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Abstract

Fuel cell technologies have received much attention owing to their high
efficiencies and low emission. The polymer electrolyte membrane (PEM) fuel
cells are electrochemical device that convert the chemical energy directly to
electrical energy. They have been considered variety of applications due to
their high power density, rapid start up, work at low temperature. Especially,
the PEM fuel cells a promising candidate as the next generation power
sources for transportation applications. The PEM fuel cells have been
consisted of many parts such as membrane, catalyst, bipolar plate, flow field,
end plate and gas diffusion layer. The bipolar plates perform multiple
functions, such as conducting electrons between adjacent cells, separating
and distributing fuel and oxidant, and carrying away reaction products and
heat from each cell. Therefore, high interfacial electrical conductivities and
corrosion resistance are important properties for practical application.

Evaporation methods were used to deposit a film on AISI 316L stainless
steel to satisfy the requirements for bipolar plate of PEM fuel cells. The
chemical and electrical characteristics of films were studied for satisfied
united states department of energy (US DoE) standards.
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Titanium nitride (TiN), Chromium nitride (CrN), and ternary (Ti,Cr)N thin
films were produced by electron beam evaporation and thermal evaporation
with inductively coupled plasma processes. With two different deposition
methods, effects of high density plasma chemical and electrical properties
were investigated. Davies method was used for measurement of the interfacial
contact resistance (ICR) between samples and carbon paper. Potentiodynamic
and potentiostatic test were performed at in 0.1 N H2SO4 + 2 ppm HF solution
at 80℃ to simulate PEM fuel cells operation conditions.

First of all, the TiN coatings deposited by e-beam evaporation, ICR and
corrosion values were 2.48 μAcm-2 (at 0.6 V) and 3.96 mΩcm2 (150 Ncm2

), respectively. While, TiN coatings deposited by thermal evaporation with

ICP, ICR and corrosion values were 5.30 μAcm-2 (at 0.6 V) and 15.12 mΩ
cm2 (150 Ncm-2) each.
Secondly, the CrN coatings ICR and corrosion values were 2.91 μAcm-2
(at 0.6 V) and 11.7 mΩcm2 (150 Ncm-2) for e-beam evaporation, 3.20 μ
Acm-2 (at 0.6 V) and 9.9 mΩcm2 (150 Ncm-2) for thermal evaporation with
ICP.
Finally, the (Ti,Cr)N coatings deposited by e-beam evaporation ICR and
corrosion values was 6.37 μAcm-2 (at 0.6 V) and 4.5 mΩcm2 (150 Ncm-2).
2

The (Ti,Cr)N coatings deposited by thermal evaporation with ICP showed the
lowest corrosion current 0.93 μAcm-2 (at 0.6 V). Interfacial contact
Resistance (ICR) values of (Ti,Cr)N coatings was lower than AISI 316L
stainless steel used as substrate and ICR value was 10.62 mΩcm2 at the
compaction force of 150 Ncm-2. Following measurements, only (Ti,Cr)N
coating of corrosion and ICR were satisfied the US DoE targets of < 1 μAcm2

and < 20 mΩcm2.

Keywords : Polymer electrolyte membrane fuel cells (PEM fuel cells),
Inductively coupled plasma (ICP), bipolar plate, Titanium nitride (TiN),
Chromium nitrid (CrN), Titanium chromium nitride (Ti,Cr)N.
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Ⅰ. Introduction

A fuel cell is a device that converts the chemical energy from a fuel into
electricity. Fuel cells have been receiving significant attention due to the
growing concerns on the exhaustion of energy resources and the
environmental pollution.
One of the various alternatives of fuel cells, proton exchange membrane
fuel cells (PEM fuel cell) are the type of electrochemical devices that convert
the chemical energy generated during the electrochemical reaction of
hydrogen and oxygen to electrical energy. PEM fuel cell has distinguishing
features include fine efficiency by high power density, work at low
temperatures, quick start-up and high power transfer efficiency [1-2].
Therefore, PEM fuel cells are considered a most promising fuel cells for
portable and transportation applications. Especially, the development of PEM
fuel cell in last 5 decades has had a major subject on automobile manufacturing
The manufactured graphite were used as the material for PEM fuel cell
bipolar plates that has high electrical conductivity and chemical stability.
However, graphite bipolar plates are no longer regard as material for PEM
fuel cell. Because graphite bipolar plate is too brittle that cannot withstand the
applied stress, and its production cost is too high for a special flow channel
12

processing step. Moreover, more than 500 bipolar plates is need for the
composition of PEM fuel cell stack for automobiles that graphite bipolar plates
are impossible to make thin not suitable for applications. Therefore, it has
been already more than decades studied metal bipolar plates and composite
bipolar plates.
A bipolar plate material must have certain required properties including high
electrical conductivity, great corrosion resistance, low gas permeability, high
mechanical strength, and low manufacturing cost. Stainless steel has
outstanding mechanical strength, gas impermeability, manufacturing cost and
efficient thermal conductivity. However, bare stainless steel bipolar plates do
not satisfied the required electrical and electrochemical properties [3-4].
Therefore, protective layer are required for the practical application that
improve of the performance of stainless steel bipolar plates. It is one of the
most common method that has been studied extensively in bipolar plate
applications. Coating the metal bipolar plate with a conductive polymer [5],
carbon [6-7], a novel metal [8], a metal nitride [9-14], and a conductive
oxide [15-16] is used to increase the corrosion resistance and improve the
electrical property.
The electron beam evaporation or e-beam evaporation process offers
extensive possibilities for controlling variations in the structure and
13

composition of condensed materials. Also, the e-beam evaporation process
offers many desirable characteristics such as relatively high deposition rates,
dense coatings, controlled composition control and microstructure, low
contamination, and high thermal efficiency [17]. On the other hand, thermal
evaporation offers faster evaporation rate, but higher rates are often resulted
in poor coating quality. The use of high density plasma sources to the
deposition process is one of the effort to overcome this problem. In this
experiment, inductively coupled plasma was used to deposit a coating as high
density plasma.
The purpose of this study was examining the possibility of thermal
evaporation system with high density plasma can be used for PEM fuel cells
metallic bipolar plate deposition system compared with e-beam evaporation
system. In order that Titanium nitride (TiN), Chromium nitride (CrN), Crbased ternary nitride coatings (Ti, Cr)N thin films were deposited on AISI
316L stainless steel substrate using both e-beam evaporation and thermal
evaporation with ICP. Its characteristics were studied in the perspective of
bipolar plate application.
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Ⅱ. Research back grounds

1. Proton exchange membrane fuel cells

The PEM fuel cells are constructed using polymer electrolyte membranes
as proton conductor and Platinum (Pt) based materials as catalyst.
Perfluorosulfonic acid membranes (Nafion) are commonly used as PEM fuel
cell membranes due to their high proton conductivity and moderate swelling
in water [18]. The catalyst enhances the electrochemical reaction at
electrodes, and platinum is the best catalyst for both the anode and cathode
reactions. Fig. 1 shows a schematic of a PEM fuel cells. The reaction of the
hydrogen fuel cell is split in to hydrogen protons and electrons. At the anode
side,

𝐻2 → 2𝐻 + + 2𝑒 −

(2.1)

protons permeate through the polymer electrolyte membrane to the cathode
side. At the same time, electrons move along an external circuit to the cathode
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side of the membrane electrode assembly (MEA).
At the cathode side, water is produced by a reaction with protons, electrons,
and oxygen. This is represented by following equation,

1
2

𝑂2 + 2𝐻 + + 2𝑒 − → 𝐻2 𝑂

(2.2)

Therefore, the net-reaction of the PEM fuel cells can be represented by
following reaction,

1

𝐻2 + 2 𝑂2 → 𝐻2 𝑂

(2.3)

Thermodynamics provides the theoretical voltage of this fuel cell
performance, with a potential energy that can be calculated from the Gibbs
free energy.

𝐺 = 𝐻 − 𝑇𝑆

(2.4)
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Equation (2.4) also expressed as

𝑑𝐺 = 𝑑𝐻 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇

(2.5)

In constant temperature can present by following equation.

∆𝑔 = ∆ℎ − 𝑇∆𝑠

(2.6)

By this equation, Δg values are calculated for isothermal reaction. The
work potential of fuel cell (Δg) is converted into electrical energy as follows.

𝑑𝐺 = 𝑑(𝑈 + 𝑝𝑉) − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 = 𝑑𝑈 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 + 𝑝𝑑𝑉 + 𝑉𝑑𝑝

(2.7)

From first law of thermodynamics, U as expressed by the equation,

𝑑𝑈 = 𝑑𝑄 − 𝑑𝑊 = 𝑑(𝑇𝑆) − 𝑑𝑊

(2.8)

The work term dU divided into mechanical work and electrical work,
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𝑑𝑈 = 𝑆𝑑𝑇 + 𝑇𝑑𝑆 − (𝑝𝑑𝑉 + 𝑑𝑊𝑒𝑙𝑒𝑐 )

(2.9)

From eq. (2.6) and (2.8) at constant T, P

𝑑𝐺 = −𝑑𝑊𝑒𝑙𝑒𝑐

(2.10)

For a reaction using molar quantities,

Welec = -Δgrxn

(2.11)

This is reasonable assumption because temperature and pressure is not
changed through reaction in fuel cell.
Also, the maximum electric work W is the product of charge q in Coulomb
(C), and the potential E in Volt (= J / C) shown as follows,

Welec = EQ = EnF

(2.12)
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F is a Faraday number and n is number of electrons involved in reaction.
From eq. (2.11) and eq. (2.12)

𝐸= −

𝛥𝑔𝑟𝑥𝑛

(2.13)

𝑛𝐹

The E is the reversible voltage for an electrochemical reaction of fuel cell.
Thus, the magnitude of the reversible voltage is calculated from Gibbs free
energy. The net reaction of the PEM fuel cells can be represented as eq. (2.3)

The change of Gibbs free energy determines the energy released during
chemical reaction.

∆𝑔𝑟𝑥𝑛 = (∆𝑔)𝐻2 𝑂 − (∆𝑔)𝐻2 −

1
2

(∆𝑔)𝑂2

(2.14)

For this reaction, the standard-state free energy change Δgrxn is -237
kJ/mole. Thus, the reversible voltage of PEMFC is as follow from eq.
(2.13),
19

𝐸 = −

𝛥𝑔𝑟𝑥𝑛
𝑛𝐹

𝐽
−237000 ⁄𝑀𝑜𝑙
= −
= 1.229 𝑉
2 𝑒 − 96400 𝐶
∗(
⁄𝑚𝑜𝑙 )
𝑚𝑜𝑙

As a result, the value of 1.229 V is the theoretical limit or ideal case for
fuel cell performance obtained by applying thermodynamics.

PEM fuel single cell components consist of the bipolar plate, gasket, gas
diffusion layer. The bipolar plate perform several functions, such as
conducting electrons between adjacent cells, separating and distributes fuel
and oxidant, carrying away reaction products and heat from each cells, and
physically supports the weight of the stack body. The gas diffusion layer,
usually constructed from porous carbon paper in a PEM fuel cell, allows the
reactant gas to pass through to the catalyst layer and minimizes mass
transport loss. The gas diffusion layer also removes the product, water, away
from the catalyst layer.

20

Fig. 1 Diagram of PEMFC reactions
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2. Inductively coupled plasma

Basic principle of Inductively coupled plasma (ICP), a type of plasma
discharge, discovered in 1884 by Hittrof [19], when electric current is passed
through the inductor coil, it creates a magnetic field around it, which in turn
induces secondary azimuthal electric currents in the rarefied gas, leading to
generate plasma [20]. In the steady-state, the loss rate due to diffusion and
the production rate due to ionization are balanced in the plasma. Maintaining
a high plasma density is difficult because diffusion losses are increased and
ionization production is lowered at low pressure. However, the ICP system
can maintain a high plasma density because the collisions of electrons and
ions continue to occur due to the induced electric field. Fig. 2 shows the basic
principle of the generation of the ICP system.
The advantage of the ICP is not only high density plasma discharge even at
low pressure, but also independent control of the ion bombarding energy and
plasma density. Moreover, another benefit of ICP is that it is very clean
system because the electrodes can be outside of chamber. In addition that,
external type ICP could limit the scaling up ICP chamber for the large area
process.
The internal type ICP process is developed to overcome the limitation of
22

the conventional ICP process. This induced it possible to remove insulating
chamber wall. However, in the case of internal type of ICP process, it is hard
to designed for efficient and matching.

23

Fig. 2 Principles of the generation of inductively coupled plasma
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Ⅲ. Experimental detail

1. Evaporation system

The e-beam evaporation process, focused high-energy electron beams
generated from electron guns are directed to melt and evaporate sources [17].
Fig. 3 shows a schematic diagram of the e-beam evaporation. In this study,
E-beam evaporation used self-produced system by cooperating company.
The e-beam process is one of the most advanced deposition technique and
common used deposition system in industrial field.

Furthermore, metal bipolar plate coatings were deposited by the thermal
evaporation with ICP technique for compare with e-beam evaporation system.
Generally, high rate deposition is often resulted in poor coating quality.
However, high deposition rates are required to achieve cost reduction for
industrial production. Therefore, to overcome this problem, high density
plasma sources introduced to the deposition process. The experimental setup for production of inductively coupled plasma sustained with an internal
type antenna is schematically shown in Fig. 4. A two-turn antenna with a
25

principal diameter of 165 mm was coupled to a 400W RF power generator at
13.56 MHz via a matching network. The antenna conductor, which was made
of stainless steel for water cooling, was located inside the chamber between
source and substrate.

26

Fig. 3 Schematic diagram of the electron beam evaporation
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Fig. 4 Schematic diagram of thermal evaporation with ICP system
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2. Experimental procedure

The TiN, CrN, and (Ti,Cr)N coatings were deposited on AISI 316L stainless
steel substrates by both e-beam evaporation and thermal evaporation with
ICP. The TiN, CrN, and (Ti,Cr)N granules (99.5%, 1~4mm) were used as the
evaporation source. E-beam evaporation used self-produced system by
cooperating company. The TiN, CrN, and (Ti,Cr)N coatings were deposited
using a gas of Argon for thermal evaporation with ICP. The distance between
the source and the substrate was 120 mm, and a two-turn stainless steel coil
having a diameter of 165 mm was located between them. ICP was generated
by RF power of 13.56 MHz through a tuning network to the coil.
The base pressure of the e-beam and thermal evaporation chamber was
each < 1 and 6 x 10-7 mTorr prior to the deposition, respectively. Before
deposition, the substrate was treated by ion-beam at 2800V with Ar gas 25
sccm for 100 sec when electron beam used for evaporation. While, thermal
evaporation with ICP, the substrate was treated by ICP at 400 W, 50 mTorr,
and a substrate bias of 30 V for 5 min to remove the native oxides and
impurities present on the surface. Table 1 details the deposition conditions
used for the e-beam evaporation deposition. Also, table 2 details the thermal
evaporation with ICP deposition condition used in this study.
29

Table. 1 Deposition conditions for e-beam evaporation
Substrate

AISI 316L

Base pressure

1.0 X 10-7 mTorr

Working pressure

1.0 X 10-4 mTorr

Beam power

1 ~ 2 kW

Deposition time

5 min

Source

TiN, CrN, TiCrN

Pre-treatment

2800V, 100 sec
(Ar 25 sccm)
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Table. 2 Deposition conditions for thermal evaporation with ICP system
Substrate

AISI 316L

Base pressure

6.0 X 10-7 mTorr

Working pressure 10 mTorr
Ar gas flow rate

10 sccm

N2 gas flow rate

0 ~ 4 sccm

Source

TiN, CrN, TiCrN

ICP power

0 ~ 400 W

Substrate bias

-50V

Working Current

150 ~ 210 A

Deposition time

1 min

Pre-treatment

120 A, 10 min
(Ar 10 sccm)
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3. Characterization of the coatings

The structure of coatings was analyzed by X-ray diffraction (XRD)
[Advanced New D8, Bruker] and elemental analysis was carried out by Xray Photoelectron spectrometer (XPS) [K-alpha, Thermo Scientific]. The
modified surface morphology of the samples was determined by field emission
scanning electron microscopy (FESEM) [SU70, Hitachi HTA].

The interfacial contact resistance (ICR) was measured by means of the
Davies’ method [21]. The schematic diagram of ICR test is shown in Fig. 5.
The ICR value between the treated sample and the carbon paper was
evaluated by IM6 [impedance measurement unit, ZANHER Electrik] under
compaction pressure of 50, 100 and 150N/cm2 by the compressor
[Instron5566]. The ICR was calculated with subtraction of Rextra(eq. 3.2) from
Rtotal(eq. 3.1)). Rtotal is the sum of all components of resistance, and Rextra is
measured from only a sheet of carbon paper placed between two gold-plate
current collectors without the sample. In this study all ICR values are
represented 2Rcoating-carbon,
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𝑅𝑡𝑜𝑡𝑎𝑙 = 2𝑅𝑐𝑜𝑎𝑡𝑖𝑛𝑔−𝑐𝑎𝑟𝑏𝑜𝑛 + 2𝑅𝑐𝑎𝑟𝑏𝑜𝑛−𝑔𝑜𝑙𝑑 + 2𝑅𝑐𝑎𝑟𝑏𝑜𝑛 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡

(3.1)

𝑅𝑒𝑥𝑡𝑟𝑎 = 2𝑅𝑐𝑎𝑟𝑏𝑜𝑛−𝑔𝑜𝑙𝑑 + 2𝑅𝑐𝑎𝑟𝑏𝑜𝑛 + 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡

(3.2)

𝑅𝑐𝑜𝑎𝑡𝑖𝑛𝑔−𝑐𝑎𝑟𝑏𝑜𝑛 =

𝑅𝑡𝑜𝑡𝑎𝑙 −𝑅𝑒𝑥𝑡𝑟𝑎

(3.3)

2

Rcoating-carbon: interfacial contact resistance between coating and carbon paper
Rcarbon-gold: interfacial contact resistance between carbon paper and goldplated
current collector
Rcarbon: bulk resistance of carbon paper, negligible
Rsample: bulk resistance of sample, negligible
Rcircuit: resistance of device and circuit

The potentiodynamic and potentiostatic polarization method were used to
evaluate the corrosion behavior of coatings in simulated anode environments
of PEM fuel cells. The corrosion property of the treated samples was
measured with a potentiostat/galvanostat [AMETEK VersaSTAT3] in a 0.1N
H2SO4 + 2ppm HF aqueous solution, placed in a thermostat bath at 80℃ with
air bubbling while simulating the PEM fuel cell operation condition. A
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conventional three-electrode system which is composed of a carbon rod as
counter electrode, a saturated calomel electrode (SCE) as reference
electrode, and the samples as working electrode was used (Fig. 6). The
polarization curves were obtained by an potentiostat/galvanostat. For
potentiodynamic polarization, the potential scan was from −0.3 V (vs. SCE)
to 1.0V (vs SCE) at a scanning rate of 1.0mV·s−1. The ptentiostatic test
performed at potential 0.6 V (vs SCE) for 6000 sec.
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Fig. 5 The schematic diagram of ICR measurement
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Fig. 6 The diagram of electrochemical polarization cell design
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Ⅳ. Titanium nitride coatings for bipolar plate of PEM
fuel Cell

1. Theoretical backgrounds

Titanium nitride (TiN) thin films have been widely used for various
applications; protective coating on tools [22], electrodes and diffusion
barriers for chemical and thermal stability and low resistivity [23], a
decorative coating [24], and biomedical materials [25]. Owing to the excellent
corrosion resistance and metal-like conductivity of TiN, TiN coating may be
a good choice for metal bipolar plates. Practical use TiN films as bipolar plate
has been made to present by many papers [26-32].
Various methods have been employed for TiN deposition [33-37].
Titanium compound coatings are widely used to protect the metallic
structures due to their high hardness and corrosion resistance. However,
several studies showed that the presence of porosity due to the defects in the
coatings in the TiN coating on active substrate can generate an amplification
of the corrosion phenomena [38-40]. Electron beam evaporation is
considered as most suitable methods for TiN deposition. The E-beam
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evaporation process is one of the fine deposition system to use industrial field,
has overcome some of the difficulties associated with CVD and classical PVD
technique. Furthermore, the thermal evaporation with ICP system was taken
to examine possibilities of alternative deposition process method.
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2. Results and discussion

1.1.

Structure and morphology

Fig. 7 shows the XRD patterns of the TiN coatings as function of ICP powers.
When TiN films deposited by e-beam evaporation, TiN peak wasn ’ t
detected by XRD test. However, the concentration depth profiles of Ti, N was
shown by XPS analysis. The titanium and nitrogen were 1:1, well crystallized.
In other hand, TiN films prepared by thermal evaporation with ICP observed
TiN (200) peak as ICP power increased. However, peak intensity is very low
that film thickness is too thin as low deposition rate.
The cross-sectional and surface images of the coatings as observed by
FESEM are presented in Fig. 9. The growth length was almost 167 nm at ICP
power 400W. Although, film thickness is too tin that deposition rate is almost
ten times faster than sputtering deposition system. The structure of coating
is columnar form even with ICP power.
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Fig. 7 XRD patterns of TiN coatings: (a) E-beam evaporation (b) Thermal
evaporation with various ICP power
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Fig. 8 FESEM images of TiN coatings deposited by thermal evaporation:
ICP 400W
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1.2.

Interfacial contact resistance of TiN

The ICR values of the TiN coating are presented in Fig. 9. The ICR
decreases with increase in the compaction force and ICP powers, when TiN
coatings prepared by thermal evaporation. As well known as, this influence of
the compaction force is due to an enlargement of the actual contact area. When
ICP power is 400W, the ICR values of TiN coating is lower than other coatings.
The ICR value were 15.12 mΩcm2 at a compaction force of 150 Ncm-2.
However, the minimum value is 3.96 mΩcm2 (at 150 Ncm-2) for coating
produced by e-beam evaporation.
ICR value is one of the most critical electrical characteristics in PEM fuel
cells bipolar plate. However, thin film resistivity is also a large factor that
directly indirectly affects the characteristics of bipolar plate.
For TiN, the resistivity is low when the stoichiometry of Ti and N is wellbalanced and relatively high when the stoichiometry is under or over
stoichiometry.
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Fig. 9 ICR values of the TiN coatings:
(a) E-beam evaporation (b) Thermal evaporation with various ICP
powers
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1.3.

Corrosion properties of TiN films

There are many reports on the corrosion properties of transition metal
nitride thin films. Most of them are focused on the film micro structure like
pinhole and crack, which is really important in many cases. The corrosion
behavior of TiN coatings were investigated focusing not only on the coating
microstructure but also on the electrochemical properties of the nitride
coatings. The corrosion properties of the samples were measured in
simulating the operation conditions of a PEM fuel cells. A conventional threeelectrode system was used in the corrosion test; a carbon rod, a saturated
calomel electrode (SCE), and the coated sample were used as the counter
electrode, reference electrode and working electrode, respectively.
Potentiodynamic polarization curves of the TiN coatings were measured in
a 0.1 N H2SO4 + 2 ppm HF solution at 80˚C for bubbling with air. The anodic
corrosion target was peak active current < 1 μAcm-2 in potentiodynamic
scans at 0.6 V.
Fig. 10 shows the polarization curves of TiN films deposited by e-beam
evaporation and thermal evaporation at different ICP powers. It shows that
the corrosion potential of TiN coatings is slightly higher than AISI 316L
stainless steel at 0.6 V vs. SCE. The TiN film prepared by e-beam
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evaporation, corrosion current was about 2.48 μAcm-2, which is the just
little higher than DOE target (less than 1 μAcm-2). ). While, corrosion values
deposited by thermal evaporation with ICP 400W was 5.30 μAcm-2 (at 0.6
V).
Fig. 11 shows potentiostatic polarization measurements for the TiN samples
coated at 0.6 V with air bubbling. E-beam TiN has fluctuation that it is not
stable for bipolar plate simulation. It is possible that too thin film can’t be
stand with static environment. Also, deposited by thermal evaporation TiN
films were not very stable with all of different ICP powers.
The FESEM plane images after the potentiostatic polarization tests are
shown in Fig. 12. Surface images of the coating indicated too thin films can
be damaged along with substrate grain boundary. The actual state of corrosion
were founded at not only surface but also the grain boundary. This local
corrosion at the grain boundary was accelerated by crevice corrosion.
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Fig. 10 Potentiodynamic polarization curve of TiN coating:
(a) E-beam evaporation TiN, (b) Thermal evaporation with ICP TiN
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Fig. 11 Potentiostatic polarization curves of the TiN coatings at 0.6 V:
(a) E-beam evaporation (b) Theraml evaporation with various ICP
powers
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Fig. 12 Surface image of the TiN deposited by evaporation:
(a), (b), (c) Before potentiostatic test
(d), (e), (f) After potentiostatic test
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Ⅴ. Chromium nitride coatings for bipolar plate of PEM
fuel cells

1. Theoretical backgrounds
Chromium nitride is known to have two chemical structure of β-Cr2N
(hexagonal structure, a = 4.759 Å, c = 4.438 Å) and CrN (cubic structure, a
= 4.14 Å). There are many reports on the structure of CrxN coating according
to the nitrogen concentration [41-42], the substrate temperature [43] and
substrate bias [44].
Chromium coatings, traditionally produced by electrochemical process,
have a wide range of applications including corrosion resistant coatings,
wear-resistant

coating

and

decorating

coatings.

However,

the

electrochemical processes use hexavalent chromium [Cr (Ⅵ)] that has been
found to be carcinogenic. Hence alternative processing techniques for
producing chromium coatings such as PVD process are being developed [45].
Deposition of chromium nitride coatings are widely used for many applications
such as anti-corrosion [46-48], anti-oxidation coatings [49-51] and
bipolar plate for PEM cells [52-58].
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2. Results and discussion

2.1.

Structure and morphology

Fig. 13 shows the XRD patterns of the CrN coatings as fuction of ICP powers.
When CrN films deposited by e-beam evaporation, Cr (110) peak observed.
However, CrN peaks were not detective even film is thick enough to detected
peak intensity. Just like CrN coatings, the concentration depth profiles of Cr,
N was shown by XPS analysis, even though N contents was too lower than Cr
contents. It is hard to be CrN 1:1 contents with much high deposition rate.

The cross-sectional and surface images of the coatings as observed by
FESEM are presented in Fig. 14. The growth length was almost 1100 nm at
No ICP, and 52 nm at ICP power 400W. The structure of the coating changes
to a columnar form with ICP powers.

The basic equation for the rate of evaporation from both liquid and solid,
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𝛼𝑒 𝑁𝑒 (𝑃𝑒 − 𝑃ℎ )

𝛤𝑒 =

(5.1)

√2𝜋𝑀𝑅𝑇

Where 𝛤𝑒 is the evaporation flux in number of atoms (or molecules) per
unit area per unit time, and 𝛼𝑒 is coefficient of evaporation, which has a
value between 0 and 1.
A useful expansion of this formula is

Γ𝑒 = C ×

𝑃𝑒
√𝑀𝑇

(5.2)

The molar heat of evaporation (a constant), in which case simple equation

P~−

∆𝐻𝑒
𝑅𝑇

(5.3)

Thus,

𝛤𝑒 ∝

1
√𝑇

𝑒𝑥𝑝 (−

∆𝐻𝑒
)
𝑅𝑇

(5.4)
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Thermal evaporation were accomplished by passing a current through a
resistive boat containing the material to be deposited. Fig. 15 shows that
influence of current on boat temperature, evaporation flux and film thickness.
Film thickness of the CrN coatings were plotted along with the current. The
experimental measurements of the films thickness for CrN coatings are shown
together with the calculated data of the evaporation flux from eq. (5.4).
Generally speaking, deposition rate is increased with rise current in on boat
for resistance heating. Deposition rate is only increaing at an exponential
function, it is difficult controlled with current power. It is reason that Fig 15.
shows a little difference with measured values and theoretical values.
However, depostion rate is the far higher than in other depostion systems.
Fig. 16 shows comparison graphs of deposition rate with various depostion
systems of CrN coatings. The thermal evaporation with ICP system deposition
rate were 9 times faster than e-beam evaporation.
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Fig. 13 XRD patterns of CrN coatings: (a) E-beam evaporation (b) Thermal
evaporation with various ICP power
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Fig. 14 FESEM images of CrN coatings deposited by thermal evaporation:
without ICP, and ICP 400W
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Fig. 15 Influence of thermal evaporation source current on boat
temperature, film thickness and evaporation flux.
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Fig. 16 Thermal evaporation with ICP film depostion rate of CrN coatings
compared with e-beam and ICP sputtering deposition methods.
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2.2.

Interfacial contact resistance of CrN

The ICR values of the CrN coating are presented in Fig. 17. The ICR value
is 11.7 mΩcm2 (at 150 Ncm-2 ) for coating produced by e-beam evaporation.
The ICR decreases with increase in the compaction force and ICP powers,
when CrN coatings prepared by thermal evaporation. When ICP power is
400W, the ICR values of TiN coating is lower than other coatings. The ICR
value were 9.9 mΩcm2 at a compaction force of 150 Ncm-2.

When CrN deposited with perfect stoichiometric, ICR value can be increased
that CrN is well known as semiconductor (Reference resistivity of CrN: 300
~60,000,000 μΩcm). However, in this study the CrN values both deposited
by e-beam evaporation and thermal evaporation were low as TiN film,
because Cr dominant films were deposited (Reference resistivity Cr: 12
μΩcm). In addition, surface area is greatly high that ICR influence of the
actual contact area
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Fig. 17 ICR values of the CrN coatings :
(a) E-beam evaporation (b) Thermal evaporation with various ICP
powers
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2.3.

Corrosion properties of CrN films

Potentiodynamic polarization curves of the CrN coatings were measured
in a 0.1 N H2SO4 + 2 ppm HF solution at 80˚C for bubbling with air.
Fig. 18 shows the polarization curves of CrN films deposited by e-beam
evaporation and thermal evaporation at different ICP powers. It shows that
the corrosion potential of CrN coatings is higher than AISI 316L stainless
steel at 0.6 V vs. SCE. The CrN film prepared by e-beam evaporation,
corrosion current was about 2.91 μAcm-2, which is the just little higher than
DOE target (less than 1 μAcm-2). ). While, corrosion values deposited by
thermal evaporation with ICP 400W was 3.20 μAcm-2 (at 0.6 V) that its
almost same values with e-beam evaporation.
The potentiostatic polarization measurements for the CrN samples coated
at 0.6 V with air bubbling shown on Fig. 19. Compared with TiN coatings, CrN
coatings were much stabilized that CrN films got enough thickness. Therefore,
potentiostatic test were running, passivated surface easily.
The CrN coating prepared by e-beam evaporation after the potentiostatic
polarization test also detected (Fig. 20). Surface images of the coating
indicated that there were many defects existence. However, these defects
didn’t fully effected as acceleration faults.
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The FE-SEM images of the thermal evaporation with various ICP powers
of CrN coatings after the potentiostatic polarization test observed (Fig. 21 ~
24). Even though, difference of surface shape deformation doesn’t matter
worked as protective films. For sure that ICP power could make film made
denser that acting as possible work sufficient bipolar plate.
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Fig. 18 Potentiodynamic polarization curve of CrN coating:
(a) E-beam evaporation, (b) Thermal evaporation with ICP
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Fig. 19 Potentiostatic polarization curves of the CrN coatings at 0.6 V:
(a) E-beam evaporation, (b) Thermal evaporation with various ICP
powers
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Fig. 20 Surface image of the CrN deposited by e-beam evaporation:
(a), (b) Before potentiostatic test
(c), (d) After potentiostatic test
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Fig. 21 Surface image of the CrN deposited by thermal evaporation with ICP
100:
(a), (b) Before potentiostatic test
(c), (d) after potentiostatic test
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Fig. 22 Surface image of the CrN deposited by thermal evaporation with ICP
200:
(a), (b) Before potentiostatic test
(c), (d) after potentiostatic test

65

Fig. 23 Surface image of the CrN deposited by thermal evaporation with ICP
300:
(a), (b) Before potentiostatic test
(c), (d) after potentiostatic test
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Fig. 24 Surface image of the CrN deposited by thermal evaporation with ICP
400:
(a), (b) Before potentiostatic test
(c), (d) after potentiostatic test
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Ⅵ. (Ti,Cr)N coatings for bipolar plate of PEM fuel cells

1. Theoretical backgrounds

Ternary transition metal nitride coatings are attracting great interest, as
they provide a wide range of structures that enable control of the mechanical
and electronic properties. Properties such as lattice parameter, elasticity,
thermal expansion coefficient or corrosion stability can be controlled for
optimize the coating performance. Moreover, ternary compound coatings
often show fine-grained and distorted structures [59].
Few studies regarding (Ti,Cr)N coatings have been reported in the
literature. Hones et al. found that (Ti1-xCrx)N coatings formed solid solutions
with the NaCl crystal structure at all concentrations [60] deposited (Ti1xCrx)N

coatings by reactive magnetron sputtering. Besides, Nainaparampil et

al. [61] observed (Ti1-xCrx)N coatings can formed with mixed phases of TiN
and CrN by the cathodic arc evaporation method. Vetter et al. [62] deposited
(Ti1-xCrx)N coatings using the same method, and observed two phases, cubic
(Ti,Cr)N and β- hexagonal (Cr,Ti)2N, in the coating.
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There are many reports regarding the corrosion properties of the nitride
coatings. However, most of them are focused on the coating microstructure.
Jehn. et al. [63] studied (Ti,Cr)N coatings deposited on stainless steel and
reported improved corrosion behavior upon Cr addition when compared to TiN
coating. Park et al. [64] studied the effect of intermediate etching steps on
the morphology and the corrosion behavior using CrN as an example. Massiani
et al. [65] deposited (Ti,Cr)Nx on glass substrates and also reported that
chromium present on benefit of the corrosion resistance. Recently, there are
just a few researches have been reported (Ti,Cr)N coatings for bipolar plate
of PEM fuel cells [66-68].
In this study, the electrical properties and corrosion on behaviors of
(Ti,Cr)N coatings were investigated focusing on possibility of the (Ti,Cr)N
coatings as bipolar plate coating material.
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2. Results and discussion

2.1.

Phase composition and morphology

Fig. 25 shows the concentration depth profiles of titanium (Ti), chromium
(Cr), and nitrogen (N) were shown by XPS analysis of the (Ti,Cr)N coatings.
As titanium contents increased, nitrogen contents increased together. These
phenomena shows nitrogen contents depend on titanium contents. As nitrogen
contents increased, electrical and corrosion properties affect with better way.

The cross-sectional and surface images of the coatings as observed by
FESEM are presented in Fig. 26. The growth length was almost 1050 nm at
ICP power 400W. By comparison with without ICP power (Ti,Cr)N films
thickness was almost 125 nm. In case of CrN, without ICP power can be good
for deposition rate. However, deposition rate of (Ti,Cr)N films with ICP were
better than without ICP caused by nitrogen contents which depend on titanium
contents. Titanium contents not only help the film properties but also film
density.
Thermal evaporation with ICP film depostion rate of (Ti,Cr)N coatings
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compared with e-beam and ICP sputtering deposition methods (Fig. 27). In
case of ternary transition metal nitride coatings, deposition rates have great
effected by plasma compared with binary system such as CrN coatings.
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Fig. 25 the concentration depth profiles of (Ti,Cr)N coatings by XPS:
(a) (Ti10,Crx-10)N, (b) (Ti20,Crx-20)N, (c)(Ti30,Crx-30)N
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Fig. 26 FESEM images of (Ti,Cr)N coatings deposited by thermal
evaporation:
(a) without ICP, x 20k , (b) without ICP, x 50k,
(c) ICP 400W, x 20k and (d) ICP 400W, x 50k
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Fig. 27 Thermal evaporation with ICP film depostion rate of (Ti,Cr)N
coatings compared with e-beam and ICP sputtering deposition methods.
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2.2.

Interfacial contact resistance of (Ti,Cr)N

The ICR values of the (Ti,Cr)N coating are presented in Fig. 28. The ICR
value is 6.37 mΩcm2 (at 150 Ncm-2 ) for coating produced by e-beam
evaporation. The ICR decreases with increase in the compaction force and
ICP powers, when CrN coatings prepared by thermal evaporation. When ICP
power is 400W, the ICR values of TiN coating is lower than other coatings.
The ICR value were 19.62 mΩcm2 at a compaction force of 150 Ncm-2. Even
through, (Ti,Cr)N is ternary system, Cr-dominant coatings that similar
properties appeared. As have been researched of ICR, titanium and chromium
nitride kept the great ICR values which satisfied DoE target.
As mentioned earlier, surface morphology and unique electronic properties
of material determined the value of ICR. It is well-known as titanium and
chromium electrical properties are very low that have excellent electrical
conductivity. Moreover, enough surface roughness bring a low ICR value.
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Fig. 28 ICR values of the (Ti,Cr)N coatings :
(a) E-beam evaporation (b) Thermal evaporation with various ICP 400W
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2.3.

Corrosion properties of (Ti,Cr)N

Potentiodynamic polarization curves of the (Ti,Cr)N coatings were
measured in a 0.1 N H2SO4 + 2 ppm HF solution at 80˚C for bubbling with
air.
Fig. 29 shows the polarization curves of (Ti,Cr)N films deposited by ebeam evaporation and thermal evaporation at different Ti conetents. The
(Ti,Cr)N coatings deposited by e-beam evaporation corrosion value was 6.37
μAcm-2 (at 0.6 V).
The (Ti,Cr)N coatings deposited by thermal evaporation with ICP showed
the

lowest

corrosion

current

0.93

μAcm-2

(at

0.6

V).

Following

measurements only (Ti,Cr)N coating met the corrosion and ICR US DoE
targets of < 1 μAcm-2.

Fig. 30 shows potentiostatic polarization measurements for the (Ti,Cr)N
samples coated at 0.6 V with air bubbling. (Ti,Cr)N coatings deposited with
thermal evaporation with ICP shows more stable behavior, while e-bema
(Ti,Cr)N coatings shows still stable behavior of potentiostatic polarization
curves.
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The FESEM plane images of (Ti,Cr)N coating prepared by e-beam
evaporation after the potentiostatic polarization test were shown at Fig.
31~33. Surface images of the coating indicated that there were many defects
existence. However, these defects didn’t fully effected as accelerated faults.
On the other hands, Fig. 34 shows the thermal evaporation (Ti,Cr)N coating
with Ti 30% after the potentiostatic polarization test. Those have shown that
constant morphology even after severe test.
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Fig. 29 Potentiodynamic polarization curve of (Ti,Cr)N coating:
(a) E-beam evaporation, (b) Thermal evaporation with ICP
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Fig. 30 Potentiostatic polarization curves of the CrN coatings at 0.6 V:
(a) E-beam evaporation, (b) Thermal evaporation with various ICP
powers
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Fig. 31 Surface image of the (Ti,Cr)N deposited by e-beam evaporation (Ti
10%):
(a), (b) Before potentiostatic test
(c), (d) After potentiostatic test
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Fig. 32 Surface image of the (Ti,Cr)N deposited by e-beam evaporation (Ti
20%):
(a), (b) Before potentiostatic test
(c), (d) After potentiostatic test
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Fig. 33 Surface image of the (Ti,Cr)N deposited by e-beam evaporation (Ti
30%):
(a), (b) Before potentiostatic test
(c), (d) After potentiostatic test
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Fig. 34 Surface image of the (Ti,Cr)N deposited by thermal evaporation (Ti
30%):
(a), (b) Before potentiostatic test
(c), (d) After potentiostatic test
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Ⅶ. Conclusion

The TiN, CrN, (Ti,Cr)N coatings are deposited on AISI 316L stainless steel
substrates by electron beam evaporation and thermal evaporation with
inductively coupled plasma. The chemical and electrical properties are
investigated from the viewpoint of applications to bipolar plates.

Depending on the different deposition process, TiN, CrN and (Ti,Cr)N
obtained with reasonable electrical and corrosion properties. The ICR values
of all coated samples satisfied the DOE target that requires lower than 20
mΩcm2 at 150 Ncm-2. However, the corrosion current density of all coated
samples deposited by evaporation were not satisfied of the DOE target. Only
the (Ti,Cr)N coatings deposited by thermal evaporation with ICP system were
obtained enough value.
Moreover, the (Ti,Cr)N coatings exhibit excellent stability during not only
potentiodynamic but also potentiostatic polarization tests. This is because of
(Ti,Cr)N has high corrosion potential and that the structure of ICP treated
(Ti,Cr)N has a dense microstructure deposited by thermal evaporation with
ICP.
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The (Ti,Cr)N coatings deposited by thermal evaporation with ICP system,
ICR and corrosion values was 0.93 μAcm-2 (at 0.6 V) and 10.62 mΩcm2
(150 Ncm-2).

Especially, it is encouraging that thermal evaporation with ICP system can
get the comparable properties bipolar plate and much higher deposition rate
around 1,000 nm/min.

The (Ti,Cr)N deposited by thermal evaporation with ICP displays
outstanding characteristics in PEMFC bipolar plate environment that its
overall performance exceeds current specifications for commercialization.
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국문 초록
고분자 전해질 연료전지(PEM fuel cell)는 수소를 연료로 이용하여 산소와
화학적인

반응을

일으켜

전기

에너지로

변환시키는

전기화학장치로

높은

전력밀도, 빠른 구동력, 낮은 작동 온도를 특징으로 하여 휴대용 전기기기뿐
아니라 자동차 등의 운송 수단의 적용에 용이하여 활발한 연구가 진행되어 왔다.
고분자 전해질 연료전지는 고분자 전해질, 가스 확산층, 전극 전해질 멤브레인,
분리판 등으로 이루어지며, 이 단위 전지를 적층하여 스택을 만들어 원하는
출력을 얻는다. 연료전지의 적용을 위해서는 효율의 향상뿐 아니라 가볍고 얇은
스택을 만드는 요구 되는데, 이 중 분리판은 스택 전체의 무게와 부피를
차지하는 비율이 높아 상용화를 위한 기술 향상이 가장 중요한 요소라 할 수
있다. 연료전지 분리판의 경우 단순히 스택을 고정하는 역할 뿐 아니라 연료와
산소가 이동 경로뿐 아니라 화학적으로 생성되는 전자의 이동 통로가 되므로
높은 전기 전도도가 요구 되며, 연료전지가 동작하는 산화 환경에서 부동태
산화막을 만들어 이를 통한 전기 전도도의 저하를 방지하는 우수한 내부식성이
요구된다.

본

연구에서는

고분자

전해질

연료전지에

사용되는

분리판의

특성향상을 위해 유도결합 플라즈마를 이용하여 AISI 316 스테인레스 강 기판에
다양한 질화계 메탈의 박막의 증착과 그 전기적, 전기화학적 특성을 분석,
평가하였다.
물리 증착의 대표적인 방법인 증발법은 장치의 구성이 간단하고, 증착 속도가
높기 때문에 산업화 적용에 용이한 증착 방법이다. 이에 산업화를 고려하여
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전자빔 증발법과 유도결합 플라즈마가 적용된 열 증발법을 통하여 높은 전기
전도도와 내부식성을 가지는 것으로 알려진 티타늄과 크롬의 질화물을 코팅하여
상용화 상용화 성능을 만족하는 분리판을 제조하는 실험을 진행하였다. TiN, CrN,
그리고

(Ti,Cr)N

박막을

증착하였으며,

열

증발법의

경우에는

유도결합

플라즈마 파워가 박막의 특성에 미치는 영향에 대하여서도 연구를 진행하였다.
면간 접촉저항 측정은 Davies 측정법을 이용하여 증착 된 시편을 실제
연료전지 분리판 사용환경을 모사한 시스템에서 압력을 가해주며 저항의 변화를
측정하였다. 내부식성의 특성 평가도 이와 마찬가지로 실제 연료전지 분위기와
유사한 황산 0.1N 에 불산 2ppm 이 포함된 80℃ 용액에서 동전위 분극실험과
정전위 테스트를 통하여 평가하였다.
전자빔 증발법의 경우 증착 속도의 향상을 야기하기에는 한계가 있었지만, TiN,
CrN 그리고 (Ti,Cr)N 모두 접촉 저항 평가에서는 3.96 ~ 11.7 mΩcm2 의
우수한 전기 전도성을 보였다. 하지만, 내부식 특성의 경우 (Ti,Cr)N 박막의
경우 가장 우수한 6.37 μAcm-2 의 값으로 미국 에너지성의 기준에 미치지
못하는 결과를 보였다.
하지만, 유도결합 플라즈마를 적용한 열 증발법의 경우 증착 속도가 티타늄
질화물의 경우 매우 낮지만, 크롬과 티타늄 크롬 질화물의 경우 각각 1.8, 1
μm/min 로 매우 빠른 속도로 증착된다. 더욱이 전기적, 내부식적 특성의 경우
전자빔 증발법과 같이 10.62 ~ 15.12 mΩcm2 의 낮은 접촉저항 값을 가질 뿐
아니라, (Ti,Cr)N 박막의 경우 미 에너지성의 기준인 1 μAcm-2 를 만족하는
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0.93 μAcm-2 값을 가지는 것으로 나타났다. 이에 유도결합 플라즈마를 이용한
열 증발법으로 제조한 (Ti,Cr)N 박막의 산업화 적용이 가능하다 할 수 있는
결과를 보인다.
이는 증발법에 의해 제조된 박막에 사용된 티타늄, 크롬의 비저항 값이 낮은
귀금속으로 낮은 접촉 저항 값을 가짐과 함께 빠른 속도로 증착된 박막의 표면
조도가 접촉 저항의 향상에 크게 기여하면, 내부식 특성의 향상 역시 질화물께
티타늄, 크롬, 티타늄 크롬의 특성과 함께 유도결합 플라즈마 영향으로 인한
박막의 밀도 향상을 통한 내부식 특성이 향상 되었다 할 수 있다.
결론적으로, 본 연구에서는 고분자 전해질 연료전지 분리판으로 사용하기
충분한 접촉저항과 내부식 특성을 가지는 티타늄 크롬 질화물 박막을 제조하였다.
이를 위해 열증발법에 유도결합 플라즈마를 이용하여 그 특성의 향상을 이루었다.
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