating increases the Etp to a more positive
value. The passive film on 304 SS is mainly composed of iron oxide and chromium
oxide (MOx, M is the metal element). According to literature, the VB of MOx varies
from 1.7 to 2.1 eV [139, 140]. Our previous work shows that the VB of Zr2N2O is 3.0
eV [114]. The much wider VB for Zr2N2O compared to MOx further confirms the higher
Etp for Zr2N2O/SS compared to 304 SS. A schematic electron energy level diagram of
the film on 304 SS and Zr2N2O/SS is presented in Fig. 5.13b1. Benefiting from the
wider VB of the Zr2N2O, at the same anodic polarization (i.e., 0.9 V Fig. 5.13b2), the
band bending results in EF of the 304 SS is closer to the VB edge εv at the outmost layer
of the film than that of Zr2N2O/SS. As the anodic polarization potential increases to 1.0
V, EF of the 304 SS is lower than the εv (Fig. 5.13b3) and thus enter the potential
dependent dissolution. This explains the surface morphologies difference between 304
SS and Zr2N2O/SS in Figs. 5.4b1 and b2, where 304 SS experiences obvious IGC while
Zr2N2O/SS shows no clear corrosion trace. In summary, because the Zr2N2O has a
larger (EV‒EF) than the passive film on 304 SS, a larger anodic polarization potential is
required for Zr2N2O/SS to “bend” VB curve upward to reach the EF and thus,
Zr2N2O/SS enters transpassive dissolution region at a more positive potential than that
of 304 SS. Therefore, the Zr2N2O decreases the anodic dissolution of 304 SS in the
transpassive potential region.
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Figure 5.13 A comparison of the (a) potentiodynamic polarization curves of 304 SS and Zr 2N2O/SS in
0.5 M H2SO4 + 2 ppm NaF, and (b) electron energy level diagrams with the applied potentials of 304
SS and Zr2N2O/SS.

5.4. Conclusions
(1) CTPs significantly accelerate the anodic dissolution of 304 SS. As the CTP
increases from 0.9 to 1.2 V, the ipeak increases by 3 orders of magnitude. Meanwhile,
the passive film changes from oxide dominant to hydroxide dominant and its thickness
decreases. Slight IGC occurs at 0.9 and 1.0 V while severe IGC occurs when the
potential exceeds 1.1 V. The growth of the passive film is dominant at 0.9 V and then
transfer to film dissolution at 1.0 V. At potentials ≥ 1.1 V potential dependent
dissolution occurs, i.e., dissolution dominant.
(2) The Zr2N2O coating remarkably improved the corrosion resistance of 304 SS, the
ipeak of Zr2N2O/SS is two orders of magnitude smaller than 304 SS at the same CTP. No
obvious corrosion is observed at 0.9 and 1.0 V. Limited pits appear at 1.1 V; the pits
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grow wider at 1.2 V, suggesting the Zr2N2O coating can provide effective protection at
a CTP up to 1.1 V. The enhanced corrosion resistance is first attributed to a layer of
protective ZrO2 that forms on the surface and increases the stability of the Zr2N2O,
reducing its degradation. Moreover, the wider VB of Zr2N2O compared to MOx (304
SS) results in a higher Etp for Zr2N2O/SS than 304 SS. Therefore, Zr2N2O/SS has a
much smaller corrosion current at the same CTPs.
(3) The quite low ipeak and the mitigated corrosion morphologies of Zr2N2O/SS suggest
incorporating oxygen into ZrN is a feasible way of achieving a high corrosion/oxidation
resistance, limiting anodic dissolution caused by CTPs. Analysis of electron energy
level diagrams suggests that a protective coating with a wider gap between EF and EV
is beneficial to improve corrosion resistance in the transpassive potential region.

5.5. Support information
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Figure S 5.1 The equivalent circuit used to fit the Impedance results shown in Figure 6. (a) used to fit
the impedance at 0.9 V, (b) used to fit the impedance at 1.0, 1.05, and 1.1 V, (c) used to fit the
impedance at 1.15 and 1.2 V.
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Table S 5.1 Values of the components from the impedance fitting results of 304 SS polarized at various
potentials in 0.5 M H2SO4+2 ppm NaF.

Symbol

Unit

0.9 V

1.0 V

1.05

1.1 V

1.15 V

1.2 V

Rs

Ω.cm2

2.235

1.999

1.989

2.604

2.036

2.027

Qf

Ω-1.cm2 n
.s

5.58×10-5

2.49×10-4

2.31×10-4

0.888

0.817

0.837

0.893

0.976

0.964

62.6

10.9

3.8

nf

1.27×10-4 5.16×10-5

5.47×10-5

Rf

Ω.cm2

76380

4088

271.1

Qdl

Ω-1.cm2 n
.s

-

1.13×10-4

1.53×10-4

-

0.7446

0.915

0.973

0.801

0.759

ndl

8.95×10-5 1.45×10-4

2.13×10-4

Rt

Ω.cm2

-

3000

261.9

43

37.8

17.1

RL

Ω.cm2

-

11000

544.6

121.3

53.4

41.3

L

H

-

35140

834.7

19.2

11.4

1.8

Qa

Ω-1.cm2 n
.s

-

-

-

-

0.540

0.235

-

-

-

-

0.999

0.766

-

-

-

-

53.7

37.5

1.02×10-2

2.40×10-4

8.80×10-4

na
Ra
Σx2

Ω.cm2
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1.22×10-3 4.76×10-4

2.41×10-4

Table S 5.2 Values of the components from the impedance fitting results of the Zr 2N2O/SS polarized at
various potentials in 0.5 M H2SO4+2 ppm NaF.

Symbol

Unit

0.9 V

1.0 V

1.05

1.1 V

1.15 V

1.2 V

Rs

Ω.cm2

2.22

2.5

2.604

2.512

3.135

3.432

Qf

Ω-1.cm2 n
.s

1.11×10-6

nf

0.858

0.887

0.910

0.907

0.890

1

5643

2911

1917

1324

435

Rf

Ω.cm2

611400

Qdl

Ω-1.cm2 n
.s

-

ndl

1.96×10-6 1.63×10-6 1.71×10-6 2.42×10-6 7.77×10-6

1.55×10-5 1.70×10-5 1.72×10-5 1.65×10-5 2.19×10-5

-

0.718

0.638

0.689

0.758

0.680

Rt

Ω.cm2

-

71320

17170

7176

3466

3374

RL

Ω.cm2

-

77360

27520

10960

9593

8992

L

H

-

1431000

173700

27940

6002

1846

Qa

Ω-1.cm2 n
.s

-

-

-

-

-

-

-

-

0.971

0.769

-

-

-

-

3161

14710

na
Ra
Σx2

Ω.cm2

1.53×102

1.55×10-2 1.52×10-3

2.97×10-3 2.05×10-3 1.11×10-3 1.16×10-3 2.01×10-3
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Chapter 6. Effects of hydrogen and stress on the
electrochemical and passivation behavior of 304 stainless
steel in simulated PEMFC environment
Abstract: This work investigates the effects of hydrogen and stress on the
electrochemical and passivation behaviour of 304 stainless steel in 0.5 M sulfuric acid
with 2 ppm sodium fluoride. Three major results are revealed: hydrogen and stress
significantly increase the critical current density (icrit) and passive current density (ipass);
hydrogen has a more obvious impact on icrit than that on ipass; a high synergistic effect
between hydrogen and stress on current densities is observed at the intermediate
hydrogen charging current densities range.

6.1. Introduction
Background information on MBPs has been included in the paragraph 1 of Section 3.1,
Chapter 3.
Unfortunately, the anode side of the metallic bipolar plate is exposed to hydrogen [98,
141] but stainless steel is susceptible to corrosion in this harsh environment of a fuel
cell stack, resulting in a decrease in stack performance [142, 143]. Most researchers
used continuous hydrogen bubbling to simulate the anode work environment of
PEMFC [144, 145]. However, limited by the length of testing time, continuous
hydrogen bubbling cannot reflect the actual situation where hydrogen penetrates into
the bipolar plates during the normal and lengthy operation of PEMFC stacks. It has
been confirmed that metal bipolar plates in PEMFC environment contain a certain
hydrogen content [146], which was believed to influence the interface corrosion process
of metal bipolar plates in PEMFC operating environment. Moreover, for the metallic
bipolar plates whose gas channels were fabricated by stamping, different positions of
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the channel were under different stress levels [24, 147]. For instance, the rib part of the
stamped metallic bipolar plates was elastic strained while the corners of the channel
were plastic strained. Also, metal bipolar plates are stressed if the assembly process of
PEMFC stacks is less perfectly performed, especially for the portable or transportation
applications where large stresses are applied to the bipolar plates [148]. Therefore, the
stress levels of the strained metal bipolar plates might play a role on the corrosion
behavior of metal substrate in the environment of PEMFC.
Hydrogen can enter the alloys during the processes of applying cathodic protection,
electroplating, pickling, welding in wet conditions and corrosion [149]. The presence
of hydrogen in metals affects corrosion behaviour and some reports suggest that
hydrogen decreases the stability of the passive film and promotes localized corrosion
of various alloys in solutions containing halide ions [150]. Yang et al. [151] found that
hydrogen greatly decreases the critical chloride concentration for the break down of
passive films and also hinders the repassivation process. Hydrogen significantly
promotes both pit initiation and pit growth. According to Yashiro et al.’s work, the
permeated hydrogen shortened the induction periods for pitting of 304 stainless steel in
sodium chloride [152]. Zeng et al. [153] studied the semiconducting properties of
hydrogen containing passive films and the Mott-Schottky analysis showed that
hydrogen increases the capacitance and donor density, and decreases the flat band
potential and the space charge layer thickness of the passive film. Hydrogen increases
the dissolution rate in the passive region owing to the film formation processes being
delayed by charged hydrogen. Ejaz et al. [150] investigated the effect of hydrogen on
anodic dissolution and passivation of iron in alkaline solution. The results revealed that
hydrogen hinders the transition from active dissolution to passivation and, therefore,
accelerates the anodic reaction rate. Lu et al. [154] found that the dissolved hydrogen
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in pipeline steel enhances the surface micro-plastic deformation, which is originated
from the hydrogen-enhanced local plastic (HELP) developed by Birnbaum and Sofronis
[155, 156]. They suggested that the hydrogen “shielding” of the elastic interactions
between dislocation and short-range stress field was responsible for HELP. Also, the
fact that hydrogen diminished the local stress fields from dislocations and solutes which
act as barriers to the dislocation motion was the underlying principle of the hydrogen
shielding mechanism. More recently, Pezold et al. [157] reported that even weak H-H
interaction dramatically reduces the onset hydrogen concentration of the HELP. Qiao
et al. reported that hydrogen decreased Young’s modulus and the fracture stress of the
passive film [158] and the pitting nucleates initially inside the austenite or at the
austenite/ferrite boundary and then appears in the ferrite because austenite has a higher
solubility and lower diffusivity for hydrogen [159]. The protons from hydrogen
oxidation accumulate around the defects and form a localized region with a positive
charge, which promotes the adsorption of chloride ions on the film surface, and thus
the boundaries become active for pitting. Previously, Bockris et al.[160, 161] studied
the effect of stress on the hydrogen permeation in iron and steels. They found tensile
stress increases permeability and solubility of hydrogen in the lattice. Also, the
diffusion coefficient is unaffected by the applied elastic stress. As during service, the
metallic components in industries are often used under stressed conditions, useful
information can be obtained by investigating the effect of stress on the passivation
behaviour of stainless steels. Previous studies [162, 163] have found that applied tensile
stress can increase pitting susceptibility while the compression stress can reduce pitting
susceptibility. The applied tensile stress (high stress level) promoted the breakdown of
passive films owing to its influence on the mechanical integrity of the brittle protective
film. Iwanaga and Oki [164] studied the effects of applied stress on the anodic
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polarization behavior and pitting corrosion of stainless steels. Their results found that
with the increasing applied stress, the pitting potential decreases while the passivitymaintaining current density increases. Feng et al. [165, 166] reported that as the applied
load increased, the passivation ability of the carbon steel in concreate pore solution
decreased and the passive film tended to be unstable. The micro-cracks in passive films
at low load may be repassivated but were severely damaged at higher loads, rendering
the repassivation very difficult. Dundar et al. [167] reported that compared with the
non-deformed blank steel plates, the deformed plates of 304 austenitic stainless steel
exhibited a reduction in corrosion resistance in 0.5 M H2SO4. Similar results have also
been reported by Dur et al. [168]. Lv et al. [148] investigated the effect of the strain on
the corrosion resistance of 316L stainless steel in 0.5 M H2SO4 with 2 ppm or 100 ppm
fluoride ions. It was found that the specimen with 20% strain showed the best corrosion
resistance owing to the formation of protective Cr2O3 in the passive film, which was
facilitated by the promoted diffusion of the alloy element as 20% strained specimen
contains a small amount of planar dislocation and a large number of dislocation tangles.
However, large tensile strain deteriorated the corrosion resistance of the 316L stainless
steel in 0.5 M H2SO4 with 2 ppm fluoride ions. Yang et al.[169] reported that applied
tensile stress has no noticeable effect on the breakdown potential of uncharged 304 SS
unless the concentration of chloride ions in borate buffer solutions is high. Tensile stress
has a more obvious promoting effect on the breakdown of passive films formed on
hydrogen charged specimen. With an increase of the stress magnitude, the critical
chloride concentration for the breakdown of passive film decreased. The authors
interpreted their results as the stress promoted chloride adsorption and facilitated
dissolution of the passive film. In contrast, another possible reason would be the applied
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stress caused oxide rupture and thus, the localized attack occurred at lower chloride
concentrations [170].
However, most of these investigations were carried out at a high stress level which
introduces plastic deformation, and the effect of stress on the anodic dissolution is,
therefore, explained by the brittle mechanical fracture of surface film or dislocation
outcropping on the surface. Investigations that study the effect of an applied stress
below the yield stress are also necessary. Moreover, in the anode side of the PEMFC,
the work potential is around ‒0.1V, which is located within the active-passive transition
potential region of stainless steel in H2SO4 solution [144, 171, 172]. Most of the studies
on the effects of hydrogen and stress on the passive behaviour of stainless steel focus
on the breakdown of the passive films or the corrosion rate in the passive potential
region. To the best of our knowledge, little attention has been paid to the active-passive
transition potential region.
This work investigates the effects of hydrogen and applied tensile stresses on the
electrochemical and passivation behaviour of 304 stainless steel (304 SS) in 0.5 M
H2SO4 + 2 ppm NaF where the tensile stresses applied are lower than the yield stress.
It explores the effect of hydrogen and stress on the current densities and the properties
of the passive film in the active-passive transient potential region and the passive
potential region.

6.2. Experimental
6.2.1. Materials and solutions
The test material was 304 SS, and its chemical composition (wt.%) was 18.4 Cr, 0.204
Cu, 72.4 Fe, 1.39 Mn, 0.306 Mo, 8.79 Ni, 0.02 P, 0.430 Si, 0.026 C, 0.003 S, and Fe
for the balance. Please refer to Section 3.2.1 in Chapter 3 on specimen preparation.
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One set of specimens was cathodically charged with hydrogen in 0.5 M H2SO4 +0.25
g/L thiourea before electrochemical tests. The addition of the thiourea to the charging
solution is to inhibit the hydrogen recombination reaction and therefore promote
hydrogen entering the specimen.
6.2.2. Electrochemical measurements
Please refer to Section 3.2.3 in Chapter 3 on electrochemical measurements of
potentiodynamic polarization, Mott-Schottky measurements, and reference electrode.
The experimental setup is shown in Fig. 6.1. A double cell, one side for hydrogen
charging and another side for electrochemical tests, was used to introduce hydrogen
into the specimens. Prior to all the hydrogen charging and electrochemical
measurements (no hydrogen charging during this stage), one set of specimens were
tensile-stressed by applying a constant load with a dead-weight device. The tensile
stresses applied were 50, 150 and 250 MPa which are less than the yield stress measured
(320 MPa) and are all in the elastic deformation range. The specimens were
cathodically charged with various current densities (ich) of 2, 5 and 10 mA/cm2 for 4
hours to control the amount of hydrogen introduced to each specimen. Our previous
work has proved that approximately 6 ~ 105 ppm of hydrogen was introduced to the
specimens under the same conditions [173]. During the hydrogen charging process, the
electrochemical measurement side of the specimen is immersed in the test solution and
the potentials of the specimen at the charging side are recorded. After the hydrogen
charging, potentiodynamic polarization curves were measured at the electrochemical
measurement side of the double cell at a scan rate of 1 mV/s from an initial potential of
‒0.5 to 1.0 V vs. Ag/AgCl. Prior to the Mott-Schottky, the specimens were
potentiostatic polarized at selected potentials (‒0.2, ‒0.1, 0, 0.1, 0.2, 0.3, 0.4 V vs.
Ag/AgCl) for 150 minutes.
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Figure 6.1 Experimental setup for hydrogen charging (left side) and electrochemical measurements (right
side). The specimens were charged with hydrogen and stressed by a constant load.

6.2.3. Surface analysis
Please refer to Section 3.2.4 in Chapter 3 on surface analysis.

6.3. Results
6.3.1. Evolution of the potential during the hydrogen charging processes
Fig. 6.2 shows the plots of potential vs time of the specimen charged with the current
density of ‒2, ‒5, and ‒10 mA/cm2. For the unstressed specimens in Fig. 6.2a, when
the ich increases from 2 to 10 mA/cm2, the stationary potential of the specimen at the
hydrogen charging side approaches ‒64, ‒67, and ‒75 mV, respectively. A more
negative potential is observed when the specimen is charged with a larger ich. Similar
results are observed for the specimens that stressed at 50 and 150 MPa, shown in Fig.
6.2b and c. OCP fluctuations that occurred at all the currents and stress values are
observed.
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Figure 6.2 Evolution of the potentials during the hydrogen charging process for the specimens with the
different hydrogen charge current densities. (a) σ=0 MPa; (b) σ=50 MPa; (c) σ=150 MPa, and (d) σ=250
MPa. The hydrogen charging solution is 0.5 M H2SO4 + 0.25 g/L thiourea.

6.3.2. Potentiodynamic polarization curves
Fig. 6.3 shows the potentiodynamic polarization curves of 304 SS specimens 0.5 M
H2SO4 + 2 ppm NaF with and without hydrogen charging and stress. 304 SS displays a
typical active-passive behaviour in all cases. With an increase in the potential from zero
current potential, the polarization passes through the active, active-passive transition,
passive and transspassive regions. Here, the critical current density (icrit) at the primary
passive potential (Epp = ‒0.2 V) and passive current density (ipass) at E = 0.4 V marked
in Fig. 6.3 are used to characterize the effect of hydrogen and stress on current densities.
The present of icrit implies a transition from dissolution state to the passive state occurs
on the surface of the specimen. A layer of passive film (mainly Cr oxide/hydroxide and
Fe oxide/hydroxide) is formed and thus, the current decreases significantly and the
specimen enters the passive state [174-177]. Applied stresses and hydrogen charging
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are found to increase the icrit and ipass. However, the effects of hydrogen and stress on
the icrit and ipass are different. The changes in the ipass with applied stress at various ich,
and the icrit with ich at various applied stress are summarized in Fig. 6.4a and b,
respectively. Theoretically, the effect of pre-charging is to shift the currents in the
positive direction in the whole range. However, in Fig. 6.3 some of the cathodic
currents of the charged specimens decreased while the anodic current increased. The
deviation of the cathodic current originates from the different cathode overpotentials
(η) owing to the different corrosion potentials (Ecorr) of the charged specimens. The
start potential at the cathode branch is ‒0.45 V vs. Ref, which is 80~150 mV away from
the Ecorr of the specimens. The difference in Ecorr leads to different cathode η. A large η
is achieved for a specimen with a more positive Ecorr. For example, for the hydrogen
charged specimens in Fig. 6.3b, the Ecorr of the specimens charged at 2 and 10 mA/cm2
are ‒0.33 and ‒0.38 V, respectively. Thus, their ηs at ‒0.45 V are 120 and 70 mV,
respectively. Within the same potential range of ‒0.38 and ‒0.45 V (the cathode branch),
the specimen charged at 2 mA/cm2 has a larger η at any specific potential than the
specimen charged at 10 mA/cm2. Therefore, a higher cathodic current is observed for
the specimen charged at 2 mA/cm2, which has a lower anodic current. Compared with
the increasing degree of the anodic current, the deviation of the cathodic current is much
smaller. This study focuses on the changes of the anodic current, and thus, the changes
of the cathode current are not discussed in the manuscript. Moreover, compared to the
results in 0.5 M H2SO4 + 2 ppm NaF, the potentiodynamic polarization curves in 0.5 M
H2SO4 showed no obvious difference, as seen in Fig. 6.3e. Therefore, what fluoride
might do to the corrosion process will not be discussed further in this work.
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Figure 6.3 Effects of hydrogen and applied tensile stress on potentiodynamic polarization curves of 304
SS, (a) σ=0 MPa and (b) σ=250 MPa with the different hydrogen charge current densities; (c) ich=0
mA/cm2 and (d) ich=5 mA/cm2with the different applying stress in 0.5 M H2SO4 + 2 ppm NaF solution.
(e) A comparison of the potentiodynamic polarization curves conducted in 0.5 M H2SO4 with/without 2
ppm NaF.

In Fig. 6.4a, line A corresponds to the ipass of an uncharged specimen without stress (i0),
i.e., ipass = i0 for the specimen without stress and hydrogen. The measured ipass is a
combination of current from the film formation under non-stationary conditions, the
film dissolution, the hydrogen oxidation as well as oxygen reduction reaction. Lines C,
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F and I present the ipass of unstressed, but hydrogen charged specimens with ich= 2, 5
and 10 mA/cm2, respectively. The difference between line C (F or I) and line A, iH, is
an increase in the ipass contributed by the presence of hydrogen dissolved in the
specimen. It should be pointed out that iH is contributed by both the oxidation of
hydrogen atoms diffused to the surface of the specimens and the anodic dissolution of
passive films. These two contributions cannot be separated by electrochemical
measurements alone. iH has a value of 4.75, 7.04 and 14. 66 mA/cm2 when charged
with ich= 2, 5 and 10 mA/cm2, respectively. In this condition, ipass = i0 + iH for the
unstressed but hydrogen charged specimens. Line B presents the variation of the ipass
with applied stresses for the uncharged specimen. The difference between line A and
Line B, i is the increase in ipass contributed by applied stresses. The dashed line D (G
and J) represents the sum of i0, iH and i. Here, i for uncharged and charged specimens
have the same values when the applied stress is the same, i.e., the differences between
A and B, C and D, F and G, I and J, is the same. Line E (H and K) presents the ipass of
charged and stressed specimens. Similar to ipass, Fig. 6.4b presents the effect of
hydrogen and stress on the icrit. Obviously, from Fig. 6.4a and b, the effects of hydrogen
and stress on ipass or icrit are not simply arithmetically additive. The current densities of
hydrogen charged and stressed specimens are higher than the sum of i0, iH and i, i.e.,
ipass > i0+ iH + i. The difference between Line E (H and K) and Line D (G and J)
indicates that there exists a synergistic effect between hydrogen and stress on the ipass
and icrit, and this part of the current density is noted as iH*. Therefore, the current
density (ipass or icrit) of a hydrogen charged and stressed specimen can be expressed as:
𝑖𝑝𝑎𝑠𝑠 (𝑖𝑐𝑟𝑖𝑡 ) = 𝑖0 + 𝑖H + 𝑖 + 𝑖H∗

(6 − 1)

where the i0 is the ipass (icrit) without stress and hydrogen, iH is the increase in ipass (icrit)
contributed by the addition of hydrogen, 𝑖 is the increase in ipass (icrit) contributed by
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the addition of stress, and the iH*σ is the synergistic effect of hydrogen and stress that
causes changes in ipass (icrit).

Figure 6.4 Effects of hydrogen charging current density and the applied tensile stress on the passive
current density ipass (a) and the critical current density icrit (b).

In Fig. 6.4a, compared to the results at lower ich (2 mA/cm2) or higher ich (10 mA/cm2),
the iH*σ has a larger value when ich =5 mA/cm2, i.e., the synergistic effect between
hydrogen and stress on the ipass is more obvious at intermediate ich. Similar results were
also observed on the icrit shown in Fig. 6.4b the value of iH* is larger at ich =5 mA/cm2
than that at higher or lower ich. This interesting phenomenon will be discussed later.
6.3.3. Effect of hydrogen, stress, and synergism on ipass and icrit
The impacts of dissolved hydrogen, applied stress, and the synergistic effect between
applied stress and dissolved hydrogen on ipass (icrit) are assessed using the current
density ratios as defined by the following equations [154]:
The hydrogen factor is
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𝑘𝐻 =

𝑖𝐻
𝑖0

(6 − 2)

The stress factor is
𝑘 =

𝑖
𝑖0

(6 − 3)

The synergistic factor is
𝑘𝑆 =

𝑖𝐻∗
𝑖0

(6 − 4)

where i0, iH, i and iH* are the current densities shown in Fig. 6.4a and b. The value of
the kH and k reflects the dependence of the current density on the dissolved hydrogen
and applied stress, respectively.
As shown in Fig. 6.5, kH has a higher value for icrti than that for ipass, indicating that
hydrogen has a more obvious impact on the current density in the active-passive
transition potential region than that in the passive potential region for the unstressed
specimen. For the uncharged specimen, stress has a comparable effect in the activepassive transition potential region and the passive potential region since k values are
close to each other in these two potential regions. As mentioned above, ks has a
maximum value for the specimen charged in an intermediate range (ich = 5 mA/cm2)
under all the conditions except the specimen stressed at =50 MPa for ipass.
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Figure 6.5 Hydrogen factor (kH) for unstressed specimens (a), stress factor (k) for uncharged specimens
(b) and synergistic factor (ks) of icrit (c) and ipass (d) for hydrogen charged and stressed specimens.

This synergistic effect between hydrogen and stress indicates that hydrogen (or stress)
effects on ipass and icrit vary for the specimen under different stresses levels (or ich). To
clearly show the effect of various ich and  on the current densities, icrit, and ipass from
Fig. 6.4a and b are represented in Fig. 6.6. In Fig. 6.6a and b, at a fixed hydrogen
charging current density, icrit (ipass) and  approximately follow a linear relationship
𝑖crit = 𝛼𝜎 ∗ 𝜎 + A

(6 − 5)

𝑖pass = 𝛽𝜎 ∗ 𝜎 + B

(6 − 6)

where A and B are the fitting parameters, and  and  are the slopes of the fitting
lines, indicating the influence extent of stress on icrit and ipass.
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Figure 6.6 Effects of applied tensile stress on the ipass in the passive potential region (a) and hydrogen
charging current density on the icrit in the active-passive transition potential region (b).

From the fitting results, as shown in Fig. 6.7, it can be observed that the effect of stress
on icrit and ipass follows a similar pattern. Both the values of  and  are lowest for
the uncharged specimen and increase with charging current density until reaching the
highest value at around ich = 5 mA/cm2, and then decrease with charging current density.
The values of  and  indicate that applied stress affects the icrit and ipass for the
specimen uncharged and charged at high ich to a lesser extent than those charged in an
intermediate range.
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Figure 6.7 Variations of  and  with the hydrogen charging current densities.

6.3.4. Effect of hydrogen and stress on electronic properties of passive films
The Mott-Schottky analysis was used to study the effect of dissolved hydrogen in steel
and stress on the semiconducting properties of the passive film formed on stainless steel
in sulfuric acid. The electrochemical capacitance of the passive film/electrolyte
interface was measured as a function of the applied potential. The relationship between
the capacitance and the applied potential is given by the well-known Mott-Schottky
equation, which describes the potential dependence of the space charge layer capacity,
C, of a semiconductor electrode under the depletion condition. Assuming that the
capacitance of the space-charge layer is much less than that of the Helmholtz layer, the
electrode capacitance is equal to the capacitance of the space charge layer [123, 178].
The measured capacitance of semiconductors is given by the following equation:
1
2
k∙T
=
±
(𝐸
−
𝐸
−
)
𝐹𝐵
𝐶2
e ∙ 𝑁 ∙ 𝜀 ∙ 𝜀0
e

(6 − 7)

where e is the electron charge; N is the charge carrier density of the acceptor or donor,
which can be calculated from the slope of the Mott-Schottky plots; ε is the dielectric
constant of the passive film (ε = 15.6 for stainless steel); and ε0 is vacuum permittivity
of value 8.85×10-12 F/m; k is the Boltzmann constant; E is the applied electrode
potential and EFB is the flat band potential; T is absolute temperature and kT/e is ∼25
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mV at room temperature. The Mott-Schottky plots were conducted at a very fast
scanning rate to ensure that the thickness of passive film layer remains constant and the
point defect structure remains “frozen” over the duration of the experiment, thereby
more accurately confirming the assumptions behind Mott-Schottky theory [179, 180].
Fig. 6.8a represents the C-2 vs. potential plots for a passive film formed on 304 SS with
or without hydrogen charging and stress in the active-passive transition potential region
and the passive potential region in 0.5 M H2SO4 + 2 ppm NaF solution. The polarization
curves in Fig. 6.3 shows that the passive regions for the specimens are in the potential
range from 0 ~ 0.5 V. When the potential is above 0.5 V, the passive current densities
start to increase. As suggested by the literature [181, 182] and polarization curves
results, the linear potential range was selected from 0 ~ 0.5 V (in the stable passive
regions) for the donor density calculation. All Mott–Schottky plots display positive
slopes, indicating that the oxide films behave as an n-type semiconductor under various
hydrogen charging current densities and stresses. Both stress and hydrogen increase the
capacity of the passive film formed in sulfuric acid solutions in a passive potential
region and also in an active-passive transition potential region. The capacity of the
passive film formed at active-passive transition potential is smaller than that in the
passive potential region. The numerical values of the donor densities are obtained from
the linear part of the slopes and are presented in Fig. 6.8b. Compared to the passive
film formed on the uncharged and unstressed specimens, it can be seen that the donor
density ND is larger for the hydrogen charged specimen and/or stressed specimen both
at passive potential and also active-passive transition potential, demonstrating that both
hydrogen dissolved in metal and the applied stress increase the donor density of the
passive films. The values of ND are in an order of magnitude of around 1021 cm-3 and
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are comparable to the reported values of the passive film for stainless steels in sulfuric
acid solution[118, 124].

Figure 6.8 Mott-Schottky plots of the passive films formed on 304 SS in 0.5 M H 2SO4 + 2 ppm NaF
solution (a) and calculated donor densities (b).

Fig. 9a represents the C-2 vs. potential plots for a passive film formed on 304 SS in the
sulfuric solution at the selected passive film formation potentials from an active-passive
transition potential region (Eff = ‒0.2 V) to a passive potential region (Eff = 0.4 V). For
uncharged and unstressed specimens, or hydrogen charged at ich = 5 mA/cm2 and
stressed at  = 250 MPa, Fig. 9a displays positive slopes and indicates that n-type
semiconductor behaviour appears for the passive films formed at all formation
potentials. The calculated donor density presented in Fig. 9b is exponentially fitted as
a function of the formation potential to estimate the diffusivity of the oxygen vacancy
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through the passive film. The relevant equation shown below describes the dependence
of the donor density on the formation potentials [124, 181]:
𝑁D = ω1 ∗ exp(b ∗ 𝐸ff ) + ω2

(6 − 8)

where 1, 2 and b are the fitting parameters, which could be determined from the
experimental data; Eff is the selected film formation potential.
The diffusion coefficient can be calculated by the following equations [183]:
𝐷0 = −
𝐽0 = −

𝐽0
𝐽0 RT
=−
2Kω2
2Fω2 εL

(6 − 9)

𝑖𝑠𝑠
2𝑒

(6 − 10)

where L represents the electric field strength of the passive film, which was determined
to be approximately 1.02×106 V/cm from previous studies [183, 184]. iss presented in
Fig. 9(c) is the passive current density after the potentiostat treatment for 150 minutes
at the selected potentials.
Substitution of iss, e, L, 2, R, T, and F into Eqs. (9) and (10) yields D0=2.09 ~ 7.61×1017

cm2/s for the uncharged and unstressed specimen, and D0=1.51 ~1.84×10-16 cm2/s for

hydrogen charged and stressed specimen.
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Figure 6.9 Mott-Schottky plots of the passive films formed on 304 SS in 0.5 M H 2SO4 + 2 ppm NaF
solution at selected film formation potentials (a) and calculated donor densities (b). The current
responses of the specimens with and without hydrogen charging and/or applied stress at selected
potentials (c).

6.3.5. Surface morphologies of the specimens before and after tests
The actual images of the specimens before and after the potentiodynamic polarization
tests are presented in Fig. 6.10. Scratches from the grinding process are observed on all
the specimens. Before the potentiodynamic polarization tests, the surface state of the
specimens after stress applying and/or hydrogen charging are present in Fig. 6.10b~d.
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No surface damage is observed for these three specimens. This is because of the low
hydrogen charging current density (2~10 mA/cm2) and the low stress used in this work.
The applied stress (maximum 250 MPa) is lower than the yield stress of the 304 SS
(320 MPa) and only elastic deformation occurs. With a hydrogen charging current
density of 2~10 mA/cm2 for 4 hours, the surface damage owing to hydrogen charging
is not expected. The surface morphologies of the specimens after potentiodynamic
polarization measurements are shown in Fig. 6.10e~h. For very carefully ground
specimen, no obvious localized corrosion was observed on the specimen other than
some slight dissolution of the scratches and tiny pits arising from the intrinsic impurities
of the material. To present the detailed information of the surface morphology for the
specimen stressed at 250 MPa, images with a higher magnification up to 60000 are
present in Fig. 6.11. Similarly, no clear crack or pitting is seen from the surface,
consistent with the morphologies shown in Fig. 6.10.
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Figure 6.10 Surface morphologies of the specimens before (a~d) and after (e~h) potentiodynamic
polarization tests. (a) and (e) are unstressed and without hydrogen charged (σ=0 MPa and ich=0 mA/cm2),
(b) and (f) are stressed but without hydrogen charged (σ=250 MPa and ich=0 mA/cm2), (c) and (g) are
unstressed but with hydrogen charged (σ=0 MPa and ich=10 mA/cm2), (d) and (h) are stressed and
hydrogen charged (σ=250 MPa and ich=10 mA/cm2). The scar bar of the insert images in (e)~(h) is 2 µm.
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Figure 6.11 Surface morphologies of the specimen stressed at σ=250 MPa after potentiodynamic
polarization tests with a different magnification. (a) 5000, (b) 10000, (c) 30000, (d) 60000.

6.3.6. XPS analysis
The XPS analysis of the passive films formed in the sulfuric acid solution with or
without hydrogen charging is shown in Fig. 6.12, and the detailed parameters are shown
in Table 6.1. All the metallic and oxidized states of Cr 2p3/2, Fe 2p3/2, and O1s are
presented. The O1s spectra shown in Fig. 6.12a can be deconvoluted into three
components, O2-(530.4 eV), OH- (532.1 eV) and H2O (533.5 eV). Obviously, the peaks
of hydroxides, corresponding to the Cr(OH)3 and FeOOH are much stronger than those
of oxide peaks, which are assigned to Cr2O3, Fe2O3, Fe3O4, and FeO. Moreover, the
peaks of O2- become much weaker for the hydrogen charged specimen compared to the
uncharged specimen at both Eff = ‒0.2 and 0.4 V, indicating that the oxide species are
converted to hydroxides for the hydrogen charged specimen [185, 186]. Also, peaks of
O2- are weaker for the passive film formed at Eff = ‒0.2 V than that at Eff = 0.4 V. The
high-resolution spectra of Cr 2p3/2 in Fig. 6.12b show three constituent peaks
representing the metallic state Cr(met) (574.0 eV), Cr2O3 (576.2 eV) and Cr(OH)3 (577.4
eV). At Eff =0.4 V, the intensities of Cr2O3 and Cr(OH)3 are comparable to each other
for the uncharged specimen, while the intensity of Cr(OH)3 is apparently higher than
that of Cr2O3 after hydrogen charging. This difference between the intensities of Cr2O3
and Cr(OH)3 is more obvious for the film formed at Eff = ‒0.2 V. The Fe 2p3/2 spectra,
as shown in Fig. 6.12c can be deconvoluted into four peaks corresponding to the
metallic state of Fe (706.7 eV), Fe3O4 (707.7 eV), FeO (708.8 eV), Fe2O3 (710.0 eV)
and FeOOH species (711.4 eV). After normalizing the XPS intensity data, compared to
the metallic Fe peak, the peaks for the Fe species (including Fe2+, Fe3+ oxides, and
FeOOH) become weaker for the hydrogen charged specimen.
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Figure 6.12 XPS spectra of O1s (a), Cr 2p3/2 (b) and Fe 2p3/2 (c) peaks of the passive film form on 304
SS in 0.5 M H2SO4 + 2 ppm NaF solution at selected potentials.
Table 6.1 The XPS peak positions and peak areas (%) for the components of passive films on the 304 SS
in 0.5M H2SO4 + 2ppm NaF solution.

Spectra

O1s

Cr2p3/2

Fe2p3/2

Component

Position
(eV)

O2OHH2O
Cr
Cr2O3
Cr(OH)3
Fe
Fe3O4
FeO
Fe2O3
FeOOH

530.4
532.1
533.5
574.0
576.2
577.4
706.7
707.7
708.8
710.0
711.4

Peak area %
ich=0
ich=5
ich=0
ich=5
2
2
2
mA/cm
mA/cm2
mA/cm
mA/cm
Eff=0.4V Eff=0.4V Eff=−0.2V Eff=−0.2V
24.80
17.32
21.85
14.02
61.16
66.82
63.63
69.08
14.04
15.86
14.52
16.91
14.72
14.01
13.47
13.16
42.68
33.89
39.02
30.91
42.60
52.10
4750
55.93
34.73
43.12
37.11
45.73
15.61
15.07
15.28
16.57
12.87
11.74
11.37
10.11
22.93
17.81
21.33
15.67
13.86
12.27
13.91
11.91
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6.4. Discussion
The passive current density is a parameter which reflects the diffusion rates of the cation
and anion ions through the passive film. Therefore, any factor that promotes the ions
diffusivity through the passive film will promote the passive current density. It has been
reported that hydrogen increases the oxygen vacancy concentrations in passive films
[187]. The applied stress also has an effect on the passive current as the stress influences
the diffusion coefficient for the vacancy type self-diffusion based on a thermodynamic
analysis [188]. The Mott-Schottky results in the present work show that the hydrogen
charged and stressed specimens have a much higher vacancy density and vacancy
diffusion coefficient compared to the uncharged and unstressed specimen. Moreover, it
has been reported that the thickness of the passive film is decreased for the hydrogen
charged specimen [189], leading to an increase in the electric field through the passive
film, thus resulting in an enhanced vacancy diffusion rate in the passive film. As a result
of increased vacancy donor density, enhanced diffusion coefficient, and reduced
thickness of the passive film, the current density of the passive film in both the activepassive transition potential region and the passive potential region is promoted
compared to the uncharged and unstressed specimen.
6.4.1. Effects of hydrogen and stress on the properties of the passive film
The effects of hydrogen and stress on semiconductivity of the passive film formed on
304 SS in 0.5 M H2SO4 + 2 ppm NaF solution is schematically shown in Fig. 6.13. The
304 SS/solution system can be divided into three regions: metal substrate, passive layer,
and solution. Fig. 6.13a and b show the effect of hydrogen on defect type and defect
density in the passive film formed in sulfuric solution. For the uncharged and unstressed
specimen shown in Fig. 6.13a, the relatively low corrosion rate is the result of limited
vacancy concentration (Fig. 6.8) and diffusivity (Fig. 6.9c). For the hydrogen charged
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and stressed specimen shown in Fig. 6.13b, the vacancy concentration and its
diffusivity are significantly increased, resulting in an enhanced film dissolution rate.
One possible reason for hydrogen enhanced corrosion of 304 SS in sulfuric acid
solution is the modification of the chemical compositions of the passive film caused by
hydrogen inside the metal. The absorbed hydrogen could diffuse through the passive
film from the metal side and be ionized as a proton, which will release an electron,
acting as a donor. Under the electric field force, protons will diffuse from the metal/film
interface to the film/solution interface and finally dissolve in the solution. Furthermore,
owing to the strong Coulomb interaction between a proton and an oxygen ion, OH− can
be formed in the passive film according to the following reactions [185, 190]:
H → H + + e−

(6 − 11)

H + + O2− → OH −

(6 − 12)

The formation of OH− decreases the ratio of O2−/OH− in the passive film; this is
supported by the XPS results shown in Fig. 6.12a and b. After normalization of XPS
intensity data, the O2- peak is weaker for the passive film formed on the hydrogen
charged specimen at both Eff = ‒0.2 V and Eff = 0.4 V, an indication that the oxide
ingredient is converted into hydroxide. Also, the Mott-Schottky results in Fig. 6.8 and
6.9 reveal that the hydrogen charged specimens have a higher concentration of donor
(mainly oxygen vacancy) in the passive film than in the uncharged specimen. Both the
increased donor density and promoted diffusion rate in the passive film result in a high
ion exchange rate through the passive film/solution interface, i.e., the current density of
the passive film in the active-passive transition potential region and the passive
potential region is increased.
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Figure 6.13 Schematic diagram of defect type and defect density in the passive films for uncharged and
unstressed specimen (a), hydrogen charged and stressed specimen (b); potential distributions across the
electrode/electrolyte interfaces (c).

6.4.2. Effect of hydrogen on the potential drop at film/solution interface
Another reason hydrogen promoted the dissolution of passive film formed on 304 SS
in sulfuric solution might be the increased potential difference at the passive
layer/solution interface. Fig. 6.13c shows the potential distribution across the
metal/film interface and film/solution interface. According to the point defect model
(PDM) [191], the driving force (applied potential) for oxide formation in a
metal/film/solution system can be divided into three parts: (1) the potential drop at the
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metal substrate/film interface that controls the internal interfacial reactions; (2) the
potential drop in the passive layer that controls the transport across the film; and (3) the
potential drop at the film/solution interface, i.e., the potential difference of the electron
double layer, ∆Edl, that controls the external interfacial reactions. Under passive
conditions, the film thickness is constant and ∆Edl is only determined by the applied
potential and solution pH, and a decrease in pH increases the ∆Edl. It is accepted that
the passive layer formed on stainless steel has a bilayer structure, mainly a Cr oxides
internal layer and a Fe oxides outer layer. After normalizing the XPS intensity data for
Fe 2p3 shown in Fig. 6.12c, compared to the metallic Fe peaks, the peaks for Fe species
(including Fe2+, Fe3+ oxides, FeOOH) become weaker for the hydrogen charged
specimen. As suggested in the literature [118], weaker intensities of Fe compounds and
stronger intensity of metallic Fe might indicate that the thickness of the Fe compounds
layer is thinner for the hydrogen charged passive film. Thinning of the passive film
leads to a smaller potential drop through the passive layer and thus increases ∆Edl at the
film/solution interface. Moreover, a fraction of protons produced by the oxidation of
hydrogen in the passive film diffuses from the metal and finally enter into the solution,
resulting in a local proton ions concentration increase and thus a decrease in pH at the
film/solution interface [185]. As a result of the passive film thinning and the local pH
decrease stated above, there is an increase in ∆Edl. As shown in Fig. 6.13c, the interface
potential difference for hydrogen charged specimens is increased to ∆Edl(H), compared
to the ∆Edl for the uncharged sample. This potential drop in ∆Edl between the passive
layer and solution is the driving force for the dissolution of the passive film. Therefore,
an increase in ∆Edl could accelerate the dissolution rate of the passive film, resulting in
hydrogen promoting the corrosion rate of 304 SS in sulfuric acid solution.
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6.4.3. Additional electric repulsion force from protons in the passive film
From the electric field force point of view, Zeng et al. [192] proposed a new explanation
for the effect of hydrogen on the properties of the passive film. They pointed out that
the concentration gradient of hydrogen in the passive film creates an additional electric
repulsion on positive charges, such as Fe2+ or Cr3+ and oxygen vacancies; and enhances
the diffusion rate of cation and anion vacancies. In the passive film formed on stainless
steel, the force on positive charges is the electrical field force from the applied potential
and electrical attraction force between positive charges and O2-. When the positively
charged hydrogen ions exist in the passive film, they might have a negative effect on
the interaction strength between Fe2+ or Cr3+ and O2-. Also, the hydrogen ions should
add an additional electric repulsive force on metal ions if protons enter the metal
interstitial lattice sites. For the same reason, hydrogen ions would add an additional
repulsive force on oxygen vacancies and promote the diffusion of oxygen vacancy
through the passive film. As shown in Fig. 6.13b, when the applied potential is within
the passive region, cations are injected into the film from the metal and move to the
film/solution interface mainly by the interstitial diffusion mechanism, and oxygen ions
are injected into the passive film from the solution and move towards the metal/film
interface by a vacancy diffusion mechanism. At the same time, oxygen vacancies are
created at the metal/film interface [191]. During the diffusion process of cations and
oxygen vacancies, the diffusion coefficient of cations or oxygen vacancies would be
increased by hydrogen owing to the additional repulsive force between Fe2+, Cr3+ or
oxygen vacancy and H+. As the hydrogen diffuses from the metal into the passive film,
its concentration in the passive layer drops towards the film/solution interface. This
concentration gradient favors the diffusion of cations and oxygen vacancies towards the
film/solution interface as shown in Fig. 6.13b. As a result of enhanced diffusion of
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cations and oxygen vacancies, the anodic dissolution of passive film formed on 304 SS
in sulfuric acid solution is promoted.
6.4.4. Synergistic effect between hydrogen and stress on the dissolution of the
passive film
We observed that the anodic dissolution rate of the hydrogen charged specimens
increased with an increase of applied stress. However, as shown in Fig. 6.5c and Fig.
6.7b, the applied stress affects icrit and ipass to various degrees for the specimen charged
at different current densities. For hydrogen charged specimens under tensile stress, the
concentration of vacancy defects is increased owing to hydrogen charging. On the other
hand, the applied tensile stress increases the diffusivity of the vacancy in the passive
film. The promoted anodic dissolution is the result of the combined effect of the
hydrogen charging and applied tensile stress. In the low hydrogen charging current
density range, stress dominates the anodic dissolution process. Hydrogen increases the
donor density in the passive film but the contribution from hydrogen is not significant
enough to promote the anodic dissolution rate. An increase in the diffusivity of the
vacancy in the passive film due to the applied stress promotes the film dissolution. In
the high hydrogen charging current density range, hydrogen dominates the anodic
dissolution process. The concentration of donor density caused by the high hydrogen
charging current density is at a higher level for the unstressed specimen, and the
hydrogen increased vacancy density is the major contributor to the anodic dissolution
of the passive film formed on 304 SS. In the intermediate hydrogen charging current
density range, compared to that under lower ich, the donor density is increased owing
to increased hydrogen charging current density. However, this increase is still not high
enough to significantly promote the film dissolution. When stress is present, the
interaction between stress and hydrogen resulting in the current density of the stressed
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and charged specimen is higher than that of the combination of only the stressed
specimen and the hydrogen charged specimen. That is to say, stress amplifies the effect
of hydrogen alone, and vice versa. As a result, the synergistic effect between hydrogen
and stress is more obvious in the intermediate hydrogen charging current density range
than that in the lower or higher ich and thus stress has a maximum effect on the anodic
dissolution of the passive film. Similar results are also observed between hydrogen and
stress on the passivity of stainless steel in borate solution [187].
6.4.5. Comparison of the passive films formed in active-passive and passive
potential regions
Fig. 6.5a shows that dissolved hydrogen has a more obvious impact on the anodic
dissolution rate in the active-passive transition region than that in the passive potential
region, indicating that the effect of hydrogen is dependent on the stability of the passive
film. In the active-passive region, the passive film is more unstable. Hydrogen makes
it difficult to form the passive films and reduces the stability of the formed passive films.
The Mott-Schottky analysis presented in Fig. 6.9 shows that with increasing film
formation potential, the capacitance and donor density of the passive film decreases,
and the flat band potential increases. This is in agreement with the fact that the films at
lower potential are considered to be more disordered [193]. According to the signal of
metallic state of Fe and Cr from the XPS results, it is expected that the thickness of the
passive film formed at Eff = 0.4 V is thicker than that formed at Eff = ‒0.2 V. The change
in the thickness of the passive film induces the change of upward bending in the energy
band of the passive film, as shown in Fig. 6.14. The defects in the passive film are
registered as the localized states. Dean and Stimming [194] found that with a decrease
in film thickness, the density of the localized states in the band gap increases. The
thinning of the passive film and an increase in the density of localized states promote
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the anodic dissolution of the passive film. Overall, because the film formed in the
active-passive potential range is more disordered, the upward bending of the energy
band in the space charge layer is more enhanced than that formed in the passive
potential region. Hydrogen more obviously affects anodic dissolution of the film at Eff
= ‒0.2 V than that at Eff = 0.4 V.

Figure 6.14 Schematic diagram of energy band structures of the passive films formed at potentials of (a)
Eff= 0.4 V vs. Ag/AgCl and (b) Eff= ‒0.2 V vs. Ag/AgCl.

6.4.6. The possibility of the localized corrosion induced by the tensile stress
The passive film on stainless steel being more brittle than the substrate and the applied
stresses lower than the yield stress of the metallic substrate do not necessarily guarantee
the integrity of the oxide. However, it seems unlikely that the passive film would
rupture under the test conditions used in this study. This is inferred based on the
following considerations:
To begin with, the passive film on the stainless steel is a type of self-recovering film
[176, 177, 195] and possesses considerable ductility [196]. In the environment
containing oxygen or water, automatically self-recovery occurs if the passive film is
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damaged. Courty et al. [195] used oxygen isotope to study the surface oxidation of FeCr alloy subjected to cathodic and anodic polarization. It was found that the broken
passive film is recovered in the environment containing oxygen or water. Bubar and
Vermilyea [196] studied the deformation of the passive films on various metals. By
straining the metal covered by the film and observing the current required to keep the
passive film, an estimate of the ductility of a passive film can be made. Their results
show that the passive film on 304 SS possesses considerable ductility and its relative
ductility is higher than those of Fe, Al, 60Ni-16Cr, Zr, and 80Ni-20Cr.
Moreover, the stress required to induce the fracture of the passive film is higher than
the stress level used in the present study. Rodriguez-Marek et al. [197] used a
nanoindentation technique to measure the fracture of the passive film formed on 304
SS in dilute H2SO4 with chloride ions. The stress required to initiate film fracture
decreases in the presence of chloride ions (between 0.01 and 1 pct NaCl by weight) in
a 0.1 M H2SO4 solution. Based on an estimation of the film thickness as 5 nm, the elastic
modulus of the film as 300 GPa, and the flow stress of 304 SS as 400 MPa, the
nanoindentation results suggest that the stress required for passive film fracture is
approximately 1.6 GPa for an anodically grown passive film on 304 SS at 0 V vs.
Ag/AgCl in 0.1 pct NaCl +0.1 M H2SO4. [67] Considering the halide concentration
used in this study, 2 ppm NaF is much lower than that of the 0.1 pct NaCl, a stress
higher than 1.6 GPa is expect for the film fracture within the conditions in this study.
Recently, Yao et al. [198] also used nanoindentation to study the effect of hydrogen on
stainless steel passive film fracture and comparable results were found. The hydrogen
charging conditions selected in the present study are ‒2, ‒5, and ‒10 mA/cm2 for 4
hours, shorter than the 10 hours used in Yao’s study. Therefore, the fracture stress is
estimated between 4.05 and 2.67 GPa. It is worth mentioning that the measured fracture
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stress in the above two references is at the hydrogen charging side of the specimen.
This is different to our study that a double cell is used, and the electrochemical
measurements are conducted at the backside of the specimen rather than the hydrogen
charging side used in the literature. Therefore, the hydrogen concentration at the surface
is lower due to the low hydrogen diffusion rate of the face-centred-cubic 304 SS and
thus, a higher fracture stress is required.
Additionally, in this study, the halide ion concentration (2 ppm of NaF) is not high
enough to introduce the breakdown of the passive film thus resulting in localized
corrosion. Our previous work also found that there existed a critical chloride
concentration for the breakdown of the passive film. For example, this critical value is
between 100 and 1000 ppm chloride ions for the hydrogen charged and uncharged 304
SS in the 0.02 M H3BO3 +0.005 M Na2B4O7·10 H2O buffer solutions containing NaCl
[169].
Based on the above analysis and surface morphologies of the specimen after the test, it
is inferred that under the condition of the present study (applying stress is 250 MPa or
lower, the fluoride ion concentration is 2 ppm), the passive film formed on the stainless
steel is not ruptured or the film self-recovers once rupture occurs.

6.5. Conclusions
The effect of hydrogen and tensile stress on the passivation behaviour of the passive
film formed on 304 SS in sulfuric acid was investigated, and the results permit the
following conclusions:
(1) Both hydrogen and stress accelerate the icrit and ipass, and hydrogen has a more
obvious impact on icrit than that on ipass.
(2) Stress and hydrogen dominate the corrosion process in the low and high ich range,
respectively.
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(3) The synergistic effect between hydrogen and stress on current densities is higher at
the intermediate ich than that at either lower or higher range.
(4) Both hydrogen and stress increase the donor density of the passive films.
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Chapter 7. Summary and future prospects
7.1 Summary
The work presented in this thesis explored the electrically conductive and corrosion
resistant coatings on 304 SS and their stabilities of corrosion behavior and ICR in
simulated environment of PEMFC. Since the coatings reported in the literature
experience significant coating oxidation during the long-term polarization, the oxygen
plasma treatment is applied on conductive coatings to improve its oxidation resistance.
Firstly, Zr2N2O coating was prepared by oxygen plasma treatment on ZrN through
PEALD. A layer of protective ZrO2 forms on the coating surface and thus inhibits
further corrosion of the underneath coating and subsequently limits the coating
oxidation during the polarization test. Zr2N2O combines the high corrosion resistance
of ZrO2 and high conductivity of ZrN to best utilize the individual merit of the two
component compounds. Compared with ZrN, Zr2N2O exhibits a significantly enhanced
oxidation resistance and thus a little increase in ICR after the test.
Furthermore, to balance the ICR and corrosion resistance of the coatings, multilayer Cr
Oxide/Cr coatings were prepared using the remote O-ICP treatment on the Cr coating.
O-ICP results in the formation of a dense and thick oxide layer (CrO*), which decreases
the corrosion of the underneath substrate and the coating oxidation during the
polarization process and subsequently limits the total thickness increase of the oxide
layers. As a result, although the CrO* gives a higher ICR than native oxide layer (CrOx)
before the polarization test, only a mild increase in ICR after the test is observed for the
O-ICP treated coatings.
The above two studies demonstrate that oxygen plasma treatment on conductive
coatings to incorporate oxygen atoms or introduce oxide layers is a feasible strategy to
improve the corrosion resistance while maintaining considerable electrical conductivity
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at the same time. This method points to a new direction to prepare the electrically
conductive coatings with high corrosion resistance.
Additionally, considering the fact that metal BPP experiences cyclic potential changes
during the SU/SD processes of PEMFC stack, CTP induced dissolution and Zr2N2O
coating improved corrosion resistance were studied. The quite low corrosion current
and the mitigated corrosion morphologies of the coated specimens confirm that the
Zr2N2O coating can effectively restrain the anodic dissolution caused by the high CTPs.
Analysis of the electron energy level diagrams of the oxide layer suggests that a
protective coating with a wider gap between EF and EV contributes to the improved
corrosion resistance towards the transpassive dissolution.
Lastly, because hydrogen penetrates into the metal BPP during the operation of PEMFC
and the metal BPP is stressed if the assembly process of stacks is less perfectly
performed, this thesis work also investigated the effects of hydrogen and stress on the
corrosion of 304 SS in the simulated environment of PEMFC. Results show that 1) both
hydrogen and stress significantly increase the critical current density (icrit) and passive
current density (ipass), 2) hydrogen has a more obvious impact on icrit than on ipass, 3) a
high synergistic effect between hydrogen and stress on the current densities is observed
at the intermediate hydrogen charging current densities range because the stress
amplifies the effect of hydrogen when it is present alone and vice versa.

7.2 Future prospects
Several suggestions are listed as follows as a reference for the researchers who will
further work on the electrically conductive and corrosion resistant coatings on metal
BPP in the near future.
1) Controllable oxidation of semi-conductive coatings.
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Transient metal nitrides have been extensively studied for electrically conductive and
corrosion resistant coatings on metal BPP to enable its application in PEMFC. However,
the nitrides coating prepared by traditional techniques still suffers corrosion in the
severe acidic environment of PEMFC and results in the increase of ICR after test. A
coating with improved corrosion resistance but without sacrificing its conductivity is
an ideal solution for metal BPP. In this case, oxynitrides of transient metals, especially
Zr and Ta, are the potential candidates. The challenge here is to accurately control the
oxidation of the nitrides or control the content of oxygen atoms introduced to the
nitrides.
2) Balancing the ICR and corrosion resistance.
Coatings suffer corrosion and thus, ICR increases after the long-term polarization.
Therefore, it is meaningful to adjust the increase of ICR through balancing the ICR and
corrosion resistance of coatings. Currently, despite that researchers are focusing on the
preparation of conductive coatings with high corrosion resistance, limited work has
considered to sacrifice the ICR but enhances corrosion resistance of coating before test.
The enhanced corrosion resistance would be beneficial for coating oxidation during the
polarization process and thus a smaller increase in ICR is expected. In consideration of
this perspective, the new conductive coatings with unsatisfied ICR but improved
corrosion resistance can be developed.
3) Dynamic loading induced corrosion of metal BPP
Operating PEMFC stack experiences dynamic loading/output and the consequent
potential changes, especially for the mobile applications. Since metal BPP is
electronically connected with the electrodes, BPP will suffer corrosion induced by
dynamic potential changes. Previous work in literature used potentiostatic polarization
test at the normal work potential (0.6 V vs. Ag/AgCl) to simulate the potential at
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constant loading or energy output. Unfortunately, this is a less adequate simulation for
the practical situation, especially for the PEMFC stack used in transport vehicles.
Therefore, corrosion behavior of metal BPP under dynamic potential changes in
simulated environment of PEMFC is worth studying.
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