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Chapter

Electrodeposition of High-
Functional Metal Oxide on Noble
Metal for MEMS Devices

Wan-Ting Chiu, Chun-Yi Chen, Tso-Fu Mark Chang,
Tomoko Hashimoto and Hirvomichi Kurosu

Abstract

MEMS gas sensors could exert a significant impact on the automotive sec-
tor since future legislation is expected to stipulate the monitoring of NOy and
unburned fuel gases in vehicle exhausts. Among the materials, zinc oxide and
TiO, are the most promising and extensively used materials for monitoring of NOy
gas since zinc oxide and TiO, show the high sensitivity, good stability, and fast
response. Electrochemistry is a potential method to fabricate zinc oxide and TiO,
for the applications since it is carried out at relatively low temperature and can
cooperate with photolithography, which is an important process in MEMS. This
study integrated zinc oxide/gold-layered structure and TiO,/NiP hybrid structure
on elastic fabrics, respectively, to realize an elastic gas sensor. Electroless plating
(EP) and cathodic deposition were used to metallize and deposit metal oxides on
elastic fabrics. Supercritical carbon dioxide (scCO,) was further introduced into the
electrochemical process to enhance the composite reliability.

Keywords: MEMS gas sensors, zinc oxide, TiO,, supercritical carbon dioxide,
electroless plating

1. Introduction

The worldwide market of functional wearable devices (WD) is predicted to keep
blossoming in the near future [1]. Meanwhile, WDs are differentiated into various
functions such as gas sensor, and photocatalytic devices [2] due to different require-
ments in the next-generation technology. The combination of gas sensor materials
and elastic substrate materials turns out to be the most crucial step in assembly of
the component used in WDs. For instance, integration of gas sensor materials (i.e.,
zinc oxide and Ti0,), electrically conductive bases, and elastic substrate material is
necessary to produce WDs-equipped gas sensing.

Elastic materials like cloth fabrics are mostly electrically insulator, and the
elastic substrate material can be made electrically conductive by coating thin metal-
lization layer on the electrically nonconductive substrate through electroless plating
(EP) [3]. EP consists of a pretreatment procedure to clean the substrate material, a
catalyzation (cat.) procedure to activate the substrate, and a metallization proce-
dure to deposit metallization layer on the substrate material.
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At (conventional) CONV cat. step, catalyst-included acidic aqueous solution is
utilized to activate the substrate material by inlaying catalysts on substrates; mean-
while, the substrate morphology is often destroyed in this step. Due to polarity of the
aqueous cat. solution and the high surface tension, the catalyst is merely deposited
on the surface of the substrate bringing low adhesion between two materials. On the
other hand, supercritical CO, (scCO,) is introduced to the cat. procedure to improve
the deposition characters [4, 5]. CO, turns into supercritical phase showing proper-
ties in the middle of gas phase and liquid phase as both the temperature and pressure
are higher than its critical point [6]. scCO, is used as the solvent and a metal-organic
complex was used as the catalyst. Due to the affinity to nonpolar material [7], low
surface tension [8], and high self-diffusivity [6] of scCO,, scCO, thus can convey the
organic catalyst into confined spaces and carry it to go into the fabric while remains
the substrate structure intact.

When it comes to the gas-sensing function, there are various fabrication
methods to produce metal oxides (MOy), which include high-temperature vapor
deposition [9], polymer-mediated chemical reaction [10], hydrothermal-annealing
procedure [11], and single-container electrolyte-based technique [12]. Among the
fabrication techniques, cathodic deposition allows a facile and effective procedure
for the fabrication of MO, [13-16]. Furthermore, cathodic deposition can cooperate
with lithography to allow further applications such as patterning, which is impor-
tant for the MEMS fabrication process. The sensing material/metallization layer/
elastic cloth fabric composite material was practiced by scCO,-promoted EP and
cathodic deposition toward applications in gas sensor in this study.

Even a slight uncomfortableness due to the rigid element in a WD can be annoy-
ing to the active users, and thus an elastic material is required in WDs. Silk fabric,

a common clothing material, was selected due to its elasticity and stretchability

in this study. A thin gold layer was selected as the electrically conductive layer.
Furthermore, gold also shows great ductility [17], which is a critical prerequisite of
WDs. There are many materials that can act as the sensing material in the hybrid
material, such as titanium dioxide [18], copper (II) oxide [19], and zinc oxide [20].
Zinc oxide was deposited via cathodic deposition in this study as the sensing mate-
rial due to its comprehensive applications, requirement of low fabrication tempera-
ture to have high crystallinity, and simple fabrication process.

On the other hand, co-EP technique was used in this study to equip the elastic
silk fabric with electrically conductive NiP and sensing materials TiO, together by
introducing TiO, particles into the NiP metallization electrolyte to form a suspen-
sion solution. Adhesive firmness can be enhanced by the included TiO, in the
composite. There are several literature studied on the inclusion of TiO, in metal
matrix via electrochemical methods such as electrodeposition and EP to enhance
properties of the metal matrix. Gawad et al. [21] synthesized NiP-Al,O; and NiP-
TiO, composite layers on Cu substrate from alkaline hypophosphite gluconate baths
and studied their properties. This study reported that inclusion of these oxide
particles influences structure of the NiP matrix. Hardness, corrosion resistance,
and coating brightness were enhanced with the TiO, inclusions. Thiemig and Bund
[22] fabricated Ni-TiO, composite materials by electrocodeposition via an acidic
sulfamate bath and an alkaline pyrophosphate electrolyte. Mechanical properties of
the Ni-TiO, composite materials were enhanced while comparing to pure Ni elec-
trodeposition in this literature. Parida et al. [23] investigated the ultrafine Ni-TiO,
composite films by direct current electrodeposition technique on steel substrate
from Watt's bath. With the inclusion of TiO, in the films, high microhardness and
high wear resistance were realized while comparing to pure Ni electrodeposition.
Benea et al. [24] worked on the electrocodeposition of Ni and TiO,. The results
showed high hardness and high wear resistance. Momenzadeh and Sanjabi [25]
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studied the effect of TiO, concentration (conc.) in the electrolyte on the mechanical
properties. They further introduced sodium dodecyl sulfate (SDS) surfactant into
the electrolyte to increase the TiO, inclusion amount.

All the aforementioned literature worked on the mechanical properties such as
wear resistance and hardness. In addition, all the composite materials were depos-
ited on rigid substrates. However, flexibility is a critical requirement for gas sensing
in WDs. There are merely limited literature working on decoration of metal-based
composite on an elastic substrate and investigating its properties.

Here, we report a facile fabrication process in realization of an elastic and
sensing material zinc oxide/gold/silk and TiO,/NiP/silk-layered composite material,
respectively, toward applications of gas sensor. Fundamental properties required
for WDs such as electrical resistance, corrosion resistance, and adhesive firmness of
the composite evaluations are demonstrated.

2. Silk/gold/zinc oxide hybrid structure
2.1 Activation of silk fabric via scCO, palladium (II) acetylacetonate cat.

Figure 1 shows OM images and X-ray diffraction patterns of the as-received
silk and the catalyzed silk. The crossed-linked see-through bundles shown in
Figure 1(a) imply the silk fabric, and the yellow flakes in Figure 1(c) specify the
palladium (II) acetylacetonate catalyst. A broad peak at 26 = 20° can be observed
in Figure 1(b), which reveals an amorphous structure of the silk fabric. On the
other hand, diffraction peaks labeled by diamond symbols can be corresponded
to palladium (II) acetylacetonate [26, 27], and the results suggested the catalysts
were successfully inlayed into the substrate. As shown in the OM figures, silk fabric
persisted after the cat. procedure due to the low surface tension, low viscosity,
and nonacidic characters of scCO,. The scCO,-promoted cat. step confirmed a
significant enhancement while compare to the CONV cat. process. Palladium (II)
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Figure 1.
(a) OM image and (b) X-ray diffraction pattern of the as-veceived silk as well as (c) OM image and (d) X-ray
diffraction pattern of the catalyzed silk (diamond symbol: Pd(acac), catalysts).
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acetylacetonate acts as an activation site after it was reduced to Pd metal by the
reductant in the metallization solution. Pd metal can play the role of catalyst and
activate the following metallization.

2.2 Morphology, composition, and structure of silk/gold

Development of the gold layer is shown in Figure 2. Figure 2(a) shows mor-
phology of the specimen with the NiP metallization period at 4 min before the gold
metallization. Figure 2(b—d) demonstrates the gold metallization period at 3, 5,
and 80 min, respectively. At 3 min of the gold metallization (Figure 2(b)), part of
the NiP layer was still not enclosed showing a gray luster. As the gold metallization
period was extended to 5 min and longer (Figure 2(c) and (d)), the NiP layer was
completely concealed by the gold layer.

The X-ray diffraction patterns at various gold metallization periods are shown
in Figure 3(a—c). Five apparent diffraction peaks shown in Figure 3(a—c) locate at
20 = 38.2, 44.4, 64.6, 77.6, and 81.7° can be indexed to (111), (200), (220), (311),
and (222) planes, respectively, of the FCC structure for gold (JCPDS #65-2870). In
Figure 3(a), at 3 min of the gold metallization period, only a thin layer of gold was
metallized on the silk, and the broad diffraction peak of silk at around 20° was still
detectable. NiP diffraction peaks were not found in Figure 3(a), because the NiP
metallization layer is selected as the sacrificial metallization layer for thin gold metal-
lization. Moreover, it performs amorphous structure, which the amorphous peaks are
overlaid by the gold diffraction peaks with high intensity. As the gold metallization
continued, no diffraction peaks of the silk fabric were detected in the X-ray diffrac-
tion patterns (Figure 3(b and c)) since the gold layer is thick enough to suppress the
diffraction peaks from the silk. Figure 3(d) indicates the composition change with
the gold metallization period. In the first place, owing to the inadequate thickness
of gold, the thin NiP metallization layer was detected by EDX. On the other hand,
thin NiP metallization layer was no longer found when the gold metallization period
extended to 80 min. Phosphorus was not found due to the inadequate quantity.

(d)_ 80k
Il 'H-‘:-.e:-"*:.-;;wh P

Figure 2.
OM images of the (a) Ni-P metallized silk and the Au metallization at (b) 3 min, (c) 20 min, and (d) 8o min.
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Figure 3.
X-ray diffraction patterns of the Au metallization at (a) 5 min, (b) 20 min, and (c) 80 min and (d) the
composition vevolution with the Au metallization time.

Figure 4 illustrates growth of the gold layer thickness with the gold metalliza-
tion period. There is no obvious partition of the NiP and gold layer shown in the
inserted SEM image in Figure 4. A positive interrelationship was observed between
thin gold metallization layer and the gold thickness showing the growth rate in
average at 0.48 pm/h. The growth rate decreased marginally from 60 to 80 min of
the gold metallization period due to the consumption and decline in concentration
of the metal ion and reductant as the deposition continued.

-1 . T rrr . rr - rUYr 17T
0 10 20 30 40 50 60 70 80
Metallization time (min)

Figure 4.

Plot of the Au metallization thickness versus the metallization time (hollow symbol: NiP metallization at 4 min
and solid symbols: Au metallization thickness versus Au metallization time) (OM image of Au metallized at
40 min of the metallization time is inserted into bottom-vight).
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2.3 Electrical property of silk/gold

The electrical resistances at various gold metallization periods are shown in
Figure 5. The electrical resistance dropped down in the early stage and increased
after reaching a minimum point. Since the NiP layer is not fully covered by gold at
3 min of gold metallization period (solid symbol) (Figure 2(a)), it showed high
electrical resistance close to the gold-free specimen at 0 min of gold metallization
(hollow symbols) (Figure5(a)). An inserted graph in Figure 5(a) shows results of
the gold metallization period between 0 and 5 min.

The electrical resistances obtained from O to 5 min (the dash line shown in
Figure 5) of the metallization period, which only showed a minor difference from
the gold-free one, are categorized into the first stage. Full coverage was built as the
gold metallization period reached 5 min, and the electrical resistance was enhanced
consequently. The electrical resistance reached its minimum at the gold metalliza-
tion period of 20 min due to the full coverage, smooth deposition, and adequate
gold thickness (Figure 5(b)). From the beginning of the full coverage to the range
near the lowest electrical resistance can be classified to the second stage (from the
dash line at 5 min to the other one at 40 min). The electrical resistance increased
marginally as the gold metallization period increased beyond the minimum point.
The surface became rougher (indicated by the arrows in Figure 5(c)) with the
lengthened metallization period, and the electrical resistances were worsened due
to more scattering of electrons [28]. The section of deteriorated electrical resistance
and rough deposition can be characterized into the third stage.

1.5
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{1 ® Adhesive test for once
1D | A Adhesive test for twice
S |o :
m M 4]
0 5" l:;: ! i ! 1.14 é
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Figure 5.

(a) Electrical resistances of the Au-metallized silk at various metallization times and SEM images of the
Au-metallized silk at (b) 20 min and (c) 8o min of the metallization time (hollow symbols: Au-free; solid
symbols: Au metallized).
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The electrical resistances with the adhesive treatments are also shown in
Figure 5(a). No substantial change was found in all stages because silk fabric was
entirely deposited by the NiP and gold, and the adhesive property between the silk
fabric and the NiP as well as between the NiP and the gold metallization layer both
showed high adhesion.

2.4 Cathodic zinc oxide fabrication

Figure 6 shows SEM images (Figure 6(a-d)) and OM images (Figure 6(e-h))
of the pristine zinc oxide deposited with hydrogen peroxide concentration varied
from 0 to 0.3 wt.%. Tower-like zinc oxide nanowires are observed in all of the SEM
images (Figure 6(a—d)). Zinc oxide coverage on the gold metallization layer was
conducted and calculated by a built-in software in OM. Zinc oxide coverages were
at 63, 62, 41, and 32% for the samples fabricated with free hydrogen peroxide to
0.3 wt.% hydrogen peroxide. Structure of zinc oxide is often influenced by chloride
ion in the electrolyte. The chloride ion acts as a capping agent adsorbing on the

Figure 6.
SEM images of the specimens deposited in (a) free of H,0,, (b) 0.1 wt.%, (c) 0.2 wt.%, and (d) 0.3 wt.%
H,0,, and the OM images in (e) free of H,0,, (f) 0.1 wt.%, (g) 0.2 wt.%, and (h) 0.3 wt.% H,0,.
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(0001) plan of zinc oxide to stabilize zinc oxide surface and results in development
of nanorod-like morphologies. In contrast, when concentration of the chloride ion
is low, tower-like morphologies rather than nanorod morphologies are developed
[29]. Moreover, zinc oxide particle size increased as the hydrogen peroxide concen-
tration increased from 0 to 0.2 wt.% as shown in the SEM images. Similar results
on increase in the zinc oxide particle size as the hydrogen peroxide concentration
increased were stated in a literature [30]. However, in Figure 6(d), the particle size
decreased when the hydrogen peroxide concentration went beyond 0.2 wt.%. Zinc
oxide cathodic deposition reaction equations are as follows [31]:

NO3 + H,O +2e =NO; + 20H" (1)
H202+26_:20H_ (2)
Zn** +20H =7ZnO + H,0 (3)

OH" formed on the electrode from Egs. (1) and (2) is predicted to react with zinc
ion in the solution to form zinc oxide on the electrode. As shown in Eq. (2), forma-
tion rate of the hydroxide ion is increased with high hydrogen peroxide concentra-
tion. Since the diffusivity of zinc ion in aqueous electrolyte is four times slower than
that of hydrogen peroxide, zinc ion diffusion to the electrode surface cannot catch
up with the formation of hydroxide ion as the hydrogen peroxide concentration
increased [32]. As the amount of hydrogen peroxide was increased to 0.3 wt.%, for-
mation rate of the hydroxide ion is too high and accumulates at the substrate surface.

A general scheme of the solute concentration profiles in the solution is shown in
Figure 7. Hydroxide ions are formed on the electrode; hence, the concentration is
progressively lowered toward the bulk electrolyte direction. Zinc ions diffuse from
the bulk electrolyte to the electrode surface to react with hydroxide ions; therefore,
the concentration decreases as it approaches the electrode surface. Depending on the
hydroxide ion formation rate, local hydroxide ion concentration, or pH, on the elec-
trode varies. Zinc oxide is deposited at a pH range of ca. 8-12, and zinc oxide dissolves
away to form ZnO,”” or HZnO" as the pH goes beyond 12 [33, 34]. The region appro-
priate for the formation of zinc oxide is defined as region I, and the region results in
dissolution of zinc oxide is classified as region II as shown in Figure 7.

The range near surface of the electrode is in region I when the hydrogen per-
oxide concentration was lower than 0.2 wt.%. Hence, an increase in the hydrogen
peroxide concentration resulted in particle size increase (Figure 6(a and b)) and
the high coverage (Figure 6(e and f)). As the hydrogen peroxide concentration was
increased to 0.3 wt.%, both the zinc oxide particle size (Figure 6(d)) and the cover-
age (Figure 6(h)) were declined, which indicates the pH near electrode surface
could be higher than 12. The results suggest the region near the electrode surface is
in region II as the hydrogen peroxide concentration is higher than 0.3 wt.%.

Figure 8(a) shows X-ray diffraction patterns of the zinc oxide deposited with
various hydrogen peroxide concentrations in the electrolyte. Only the diffraction
peaks of gold (star symbol) and zinc oxide (hexagon symbol) were observed.

No other phase was found in the X-ray diffraction patterns after the zinc oxide
deposition. A comparative crystallinity of zinc oxide on the gold metallization was
approximately estimated by calculating ratio of the gold (111) intensity to the zinc
oxide (100) intensity with consideration of the zinc oxide coverage. The ratios were
at 0.10, 0.11, 0.34, and 0.16 from free of hydrogen peroxide to 0.3 wt.% hydrogen
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Figure7.
General scheme of the solute concentration profiles: (a) low OH concentration and (b) high
OH' concentration.

peroxide. The ratios suggested the solution containing 0.2 wt.% hydrogen peroxide
deposited zinc oxide with the highest crystallinity, and the crystallinity became
inferior when 0.3 wt.% hydrogen peroxide was used. Another explanation regarding
to crystallinity of the zinc oxide is elaborated here. Crystallinity of the zinc oxide
is known to be dependent on concentration of the zinc ion [35], which defects and
worsened crystallinity are introduced to the zinc oxide when the zinc ion concen-
tration is lowered. In this study, as the hydrogen peroxide concentration reached
0.3 wt.%, local concentration of hydroxide ion near the substrate surface is high, and
high diffusion rate of hydroxide ion to the bulk electrolyte was constructed. Then,
pH far away from the electrode surface became appropriate for deposition of zinc
oxide and consumed high amount of the zinc ion. In this case, amount of the zinc ion
diffused to the electrode surface was lowered and brought the low crystallinity.
Figure 8(b) shows the voltage-time plot in the zinc oxide cathodic deposition.
When there is hydrogen peroxide in the solution, potential drop diminished as
the hydrogen peroxide concentration increased. The potential drop here refers
to the potential difference between the potential at ca. O s of the reaction time
and the potential as the reaction steadily stabilized with deposition time. No
obvious difference was detected in the specimens cathodically deposited with
free of hydrogen peroxide and 0.1 wt.% hydrogen peroxide, which are in good
agreement with the zinc oxide coverage in Figure 6(e) and (f) indicating that
0.1 wt.% hydrogen peroxide has only limited effect on the zinc oxide cathodic
deposition. The potential oscillation became obvious with hydrogen peroxide
concentration, which is because more N, gas is produced at high pH [36].
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Figure 8.
(a) X-ray diffraction patterns and (b) voltage-time plot of the specimens fabricated with electrolytes containing
various H,O, concentrations.

3. Silk/NiP/TiO, hybrid structure
3.1 Activation of silk fabric via scCO; palladium (II) acetylacetonate cat.

Figure 9 shows OM images and XRD patterns of the as-received silk and the
scCO,-catalyzed silk. The transparent interwoven bundles shown in Figure 9(a)
indicate the silk fabric, and Figure 9(b) shows a broad peak at around 20 = 20°; this
broad peak reveals an amorphous structure of the silk fabric. The light yellow flakes
around the silk bundles in Figure 9(c) specify the palladium (II) acetylacetonate,
and the diffraction peaks in Figure 9(d) labeled by triangle symbols can be indexed
to palladium (II) acetylacetonate very well [26, 27], which indicated that the pal-
ladium (II) acetylacetonate organometallic compounds were successfully deposited
on the silk substrate. As demonstrated in the Figure 9(a) and (c), the silk fabric
remained undamaged after the 2 h scCO, cat. treatment due to the low surface
tension, low viscosity, and noncorrosive properties to most of polymers of scCO,
[37-39]. The scCO; cat. practiced a significant advancement when it is compared to
the CONV cat. process [37].

3.2 NiP/TiO, codeposition

Surface conditions of the NiP/TiO,-decorated silk fabrics prepared from the NiP
electrolytes containing various TiO, concentrations (0, 10, 20, 30, 40, and 50 g/L) can
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Figure 9.

(a) OM image and (b) XRD pattern of the as-veceived silk, and (c) OM image and (d) XRD pattern of the
s¢CO, catalyzed silk (triangle symbols: Pd(acac),).

be observed from SEM and OM images (inserted into top-left of each SEM images)
shown in Figure 10. Figure 10(a) shows morphology of the specimen deposited
without TiO, particles in the NiP electrolyte. It shows smooth surface while compar-
ing to the other ones deposited with TiO, in the electrolyte (Figure 10(b-f)). The
bright nano-sized protrusions shown in Figure 10(b—f) indicate the deposition of

]
£
54

Figure 10.

SEM images and OM images (inserted into top-left) of NiP/TiO, deposition with various TiO, concentrations
at (a) o, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 g/L, respectively.
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TiO, which resulted in roughening of the surface. However, the surface roughness
decreased when the TiO, concentration went beyond 30 g/L in NiP electrolyte.

The nanoscale TiO, particles in the electrolyte would aggregate to form large
aggregate particles, and average size and size distribution of the aggregate particle are
related to concentration of the oxide particles in the solution [40-45]. In this study,
when the TiO, concentration is low (10 and 20 g/L), there is only slight aggregation of
the TiO, particles in the NiP electrolyte. Average size of the aggregate particle size is
small, and the distribution is narrow as illustrated in Figure 11(a). Level of the aggre-
gation gradually increases with an increase in concentration of the TiO,, and average
size of the aggregate particle becomes larger with a wider size distribution as shown in
Figure 11(b and c). Compositions of NiP/TiO, depositions are shown in Table 1.

The mechanism of the TiO, inclusion is illustrated in Figure 12. It is suggested that
Ni ions would adsorb on surface of the TiO, aggregate particles suspending in the elec-
trolyte to form Ni**-TiO, complex particles, and the complex particles diffuse to the
substrate; then, reduction of the Ni ions on surface of the complex particle occurred to
engulf the TiO, aggregate particle into the NiP layer [24, 26]. When the TiO, concen-
tration is low with a small aggregate particle size in the electrolyte, the TiO, aggregate
particles are easily included into the NiP as shown in Figures 11(a) and 12(a). Because
of the small aggregate particle size, a relatively smooth surface is obtained as exampled
by the specimen shown in Figure 10(b and c). With an increase in the TiO, concentra-
tion, average size of aggregate particles included into the NiP gradually increases and
leads to a roughened surface condition as illustrated in Figure 12(b). Figure 10(d)
demonstrates the result of the rough surface caused by the large aggregate particles in
the moderate aggregate region (Figure 11(b)). The largest TiO, aggregate particle size
was found at approximate 0.7 pm. When size of the TiO, aggregate (or the Ni**-TiO,
complex) particle reaches a critical size, a phenomenon named steric obstruction takes
place to affect inclusion of the particles [46-53]. Steric obstruction is unfavorable for
the inclusion as shown in Figure 12(c). At first, removal of already-adsorbed oxide

'y ; .
5 (a) Shgr_'t : . Critical size
'-g aggregation; .-
E -
2 :
a : _(b) Moderate

""" aggregation

""""" (c) Severe
: aggregation
L E J ’
I " TiO, aggregate
Region 1 Region 2 particle size
Particle size < critical size: Particle size > critical size:

favorable for the inclusions unfavorable for the inclusions
Figure 11.

TiO, particle size distribution with different amount of TiO, in the electrolyte: (a) slight aggregation, (b)
moderate aggregation, and (c) severe aggregation.
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Atom TiO, (g/L)
0 10 20 30 40 50 60
P (at.%) 2211 18.82 19.85 19.89 1917 18.37 20.09
Ti (at.%) 0.00 4.62 5.95 10.16 6.15 5.32 4.76
Ni (at.%) 77.89 76.56 74.20 69.95 74.68 76.31 75.15
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Table 1.

Composition of as-deposited NiP/TiO, metallization layers on silk textiles.

Ni-P/TiO, deposition

Substrate

Q
e
o
fra)
v
L0
=
(75

Substrate

Figure 12.
Mechanism of TiO, inclusion with (a) TiO, concentration less than critical amount, (b) TiO, concentration at

critical amount, and (c) TiO, concentration more than critical amount.

particles and decrease in the number of new particles adhering to the substrate occur
because of collisions between particles near the substrate [54]. Secondly, inclusion
of the particles is dependent on reduction of Ni ions adsorbed on the aggregate TiO,
particle surface. Surface-to-volume ratio of the aggregate particle is lowered with an
increase in the aggregate TiO, particle size. When the aggregate TiO, particle size is

13
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larger than the critical size, shortage of Ni ions adsorbed on surface of the particle
makes it less likely to include the aggregate TiO, particle into the NiP before been
removed away from the surface because of the collision [55]. In this study, average size
of the aggregate TiO, particle is suggested to be close to the critical size causing the ste-
ric obstruction when the TiO, concentration is at 30 g/L (Figures 10(d) and 12(b)),
which is defined as the critical concentration resulting either maximum or minimum
characteristics in the composite.

Figure 13 shows elemental mapping results of the NiP/TiO, composite prepared
with the electrolyte containing 30 g/L of TiO,. Figure 13(a) shows the rough
surface condition of the composite layer deposited at the critical concentration. P,
Ni, and Ti elements were homogeneously distributed on the surface indicating well-
mixing of the electrolyte and homogeneous distribution of TiO, in the composite
layer as indicated by results shown in Figure 13(b)—(d). The compositions of NiP/
TiO, are shown in Table 1.

Figure 14 shows XRD patterns of the NiP/TiO,-deposited silk fabrics at various TiO,
concentrations in the electrolyte. A broad peak at around 26 = 45° indicates amorphous
structure of the NiP phase, while a sharp peak at around 26 = 25° suggests anatase phase
of the TiO,. All specimens show TiO, diffraction peak at 26 = 25° except for the one
without the introduction of TiO, (0 g/L) in Figure 14(a). No impurity or third phase
was found in the XRD pattern within the detection limitation. TiO, concentration was
approximately compared by the ratio between intensities of the NiP and the TiO, major
peaks to qualitatively estimate the TiO, concentration in the NiP metallization layer.
The ratio increased as concentration of TiO, in the electrolyte increased until it reached
30 g/L, which implies an increase in concentration of TiO, in the composite layer. Then,
the ratio decreased indicating a decrease in concentration of TiO, in the composite layer
(Figure 14e and f). This observation confirmed 30 g/L of TiO, in the electrolyte being
the critical concentration to give the highest TiO, inclusion in the composite and the
effect of steric obstruction (Figures 11 and 12).

Figure 15 illustrates a positive correlation between the NiP/TiO, composite layer
thickness and the TiO, concentration in the electrolyte before reaching the critical
concentration. A SEM image was inserted in the bottom-right corner of Figure 15
to show cross-section of the silk/NiP/TiO, composite layer deposited with 50 g/L
TiO, in the electrolyte. The average growth rate was at 3.4 pm/h before reaching the

0 m |[ (d) Ti

Elemental mapping of NiP/TiO, composite layer deposited with 30 g/L TiO,.

Figure 13.
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Figure 14.
X-ray diffraction patterns of NiP/TiO, deposition with various TiO, concentrations at (a) o, (b) 10, (c) 20,
(d) 30, (e) 40, and (f) 50 g/L, respectively.

critical concentration. On the other hand, the thickness decreased slightly in the 40
and 50 g/L specimens since large TiO, aggregate particles were formed to cause the
steric obstruction (Figures 11 and 12).

3.3 Electrical conductivity and adhesive tests

Electrical resistances of composite layers prepared at various TiO, concentra-
tions in the NiP electrolyte are shown in Figure 16. Since TiO, is a semiconductor,
it owns lower electrical conductivity than NiP. TiO, thus shows negative influence
on the electrical conductivity in the NiP metallization layer. NiP metallization layer
without TiO; inclusion performed the lowest electrical resistance. The electrical
resistance increased monotonously with TiO, concentration in the electrolyte
before reaching the critical concentration of TiO, (30 g/L) in the electrolyte. On the
other hand, when the TiO, concentration in the electrolyte went beyond the critical
concentration, the electrical resistance dropped owing to lower TiO, concentration
in the NiP metallization layer. The inclusion trend of TiO, revealed by the electrical

0.75
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T 0.65-

(
o
S

0.55- /
ry
0.45- L
2 uym
0.40+— . . . . .
0 10 20 30 40 50
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Figure 15.
Relationship of NiP/TiO, thickness and TiO, concentration in the electrolyte.
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Figure 16.
The influence of included TiO, concentration to the electrical vesistance of the silk/NiP/TiO, composite
material.

resistances is in accordance with the surface morphologies from SEM observations,
the intensity ratios from XRD patterns, and the layer thickness results.

Adhesive test evaluations are also shown in Figure 16. Square symbol represents
the as-deposited specimen, circle symbol depicts the first adhesive test, and the
triangle one indicates the second adhesive test. Here, first adhesive test indicates one

0 g/L TiO,, T=RT

N-‘ -5‘
£
i
8
o
-94 30 g/L TiO,, T=RT
qol®__
08 -06 -04 -02 0.0 0.2
E (V)
-3
| 0g/L TiOz, T=37°C
-44
£ -5
3 )
= -6
m <
-
) 30g/L TiO_, T=37°C
(b) .
1.0 08 -06 04 -02 00 0.2

E(V)

Figure 17.
Polarization curves of pure NiP coating and NiP/TiO, (3 g/L TiO, in the electrolyte) deposition on silk textile
at (a) room temperature and (b) 37°C (body temperature).
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Ecorr (V) Leore (A/cm®)
(a) Room temperature
Silk/NiP -0.53 6.00 x 10~
Silk/NiP/TiO, (3 g/L) -0.37 1.56 x 1077
(b) 37°C (body temperature)
Silk/NiP -0.67 379 x107°
Silk/NiP/TiO, (3 g/L) -0.59 1.02 x107°

Table 2.
Corrosion potentials and corrosion curvent densities of the silk/NiP and silk/NiP/TiO, composites in 3.5 wt.%
NaCl at (a) room temperature and (b) 37°C (body temperature).

cycle of the adhesive treatment is performed. Accordingly, second adhesive test means
two cycles of the test are conducted. The results show that the electrical resistances
persisted after the second adhesive test. Moreover, no significant difference was found
between the first and second adhesive tests, and thus no further adhesive tests were
conducted. These results demonstrate the high reliability and the robustness of the
silk/NiP/TiO, composite materials and indicate that it is practicable for WDs.

3.4 Corrosion resistance

Figure 17 shows the corrosion behaviors of the as-deposited silk/NiP composite
and the silk/NiP/TiO, composite materials in 3.5 wt.% NaCl solution at both room
temperature (Figure 17(a)) and 37°C (body temperature) (Figure 17(b)). The silk/
NiP/TiO, composite fabricated with 30 g/L of TiO, in the electrolyte was chosen for
the corrosion resistance evaluations. The corrosion potential (E.,,,) and the corro-
sion current density (jcorr) are summarized in Table 2. These results show that the
NiP/TiO, composites have excellent corrosion resistance when compared with the
pure NiP coating at both room temperature and 37°C. According to the results, TiO,
particles play an important role for the improvement of the corrosion resistance. TiO,
particles act as inert physical barriers to the initiation and development of defect
corrosion and modify microstructure of the NiP metallization layer to improve the
corrosion resistance. On the other hand, the E,, of silk/NiP/TiO, is more positive
than the silk/NiP indicating that the silk/NiP/TiO, composite is more inert than the
silk/NiP due to the inclusion of inert TiO, particles. This result demonstrates that the
composite material can persist in salty human sweat at both room temperature and
body temperature, which is promising for applications toward WDs.

4, Conclusions

Zinc oxide/gold-layered structure was successfully integrated on the silk fabric by
scCO,-promoted EP and cathodic deposition. Conventional problems encountered in
the CONV EP were solved by the scCO,-promoted technique. By the introduction of
scCO,, silk fabric was catalyzed without damages and the adhesion between silk fab-
ric and the metallization layer was improved in the meanwhile. Surface coverage and
thickness of gold metallization layer increased with the gold metallization period.
The lowest electrical resistance was realized as the gold metallization period length-
ened to 20 min. On the other hand, zinc oxide was fabricated on the gold-metallized
silk fabric via the cathodic deposition technique. The depositions on the silk fabric
have been detected to be metallic gold phase and zinc oxide wurtzite phase. Zinc
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oxide deposited with 0.2 wt.% hydrogen peroxide performs the highest crystallinity
showing the best photocurrent density. The zinc oxide-decorated specimen with
0.2 wt.% hydrogen peroxide performed 11.5 times improvement in the photocurrent
density while compares to that of hydrogen peroxide-free one.

NiP/TiO, composite layer was successfully codeposited on silk fabric by scCO,-
assisted EP. Common difficulties encountered in the CONV EP were solved by
the introduction of scCO,, and the palladium (II) acetylacetonate organometallic
compounds were embedded into the silk substrate. The composite layer on the silk
was confirmed to be amorphous NiP phase and TiO, anatase phase. The composite
showed the highest electrical resistance when the concentration of TiO, in the
electrolyte was 30 g/L (critical concentration) since the highest TiO, concentration
was included into the Ni-metallization layer. The largest TiO, aggregate particle
size was found approximate 0.7 pm at the critical concentration. Highly adhesive
property of this silk/NiP/TiO, composite was revealed by the adhesive tests and the
electrical resistance. The NiP/TiO, showed higher corrosion resistance than that
of NiP-metallized silk without TiO, particles at both room temperature and body
temperature.
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