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A direct methanol fuel cell (DMFC) is predominantly noticeable because it can convert chemical energy

directly into electrical energy with higher energy conversion efficiency (�65%) compared to the

efficiency of traditional combustion engines (40%) and with lower emissions. Henceforth, it is one of the

new electrical generators that is becoming an important source of cleaner power in modern life. One of

the key obstacles in designing and assembling the DMFC is contact resistance between interfaces of fuel

cell components. A major source of the contact resistance in the DMFC arises from the contact between

gas diffusion layers (GDLs) and the bipolar plates (BPs). A poor interface contact decreases the actual

contact area, leading to an electrical voltage drop across these interfaces. Decreasing surface resistivity

of BPs is one of the major approaches to reduce contact resistance in fuel cells. Present-day methods

use a polypropylene composite as BPs to replace metallic or graphite BPs to reduce the overall weight

of the DMFC stack. Unfortunately, polymeric composites typically provide higher surface resistance than

the other BPs do. Coating copper on polypropylene composite plates was strategically manipulated by

an electroless deposition (ELD) technique to decrease surface resistance. The coating process consists

of pretreatment, adhesion improvement, and electroless deposition. Prior to ELD, the surfaces of the

composite plates were treated by plasma treatment and then silanization was conducted using N-3-

(trimetylpropylsilyl)diethylenetriamine (TMS) to improve adhesion. Palladium(II) chloride (PdCl2) was used

as a catalyst for the ELD process. Successful modification of the surfaces was confirmed by morphology

investigation via scanning electron microscopy, diagnoses of chemical surface characteristics using ATR-

Fourier-transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS),

physical surface characterizations with a contact angle measurement, electrical conductivity

measurements, and surface adhesion test, while also observing corrosion behavior. In order to complete

a viability study of using modified copper-coated BP for the DMFC, an in situ cell performance test was

conducted. The results of the experiments pave the way for a feasible modification of the BP surfaces to

be considered as suitable BPs for usage in fuel cells.
1. Introduction

The DMFC is a subcategory of polymer electrolyte membrane
fuel cells, in which methanol is supplied as fuel. The main
advantages of the DMFC are the ease of transport of alcohol,
and reasonable energy density of a stable liquid at a wide range
of environmental conditions. Therefore, it can be well operated
under low operating temperatures (from room temperature up
to 80 �C). DMFCs are primarily targeted for portable applica-
tions, where energy and power density are more important than
efficiency.1 DMFC performance is theoretically determined by
lty of Applied Science, King Mongkut's

, Bangkok, 10800, Thailand. E-mail:

ngkut's University of Technology North

24342
concerning losses of cell voltage as indicated in the following
equations.2,3

Ecell ¼ E� � hact � hohmic,m � hohmic,BP � hohmic,GDL � hconc (1)

where hact represents the activation loss which is the voltage
loss associated with electrochemical reactions occuring in the
cathode and anode sides, and hconc is the concentration loss
depending on limitation of mass transfer. The ohmic loss or
resistive loss, due to resistance of the membrane, BPs, and gas
diffusion layers, are dened by hohm,m, hohm,BP and hohm,GDL

respectively. According to eqn (1), the ohmic loss mainly occurs
because of material resistance (eqn (2)) including the resistance
to ow of electrons throughmaterials (Relectronics), the resistance
to ow of ions in a membrane electrolyte (Rionic), and contact
resistance between cell components (Rcontact).4
This journal is © The Royal Society of Chemistry 2020
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Rmaterials ¼ Relectronics + Rionic + Rcontact (2)

Many factors affect the contact resistance such as surface
morphology of cell components, contact pressure at the
material interfaces, the electrical conductivity of components,
corrosion resistance of surface coating, corrosion resistance of
gas diffusion layer and bipolar plate,2 clamping force, and
surface roughness.5 In terms of surface morphology of GDLs
and BPs, their surfaces are required to be as smooth as
possible in order to enhance contact areas between them.
Polishing BP surface is a choice for consideration to reduce the
surface roughness, there is a case study on polishing
commercial BPs (BMC 940-8649 at composite plaques).6

When the plaques were polished by grit-600 sandpaper with
thickness reduction from 1.00 mm to 0.76 mm, the contact
resistance of BMC decreased from 32 mU cm2 to 24 mU cm2.
Increasing surface electrical conductivity and corrosion resis-
tance is another interesting approach for decreasing the
contact resistance. Noble metals such as gold,7,8 Ni,9–11 and Zr12

were utilized as a coating material to achieve set target contact
resistance. The simplest solution is to apply high clamping
pressure during a cell or stack assembling process. The
clamping pressure will squeeze the GDLs and BPs together,
thus eliminating gaps between their interfaces. While utilizing
this pressure method, carbon bers in the GDL structure can
penetrate the surface of composite bipolar plates causing the
formation of conductive pathways.13 However, when clamping
is performed with too much force, it can result in mechanical
failure of the cell components in long term use, which directly
inuences fuel cell performance. The material electrical
conductivity, either surface conductivity or volume conduc-
tivity, is mandatory factor to consider in order to reduce the
ohmic losses and contact resistance. As known, contact
resistance refers to the capability of electron transfer through
surface components in fuel cells, so the surface conductivity
signicantly impacts on the contact resistance. Although the
surface morphology and contact pressure are appropriate, the
low surface electrical conductivity leads to a high contact
resistance. This research article addressed on improving
surface electrical conductivity of polymeric composite BPs. A
light-weight composite BP made from polypropylene
composite was highlighted in this research, since the use of
these composites is relevant to the reduction of overall DMFC
weight and the BP productivity enhancement (via an injection
molding process). Nevertheless, the electrical conductivity of
the polypropylene composite is inferior to that of a metal and
graphite. The lower surface conductivity of the composite
mainly comes from a polymer-rich layer formed during the
injection in a molding process.14,15 The study literature
mentioned above brought about an idea of xing this weak-
ness by coating a high conductive metal on the polypropylene
composite BPs. To achieve a successful coating, two main
procedures: surface treatment, an electrically conductive
coating, must be performed.8 The surface treatment, such as
sandpaper scratching,16 chemical etching, or plasma treat-
ing,17 is used to get rid of the polymer-rich layer on the surface
of the polymer composite. The electrically conductive coating
This journal is © The Royal Society of Chemistry 2020
is the major step in laying conductive material; graphite, ZrN,
TiN, Ni–Mo–P, Cu, Ni, Au, and graphene-coated copper
plate8,18–20 for instance, on another material substrate. In
general, coating conductive materials on metallic BP surface is
intended to prevent corrosion, while surface conductivity can
be maintained.18 Coating surface of polymer composite BPs is
usually aimed at improving their surface electrical conduc-
tivity, however; it is quite difficult to achieve good interfacial
adhesion between a coating material and a polymeric
substrate by reason of the different polarity of surfaces.
Copper has been applied as a material for fuel cell compo-
nents, for example, copper-inserted BPs,21 multilayer-coated
monoplates,8 and copper current collectors because of its
high electrical conductivity (5.85 � 104 S cm�1).22 In case of
multilayer-coated polymeric monoplates, copper was rstly
coated on a polymer monoplate (polycarbonate), and the
copper layers were covered by nickel and gold layers, respec-
tively.8 The copper was selected to be the rst coated layer,
since it provided the strongest interfacial interaction between
the polymer substrate and the coating layer, compared to other
two metals. Moreover, the coating copper on a polymer plate
possesses strong coating layer, a simple process, and inex-
pensive cost. Some restrictions of multilayer coating on
composite plates are surface fracture and metallic layer
peeling off. The copper coating phenomena should be inves-
tigated, nevertheless, coating metals on polypropylene
composite BPs has not been reported extensively. This work
was a preliminary work to study the copper coating on poly-
propylene composite BPs via an electroless deposition tech-
nique before stepping to multilayer coating or using other
noble metals for coating composite BPs in the future work.
Susceptibility to corrosion must be taken into consideration
since hydrogen ions are produced in the mechanism of redox
reaction resulting in a pH of 2–3 ideal conditions for the
occurrence of material corrosion. An application of applying
copper-coated plastic for a exible pH sensor used in acidic
circumstance was published,23 thus our research team would
like to observe the use of copper-coated polypropylene
composite BPs in the DMFC operation condition. There are
several techniques24 for coating copper on a substrate, for
example, adhesion with glue, sputtering, vacuum coating,
spray coating, electroplating and electroless plating.25

For the purpose of this research work, the electroless plating
technique was chosen for several reasons, for one it can be used
to apply metal coating on an insulator substrate such as glass,
plastic, and ceramic, while all of this can be achieved under low
operating temperature (lower than boiling point of an electro-
lyte). In comparison to physical vapor deposition and chemical
vapor deposition techniques,26 it is more suitable for an
industrial process than the other methods because of its ease of
application and reasonable costs. Copper cannot be directly
coated on the surface of polypropylene composite because of its
nonpolar surface that is inert to the reaction. Thus, surface
treatment is necessary to modify a polar function group on the
surface to create an active surface. Two effective treatments
were rationally selected due to two contributing factors: rst, it
is a step that does not provide any complexity and second using
RSC Adv., 2020, 10, 24330–24342 | 24331
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Fig. 2 Molecular structure of N-3-(trimetylpropylsilyl diethylenetri-
amine: TMS).
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non-decomposing the substrate. The process was starting with
a plasma technique to vacuum the system. Then the argon gas
was fed into the system, following that argon gas was activated
to argon-ion using radiofrequency energy, respectively (Fig. 1).
Next, argon ions were attracted to polypropylene composite
surface resulting in a breakage of covalent bonds between C–C
and C–H in polymer chains. The surface of polypropylene was
then turned, attracting radicals on the polymer chains and
reacting with oxygen or humidity. The functional groups con-
taining an oxygen atom were formed on the surface of the
polypropylene composite. The composite surface became more
polar and acquired higher polarity property.

To reach a goal of an effective adhesion between copper and
the polypropylene composite, a silane coupling agent named N-
3-tri(metylpropylsilyl)diethylenetriamine (TMS) was used in this
experimental procedure. The molecular structure of TMS
contains alkoxy groups such as the methoxyl group (–OCH3),
ethoxyl group (–OCH2CH3) and the organo-functional group, as
shown in Fig. 2.

A hydrolysis, condensation, hydrogen bond and covalent
bond formation were the chemical reactions created during the
silanization process (Fig. 3).

Nitrogen in three amino groups of TMS shared electrons to
with palladium(II) ions (Pd2+), and a complex of Pd–N complex is
formed. The catalyst (PdCl2) typically works in tandem with
tin(II) chloride (SnCl2) to increase the reaction rate, but excess
tin(II) ions (Sn2+) may form a gel lm on catalyst surfaces.30 The
gel formation is caused by catalyst agglomeration that
contributes to poor catalyst distribution on the polymer surface.
This gel lmmay shrink during a dehydration step contributing
to the poor adhesion ability. Thus, only PdCl2 was used as
a catalyst in this experimental work. The modied surface
created from the silanization process, was coated with copper
via electroless deposition, which is a redox reaction, as shown in
eqn (3)–(5).31 Note that the source of copper was a copper sulfate
solution (CuSO4$5H2O) stabilized by ligand (potassium-sodium
tartrate). Copper layers on the composite surface were supposed
to acquire 1.765 � 10�8 U to 7.536 � 10�8 U of electrical
resistance.

Oxidation: HCHO + 3OH� / HCOO� + 2H2O + 2e� (3)

Reduction: Cusolution
2+ + 2e� / Culattice (4)

Redox: Cu2+ + 2HCHO + 4OH� / Cu0 + 2HCOO� + 2H2O

+ H2 (5)
Fig. 1 Mechanism of plasma surface treatment.27

24332 | RSC Adv., 2020, 10, 24330–24342
The objective of this research is to reduce the surface resis-
tance of a polypropylene composite bipolar plate using a copper
electroless deposition technique. To accomplish this goal, the
experimental activities can be separated into three main cate-
gories: composite preparation, bipolar plate fabrication, and
characterizations which are laid out in the experimental
methodologies sections of this research.
2. Experimental methodologies
The fabrication of polypropylene composite bipolar plates

The BP fabrication can be separated into two main parts, which
are polypropylene composite preparation and BP injection
molding. Themasterbatch of carbon black (CB: VULCAN® XC72
by Cabot Corporation)-lled PP (Equistar® PP35FU01) and
synthetic graphite (from Asbury Graphite Mills Inc)-lled PP
composites were prepared using a twin-screw extruder (L/D ¼
40, D ¼ 27 mm; ZSE 27 Leistritz) with a side stuffer feeding. The
process of mixing composite masterbatches with conductive
llers was carried out in a 270 mL mixing chamber of an
internal mixer (Haake Fisons Rheocord 90). The specic
conditions of composite mixing were as follows: 210 �C of melt
temperature, 80 rpm screw speed, and 25 minutes of com-
pounding time.

The 55 wt% of total ller load was formulated with different
ller ratios, as illustrated in Table 1, since the composite con-
taining higher ller loading than 55 wt% was not suitable to be
injected in BP form. Aer the mixing process, the actual ller
concentrations were determined using thermal gravimetric
analysis (TGA). All formulated composites were injected in
a bipolar plate and blank plate shapes using injection molding
Fig. 3 A self-assembled monolayer of silane molecule on hydroxyl
functional surface.28,29

This journal is © The Royal Society of Chemistry 2020
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Table 1 Formulation of polypropylene composites

Composites

Filler loading (55 wt%)

PP (wt%)

Filler ratio

CB CF G

PPC 1 45.00 4.00 1.00 1.00
PPC 2 45.00 2.00 1.00 1.00
PPC 3 45.00 1.00 1.00 1.00 Fig. 4 The schematic diagram of coating procedures.
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(Engel 85) with following operating conditions: 200 �C of melt
temperature, 240 rpm screw speed, and 65 �C of mold
temperature.
Copper coating on polypropylene composite plates and BPs

Prior to the steps being taken, polypropylene composite (PPC) blank
plates were cut in the dimension of 6.00 cm� 6.00 cm� 0.30 cm,
next the surfaces of plates were cleaned with acetone using an
ultrasonicating technique. The surfaces of cleaned PPC plates were
also treated with plasma treatment in Harrick PDC-32G operated
using 18 watts of power setting, utilizing argon gas. Aer plasma
treatment, PPC plates were le in the normal atmosphere approx-
imately 10 minutes for creating polar functional groups on PPC
surfaces. The modied PPC plates were immersed into 4.00 wt/v%
of TMS solution (analytical grade from Sigma-Aldrich) for 30
minutes to generate the silanization reaction. Nitrogen purge drying
for 10 minutes is advisable to achieve surface dehydration for
forming Si–O–C bond, to facilitate solvent removal, and to achieve
chemical stability.32,33 Then silanized PPC plates were cleaned using
1,4-dioxane (analytical grade from Fisher Scientic) and deionized
water. Next, the silanized PPC plates were coated with palladium(II)
chloride (PdCl2: analytical grade from Sigma-Aldrich) catalyst to
achieve surface activation. The plates were dipped in 0.03 wt/v%
PdCl2 solution prepared in 1.00 wt/v% of hydrochloric acid solution
for 10 minutes. Then activated plates were cleaned with deionized
water and purged by nitrogen gas. The copper solution used for the
coating step was prepared by blending 1.50 wt/v% of copper sulfate
pentahydrate (CuSO4$5H2O), 3.50 wt/v% of potassium sodium
tartrate (KNa-tartrate), and 2.00 wt/v%of sodiumhydroxide (NaOH).
Formaldehyde (CH2O) from Sigma-Aldrich was added to the copper
solution to create a redox reaction, and then PPC plates were
immersed in the copper solution for 5 minutes. Finally, the copper-
coated PPC plates were cleaned again by deionized water and
purged with nitrogen gas. In the case of copper coating on poly-
propylene composite BPs, all procedures were composed using the
same method as the copper coating on PPC plates. The schematic
diagram of coating procedures can be seen in Fig. 4.
Characterizations

Modied PPC plates were chemically characterized using three
techniques; by observation of surface for hydrophilic property
using contact angle goniometer, studying chemical character-
istics of the surface using Fourier-transform infrared spectros-
copy (FTIR: Perkin-Elmer, Spectrum One) and X-ray
This journal is © The Royal Society of Chemistry 2020
photoelectron spectroscopy (XPS: Kratos Axis Ultra DLD spec-
trometer), to conrm that the copper coating process was
successful. An adhesion test using a paint adhesion test kit
(Paul N Gardner, PA2000) based on ASTM D 3359 and the
surface morphology observation via scanning electron micro-
scope (SEM: JSM 5410 LV, Oxford EDS) were carried out to
evaluate the adhesive performance between two interfaces. In
addition to that, cathodic delamination (CD) was evaluated
through electrochemical impedance spectroscopy (EIS) using
potentiostat galvanostat (Autolab) to study the effects of
a DMFC in an operating environment on adhesion layer
between a copper and PPC surface. The surface conductivity of
coated plates was determined by a four-point probe (SP4) and
source meter (2400C) to make sure that coating copper can
deduct the electrical surface resistance on the composite
surfaces. A single cell of DMFC was constructed from
a commercial membrane electrode assembly (MEA: Naon 117)
with 4 mg cm�2 of Pt/Ru catalyst at the anode side and 4 mg
cm�2 of Pt black catalyst at the cathode side, Teon™ gasket,
and SGL gas diffusion layer (woven carbon ber cloth). The
thickness of the bipolar plates was 3 mm, with an active cell
area of 16 cm2. Methanol solution (1.00 mol L�1) and air (1.0
L min�1) were fed to the anode and cathode, respectively. The
performance of the single-cell was evaluated by measuring the
I–V characteristics using an electronic load.
3. Results and discussion
Effect of plasma treatment time on the change of the contact
angle

Polypropylene composites (PPCs) containing carbonaceous
llers have hydrophobic characteristics because a basic
repeating unit of polypropylene is the only hydrocarbon and
while llers only have carbon content. A hydrophobic PPC plate
has poor wettability and adhesion. Particularly if it is coated by
a polar material such as copper, the problems like poor adhe-
sion and easy detachment will occur. This is due to the variation
of surface free energy in the interaction of two materials, which
is quite large. In the rst stage of this research work, a series of
experiments were carried out by a process known as atmo-
spheric pressure plasma. In order to coat the surface of PPC
plates with copper, a reaction in the water solvent must take
place. Therefore, the surface of the PPC plates must be polar-
ized. First, the electrical energy is applied from a plasma
chamber to dissociate the inert argon gas into electrons, free
radicals, ions, photons, and metastable species. These free
RSC Adv., 2020, 10, 24330–24342 | 24333
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Fig. 6 FTIR spectra of untreated PPC and treated PPC in each step.
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radicals and electrons generated in the plasma chamber collide
with the PPC surface, which results in covalent bonds being
broken. Free radicals produced on the surfaces of PPC plates
associate with oxygens and moistures in the atmosphere to
deliver thermodynamically preferred functional groups on the
PPC surfaces (Fig. 1).

The obtained water contact angle results depending upon
plasma the time of treatment (from 20 s to 10 min) are illustrated
in Fig. 5. The results indicate that at 0–30 seconds of treatment
time, the contact angle decreased from 92.60� � 2.26� to 63.38� �
8.54�. The decrease in contact angle conrms the contact angle
change (92.60� to 60.00�) stated byMorent.34 It can be ascribed that
the plasma activation method can create polar groups on the PPC
surface. Consequently, plasma treatment time for 30 seconds is an
appropriate time for the plasma process.

The physicochemical changes aer surfacemodication via the
plasma process were elucidated using ATR-FTIR to support the
results from contact angle observation (Fig. 6). The spectra of
untreated PPC and plasma-treated PPC indicate that both of them
possess peaks of –CH3 at 2967 and 2972 cm�1, –CH2– at 2839 and
2920 cm�1, and CH3 bending at 1460 cm�1. Primary alcohol
stretching (C–OH) was located at 1037 cm�1 aer plasma treat-
ment, while this peak was not observed in untreated PPC.
Furthermore, the spectrum evidently displayed the peak of the
carbonyl group of carboxylic acids/derivates (C]O vibration)
located at 1577 cm�1. Both results from ATR-FTIR and contact
angle measurements conrmed that the PPC surface could be
modied by plasma treatment.

To evaluate existing functionalities on PPC surfaces before
and aer the plasma treatment, wide scan and high-resolution
XPS spectra were recorded, as shown in Fig. 7.

The elemental composition of the PPC surfaces was calcu-
lated from the XPS spectra. The spectra showed that the PPC
surface consisted of C 1s which is a polypropylene component,
but H peak could not be found due to high binding energy. The
signals of N 1s, Na 1s, Si 2s, and Si 2p would be the components
of additive. Plasma inuenced on O 1s increasing peak intensity
from 11.76% to 19.98%, while the quantity of C was reduced
from 84.84% to 72.11% (Table 2). This is because free radicals
formed during the plasma process existed on the PPC surface
and reacted with oxygen and moisture to produce functional
groups containing O element; therefore, the peaks of these
groups may overlay the C peak.
Fig. 5 Contact angle variation as a function of plasma treatment time.

24334 | RSC Adv., 2020, 10, 24330–24342
According to high-resolution spectra, the peaks of O]C, O–C,
C–C, and O–C]O were found to conrm that the treatment was
a success (Fig. 8). The intensities of O]C, O–C, and O–C]O peaks
of plasma-treated PPC obviously increase (Fig. 7b and Table 3),
compared to untreated PP-CF (Fig. 7a and Table 3). On the
contrary, the C–C content, decreased due to polar functional group
interacting on the surface of PPC occuring to the plasma treating.23

Carbon free radicals created aer the plasma treatment process
reacted with oxygen and humidity in an atmosphere, functional
groups consisting of oxygen atoms were subsequently formed. The
carbon atomic concentration ratios of C–O/C–C, C]O/C–C, and
Fig. 7 Wide scan XPS spectra of (a) untreated PPC and the treated PPC
surfaces by (b) plasma activation, (c) TMS silanization, and (d) Cu-
coating.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Atomic concentration percentage derived from wide scan
XPS spectra

Processes

Atomic concentration (%)

C O N Si Na Cu

Untreated PPC 84.84 11.76 0.91 1.93 0.56 —
Plasma-treated PPC 72.11 19.98 1.65 5.97 0.29 —
TMS-silanized PPC 72.86 11.67 9.15 6.31 — —
Cu-coated PPC 62.49 27.63 — — 3.15 6.72

Table 3 The C 1s intensities found from untreated PPC and treated
PPC surfaces

Samples

Atomic concentration (%)

C–C C–O C]O O–C]O

Untreated PPC 75.01 11.28 — 1.97
Plasma-treated PPC 51.71 17.57 5.63 4.58
TMS-silanized PPC 44.41 23.98 5.21 —
Cu-coated PPC 38.74 20.01 2.28 7.02

Samples

Ratio (%)

C–O/C–C C]O/C–C O–C]O/C–C

Untreated PPC 0.15 — 0.03
Plasma-treated PPC 0.34 0.11 0.09
TMS-silanized PPC 0.54 0.12 —
Cu-coated PPC 0.52 0.06 0.18
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O–C]O/C–C on the surface of plasma-treated PPC signicantly
increased from that ratio in untreated PPC.

Physicochemical changes aer silanization

TMS was used to increase the potential of the adhesion between
copper and PPC interfaces. TMS created a covalent bond and
charged functional groups on the plasma-treated PPC surface,
as in Fig. 3. The contact angles of PPC surfaces aer the plasma
treatment and TMS- silanization were observed to make sure
that the PPC plate occupied a hydrophilic surface. The hydro-
philicity of PPC surface is necessary for the copper coating step,
since the reaction is driven in an aqueous copper solution. The
contact angle of plasma-treated PPC decreased from 62.45� to
40.18� (Fig. 9), and the results were similar to that of Pha-
suksom's,23 which indicated contact angle change (40.00–
60.00�) aer coating uorinate ethylene propylene with TMS.
Note that the contact angle of copper-coated surface was
approximately 86�.35

The spectra of the silanized PPC surface exhibited the peaks
of N–H stretching at 3282 cm�1, N–H bending at 1559 cm�1,
and Si–O–Si at 1161 cm�1 (Fig. 6). These peaks represent func-
tional groups in TMS. Addressing the peak area of Si–O–Si, this
area was enlarged aer a silanization reaction due to the reac-
tion mechanism that took place, which is explained in Fig. 3.
Wide scan XPS spectra conrmed that the silanization was
completed (Fig. 7c). When comparing the wide scan XPS spectra
of PPC plates before and aer the silanization with TMS, the N
1s content from XPS dramatically increased from 1.65% to
9.15% (Table 2). It means the nitrogen content increased by the
amino groups in TMS silane. On the other hand, the oxygen
content decreased from 19.98% to 11.67%, because the oxygen
Fig. 8 High-resolution XPS spectra of (a) the untreated PPC and (b)
the treated PPC surfaces by plasma activation.

This journal is © The Royal Society of Chemistry 2020
element was obscured by the coated TMS silane compound,
resulting in the reduction of oxygen content. Si content,
a component of TMS silane, also appeared in the spectra as
illustrated in Fig. 7c. Even the Si peaks in XPS spectra were
small, the calculation of elemental composition (Table 2)
provided the evidence that Si content on the TMS-silnized PPC
surface was increased around 4.38% compared to untreated
PPC. Basically, silicon could be everywhere as a contaminate,
therefore; N content was needed to be considered in parallel.
From the Table 2, nitrogen content intensely increased aer
silanization. This can indicate the successful silanization.

High-resolution XPS spectra in Fig. 10 show interesting
functional groups and species comprising of Si 2p1/2, Si 2p3/2
(TMS component), silanol group (Si–O), –NH–, and N+. The
emergence of the TMS silanization caused those species.

Pd in high resolution mode was not diagnosed in this work,
but results from our previous work presented Pd 3d peaks
indicating Pd–N complex signal at lower binding energy tail.36

Both SnCl2 and PdCl2 have commonly been used in the activa-
tion process. The palladium ions (Pd2+) are adsorbed and
reduced to Pd0 by SnCl2.37 SnCl2 in activation process typically
acts as reducing agent for Pd2+ as follows:
Fig. 9 The contact angle of untreated PPC, plasma-treated PPC and
TMS-silanized PPC surfaces.
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Fig. 10 High-resolution XPS spectra of (a) the unsilanized PPC and (b–
e) the silanized PPC surfaces by TMS.

Table 4 The colour changes copper coated-surfaces when copper
coating processes were operated at different temperatures

Temperature for
coating (�C) Cu-coated PPC

(a) 28.0

(b) 40.0

(c) 70.0
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Sn2+ + Pd2+ / Pd0 + Sn4+ (6)

Recently, Sn-free activation processes have been developed
following economic and environmental considerations. It has
been reported that palladium may be adsorbed directly on the
nitrogen functional groups of the polymer surfaces, allowing
the electroless deposition of metals without the use of SnCl2.38,39

In the mentioned previous work,36 the Pd 3d high-resolution
XPS spectrum of the silanized surface aer PdCl2 activation
showed the evidence of Pd–N complex at higher biding energy
tail (Pd 3d5/2 ¼ 336.2 eV and Pd 3d3/2 ¼ 341.4 eV). The nitrogen
atoms of the silanized surface can attract the palladium ions
from the PdCl2 solution by sharing their lone pair electrons,
leading to Pd–N complex. In the case of this work, Sn-free
process was applied, therefore Pd2+ was not reduced to Pd0,
but form Pd–N complex instead. However, the coordinated Pd–
N complex can be reduced to Pd metal in the alkaline solution
of the plating bath.39 The reduced Pd is utilized subsequently to
catalyze the electroless plating of copper.

Copper synthesis on composite polypropylene plates

Before copper synthesis on PPC plates, the plates were coated
with a PdCl2 catalyst to decrease the activation energy of copper
coating reaction. The copper coating reaction mechanism was
mentioned in Fig. 4. The most important parameter for an
electroless deposition was operating temperatures which
should be controlled in the range of 30.0–60.0 �C. In this work
24336 | RSC Adv., 2020, 10, 24330–24342
28.0 �C, 40.0 �C, and 70.0 �C of operating temperatures were
varied to investigate an operating temperature effect on
a copper-coated surface characteristic. The coating process
could not be completed if the process of the electroless depo-
sition was done under temperature lower than 30.0 �C (at
28.0 �C in this scenario). When the temperature was higher than
60.0 �C (at 70.0 �C for this case), the colour of the copper
solution changed from blue to pink, causing the PPC surface to
become dark brown (Table 4). This is caused by decomposed40

formaldehyde in the copper solution.
Wide scan XPS spectra, a copper-coated PPC plate showed

copper occurrence from the peaks of Cu 3s, Cu 2p and Cu 3p
(Fig. 7d), which clearly showed that copper certainly adhered to
the PPC surface. An existing sodium element which is related to
K-Na tartate content, a ligand in the copper solution. As for the
oxygen content, the quantity of oxygen increased from 11.76%
to 27.63% (Table 2). It is worth noting, however, that copper was
not the only element that deposited on the PPC surface, but
copper oxide also coated the surface of PPC as well.

In terms of high-resolution XPS (Fig. 11), the spectrum
indicated a double peak of Cu 2p, and Cu–O appearing in the
spectra of O 1s at 531.15 eV of binding energy.

The reaction rate typically depends on copper ion concen-
tration, as shown in eqn (7). Hence, the concentration of the
copper ion inuences kinetic and mass transfers.31,40

r ¼ k [Cu2+]a [OH�]h [HCHO]c [LIGAND]j (7)

in which r is reaction rate, k is reaction rate constant, [Cu2+] is
concentration of Cu2+, [OH�] is concentration of OH�, [HCHO] is
concentration of HCHO, and [LIGAND] is concentration of ligand.
Different concentrations (0.04, 0.06 and 0.08 mol L�1) of copper
solution were prepared to study the effects of Cu2+ concentration
on copper coating ability. When Cu2+ concentration was lower
than 0.01 mol L�1, the Cu2+ concentration in the solution was
slightly different from the Cu2+ concentration on the PPC surface,
which contributed to a lowmass transfer process.40 Using the Cu2+

concentration in the range of 0.01 mol L�1 < Cu2+ < 0.20 mol L�1

increased Cu2+ diffusion rate of the coating process. SEM images
show deposited copper particles on the PPC surface (Fig. 12a–d).
Copper particles provided a better coating degree with the increase
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 High-resolution XPS spectra of the copper coated PPC
surfaces.

Fig. 13 SEM cross-section images of copper-coated PPC plates with
different Cu2+ concentration (a) uncoated surface (b) 0.04 mol L�1 (c)
0.06 mol L�1 (d) 0.08 mol L�1.
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in Cu2+ concentration from 0.04 mol L�1 to 0.06 mol L�1. Even the
efficiency of the copper coating was at its highest with 0.08mol L�1

of Cu2+ concentration. The incomplete coating appears to have
been caused by the copper particles agglomeration (Fig. 12d). The
thickness of the copper layer was differentiated by variation of Cu2+

concentration, as illustrated in Fig. 13.
As shown in SEM images, the thickness of the top layer (10–15

mm) probably include both copper layer and TMS-silanized layer
underneath. Even electroless plating is regularly used to prepare
metal seed layer of approximately 1 to 3 mm, some publications
reported that metallic layer generated from electroless plating
process typically was varied in the range of 2-50 mm.41 Y. H. Lee, et.
al.8 coated cooper onto polycarbonate substrate via the electroless
deposition technique, and the results indicated that average thick-
ness of copper layer was around 10 mm. The quantity of active areas
and reaction time for the electroless deposition are important
factors inuencing the thickness and peeling.41,42 The thickness of
ametallic layer will increase with longer reaction time.42,43According
to surface treatment step through silanization, literature stated that
Fig. 12 SEM images of copper-coated on PPC surface with different
Cu2+ concentration (a) uncoated surface (b) 0.04 mol L�1 (c)
0.06 mol L�1 (d) 0.08 mol L�1.

This journal is © The Royal Society of Chemistry 2020
the thickness of silane layer was in the range of 0.5 to 2.5 nm.44 To
make more clear comprehension, the thickness of coated layer
should be investigated in depth using white-light interferometer or
scanning electron microscope for further work.45

In terms of a bipolar plate application, suitable thickness is
relevant to the depth of reactant ow channels located on a BP
surface and copper layer peeling off. The depth of ow channels
for a fuel cell application was typically imposed in the range of
0.50–0.53 mm,46 but some research work designed the channel
depth approximately 0.760 mm and 1.00 mm.47,48 The channel
depth inuences on fuel cell performance. Lower channel depth
causes to faster reactant ow leading to higher reaction rate
according to the Sherwood number.49 Furthermore, the lower
channel depth reduces the ohmic loss of BP as a following
equation.

hohm;BP ¼ 2j
rBP

L

�
hp

W
þ hc

W � ngwc

�
WL (8)

In accordance with the above equation, rBP is resistivity of
BP, L and W are the length and width of the gas ow channel
plate, and ng is the number of gas ow channel. The hp and hc
are the thickness of the plate and height of the gas ow chan-
nels, respectively.50 The reactant ow channels designed for this
work was 0.75 mm, thus the depth copper-coated channels were
around 0.735 mm which was normal for the fuel cell applica-
tion. It implies that the channel can be coated with thicker
layers as a multilayer coating process, however; coated-layer
thickness affects the adhesion ability. Thicker copper-coated
layer may be easily peeled in comparison to a thinner layer,51

since agglomeration of copper particles piles up to form the
copper layer. In brief, 0.06 mol L�1 of Cu2+ concentration was
used to coat PPC plates under 40.0 �C of operating temperature.
RSC Adv., 2020, 10, 24330–24342 | 24337
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Fig. 15 The polarization curves of DMFCs assembled with a different
bipolar plates.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 7
:0

4:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Possibility of using the copper coated composites as bipolar
plates

Decreasing the electrical resistance of the surface or increasing
its electrical conductivity is a necessary strategy when it comes
to developing BPs since one of the key properties of BPs is
“electrical conductivity. The electrical conductivity of the
surface of three composites (PPC 1, PPC 2, and PPC 3) were
33.701, 15.274 and 4.023 S cm�1, respectively (Fig. 14). Aer
coating copper on the surfaces of these composites, the
conductivity increased to 274.64 S cm�1, 375.32 S cm�1,
328.92 S cm�1. All values achieved and met the requirement of
the USA-Department of Energy (100 S cm�1) for a BP applica-
tion. The results indicated that the ratio of carbon llers had
a direct effect on coating performance. The different ller-shape
combination may provide various surface porosity and rough-
ness composite surfaces. Surface structure of BPs was suggested
to be monitored in depth using atomic force microscopy, since
research publications reported substrate surface roughness and
porosity on coating surface ability and electrical resistivity
reduction.2,52 Volume electrical conductivity or through-plane
conductivity was also measured. PPC 1, PPC 2, and PPC 3
provided 1.20, 0.69, and 0.47 S cm�1 of the volume electrical
conductivity. Uninsulated behaviour of composite BPs in
a through-plane direction was underpinned by these measured
data. In situ DMFC performance was validated to investigate the
possibility of using invented BPs in an actual DMFC. The in-
house DMFC was operated under an operating temperature of
80.0 �C, then cell voltage and current density were used to plot
the polarization curve (Fig. 15).

The cell performance of DMFC assembled with copper-
coated BPs was superior to the performance of that of
a DMFC using uncoated BPs. It can be deduced that the copper
layer can reduce the ohmic loss, since the surface resistance was
decreased. Surprisingly, copper-coated PPC 3 provided the
highest performance with 23.18 mW cm�2 (Fig. 16) of power
density, though the copper-coated PPC 2 had the highest elec-
trical conductivity. It seems that it related to the peeling of the
copper layer in the DMFC environment. When it comes to cell
performance, the copper-coated PPC 3 is a promising proposi-
tion to be used as a commercial composite BP since the
Fig. 14 The surface electrical conductivity uncoated and copper-
coated composite plates.

24338 | RSC Adv., 2020, 10, 24330–24342
performance was equal to that of a commercial composite BP
made from an epoxy composite (Fig. 15, 16 and Table 5).
Regardless of that, its performance is still inferior to
a commercial graphite BP. The efficiency of DMFC, consisting
of invented BP, can be calculated using eqn (9). The efficiency at
an open-circuit voltage (OCV) of DMFC assembled using copper-
coated PPC 3 was 60.91%, while the cell with graphite BPs
provided 59.26% of the efficiency.

Efficiency ¼ Voltageexperiment

Voltageideal
� 100% (9)

Copper layer delamination and surface corrosion are
signicant issues when it comes to the reliability of DMFC;53

thus, adhesion and corrosion tests were performed in this
research. The results from the adhesion test were presented in
Table 6 which displays surfaces of tapes and coated plates aer
the tests. If the tape surfaces own copper trace, that means
a copper layer was removed. Peeling levels were determined by
traces per area. Results showed that the percentage of copper
Fig. 16 Power density curves of DMFCs assembled with a different
bipolar plates.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Important data determined from DMFC performance test

Types of bipolar plates
Open circuit
voltage (V)

Limiting current
(mA cm�2)

Max. power density
(mW cm�2)

Efficiency
(%)

Graphite 0.717 143.75 27.13 59.26
Commercial polymer
composite

0.770 125.00 23.33 63.64

PPC 1 0.728 56.25 9.975 60.17
PPC 2 0.752 87.50 15.20 62.15
PPC 3 0.744 75.00 14.05 61.49
Cu-coated PPC 1 0.700 75.00 12.70 57.85
Cu-coated PPC 2 0.694 125.00 20.80 57.36
Cu-coated PPC 3 0.737 125.00 23.18 60.91

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 7
:0

4:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
layer removal was in the range of 5–15% (3B standard). If PPC
plates were not primarily treated by plasma, the percentage of
copper removal increased to around 65% (0B standard). The
plasma treatment dominated a strong effect on adhesion
ability.

Copper layer delamination or corrosion will cause cell
voltage degradation; therefore, the corrosion test in the
circumstance of DMFC operation was of utmost importance.
Aer the fuel cell performance test was nished, incomplete
copper covering could be observed, which was caused by copper
layer delamination (Table 7).

Moreover, the colour of the copper layer changed to green
(copper(II) oxide), which was caused by a copper reaction with
methanol on the anode side (eqn (10)). At the cathode side, the
air zero which is oxidant reaction with copper layer produced
copper(I) oxide which is pink (eqn (11)). The picture in Table 7
displays colour changes of the copper layer aer the DMFC
operation.

Cu + CH3OH / CuO + CH4 (10)

4Cu + O2 / 2Cu2O (11)

Potentiodynamic polarization measurements were per-
formed in determination of surface corrosion in harsh envi-
ronment. Copper-coated PPCs were submerged in 1 M
methanol and 0.01 M H2SO4 for corrosion tests (Fig. 17). The
Table 6 The adhesion test results according to ASTM D3359

Samples Before adhesion test

PP

Untreated PPC

Plasma-treated PPC

This journal is © The Royal Society of Chemistry 2020
1 M methanol was a reactant used for operating DMFC, while
0.01 M H2SO4 gave pH equal to 2 which is a cell operating
atmosphere. The corrosion current values can be determined
from cathodic tangent slope and corrosion potential.54 Corro-
sion rates of copper-coated PPCs in a year were calculated as
illustrated in Table 8 and 9. The testing results in 1 Mmethanol
solution demonstrated that copper-coated PPC 3 had the lowest
Ecorr and the highest Icorr corrosion rate as shown in Table 8.
Copper coated PPC 3 was easily corroded; the copper layer was
in a situation where oxidation reaction can occur.

n an acid scenario, copper-coated PPCs were corroded
with the corrosion rate range of 0.227–0.312 mm y�1. It is
worth noting that the copper-coated PPC 3 (0.227 mm y�1)
showed the best corrosion resistance among other coating
materials. The corrosion potential, corrosion current, and
corrosion rate values of the coated specimens tested in
sulfuric acid (pH ¼ 2) enabled higher corrosion current
values in comparison with the test in methanol solution. The
results indicated that copper was easily corroded in the fuel
cell condition, so coating a copper material on the outermost
layer is not proper. The multilayer coating with a high
corrosion resistant material on the outermost layer may be
required.21 As mentioned before, the copper coating on
polymer composite BPs is still interesting, because compos-
ites are easy to be coated with copper, copper layer is strong,
and production cost is inexpensive.
Aer adhesion test

ResultsTape surfaces Sample surfaces

0B

0B

3B

RSC Adv., 2020, 10, 24330–24342 | 24339
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Table 7 Surface feature of copper-coated BPs before and after DMFC
operation

Samples

Before cell operation Aer cell operation

Anode Cathode Anode Cathode

PPC 1

PPC 2

PPC 3

Table 8 Corrosion factors determined from the test in 1 M CH3OH

Samples Ecorr (mV) Icorr (mA)
Corrosion rate
(mm y�1)

Cu-coated PPC 1 �51.683 6.831 0.083
Cu-coated PPC 2 �56.007 6.157 0.075
Cu-coated PPC 3 �56.832 7.423 0.091

Table 9 Corrosion factors determined from the test in 0.01 M H2SO4

Samples Ecorr (mV) Icorr (mA)
Corrosion rate
(mm y�1)

Cu-coated PPC 1 �73.787 18.060 0.312
Cu-coated PPC 2 �74.991 14.361 0.248
Cu-coated PPC 3 �60.761 13.115 0.227
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Fig. 18 and 19 exhibit a surface character of coated samples
before and aer corrosion tests. Aer the test in methanol
solution, copper layers of coated PPC 1 and PPC 2 surfaces were
peeled off as seen black circles on their surfaces. In the case of
sulfuric acid solution, the black circles can be remarked on all
sample surfaces. Surface features indicated that some copper
had peeled off and the copper colour slightly turned to be green.
The change in colour relates to a chemical change, so it implies
that peeling occurs together with corrosion. Consequently,
cathodic delamination technique via electrochemical
Fig. 17 Polarization curve of copper-coated BPs in (a) 0.01 M H2SO4

and (b) 1.00 M CH3OH.

24340 | RSC Adv., 2020, 10, 24330–24342
impedance spectroscopy (EIS) was applied to conrm that the
copper layer on composite BP was peeled.

The copper-coated PPC 3 was chosen to be a sample for the
EIS test, since the DMFC assembled with BP made from copper-
coated PPC 3 was comparable in performance to a commercial
BP made from a polymer composite. This test was a preliminary
experiment to be guideline for studying surface corrosion and
delamination. The EIS test, where a copper-coated PPC 3 was
immersed in amethanol solution at various durations of time (1
hour and 1 day). The Bode plot in Fig. 20 reported the rela-
tionship between the total resistance of the system and the
frequency. The results indicate that aer going through the
cathodic delamination process for 1 hour, the total resistance
was greatly reduced because the copper layer was dislodged.
Aer one day of the cathodic delamination process, the meth-
anol solution penetrated the seams of the composite plate
resulting in more peeling leading to an even higher decrease in
the resistance. The total resistance from 1 hour was not much
different from that of a one day process. At the lowest frequency,
cathodic delamination slightly reduced the total resistance,
since the surfaces were partially cracked. These partially
cracked surfaces caused an increase in surface area of copper
layer leading to surface electrical conductivity elevation
Fig. 18 Surface changes of copper-coated PPCs before and after
corrosion tests in 1.00 M CH3OH.

This journal is © The Royal Society of Chemistry 2020
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Fig. 19 Surface changes of copper-coated PPCs before and after
corrosion tests in 0.01 M H2SO4.

Fig. 20 Bode plot copper-coated PPC 3 from cathodic delamination
technique.
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(Fig. 21). A reduction in the total resistance occurred aer the
methanol solution diffused into the copper layer, and then the
layer was partially delaminated. Small copper particles were
removed from the composite surfaces and dispersed in the
solution. Electrically conductive paths created by the copper
particles resulted in the resistance of the solution. Thus, the
increase in total resistance of the CD test system was decreased.

Typically long-term test is mandatory to observed fuel cell
durability. As usually, automotive applications require more
than 5000 hours of fuel cell lifetime, while residential applica-
tions need longer lifetime than 20 000 hours in order to be used
in different environmental conditions.55 The durability will be
tested in the future aer developing metal coating performance
regarding to solving the corrosion and adhesion issues. The
mentioned durability tests may be cathodic delamination both
acid and methanol and EIS analysis during cell operation.
Fig. 21 The surface features of samples; (a) original surface and (b)
cracked surface, were used for cathodic delamination process.

This journal is © The Royal Society of Chemistry 2020
4. Conclusions

A prototype of copper-coated composite bipolar plates was
produced to demonstrate the method of reducing surface
resistance in a direct methanol fuel cell. The coating procedure
that is based on an electroless deposition technique was used to
demonstrate an easier process of manufacturing and reason-
ably lower costs in potential production. The success in coating
copper on surface of polypropylene/carbon ller composite
bipolar plates was conrmed by physicochemical characteriza-
tions. However, surface corrosion and delamination of copper
layer were issues needed to be solved. The following conclu-
sions were extracted from this research:

(1) Plasma treatment enhanced adhesion performance, and
the optimum plasma treatment time was 30 seconds.

(2) Physicochemical characterizations via XPS, FTIR-ATR,
and contact angle determination asserted that the plasma
treatment, silanization, and copper electroless deposition were
successful.

(3) The 0.06 mol L�1 of Cu2+ concentration was prepared to
coat PPC plates at 40.0 �C of operating temperature.

(4) The electrical conductivity of the surface of all copper-
coated BPs was in the range of 275 to 399 S cm�1 which was
higher than the requirement for the BP application.

(5) The copper-coated PPC 3 bipolar plate was as effective as
the commercial epoxy composite bipolar plate. The DMFC
assembled with copper-coated PPC 3 bipolar plates delivered
23.18 mW cm�2 of power density and 65% of efficiency.

(6) Copper was corroded in the fuel cell condition, so coating
a copper material on the outermost layer is not proper. A
multilayer coating technique may solve this corrosive problem.

(7) Copper delamination caused by methanol solution
affected the durability of DMFC, so the interface adhesion
performance required improvement.

Conflicts of interest

There are no conicts of interest to declare

Acknowledgements

The author would like to express our gratitude for the nancial
support received from the Faculty of Applied Science, King
Mongkut's University of Technology North Bangkok (KMUTNB).
We also extend our appreciation to the Asst. Prof. Chaiwat
Prapainainar from Faculty of Engineering, KMUTNB and Mr
Noparat Kanjanaprayut from Thai-French Innovation Institute,
KMUTNB for their kind assistance during this research work.
Finally, our team would like to thank Centre for Materials &
Surface Science, La Trobe University, Australia for allowing us to
use X-ray Photoelectron Spectrometer for chemical
characterization.

References

1 M. Goor, S. Menkin and E. Peled, Int. J. Hydrogen Energy,
2019, 44, 3138–3143.
RSC Adv., 2020, 10, 24330–24342 | 24341

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00461h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 7
:0

4:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 A. C. Bhosale and R. Rengaswamy, Renewable Sustainable
Energy Rev., 2019, 115.

3 J. J. Baschuk and X. Li, J. Power Sources, 2000, 86, 181–196.
4 K. Scott, Sustainable and Green Electrochemical Science and
Technology, JohnWiley & Sons, Inc., 2017.

5 P. Liang, D. Qiu, L. Peng, P. Yi, X. Lai and J. Ni, Energy
Convers., 2018, 169, 334–344.

6 B. Avasarala and P. Haldar, J. Power Sources, 2009, 188, 225–
229.

7 H. Y. Jung, S. Y. Huang, P. Ganesan and B. N. Popov, J. Power
Sources, 2009, 194, 972–975.

8 Y. H. Lee, T. Park, I. Chang, S. Ji and S. W. Cha, Int. J.
Hydrogen Energy, 2012, 37, 18471–18475.

9 S. Yamaura, S. C. Kim and A. Inoue, J. Phys.: Conf. Ser., 2013,
417, 8–11.

10 R. Wlodarczyk, D. Zasada, S. Morel and A. Kacprzak, Int. J.
Hydrogen Energy, 2016, 41, 17644–17651.

11 T. Y. Chiang, A. Su, L. C. Tsai, H. B. Lee, C. Y. Lin, H. H. Sheu
and C. C. Chang, Int. J. Electrochem. Sci., 2015, 10, 1926–
1939.

12 F. Bi, L. Peng, P. Yi and X. Lai, J. Power Sources, 2016, 314, 58–
65.

13 R. Yeetsorn and M. Fowler, KMUTNB: Int. J. Appl. Sci.
Technol., 2014, 7, 13–21.

14 A. Bairan, M. Z. Selamat, S. N. Sahadan, S. D. Malingam and
N. Mohamad, Procedia Chem., 2016, 19, 91–97.

15 S. A. Atyabi, E. Afshari, S. Wongwises, W. M. Yan, A. Hadjadj
and M. S. Shadloo, Energy, 2019, 179, 490–501.

16 D. Lee, J. W. Lim, S. Nam, I. Choi and D. G. Lee, Compos.
Struct., 2015, 128, 284–290.

17 P. Rupper, M. Vandenbossche, L. Bernard, D. Hegemann
and M. Heuberger, Langmuir, 2017, 33, 2340–2352.

18 C. Turan, O. N. Cora and M. Koc, Int. J. Hydrogen Energy,
2012, 37, 18187–18204.

19 L. M. Luo, Z. L. Lu, X. M. Huang, X. Y. Tan, X. Y. Ding,
J. G. Chang, L. Zhu and Y. C. Wu, Surf. Coat. Technol.,
2014, 251, 69–73.

20 Y. H. Lee, S. T. Noh, J. H. Lee, S. H. Chun, S. W. Cha and
I. Chang, Int. J. Hydrogen Energy, 2017, 42, 27350–27353.

21 M. C. Hsiao, S. H. Liao, M. Y. Yen, C. C. M. Ma, S. J. Lee,
Y. H. Chen, C. H. Hung, Y. F. Lin and X. F. Xie, J. Power
Sources, 2010, 195, 509–515.

22 K. W. Lee, S. Barbeau, F. Racicot, D. Powell, C. Arvin,
T. Wassick, and J. Ross, Proc. – Electron. Compon. Technol.
Conf. 2013, pp. 2138–2143.

23 K. Phasuksom, W. Prissanaroon-Ouajai, N. Brack and
P. Pigram, Adv. Mater. Res., 2013, 802, 262–266.

24 F. F. Vidor, T. Meyers, G. I. Wirth and U. Hilleringmann,
Microelectron. Eng., 2016, 159, 155–158.

25 K. Kim, H. Oh, D. Kwon, J. Lee and J. Kim, Composites, Part B,
2019, 166, 742–748.

26 Y. Shacham-Diamand, T. Osaka, Y. Okinaka, A. Sugiyama
and V. Dubin, Microelectron. Eng., 2015, 132, 35–45.

27 S. H. Oh and J. H. Lee, Biomed. Mater., 2013, 2, 49.
28 S. H. Tilford, B. Arkles and J. Goff, SpecChem, 2017, 37, 38.
29 S. Oyola-Reynoso, Z. Wang, J. Chen, S. Cinar, B. Chang and

M. Thuo, Coatings, 2015, 5, 1002–1018.
24342 | RSC Adv., 2020, 10, 24330–24342
30 Y. Wang, C. Bian and X. Jing, Appl. Surf. Sci., 2013, 271, 303–
310.

31 P. Bindra and J. R. White, Fundamental Aspects of Electroless
Copper Plating, 2008.

32 J. J. Cras, C. A. Rowe Taitt, D. A. Nivens and F. S. Ligler,
Biosens. Bioelectron., 1999, 14, 683–688.

33 F. Monticelli, M. Toledano, R. Osorio and M. Ferrari, Dent.
Mater. J., 2006, 22, 1024–1028.

34 R. Morent, N. D. Geyter, C. Leys, L. Gengembre and E. Payen,
Surf. Interface Anal., 2008, 40, 597–600.

35 P. Pi, K. Hou, C. Zhou, G. Li, X. Wen, S. Xu, J. Cheng and
S. Wang, Appl. Surf. Sci., 2017, 396, 566–573.

36 W. Prissanaroon, N. Brack, P. J. Pigram and J. Liesegang,
Surf. Interface Anal., 2003, 35, 974–983.

37 R. L. Jackson, J. Electrochem. Soc., 1990, 137, 95–101.
38 M. Charbonnier, M. Alami and M. Romand, J. Electrochem.

Soc., 1996, 143, 472–480.
39 G. H. Yang, E. T. Kang, K. G. Neoh, H. Zhang and K. L. Tan,

Langmuir, 2001, 17, 211–218.
40 A. R. Niazi, S. Li, Y. Wang, J. Liu, Z. Hu and Z. Usman, Trans.

Nonferrous Met. Soc. China, 2014, 24, 136–145.
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