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oNoe

Platinum/ruthenium/nitrogen co-doped diamond-like carbon nano-
composite thin film (Pt/Ru/N-DLCNC-TF) deposited on a silicon (Si)
substrate via DC magnetron sputtering deposition was heat treated at
different temperatures of 100-400 °C to investigate the effect of rapid
thermal annealing temperature (RTAT) on its chemical, physical, and
corrosion properties. Increasing the RTAT increased its surface
segregation of PtRu aggregates and graphitization, which in turn
resulted in its increased surface roughness and water contact angle. It
had a certain improvement in corrosion resistance in a 0.5 M
hydrochloric (HCI) solution with an increased RTAT to 200 °C but a
decrease in corrosion resistance with a further increased RTAT to 400
°C. It is clear that there are apparent changes in the structure, surface
roughness, water contact angle, and corrosion resistance of the
annealed Pt/Ru/N-DLCNC-TF with different RTATs.

© 2025 Journal of Materials and Engineering

1. INTRODUCTION

to molded products [1]. Silicon (Si) and steel
micro-molds used for the fabrication of miniature

An ideal micro-mold has a surface with low
adhesion, high hardness, low friction, and excellent
wear resistance [1]. A large ratio of surface area to
volume of a micro-mold gives rise to its adhesion

micro-fludic devices have a short service life
because of their high adhesion and friction [2,3]. It
is necessary to improve their surface properties
with potential coatings. Diamond-like carbon thin
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films (DLC-TFs) are well known for possessing
high hardness, low friction, high wear resistance,
and chemical inertness [4,5]. Besides, they possess
hydrophobic surfaces with low surface energy [6].
Therefore, DLC-TFs with these superior properties
can be considered as potential protective coatings
for micro-molds.

The rigid sp3-bonded cross-linking structures of
DLC-TFs cause them to have high stresses and
thereby poor adhesion to underlying substrates
[4,7,8]. For this reason, metals such as Ni, Tj, Fe, Cr,
Mo, etc. or non-metals such as N, Si, F, etc. are
incorporated in DLC matrixes to improve their
adhesion to underlying substrates by reducing
their residual stresses [4,7,8]. Bootkul et al. [9]
found an improvement in the adhesion strength of
DLC-TFs with N doping as a result of a decrease in
their sp3 content. Khun et al. [7] reported that co-
incorporation of Pt, Ru, and N elements improved
the adhesion of DLCNC-TFs to Si substrates.

Annealing heat treatment (AHT) is considered
another possibility to improve the adhesion
strength of DLC-TFs because it can release their
residual stresses via their graphitization and
structural relaxation [10-12]. However, AHT
does not always have a positive effect on the
adhesion strength of DLC-TFs because improper
AHT can degrade the film adhesion strength via
a thermal mismatch between the film and
substrate [13,14]. AHT can also affect the
chemical compositions and structures of DLC-
TFs and thereby their surface energies, which in
turn results in subsequent changes in their
surface hydrophobicity and adhesion [10-14].
Yang et al. [15] studied the effect of AHT on the
surface hydrophobicity of molds coated with
various hard coatings. Zhao et al. [16]
investigated the effect of AHT on the structures,
water contact angles, surface roughness, and
corrosion resistance of hydrogenated DLC-TFs
by conducting their correlations with each other.

In addition to the surface adhesion of micro-molds,
their possible corrosion should be taken into
account because steel used in micro-molds is
susceptible to corrosion even with moisture, and
its surface corrosion alters its surface chemical and
physical properties [17]. The corrosion resistance
of DLC-TFs used as protective coatings for micro-
molds has become an important topic for micro-
mold applications. It was reported that doping of
metals or non-metals improved the adhesion
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strength of DLC-TFs but degraded their corrosion
resistance due to their degraded sp3-bonded cross-
linking structures [8]. Co-doping of metals and
non-metals in DLC-TFs in order to produce
DLCNC-TFs with intented properties of low
residual stress and high adhesion strength induces
their chemical compositions to be complicated
with AHT, which affects their structural, physical,
and corrosion properties [11,12,15]. It is therefore
necessary to systematically investigate the effect of
AHT on the chemical compositions, structures,
water contact angles, and corrosion resistance of
DLCNC-TFs in order to successfully apply AHT as a
post-treatment.

In this study, the Pt/Ru/N-DLCNC-TF deposited
on a Si substrate using a DC magnetron sputtering
deposition system was heat treated via RTA at
different RTATs of 100-400 °C. A systematic
investigation on changes in its chemical
composition and structure, surface roughness,
water contact angle, and corrosion resistance
with respect to RTAT was carried out by
conducting its structure-property correlation,
which has not been reported in the literature yet.

2. EXPERIMENTAL DETAILS
2.1 Sample preparation

A Pt/Ru/N-DLCNC-TF was deposited on a p-type
Si (100) substrate by co-sputtering a graphite
(99.999% C) target and a Pt50Ru50 (99.99%)
target with DC powers of 52 W/inZz and 2.5
W/in2, respectively, for 120 min. During the film
deposition, argon and nitrogen gases were
introduced into the deposition chamber as
working and reactive gases at 50 sccm and 1
sccm, respectively, via their mass flow
controllers. The background pressure of the
deposition chamber evacuated prior to the film
deposition was 7.5x106 Torr. The film
deposition pressure was 3x10-3 Torr. The
substrate, rotated at 22 rpm, was applied with a
substrate bias of -30 V.

The Pt/Ru/N-DLCNC-TF was annealed by a
Jipelec Jetfirst 100 RT processor (Figure 1) at
different RTATs of 100-400 °C for 2 min. The
temperature ramping and cooling rates were 25
°C/s and 6 °C/s, respectively. The RTA was
carried out in a nitrogen environment supplied
by nitrogen gas at 2000 sccm.
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Fig. 1. A photo of RTA processor used in this study.
2.2 Characterization

X-ray photoelectron spectroscopy (XPS, Kratos
Axis Ultra) was employed to measure the surface
chemical compositions and bonding
configurations of the as-deposited and annealed
Pt/Ru/N-DLCNC-TFs. The radiation source was a
monochromatic Al Ka X-ray radiation (hv =
1486.71 eV). The pass energy of 40 W was used
for C 1s + Ru 3d, N 1s, and Pt 4f to measure the
chemical compositions by integrating their core-
level peaks.

Renishaw S2000 micro-Raman spectroscopy
with a He-Ne laser of 632.8 nm was applied to
investigate the amorphous structures of the as-
deposited and annealed Pt/Ru/N-DLCNC-TFs.
Highly ordered pyrolytic graphite (HOPG) was
used as a reference material.

Digital Instruments S-3000 atomic-force-
microscopy (AFM) operated in a tapping mode
was used to scan the surface topographies of the
as-deposited and annealed Pt/Ru/N-DLCNC-TFs
in a scan size of 1 um x 1 pum. Five random
measurements on each film were carried out to
average arithmetic average roughness, R,
values.

The water contact angles of the as-deposited and
annealed Pt/Ru/N-DLCNC-TFs were measured
with a FTA200 system by applying droplets of
distilled water to their surfaces. Five water
contact angle measurements on each coating
were randomly carried out to get an average
water contact angle.

The corrosion resistance of the as-deposited and
annealed Pt/Ru/N-DLCNC-TFs was examined in
a 0.5 M HCI solution at a scan rate of 0.8 mV/s
using an EG & G 263A potentiostat/galvanostat
workstation with a flat cell kit, which contained
a standard saturated calomel reference
electrode (244 mV at 25 °C), a platinum counter
mesh, and a working electrode. Their exposed
area was a circle of 1 cm in diameter. Their
corrosion potentials (Ecorr) in mV and currents
(Icorr) in pA were obtained by fitting their
polarization curves. Then, their polarization
resistance (Rp) values in kQ were calculated
from their Icor and anodic (Ba) and cathodic (Bc)
Tafel slopes (V/I-decade) according to the
equation (1) [7,18]:

_ (Baxpc)
Rq - 2.3Icorr(Ba+pc) (1)

3. RESULTS AND DISCUSSION

Figure 2 shows the surface chemical
compositions of the as-deposited and annealed
Pt/Ru/N-DLCNC-TFs at different RTATs. The Pt,
Ru, and N contents of the as-deposited Pt/Ru/N-
DLCNC-TF are 4.2, 5.1, and 6.6 at.%,
respectively. The Ru content is higher than the
Pt content because of the core-shell structure of
PtRu aggregates, with an inner core enriched
with Pt and an outer shell enriched with Ru,
which is consistent with the previous reports in
Refs. [7,19].
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Fig. 2. Surface C, Pt, Ry, and N contents of as-deposited
and annealed Pt/Ru/N-DLCNC-TFs at different RTATs.

In Figure 2, increasing the RTAT increases the
surface Pt and Ru contents of the Pt/Ru/N-
DLCNC-TF but decreases its surface N content so
that its Pt and Ru contents at the RTAT of 400 °C
are 5.8 at.% and 6.8 at.%, which are 38.1% and
33.3% higher than those of the one without the
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RTA, while it has a 31.8% lower N content of 4.5
at.%. The Ru content is still higher than the Pt
content for all the RTATSs. The annealing induced
structural relaxation enriches the film surface
with PtRu aggregates due to the size effect of the
Pt and Ru in the amorphous carbon structure
[20,21]. The increased segregation of PtRu
aggregates to the film surface associated with an
increased RTAT contributes to the increased Pt
and Ru contents [20,21]. Increases in the Pt and
Ru fractions lead to a decrease in the N fraction,
while the chemical inertness of the Pt and Ru
elements with the N element is also responsible
for the decreased N content [7].

Figure 3a shows the XPS C 1s + Ru 3d peaks of the
as-deposited and annealed Pt/Ru/N-DLCNC-TFs at
different RTATs, from which overlapping of the C
1s peak with the spin-orbit coupling peaks of Ru
3d(5/2,3/2) is found [7,22]. The C 1s peak of the
as-deposited Pt/Ru/N-DLCNC-TF exists at a
binding energy of about 284.9 eV, as increasing the
RTAT to 400 °C shifts its binding energy to a lower
value of about 284.6 eV as a result of its increased
graphitization [7,11]. The C 1s peak of the as-
deposited Pt/Ru/N-DLCNC-TF has a full-width-at-
half-maximum (FWHM) of 1.88 eV, as its FWHM
decreases to 1.65 eV with an increased RTAT to
400 °C, revealing a decrease in its bond angle and
length disorders [4,23].

In Figure 3a, the XPS Ru 3d5/2 peak of the as-
deposited Pt/Ru/N-DLCNC-TF exists at about
280.7 eV, as the increased RTAT to 400 °C shifts its
binding energy to a lower value of about 280.4 eV,
indicating the increased pure Ru rather than its
oxides since the binding energy of a pure metal is
lower than those of its oxides via an extra
Coulombic interaction between photon emitted
electrons and ion cores [7,22]. In Figure 3b, the
spin-orbit coupling peaks of Pt 4f(7/2, 5/2) of the
as-deposited Pt/Ru/N-DLCNC-TF at about 72 eV
and 75.4 eV shift to lower binding energies of
about 71.8 eV and 75.2 eV, respectively, with an
increased RTAT to 400 °C as a result of the
increased pure Pt with a lower binding energy. It is
hypothesized that the RTA makes adsorbed
surface O atoms gain more energy to break their
bonds with surface Ru or Pt atoms and outgas as
02, as well as to react with weakly bonded C atoms
and outgas as CO or CO2 [7,23]. These processes
become more pronounced with an increased
RTAT, so that the fraction of pure metals is higher
with respect to their oxides with a higher RTAT.
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Fig. 3. XPS (a) C 1s + Ru 3d, (b) Pt 4f, and (c) N 1s
peaks of as-deposited and annealed Pt/Ru/N-DLCNC-
TFs at different RTATSs.

Figure 3c shows the XPS N 1s peaks of the
annealed Pt/Ru/N-DLCNC-TF at different RTATs.
The N 1s peak of the as-deposited Pt/Ru/N-
DLCNC-TF exists at a binding energy of about
398.8 eV, as its N 1s peak shifts to a lower binding
energy of about 398.4 eV with an increased RTAT
to 400 °C. The RTA of the Pt/Ru/N-DLCNC-TF
results in its graphitization, which in turn changes
the bonding configuration of N atoms from N-sp3
to N-sp? and increases the number of N atoms in
aromatic ring structures [4,7,18,24]. Therefore, the
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increased number of N-sp? bonds with respect to
N-sp3 bonds shifts the N 1s peak to a lower binding
energy [4,7,18,24].

The XPS Pt 4f and N 1s peaks were fitted using a
Gaussian line shape and a Shirley background
for the detailed analysis of their chemical
bonding structures. The fitted XPS Pt 4f peaks of
the as-deposited and annelaed Pt/Ru/N-DLCNC-
TFs at 400 °C are shown in Figures 4a and 4b,
respectively. They are deconvoluted into three
spin-orbit coupling peaks: the Pt® peak at about
71.9 eV, the Pt2+ peak at about 73 eV, and the
Pt** peak at about 74.6 eV in the Pt 4f7/2 region,
indicating the neutral Pt and its oxides [7].
Increasing the RTAT develops the Pt® peak with
respect to the Pt2+ and Pt* peaks, confirming the
promoted pure Pt metal state, which is also true
for Ru.
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Fig. 4. Fitted XPS spin-orbit coupling peaks of Pt
4f(5/2,7/2) of (a) as-deposited and (b) annelaed
Pt/Ru/N-DLCNC-TF at 400 °C.

Figures 5a and 5b show the fitted XPS N 1s
peaks of the as-deposited and annealed
Pt/Ru/N-DLCNC-TFs at 400 °C, respectively,
which are deconvoluted into three peaks: the N-
sp? peak at about 398.7 eV, the N-sp3 peak at

about 400.2 eV, and the N-O peak at about 402.5
eV [7,25,26]. Based on the comparison of their
N-sp? and N-sp3 peaks, the N-sp? peak develops
with respect to the N-sp3 peak with an increased
RTAT, indicating the increased number of N
atoms in not only sp? bonding configuration but
also aromatic rings associated with the
promoted graphitization of the amorphous
carbon structure, although the intensity of the N
1s peak decreases with the decreased N content
[4,7,25,26].
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Fig. 5. Fitted XPS N 1s peaks of (a) as-deposited and
(b) annelaed Pt/Ru/N-DLCNC-TFs at 400 °C.

Figure 6 shows the Raman spectra of the as-
deposited and annealed Pt/Ru/N-DLCNC-TFs at
different RTATs. The Raman spectrum of the
HOPS has G and D peaks at 1580.1 cm! and
1334.6 cm, respectively. The appearance of the
D peak in the Raman spectrum of the HOPG
indicates its disordered graphite structure [4].
The D peak is attributed to the breathing mode
of sp? sites only in aromatic rings, as the
stretching vibration of any pair of sp? sites in
chains or aromatic rings is responsible for the G
peak [4,7]. Since a typical Raman spectrum of
the amorphous carbon structure is mainly
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dominated by sp? sites rather than sp3 sites, an
increase in the intensity of the Raman spectrum
shows an increase in the sp? fraction [4,7,18,27].
Therefore, the increased intensity of the Raman
spectrum of the Pt/Ru/N-DLCNC-TF with an
increased RTAT is indicative of its increased sp?2
fraction, while the portion of its Raman
spectrum existing at about the D peak position of
the HOPG develops, indicating the increased
number of aromatic rings in its amorphous
carbon structure via its increased graphitization.
Annealing
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Fig. 6. Raman spectra of as-deposited and annealed
Pt/Ru/N-DLCNC-TFs at different RTATs, and HOPG.
Gray colored Raman spectrum with D and G peaks
belongs to HOPG.

Figure 7a shows the fitted Raman spectrum of the
as-deposited Pt/Ru/N-DLCNC-TF with two
Gaussian G and D peaks and a linear background.
The well-defined D and G peaks can be seen in its
typical Raman spectrum, providing information
about sp? bonds and aromatic rings in it since all
sp? sites contribute to the G peak and the D peak
is attributed to six-fold rings only [4].

Figure 7b shows the G peak positions of the
Raman spectra of the as-deposited and annealed
Pt/Ru/N-DLCNC-TFs at different RTATs. The G
peak position of the as-deposited Pt/Ru/N-
DLCNC-TF exists at about 1538.3 cml.
Increasing the RTAT to 400 °C shifts its G peak
position to a larger value of about 1561.6 cm1. It
was reported [4] that the disorder and loss of
aromaticity weakened bonds and lowered
vibrational density, which caused the G peak to
shift downwards [4]. Beeman et al. [28] reported
that a decrease in G peak position was attributed
to bond angle disorder and a certain percentage
of tetrahedral bonds. Therefore, the downward
shift of the G peak with an increased RTAT can
be correlated to the increased graphitization of
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the amorphous carbon structure, which
increases the number of sp? bonds and aromatic
rings and decreases not only the bond angle and
length disorders but also the ring disorders.
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Fig. 7. (a) Fitted Raman spectrum of as-deposited
Pt/Ru/N-DLCNC-TF. (b) G peak positions and (c)
In/Ic ratios of Raman spectra of as-deposited and
annealed Pt/Ru/N-DLCNC-TFs at different RTATs.

Figure 7c shows the Ip/l¢ ratios of the Raman
spectra of the as-deposited and annealed
Pt/Ru/N-DLCNC-TFs at different RTATs. The
In/Ig ratio of the as-deposited Pt/Ru/N-DLCNC-
TF is 2.3, which means that it has a significant
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number of aromatic rings. Increasing the RTAT
increases its Ip/l¢ ratio to 2.8, confirming its
increased graphitization [4].

175
17
165
E 161
P 1.55 -
15
145

1.4 T T T T T

RT 100 200 300 400
Annealing temperature (°C)

(a)

X 0.200 pm/div
Z 20.000 nm/div

X 0.200 pm/div
Z 20.000 nm/div

()
Figure 8: (a) Ra values of as-deposited and annealed
Pt/Ru/N-DLCNC-TFs at different RTATs. AFM images
showing surface topographies of (a) as-deposited and
(b) annealed Pt/Ru/N-DLCNC-TF at 400 °C.

Figure 8a shows the Ra values of the as-
deposited and annealed Pt/Ru/N-DLCNC-TFs at
different RTATs. The Ra value of the as-
deposited Pt/Ru/N-DLCNC-TF is about 1.4 nm,
while its Ra value increases to about 1.7 nm
(21.4% increase) with an increased RTAT to 400
°C. The increased segregation of PtRu aggregates
to its surface with an increased RTAT is
responsible for its increased surface roughness.
Its increased sp? fraction or graphitic phases
associated with its increased graphitization also
give rise to its increased surface roughness by
reducing its density [4,18,29].

The surface topographies of the as-deposited and
annealed Pt/Ru/N-DLCNC-TFs at 400 °C are
shown in Figures 8b and 8c, respectively. Although
both surfaces have similar surface features, the
annealed surface at 400 °C has a higher number of
protruded surface asperities with a bright color,
which are probably formed by the segregated PtRu
aggregates or graphitic phases.

Figure 9a shows the water contact angles of the
as-deposited and annealed Pt/Ru/N-DLCNC-TFs
at different RTATs. The water contact angle of
the as-deposited Pt/Ru/N-DLCNC-TF is about
78° (Figure 9b), as the increased RTAT to 400 °C
results in its increased water contact angle to
about 82.7° (6% increase) (Figure 9c). The
wettability of the Pt/Ru/N-DLCNC-TF surface
decreases with an increased RTAT. Carbon-
nitrogen  bonds  associated  with  the
incorporation of N atoms in the amorphous
carbon structure enhance the surface polarity
with attractive forces to react with polar water
molecules [7,30,31]. Therefore, the decreased
surface N content with an increased RTAT is
responsible for the increased water contact
angle of the Pt/Ru/N-DLCNC-TF by reducing the
fraction of surface carbon-nitrogen bonds and
weakening the surface polarity. Besides, the
increased surface segregation of PtRu
aggregates with an increased RTAT contributes
to the increased water contact angle by
decreasing the fraction of surface carbon-
nitrogen bonds. Since C-0, Pt-0, and Ru-O bonds
associated with adsorbed surface oxygen have
strong polarities, the water contact angle of the
Pt/Ru/N-DLCNC-TF should decrease with
increased surface Pt and Ru contents [7,30,32].
However, its increased water contact angle
indicates that its surface polarity is not
influenced by its adsorbed surface oxygen in this
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study because of the promoted pure metal states
of the Pt and Ru elements rather than their
oxides with an increased RTAT. The chemical
inertness of the Pt and Ru elements is also
responsible  for the increased surface
hydrophobicity with their increased contents
[4]. Since air trapped in surface asperities below
a water droplet can give rise to a large water
contact angle, its increased surface roughness
with an increased RTAT can be correlated to its
increased water contact angle [19,33,34].
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Fig. 9. (a) Water contact angles of as-deposited and
annealed Pt/Ru/N-DLCNC-TFs at different RTATS.
Water droplets on surfaces of (b) as-deposited and
(b) annealed Pt/Ru/N-DLCNC-TFs at 400 °C.

The potentiodynamic polarization curves of the
as-deposited and annealed Pt/Ru/N-DLCNC-TFs
at different RTATs, measured in a 0.5 M HCI
solution, are shown in Figure 9a. Their cathodic
branches do not apparently change with RTAT,
except for the one annealed at 200 °C. Their
structural changes with different RTATs affect
their anodic branches. A comparison of their
potentiodynamic polarization currents shows
that the annealed Pt/Ru/N-DLCNC-TF at 200 °C
has the highest corrosion resistance among the
samples used in this study.

The Ecorr and R;, values of the as-deposited and
annealed Pt/Ru/N-DLCNC-TFs at different
RTATs are summarized in Figure 10b. The Ecorr
and R, values of the as-deposited Pt/Ru/N-
DLCNC-TF are -44 mV and 4.86 k(), respectively.
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[ts Ecorr value shifts to a more positive value of
335 mV (8.6 times higher) with an increased
RTAT to 200 °C, while its R, value increases to a
larger value of 74 kQ (15.2 times higher),
indicating an increase in its corrosion resistance
[7,18]. However, further increasing the RTAT to
400 °C turns to decrease its Ecorr and R values to
40 mV (8.4 times lower) and 4.3 k() (17.2 times
lower), respectively, as a result of a decrease in
its corrosion resistance [7,18]. The R, value of
the annealed Pt/Ru/N-DLCNC-TF at 400 °Cis 1.1
times lower than that of the one without the
RTA, which means that the polarization
resistance of the annealed Pt/Ru/N-DLCNC-TF
at 400 °C in the HCI solution is not much lower
than that of the as-deposited one.
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Fig. 10. (a) Potentiodynamic polarization curves and
(b) corrosion parameters of as-deposited and
annealed Pt/Ru/N-DLCNC-TFs at different RTATS,
measured in a 0.5 M HCl solution.

The corrosion resistance of the Pt/Ru/N-DLCNC-
TF is strongly influenced by its surface chemical
composition since the surface is always first
accessed by an electrolyte [8,11,18,35] The
existence of Pt and Ru on the Pt/Ru/N-DLCNC-
TF surface lessens its readily anodic dissolution
in the HCl solution because Pt and Ru are
electrochemically nobler than C [7,36]. It was
reported that an increase in N content in the
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amorphous carbon structure decreased its
corrosion resistance because N doping, which
induced the formation of new sp? sites as well as
encouraged existing sp? sites to cluster,
degraded its rigid sp3-bonded cross-linking
structure and thereby resulted in its readily
anodic dissolution [4,18]. The decreased N
content in the Pt/Ru/N-DLCNC-TF with an
increased RTAT can be correlated to its
increased corrosion resistance. High residual
stress in the amorphous carbon structure can
promote its susceptibility to corrosion in an
aggressive electrolyte via film failure in terms of
cracking and delamination on a microscale [37].
Besides, intrinsic structural defects (minute
pores, imperfections, etc.) in the amorphous
carbon structure negatively affect its corrosion
resistance since corrosion always initiates at
structural defects [7,18,38]. It is supposed that
the RTA probably lessens the residual stress and
intrinsic defects in the Pt/Ru/N-DLCNC-TF and
thereby enhances its corrosion resistance.
Therefore, the increased corrosion resistance of
the Pt/Ru/N-DLCNC-TF in the HCI solution with
an increased RTAT to 200 °C is attributed to its
increased Pt and Ru contents, decreased N
content, and reduced residual stress and
structural defects.

Further increasing the RTAT to 400 °C through
200 °C, however, turns to decrease the corrosion
resistance of the Pt/Ru/N-DLCNC-TF, as found
in Figure 10b. It means that the Pt, Ru, and N
contents of the Pt/Ru/N-DLCNC-TF no longer
have an influence on its corrosion resistance
beyond the RTAT of 200 °C. The hydrophilic
surface is normally active in an aqueous
electrolyte for corrosion, pointing out that there
is no correlation between the promoted
hydrophobicity of the Pt/Ru/N-DLCNC-TF
surface and its increased corrosion [39]. The
possible reason is that the increased surface
segregation of PtRu aggregates above a certain
critical level with an increased RTAT decreases
the surface structural integrity of the Pt/Ru/N-
DLCNC-TF, which leads to an increase in its
readily anodic dissolution in the HCI solution.
Weak interfaces between the PtRu aggregates
and C matrix allow not only an easy attack of
electrochemically active species (H+, Cl, water
molecules, etc.) to the film surface for anodic
dissolution but also a permeation of an
aggressive electrolyte into the film/substrate
interface to attack it and cause the underlying Si

substrate to dissolve, so that the increased
surface Pt and Ru contents of the Pt/Ru/N-
DLCNC-TF result in an increase in its corrosion
by forming more surface networks of weak
interfaces and degrading more its surface
structural integrity [7,18,38]. Moreover, the
degraded sp3-bonded cross-linking structure of
the Pt/Ru/N-DLCNC-TF associated with its
graphitization should be correlated to its
increased corrosion [7,18]. Furthermore,
galvanic corrosion between the PtRu aggregates
and C matrix becomes more severe with
increased Pt and Ru contents or enhanced
graphitization [7]. The enhanced electrical
conductivity = of the Pt/Ru/N-DLCNC-TF
associated with its graphitization also
encourages its anodic dissolution under applied
voltages via faster electron transfer through it
[7,18,38,40-42]. The influence of surface
roughness on the corrosion of the Pt/Ru/N-
DLCNC-TF should be taken into account because
the higher surface roughness gives rise to a
larger exposed area to an electrolyte for higher
anodic dissolution as well as a higher number of
surface atoms with the lack of a 3D coordination
network with neighboring atoms to easily
dissolve [43]. The increased surface roughness
of the Pt/Ru/N-DLCNC-TF with an increased
RTAT contributes to its increased corrosion.
These combined effects lead to decreased
corrosion resistance of the Pt/Ru/N-DLCNC-TF
in the HCI solution by increasing the RTAT to
more than 200 °C. Nevertheless, the corrosion
resistance of the annealed Pt/Ru/N-DLCNC-TF
at 400°C is not much lower than that of the as-
deposited one.

Figure 11a shows the surface morphology of the
annelaed Pt/Ru/N-DLCNC-TF at 200 °C observed
after its polarization measurement in a 0.5 M
HCI solution, on which corrosion products are
found, although any apparent corrosion damage
is not found. The corrosion products, which
resulted from electrochemical interaction
between the film surface and HCl solution,
probably lessen the corrosion current of the
Pt/Ru/N-DLCNC-TF by blocking diffusion paths
of electrochemically active species from the
solution onto the film surface or into the
underlying Si substrate and hindering their
electrochemical reactions [7,18]. As a result, its
anodic current does not apparently change with
applied voltage, as found in the anodic branch of
its polarization curve in Figure 10a.
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(b)
Fig. 11. Surface morphologies of annelaed Pt/Ru/N-
DLCNC-TFs at (a) 200 °C and (b) 400 °C, observed after
polarization measurements in a 0.5 M HCI solution.

Figure 11b shows the surface morphology of
the annealed Pt/Ru/N-DLCNC-TF at 400 °C
tested in the HCI solution, from which localized
film delamination in micro-size is found.
Electrochemically active species permeated
through minute pores, pits, or weak interfaces
between the PtRu aggregates and carbon
matrix easily attack the film/substrate
interface and subsequently cause undermining
of the film. At the same time, galvanically
induced corrosion  occurring at the
film/substrate interface due to the different
electrochemical potentials between the film
and substrate accelerates the film undermining
process via the anodic dissolution of the
interface [7,18,38,40-42]. As a result, a large
volume of the HCI solution is allowed to access
the undermined areas. Eventually, the tension
of the solution accessed and corrosion
products formed inside the undermined areas
force the film off the substrate. With shifting
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the applied potential to more positive values,
minute pores develop themselves as well as
connect with neighboring pores to form
micropores. The interconnection of micropores
leads to the formation of a network, and the
undermining of the film under micropores
becomes more severe, resulting in localized
film delamination, as found in Figure 11b, and
contributing to the overall anodic current. Such
a similar film delamination was found on the
tested area of the as-deposited Pt/Ru/N-
DLCNC-TF but with less severity [7]. Therefore,
the anodic currents of the as-deposited and
annleaed Pt/Ru/N-DLCNC-TFs at 400 °C
apparently increase with an increased applied
voltage (Figure 10a). There is no observation
of the localized film delamination on the tested
area of the annealed Pt/Ru/N-DLCNC-TF at
200 °C, probably due to its improved corrosion
resistance and thereby its shorter anodic
dissolution in the HCI solution (Figure 10a).

4. CONCLUSION

The effects of RTAT on the chemical composition
and structure, surface roughness, water contact
angle, and corrosion resistance of the annealed
Pt/Ru/N-DLCNC-TF were systematically
investigated.

e The surface Pt and Ru contents of the
Pt/Ru/N-DLCNC-TF increased with an
increased RTAT, while its surface N
content decreased.

e The sp? friction of the Pt/Ru/N-DLCNC-TF
increased with an increased RTAT as a
result of its promoted graphitization.

e The increased surface segregation of PtRu
aggregates and promoted graphitization of
the Pt/Ru/N-DLCNC-TF with an increased
RTAT resulted in its increased surface
roughness, so that the Ra value at the
RTAT of 400 °C was 21.4% larger than that
without the RTA.

e The water contact angle of the Pt/Ru/N-
DLCNC-TF increased with an increased
RTAT due to its decreased contents of
polar bonds and increased surface
roughness, so that the water contact angle
at the RTAT of 400 °C was 6 % larger than
that without that RTA.
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The annealed Pt/Ru/N-DLCNC-TF at 200 °C
had 15.2 times higher polarization resistance
in a 0.5 M HCI solution than the as-deposited
one, as the polarization resistance of the
annealed Pt/Ru/N-DLCNC-TF at 400 °C was
18.2 times lower than that of the one
annealed at 200 °C. It indicated that the
Pt/Ru/N-DLCNC-TF had a certain
improvement in its corrosion resistance in
the HCI solution with an increased RTAT to
200 °C.

The RTAT had an apparent influence on the
chemical, physical, and corrosion properties
of the annealed Pt/Ru/N-DLCNC-TF.
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