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bstract

In this work, we developed a methodology of plasma-enhanced preparation of CoTMPP (tetramethoxyphenylporphyrin)-based electrocatalysts.
series of CoTMPP-based electrocatalysts were deposited on the porous gas diffusion substrate (titanium fibre felt) using plasma-enhanced

mpregnation method. Impregnated 1.5 mg cm−2 CoTMPP/Ti catalysts were treated by dielectric barrier discharge (DBD) plasma in Ar or N2

tmosphere. Additionally, the pretreatment methods were utilized to improve the adhesion of CoTMPP on the diffusion layer surface. The plasma
retreatment methods included the a-C:H-layers deposition followed by an Ar:O2 radio frequency (RF) plasma functionalization. The latter
pproach led to the formation of specific oxygen surface groups that influenced the catalysts activity. Obtained catalysts were compared in terms
f activity, stability and structure. The catalytic activity for hydrogen peroxide (H2O2) reduction was tested in a proton exchange membrane
uel cell (PEMFC) using hydrogen peroxide on the cathode side. Surface elemental analysis and structure of catalysts were examined by X-ray
hotoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). Our contribution shows the potential of a plasma treatment in the
reparation of electrocatalysts for hydrogen peroxide reduction reaction in a PEMFC. Under the conditions of this study, improvement of the

EMFC performance up to 30% was achievable by a deposition of CoTMPP on the titanium diffusion substrate followed by plasma treatment.
he large differences in catalytic activity of CoTMPP/Ti were observed, depending on the plasma treatment applied to the catalysts during their
reparation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Pt and Pt alloys have traditionally been employed as elec-
rocatalysts in proton exchange membrane fuel cells PEMFCs
1–6]. Recently nanoparticles of Pt and its alloy supported on
arbon black or newly developed nanosized materials such as

arbon nanotubes or carbon nanofibers have been used as the
atalysts [7–10]. However due to the Pt high cost, a strong moti-
ation exists to find less expensive non-noble metal alternatives

∗ Corresponding author. Permanent address: Institute of Molecular and
tomic Physics, National Academy of Sciences of Belarus, Nezavisimosti
venue 70, 220072 Minsk, Belarus. Tel.: +49 3834 554 413/+375 17 2841639;

ax: +49 3834 554 301/+375 17 2840030.
E-mail addresses: savastenko@inp-greifswald.de,

ataliesavastenko@tut.by (N.A. Savastenko).

[
p
u
s
b
s
t
t
i
a

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.11.072
ne fuel cell; Plasma treatment

hat are stable and exhibit catalytic activity comparable to that
f Pt. Although it has been demonstrated that fuel cells utiliz-
ng hydrogen peroxide (H2O2) have numerous advantages for
nderwater application or space power systems [11,12], most
fforts have almost exclusively been devoted to the develop-
ent of non-precious catalysts for oxygen reduction. Jasinski

13] published in 1964 that transitions metal porphyrines and
htalocyanines show an electrochemical activity and can be
sed as cathode material in fuel cell. Janke et al. have demon-
trated that the activity of the transition metal macrocycles can
e improved by a pyrolytic heat treatment in an inert atmo-
phere [14]. Since that time many efforts have been devoted

o enhance their electrochemical performance [15–27]. During
he heat treatment, the molecular structure of metal complex
s decomposed. For catalyst prepared by heat treatment in low
nd medium temperature ranges (up to 800 ◦C), the pyrolysis
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esidual products (metal-N4 moieties or their fragments) were
ound to be the active catalytic centre [15,17,18]. It is suggested
hat the metallic clusters surrounded by graphite layers can act
s the catalytic sites when catalysts prepared at high pyrol-
sis temperatures [19]. Nevertheless, it has been shown that
he thermal pyrolysis of porphyrines leads to an unfavourable

orphology of the material [28,29]. Bogdanoff et al. [28]
ave demonstrated that melting and sintering of cobalt tetram-
thoxyphenylporphyrin (CoTMPP) during pyrolysis resulted in
nonporous product. This serious drawback of the prepara-

ion method can be overcome by using plasma treatment of the
atalysts [30].

Low temperature plasma has been extensively utilized in
atalysis, including plasma-assisted synthesis of catalytic active
ltra-fine particles and their deposition on support, plasma
egeneration or plasma treatment of catalysts [31–37]. Most of
he conventional methods for preparation of catalysts include
igh-temperature calcinations/reduction or pyrolysis in an inert
tmosphere. Replacement of heat treatment step by low-
emperature plasma treatment minimizes some problem caused
y high temperature such as aggregation, crystalline size grow
nd sublimation [32,38]. The plasma prepared catalysts or
atalysts modified by plasma exhibit a much higher activity,
nhanced selectivity and better stability [35,37,39]. A plasma
odification of surface is known as a versatile approach to

nduce hydrophobic properties or improve wettability and adhe-
ion of coatings [40]. These features help achieve a desirable
etal–support interface in catalysts [36]. It was demonstrated

hat plasma treatment of CoTMPP-based catalysts suppressed
articles aggregation [30]. In previous work, it was shown
hat low-temperature plasma treatment is suitable to transform
oTMPP into a catalytic material for the oxygen reduction reac-

ion [30].
In this work we developed a methodology of plasma-

nhanced preparation of CoTMPP-based electrocatalysts for
ydrogen peroxide reduction. The purpose of this study was to
how that plasma treatment allows to prepare CoTMPP-based
atalysts for the cathode reduction of hydrogen peroxide in fuel
ells. Fuel cells utilizing hydrogen peroxide as an oxidizer are
f interest for underwater application [11,12]. From an opera-
ional point of view, these systems are more reliable. H2O2 is
torable. It is environmentally compatible. When decomposed
t gives only oxygen and water.

Though the porphyrines are considered to be the promis-
ng alternative to Pt, they are still a long way from being able
o substitute it. A replacement of Pt by non-precious catalyst
educes the PEMFC performance. That makes it difficult to eval-
ate the efficiency of plasma treatment on catalytic activity of
oTMPP. For that reason, we did not replace the Pt-based cata-

ysts by CoTMPP in PEMFC completely. Instead, we employed
lasma treated CoTMPP-based catalyst additionally to the Pt.
oTMPP was deposited on the gas diffusion substrate at the
athode side in addition to the Pt catalysts on the membrane.

n order to evaluate the efficiency of plasma treatment on the
erformance of non-precious catalysts, we tested the PEMFC
ith and without presence of CoTMPP-based catalyst on the
iffusion substrate.
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. Experimental

.1. Materials

Commercial (Sigma–Aldrich, Germany) cobalt tetram-
thoxyphenylporphyrin, CoTMPP (C48H36CoN4O4, 791.77 g
ol−1) was employed as a precursor of catalysts. Tetrahydro-

uran (THF) was used to dissolve the CoTMPP. THF (GR for
nalysis) was purchased from Merck KGaA, Germany. Cata-
ysts were deposited on the titanium fibre felt that was employed
s a gas diffusion substrate at cathode side in a PEMFC. Tita-
ium fibre felt (thickness of 0.4 mm, porosity of 79%) was
urchased from STS Metalle GmbH. High purity methane
99.995%, Air Liquid, Germany), argon (99.999%, Air Liq-
id, Germany) and oxygen (99.999%, Air Liquid, Germany)
ere used for plasma treatment. Hydrogen (99.999%, Air Liq-
id, Germany) and hydrogen peroxide, 35% (GR for analysis,
ppliChem GmbH, Germany) were used for PEMFC tests. The
ydrogen peroxide was diluted with a distilled water to give a
nal concentration of 17.5%.

.2. Preparation of CoTMPP catalysts

.2.1. Plasma treatment of Ti substrate
Prior to use, the titanium fibre felts were washed in acetone

nd then dried. The amorphous hydrogenated carbon (a-C:H)
lms were deposited on the titanium fibre felts by a radio
requency plasma enhanced chemical vapour deposition (RF-
ECVD) method in a commercially available reactor (Piccolo,
lasma Electronic GmbH). All the samples were deposited from
ethane (CH4) and argon (Ar) gas mixture at a total pressure

f 15 Pa under gas flow conditions (CH4:Ar = 15:15 sccm). The
lms were deposited at power of 100 W for 5 min on each side
f substrate. The substrates were located either at the powered
lectrode or grounded electrode at the distance of 4 cm from the
owered electrode. Additionally, a series of films was deposited
n glass substrate for 10 and 5 min in order to calculate depo-
ition rate and to measure the contact angle respectively. The
adio-frequency (RF) power varied from 100 to 200 W.

The film thickness was determined using surface profilome-
er (Dektak 3ST, Veeco). The deposition rate was estimated by
aking the film thickness and deposition duration into account.

After the deposition of a-C:H films, some of the samples were
reated in Ar:O2 RF-plasma. In order to avoid the undesirable
nfluence of previous process, an Ar:O2 RF-plasma treatment
as carried out in another reactor. The reactor was described

n detail in a previously published paper [30]. Plasma treatment
as performed at RF-power of 80 W for 2 min at a total pressure
f 10 Pa under gas flow conditions (Ar:O2 = 15:15 sccm).

The contact angles of water on a-C:H films deposited on glass
ubstrate were measured before and after treatment by Ar:O2
F-plasma. The contact angles were obtained using a com-
ercial system (Digidrop, GBX Instrumetation Scientifique,

rance) equipped with a monochromatic light source for imag-

ng the liquid drop placed on the sample surface. High quality
nd level optic (NIKON) are employed for measurement to avoid
berration problem. The instrument is equipped with a micro
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ig. 1. A schematic configuration of a DBD reactor (a), and a photograph of a
EMFC (b).

egulator of droplets to disperse an accurate volume of liquid on
he substrate. In this work, distilled water was used as the work-
ng liquid. The volume of water drop was 7 �l. The drop image
as taken in 3 s after dispersing and stored, via a monochromatic
ideo camera (CCD 2/3′′), using PC-based control, acquisition
nd data processing.

.2.2. Plasma treatment of CoTMPP/Ti catalysts
CoTMPP was deposited on Ti substrate using plasma-

nhanced impregnation method. The pre-treated as described
bove Ti substrates were impregnated with a saturated solution
f CoTMPP in THF. The final loading was about 1.5 mg cm−2.
fter drying for a 24 h at room temperature, CoTMPP/Ti

atalysts were treated in DBD plasma. A schematic diagram of
he in-house build DBD-system used can be seen in Fig. 1a. The
pper electrode is connected to an ac power source and covered
ith a glass plate (thickness = 2 mm). The lower electrode is

onnected to the earth. The applied voltage (peak-to-peak value)
as in the 8–16 kV range. The applied voltage frequency was of
3.6 kHz.

The samples to be treated were located between the glass plate
nd the grounded electrode. Plasma treatment was carried out in
r or N2 environmental with gas flow rate of 200 sccm min−1
t atmospheric pressure for treatments times of 24 or 2.4 min.
xygen concentration inside the sealed chamber was monitored
y oxygen sensor (Zyrox sensors and Electronics GmbH, Ger-
any). During experiments, oxygen level ranged from 200 to

3

i

wer Sources 165 (2007) 24–33

00 ppm. The electric energy (Eel) consumed by DBD was esti-
ated as described in Ref. [41].
To examine the effect of plasma treatment on adhesion of

oTMPP to Ti fibre felt, the samples were treated ultrasoni-
ally in H2O2. The ultrasonic instrument was Transsonic 460/H
Elma, Germany).

.3. Fuel cell test

Catalytic activity tests were performed in a PEMFC using
2O2 on the cathode side and H2 on the anode side. The layer of

lectrocatalysts should be located in PEMFC between a gas dif-
usion substrate and the proton exchange membrane (PEM). The
lectrocatalysts can be deposited either on the gas diffusion sub-
trate or on the PEM [5]. In our experiments, we used the PEMFC
ystem with noble metal catalyst on the membrane. In order to
valuate the efficiency of plasma treatment on the performance
f non-precious catalysts, CoTMPP was deposited on the gas
iffusion substrate at the cathode side in addition to the Pt cata-
ysts on the membrane. We tested the PEMFC with and without
resence of CoTMPP-based catalyst on the diffusion substrate.

PEMFC test system set-up is shown in Fig. 1b. The mem-
rane electrode assembly (MEA) with an active electrode area
.25 cm2 was purchased from AMT GmbH, Germany. A PtRu/C
atalyst on anode side and a Pt/C catalyst on cathode side were
mployed with a noble metal loading of 2.0 mg cm−2. Vulcan
C-72 was used as a catalyst support. For the anode catalyst, the
t:Ru ratio was of 1:1. The deposition of CoTMPP onto the diffu-
ion substrate was performed by plasma enhanced impregnation
ethod described in Section 2.2. All of the component of the fuel

ell that are shown in Fig. 1b were put together using eight bolts
nd nuts. The H2O2 was pumped through the cell with a tubing
ump (REGLO, ISMATEC, Swiss) at a flow rate of 5 ml min−1.
2 was fed to the cell under 50 sccm min−1. Humidification of

he H2 was carried out by bubbling the gas through water. The
ests of PEMFC were performed under room temperature.

.4. Characterization of catalysts

X-ray photoelectron spectroscopy analysis (XPS) was used
or the analyses of the samples after different treatments.
PS was performed on an Axis Ultra (Kratos, Manchester,
K). For the excitation of the photoelectron spectra Al K�

hν = 1.4867 keV) was used. Two sets of measurements were
erformed. From measurements with a pass energy of 80 eV
he composition of the surface was estimated. Moreover high
esolution measurements of the C 1s line with a pass energy
f 10 eV were performed. The scanning electron microscopy
SEM) investigation was performed in the usual way with a
EOL JSM 5800 4V instrument.

. Results and discussion
.1. Plasma treatment of catalysts

The plasma pretreatment of Ti substrates was aimed at
mproving of their adhesion to CoTMPP. On the other hand, it
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Table 1
Deposition rate and contact angle of water on a-C:H films deposited on glass substrate at different RF-power followed by plasma treatment in Ar:O2 atmosphere at
power discharge of 80 W

Parameter of a-C:H film deposition power
(W), substrate positioning

Deposition rate of a-C:H
films (nm min−1)

Contact angle (◦) before
treatment by Ar:O2 plasma

Contact angle (◦) after treatment
by Ar:O2 plasma

100, on the HV-electrode 13.0 54 9
100, on the grounded electrode 7.5 69 15

150, on the HV-electrode 13.0 65 8
150, on the grounded electrode 7.7 72 11

200, on the HV-electrode 14.5 73 10
200, on the grounded electrode 10.0 77 15

No a-C:H film – 80 15
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ll a-C:H films were deposited at a total pressure of 15 Pa under gas flow cond
min for measurement of deposition rate and contact angle, respectively. RF-pl
total pressure of 10 Pa under gas flow conditions (Ar:O2 = 15:15 sccm).

s well known that the plasma treatment induces the functional
roups on the surface (see for example [30,40] and references
herein). These functionalities can improve the wettability and,
n turn, influence on the impregnation of substrate with CoTMPP
n THF solution. In addition, the enrichment of substrate with

xygen-containing groups was expected to enhance the catalytic
erformance of CoTMPP [42]. Prior to deposition on titanium,
series of a-C:H films was prepared on the glass substrates in
rder to illuminate the optimum deposition parameters. After

c
c
a
t

able 2
ummary of plasma treatment conditions

reparation route
umber

a-C:H film deposition:
substrate positioning

Functionalization

1 On the HV-electrode Yes
2 On the grounded electrode No
3 On the HV-electrode Yes
4 On the grounded electrode No
5 No a-C:H film Yes
6 No a-C:H film No

7 On the HV-electrode Yes
8 On the grounded electrode No
9 On the HV-electrode Yes
0 On the grounded electrode No
1 No a-C:H film Yes
2 No a-C:H film No

3 On the HV-electrode Yes
4 On the grounded electrode No
5 On the HV-electrode Yes
6 On the grounded electrode No
7 No a-C:H film Yes
8 No a-C:H film No

9 On the HV-electrode Yes
0 On the grounded electrode No
1 On the HV-electrode Yes
2 On the grounded electrode No
3 No a-C:H film Yes
4 No a-C:H film No

5 No a-C:H film No

ll a-C:H films were deposited on Ti substrate for 5 min at power discharge of 100 W
otal pressure in the deposition chamber was of 15 Pa. RF-plasma treatment of Ti in A
nder gas flow conditions (Ar:O2 = 15:15 sccm). A total pressure was of 10 Pa. After
(CH4:Ar = 15:15 sccm). The a-C:H film deposition was carried out for 10 and
treatment in Ar:O2 atmosphere (functionalization) was performed for 2 min at

lm deposition, the samples were treated in Ar:O2 RF-plasma
functionalization). In order to follow the changes caused by
lasma treatment and establish their correlation with plasma
arameters, the contact angle was measured on a-C:H films.

Table 1 summarized the variation in deposition rate and

ontact angle with the deposition parameters. The variation in
ontact angle of water on a-C:H films were measured before and
fter treatment of samples in Ar:O2 RF-plasma. It can be seen
hat wettability of a-C:H films tends to decrease with increasing

Treatment by DBD plasma gas,
voltage (peak-to-peak) (V), time
of the treatment (min)

Lost of the catalyst loading after
sonication in H2O2 for 1 h (%)

N2, 14, 24 33.0
N2, 14, 24 55.0
N2, 14, 24 61.0
N2, 14, 24 64.0
N2, 14, 24 50.0
N2, 14, 24 100.0

N2, 14, 2.4 35.0
N2, 14, 2.4 26.0
N2, 14, 2.4 54.0
N2, 14, 2.4 48.0
N2, 14, 2.4 58.0
N2, 14, 2.4 48.0

N2, 8, 24 74.0
N2, 8, 24 66.0
N2, 8, 24 85.0
N2, 8, 24 66.0
N2, 8, 24 84.0
N2, 8, 24 88.0

Ar, 8, 24 100.0
Ar, 8, 24 100.0
Ar, 8, 24 100.0
Ar, 8, 24 100.0
Ar, 8, 24 100.0
Ar, 8, 24 100.0

No 81.0

from Ar:CH4 RF-plasma under gas flow conditions (CH4:Ar = 15:15 sccm). A
r:O2 (functionalization) was curried out for 2 min at power discharge of 80 W

impregnation with CoTMPP, the samples were treated by DBD-plasma.



2 of Power Sources 165 (2007) 24–33

R
w
i
p
i
t
i
r
i
t
o
d
i

R
p
t
fi
i
a

t
C
o
n
e
m
g
v
a
v
f
a
w
e
v
s
p
b
t
o

p
s
t
o
p
c
i
l

L

H
s

F
c
s

s
T
l
F
fi
s
s
w
a
c
w
(
t
i
a
m
a

w
r
D
t
5
l
c
t
p
l
s
a
2
a
t
s

8 N.A. Savastenko et al. / Journal

F-power during deposition process. At the same RF-power, the
ettability of an a-C:H film was higher (contact angle was lower)

f the substrate was located at the powered electrode. Ar:O2 RF-
lasma treatment of a-C:H films resulted in significant increase
n wettability. The increase in wettability might be attributed
o the surface covering with oxygen functional groups, which
s confirmed by the XPS analysis later on. For the RF-power
anged from 100 to 200 W, the deposition rates were found to be
n range from 7.5 to 14.5 nm min−1. The dependence of deposi-
ion rate on substrate positioning can be ascribed to an influence
f ionized species in plasma on a film deposition process. The
ifferent influence of ions on the film growth is likely due to the
ons acceleration in the vicinity of the HV electrode.

On the titanium fibre felt, the a-C:H films were deposited at
F-power of 100 W. The titanium substrates were positioned at
owered as well as grounded electrodes. An Ar:O2 RF-plasma
reatment was performed for Ti substrate with and without a-C:H
lms. After impregnation with CoTMPP, samples were treated

n DBD plasma. The samples undergone to the plasma treatment
re summarized in Table 2.

When plasma treatment is conducted to replace the pyrolysis,
he temperature does not seem to play a key role in transforming
oTMPP into catalytic active material [30,32]. The conditions
f DBD plasma are characterized by a low temperature of the
eutral gas. DBD plasma comprises the electrons of high mean
nergy, excited molecules and radicals that can contribute to
odification of CoTMPP. The generation of these species is

overned by the electric energy (Eel) consumed by DBD per
oltage cycle. Taking this into account, Eel can be considered as
parameter to characterize the DBD treatment of catalysts. The
alue of Eel was higher for N2 (0.06 mJ per voltage cycle) than
or Ar (0.02 mJ per voltage cycle) for the same voltage of 8 kV
pplied at the HV electrode. The energy, as expected, increased
ith the increase in voltage. For feeding voltage of 14 kV, the

nergy consumed by DBD in N2 was found to be of 0.2 mJ per
oltage cycle (i.e. 10 times more than in Ar at 8 kV). Under
uch circumstances, it might be expected that the difference in
erformance of the catalysts treated by DBD in Ar and N2 cased
y difference in Eel. In order to illuminate a role of treatment
ime, a series of samples was treated by DBD for exposure time
f 2.4 min (i.e. 10 times shorter than for the most of the catalyst).

To limit the number of parameters, throughout of catalyst
erformance test in fuel cell, the preliminary test of catalysts
tability against the H2O2 was carried out. The test was aimed
o examine the effect of different plasma treatment conditions
n the CoTMPP adhesion to the titanium fibre felt. The sam-
les were treated ultrasonically in H2O2 for an hour. A lost of
atalysts loading was monitored during sonication. A difference
n bonding CoTMPP to a Ti was expressed in terms of relative
oading lost (L):

(mCoTMPP 0/(mTi + mCoTMPP 0))

− (mCoTMPP t/(mTi + mCoTMPP t))
=
mCoTMPP 0/(mTi + mCoTMPP 0)

× 100% (1)

ere mCoTMMPP 0 is the mass of CoTMPP in a sample before
onication, mCoTMPP t the mass of CoTMPP in a sample after

a
d
b
a

ig. 2. The lost of loading of the plasma treated and untreated CoTMPP/Ti
atalysts as a function of time of sonication. For plasma treated catalysts, Ti
ubstrate were covered with a-C:H films without functionalization.

onication for a time t, and mTi is the mass of titanium substrate.
he data on catalyst loading lost (L) after 1 h of sonication are

isted in Table 2. The following general observations were made.
or the samples treated by DBD in N2, the deposition of a-C:H
lms seems to improve the CoTMPP adhesion to titanium sub-
trate. In case of CoTMPP deposition on not pre-treated titanium
ubstrate (preparation routes 6, 12, 18, and 24), the loading lost
as found to be of 50–100% in 1 h of sonication. On the contrast,

n a-C:H film deposition on Ti substrate allowed decreasing the
atalyst loading lost till 30% (preparation routes 1, 7, and 8). It is
orthwhile to note, that the treatment by DBD for shorter time

2.4 min) appeared to be sufficient to improve CoTMPP bonding
o the substrate. For all catalyst treated by DBD for 2.4 min, load-
ng lost ranged from 26 to 57%. As a general trend, deposition of
-C:H film by locating the substrate on the HV-electrode led to
ore pronounced improvement of adhesion between CoTMPP

nd Ti.
The role of substrate functionalization in Ar:O2 RF-plasma

as unambiguous. In the most cases, that resulted in slight dete-
ioration of CoTMPP/Ti bonding. But for catalysts treated by
BD at 14 kV (preparation routes 1 and 2), additional func-

ionalization of Ti substrate led to decrease in loading lost from
4 to 33%. For all catalysts treated by DBD in Ar, the lost of
oading exceeded 100% after 5 min of sonication. For selected
atalysts, the lost of their loading is shown in Fig. 2 as a func-
ion of time of sonication. It summarized the influence of DBD
arameters on CoTMPP adhesion on Ti substrate. For all cata-
ysts presented in the Fig. 2, CoTMPP was deposited on the Ti
ubstrate covered with a-C:H film but without further fiction-
lization in Ar:O2 RF-plasma (preparation routes 2, 8, 14, and
0 in Table 2). As a reference, the data on untreated sample is
lso presented (preparation route 25 in Table 2). It can be seen
hat lost of catalyst loading occurred rapidly in the first 5 min of
onication. Catalyst treated in Ar loosed CoTMPP completely

fter 5 min of sonication. Further ultrasonic treatment seemed to
estruct the titanium substrate. For catalysts treated in N2, the
onding the CoTMPP to a Ti increased with increase of voltage
pplied. Taking into account the differences in values of Eel for
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r- and N2-DBD, it reached the conclusion that the improve-
ent of adhesion of CoTMPP to the Ti is strongly dependent

n the energy consumed by DBD. The DBD-plasma treatment
s based on a conversion of electric field energy to chemical or
hysical processes on the surface of the sample treated. From
his it follows that the effectiveness of treatment depends on
nergy consumed by a discharge. Taking this into considera-
ion, the effectiveness of N2-DBD plasma treatment (Eel ranged
rom 0.06 to 0.2 mJ per voltage cycle) is expected to be higher
han that of Ar-plasma (Eel = 0.02 mJ per voltage cycle). This
oincides with results presented in Fig. 2 and Table 2.

For the catalytic activity test in fuel cell, six samples were
hosen (preparation routes 1, 2, 7, 8, 19, and 20 in Table 2). For all
atalysts, a-C:H films were deposited by positioning the Ti sub-
trate on HV electrode. A half of all samples were additionally
unctionalized in Ar:O2 RF-plasma. After an impregnation with

oTMPP, the catalysts were treated by DBD in Ar at 8 kV (peak-

o-peak value) for 24 min, and in N2 at 14 kV (peak-to-peak
alue) for 24 and 2.4 min.

ig. 3. The cell potential (a) and power density curves (b) for PEMFC with and
ithout CoTMPP on untreated diffusion substrate.
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.2. Fuel cell tests

Fig. 3 shows the performance of PEMFC with diffusion
ubstrate containing CoTMPP (denoted further as catalyzed
ubstrate) and original (untreated, without catalyst) diffusion
ubstrate. In former case, the untreated titanium substrate was
mpregnated with CoTMPP without any further plasma treat-

ent. For both diffusion substrates, an open cell potential of
00 mV was observed. When current was drawn from the cell,
he cell potential fell. At low cell potential, the PEMFC with cat-
lyzed diffusion substrate gave the lower current density than the
EMFC with original diffusion substrate (Fig. 3a). In Fig. 3b,

he results from Fig. 3a are plotted in terms of power density. The
aximum power density, Wmax, of 12 mW cm−2 was observed

or PEMFC with original diffusion substrate. The impregnation
f diffusion substrate with CoTMPP without further treatment

esulted in only a decrease in Wmax. That indicates that deposi-
ion of untreated CoTMPP on diffusion layer does not impose
he improvements of PEMFC performance. A further study is

ig. 4. The cell potential (a) and power density curves (b) vs. different diffusion
ubstrates. The catalyzed diffusion substrates were treated for 24 min in Ar- or
n N2-DBD plasma without and with functionalization (denoted as (f)).
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eeded to understand the performance drop for untreated cat-
lyzed diffusion substrate.

Fig. 4 shows the effect of different plasma treatment routes
n the performance of PEMFC with catalyzed diffusion sub-
trate. The preparation of catalyzed diffusion substrates was
arried out by plasma enhanced impregnation method. The sub-
trate pretreatment procedure included a-C:H film deposition
ith or without functionalization. Then substrates were impreg-
ated with CoTMPP. As a final step, the samples were treated in
lasma under two different conditions. The samples were either
xposed to Ar-DBD plasma for 24 min applying high voltage of
kV (peak-to-peak value) or N2-DBD plasma at 14 kV (peak-

o-peak value) for 24 min according to the routes 1, 2, 19 and
0 in Table 2. Additionally data on the performance of PEMFC
ith original titanium diffusion substrate are presented as the
eference.
An improvement of the PEM performance was observed,

hen using the catalysts treated by DBD in N2. Clearly, the

ig. 5. The cell potential (a) and power density curves (b) vs. two different times
f plasma treatment. The catalyzed diffusion substrates were treated in N2-DBD
lasma at 14 kV (peak-to-peak value without and with functionalization (denoted
s (f)).
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EMFC with catalyzed diffusion substrate treated in N2-DBD
lasma generated the highest current density over the entire cell
otential range (Fig. 4a). The performance of PEMFC with cat-
lyzed diffusion substrate treated in Ar-DBD plasma did not
iffer much from that with original substrate. For all catalyst,
he functionalization of substrate in Ar:O2 RF-plasma gave a
light rise in current density for lower cell potential. But for
atalysts treated in Ar-DBD plasma, the influence of function-
lization on their performance can be only seen at currency of
round 35 mA cm−2. In either case, an open circuit voltage was
round 900 mV.

For catalysts treated in N2-DBD plasma, performance was
nhanced up to 30%. The measured maximum power density,

max, was 12 mW cm−2 for original diffusion substrate and
t increased to 16 mW cm−2, when using the catalysts treated
y N2-DBD plasma (Fig. 4b). For catalyst treated in N2-DBD
lasma, the additional functionalization of substrate in Ar:O2
F-plasma lead to a slight increase (up to 8%) in the Wmax
ccording to Fig. 4b, the functionalization resulted also in shift-

ng of curve maxima to higher value of current density. For
atalysts treated by DBD in Ar, the Wmax decreased in a slight
egree to compare to that of original titanium diffusion substrate.

Fig. 5 shows the effect of plasma treatment time of the
atalysts on PEMFC performance. Tacking in to account data
n bonding CoTMPP to Ti (Fig. 2), it can be expected that
reatments for 24 min is too long for really improving the
atalysts performance, leading actually to the bad CoTMPP
dhesion to titanium or even to surface degradation. In fact, no
mprovement in performance was achieved for catalysts treated
or shorter time. Concerning influence of functionalization, all
rends observed for catalysts treated by N2-DBD for longer time
emain for catalysts treated for shorter time. The maximum

ower density occurred at two different current density points
or functionalized and unfunctionalized CoTMPP/Ti diffusion
ubstrates.

ig. 6. The surface elemental concentration of Co, N, O and Ti on the diffusion
ubstrates after various steps of CoTMPP/Ti catalysts preparation: untreated Ti
1); Ti covered with a-C:H film before(2) and after functionalization (3); Ti
overed with a-C:H film, impregnated with CoTMPP and treated by Ar-DBD
4) and N2-DBD (5) plasma; Ti covered with a-C:H film, functionalized in
r:O2 RF-plasma, impregnated with CoTMPP and treated by Ar-DBD (6) and

2-DBD (7) plasma.
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These results imply that PEMFC performance depends on the
atalysts preparation. While addition of untreated CoTMPP on
he diffusion substrate reduced the maximum power density, Ar-
BD plasma treated CoTMPP/Ti diffusion substrate seemed to
ave no significant effect on the fuel performance. The treatment
y N2-DBD plasma improved the PEMFC performance. The
nergy consumed by DBD discharge was a factor of 10 higher
or N2 than for Ar. On the other hand, CoTMPP/Ti substrate
reated for a longer time improved the fuel cell performance.
ence, it appears that energy consumed by DBD during treat-
ent have a decisive role in catalysts activity. High energetic

lectrons and excited species are generated in DBD plasma.
hese species react at the catalyst surface or change the sur-

ace morphology. Their amount is in general proportional to
he energy consumed by discharge. The results of PEM per-
ormance tests imply that the conditions of only N2-DBD are

uitable to transform CoTMPP into a catalytic material. The
EMFC performed poorly when using untreated or Ar-DBD
lasma treated CoTMPP/Ti. The adhesion of CoTMPP to Ti
as found to be weak for untreated or Ar-DBD treated sam-

c
p
t
T

ig. 7. The SEM images of untreated Ti (a), Ar-DBD (b) and N2-DBD (c), (d) plasm
c) or 2.4 min (d).
wer Sources 165 (2007) 24–33 31

les (see Fig. 2). On the contrary, the binding of CoTMPP to Ti
eemed to be the stronger the shorter time of the plasma treat-
ent in N2. But catalysts treated for longer time showed the

igher activity. Therefore, the PEMFC performance degrada-
ion cannot be ascribed to the weak CoTMPP adhesion to the
iffusion substrate. An improvement of CoTMPP performance
aused by substrate functionalization in Ar:O2 RF-plasma can
e explained by higher content of oxygen groups on the surface
42].

.3. Catalyst characterization

A XPS and SEM analysis were undertaken in order to explain
he difference in catalytic behaviour of plasma treated CoTMPP
atalysts.

The XPS analysis was used to determine the elemental con-

entration on the catalysts surface after various steps of their
reparation. Fig. 6 depicts the surface O, N, Ti and Co concentra-
ion for untreated titanium surface (original diffusion substrate),
i covered with a-C:H film before and after functionalization as

a treated CoTMPP/Ti catalysts. The time of plasma exposure was 24 min (b),
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ell as for catalyst treated by DBD in Ar and N2 with and without
unctionalization (preparation routes 1, 2, 19, and 20 in Table 2).
he surface concentration of these elements is expressed rela-

ive to carbon. From Fig. 6 it can be observed: (i) untreated Ti
urface contained O, N and C; (ii) a-C:H film deposition led
o increase in C concentration; (iii) functionalization resulted
n increasing of oxygen surface concentration, (iv) after treat-

ent by DBD plasma, the difference in oxygen content on the
urface of catalysts prepared with and without functionalization
an be negligible; (v) a very weak tendency to increase in N con-
ent for functionalized catalysts was observed; (vi) the elemental
omposition of the Ar and N2 DBD—plasma-treated catalyst is
lmost identical.

XPS analysis confirmed the higher content of oxygen on the
unctionalized surfaces. On the other hand, no increase of O
ontent on the surface of catalysts was observed after treatment
f catalyst by the DBD-plasma. In other words, the increase in
ctivity of functionalized catalysts can be associated rather with
romotion of catalytic centres formation than with oxidation
f catalyst surface. DBD treatment in different gases did not
esulted in a significant change in elemental composition of the
atalyst surface.

SEM was used to investigate the morphology changes pro-
uced by DBD treatment in Ar and N2 for different time. Fig. 7
hows the SEM images of untreated Ti and plasma treated
oTMPP/Ti catalysts (preparation routes 1, 7, 19). No differ-
nce in morphology caused by functionalization was observed.
herefore the SEM images of unfunctionalized catalysts are
ot shown. For all samples, the diameter of individual titanium
bre is of 15–45 �m. The untreated fibres have smooth sur-
ace (Fig. 7a). Ar-DBD treatment caused increasing of surface
oughness (Fig. 7b). Nevertheless, this morphological change
id not influence the catalytic activity. As it was shown in fuel
ell tests, the PEMFC performance with untreated titanium sub-
trate with smooth surface and Ar-DBD treated rough substrate
ere very similar. Moreover, the morphology changes obtained
y Ar-DBD treatment showed a similarity with that of N2-DBD
reatment (Fig. 7b and c), though Ar- and N2-DBD treated sam-
les exhibited rather different catalytic activity (Fig. 3). The
.4 min treated surface (Fig. 7d) was similar to the 24 min treated
ne (Fig. 7c), confirming that very rapid modification of surface
ccurred.

. Conclusions

In this work we developed a methodology of plasma-
nhanced preparation of CoTMPP-based electrocatalysts. Our
ontribution shows the potential of a plasma treatment in the
reparation of electrocatalysts for hydrogen peroxide reduction
n a PEMFC. Deposition of CoTMPP on the titanium diffusion
ubstrate followed by plasma treatment improved the PEMFC
erformance up to 30%. The results of experiments suggest that
EMFC performance depends on the catalysts plasma treatment

rocedure used. While addition of untreated CoTMPP on the
iffusion substrate reduced the maximum power density, Ar-
BD plasma treated CoTMPP/Ti diffusion substrate seemed to
ave no significant effect on the fuel performance. The high-

[

[

wer Sources 165 (2007) 24–33

st performance enhancement was achieved by treatment of the
oTMPP/Ti diffusion layer in N2-DBD plasma. In the process
f catalysts treatment, plasma serves as a special supply of high
nergetic electrons and excited molecules that can modify the
atalysts. In general, their amount is proportional to the energy
onsumed by discharge. The results of our experiment imply
hat both activity and stability of DBD-plasma treated catalysts
ncreased with increasing energy consumed by discharge. Even
or the same feeding voltage, the energy, consumed by DBD was
igher for N2 than for Ar. That suggests that the conditions of
2-DBD plasma are more suitable to transform CoTMPP into
catalytic material. Deposition of a-C:H films on titanium sur-

ace (pretreatment) enhanced adhesion of CoTMPP on titanium.
dditional functionalization of titanium surface in Ar:O2 RF-
lasma led to a slight increase in catalyst activity. Both DBD
reatment in different gases and additional functionalization in
r:O2 RF-plasma did not result neither in a significant change

n elemental composition nor in a morphology of the catalyst
urface. This implies that increase in activity of plasma treated
atalysts can be attributed rather with plasma influence on cat-
lytic centres formation than with changes in morphology of
atalyst surface.
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