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ABSTRACT

Hydrophobic metallic coatings have attracted increasing interest in the recent years due
to their excellent mechanical durability. But the wetting behavior and hydrophobic mechanism
of metallic coatings are far from clear. In this work, Ni-Cu-P ternary coatings with hierarchical
structure were prepared on 304 stainless steel by electrodeposition method. The surface
morphologies, phase compositions, and wetting behavior were studied systemically. Time-
dependent wetting behaviour of Ni-Cu-P coatings had been clearly observed, and the surface
of the as-deposited coatings changed from hydrophilic state to hydrophobic state after aging in
ambient air. The related surface wetting mechanism was investigated with the assistance of
plasma cleaning to study the possible surface adsorption contributing to the time-dependent
wetting behavior. The variations of the surface species were analyzed using X-ray
photoelectron spectroscopy (XPS), showing the composition change of both carbon and the
oxygen. The atomic ratio of hydrocarbon on the Ni-Cu-P coating first increased from 78.7 %
to 86.5 % when stored in ambient air and then decreased from 82.3 % to 65.9 % after the plasma
cleaning treatment; while the variation of oxygen content was an opposite trend. The results
indicated that the observed time-dependent wettability was a combined result of the adsorption

of airborne hydrocarbon and the change of lattice oxygen on the coating surface.
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1. Introduction

Hydrophobic surface is defined as a solid surface with static water contact angle higher
than 90° and tends to repel water droplets. Because of the broad technological potentials, great
attention has been paid [1, 2] on developing various hydrophobic coatings for a wide range of
applications, such as self-cleaning [3, 4], anti-icing [5, 6], corrosion resistance [7], electro-
wetting [8] and so on. There are two key factors influencing the surface hydrophobicity: surface
topography, e.g. hierarchical micro/nanostructure [9] and surface energy determined by the
material composition [10]. Among current hydrophobic coatings, various polymeric coating
systems have been developed intensively and play the dominant position. But the limited
durability of these polymeric coatings remains the biggest challenge [11], as they cannot
survive long-termly in a harsh environment, which is a major restriction for their practical

applications [1, 12].

In recent years, metallic-based hydrophobic surface and coatings have been attracting
significant interests due to their outstanding mechanical durability and possible multi-
functionalities. Wei et al prepared a Fe-based composite surface using electro-brush plating
which exhibited excellent hydrophobicity, anti-corrosion performance and abrasion resistance
[13]. Khorsand et al fabricated super-hydrophobic Ni—Co coatings that exhibited good
chemical stability and long-term durability as well as the self-cleaning effect [14]. VVorobyev
et al reported a hydrophobic multifunctional metal surface showing combined effects of self-
cleaning, anti-biofouling, and self-sanitation by producing a hieratical nano- and micro-

structures with femtosecond laser pulses [15].

Among these metallic coatings, Ni-Cu-P ternary coating system is a promising
candidate for practical hydrophobic applications because of its high mechanical properties [16]
and anti-corrosion performance [17], etc. The anti-corrosion performance of Ni—-Cu—P coatings

are superior to common Ni-based coatings [18]. Ni-Cu-P coatings also possess improved anti-



friction and anti-wear performance, as compared with ordinary Ni-based coatings [19, 20]. The
hydrophobic Ni-Cu-P ternary coatings have been preliminarily reported [21]. But its unusual
feature of time-dependent wettability has not been discovered and the detailed surface wetting
mechanism has yet to be studied. This work would not only help to establish an in-depth
understanding of the surface chemistry towards the wettability of metallic coatings, but also
inspire the R&D of the relevant applications. Materials with controllable wetting behaviours
would have meaningful application prospects, for example, controlled transportation of fluids,

tuneable wettability devices and so on [22, 23].

Electrodeposition is a convenient method to create micro/nanostructures metallic
coatings which could be readily controlled by adjusting deposition parameters [24]. In the
present work, Ni-Cu-P ternary coatings with hierarchical structure were prepared by
electrodeposition methods. It was found that the surface of the as-deposited coatings changed
from hydrophilic state to hydrophobic state after aging in ambient air. The time-dependent
wetting behaviour of the Ni-Cu-P ternary coatings was investigated, for the aim to disclose the

possible wetting mechanism, which is likely to be applicable to other metallic coatings.

2. Experimental
2.1 Materials

Nickel sulfate hexahydrate (NiSO4-6H20), copper sulfate pentahydrate (CuSO4-5H.0),
sodium dihydrogen phosphate (NaH2PO3), citric acid, sodium dodecyl sulfate (SDS) and
sodium sulfate (Na2SO4) were obtained from Sigma-Aldrich (Dorset, UK). All of the chemicals
were analytical grade reagents and used as received. 304 stainless steel (SS) plates were
selected as the main substrates. High purity Nickel foil (99.96%) was used as the anode
(Shenzhen Changsheng Telecom Technology Co. Ltd, China). Deionised water with a
resistivity of 18.2 MQ-cm was used in the preparation of aqueous electrolyte.
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2.2 Coating Preparation

Electrodeposition was performed using a DC power supply (1739 BK Precision, UK).
The substrates were machined into 15mm x 15mm x 1mm square plates. Grit blasting was
carried out using 220 grit white alumina before the coating preparation, to enhance the bonding
between the coating and the substrate. Then the substrates were activated in diluted
hydrochloric acid (HCI) solution and cleaned in the ultrasonic bath with deionized water for 10
min. The electrolyte consisted of 0.125 mol/L NiSO4, 0.005 mol/L CuSQOs, 0.026 mol/L
NaH2PO», 0.05 mol/L citric acid and 0.12 g/L SDS. Na>SO4 (0.5 mol/L) was added to the
electrolyte to enhance the solution ion strength. The pH value was adjusted to 5.5 by ammonia
hydroxide. The deposition temperature was 25 °C and the current density was set to 50 mA/cm?.
Magnetic stirring was utilized to maintain the uniformity of electrolyte. The whole
electrodeposition process had a duration of 30 min. Then the samples were taken out, washed
with deionized water, dried with compressed air and stored in ambient air for further study.
Plasma cleaning was carried out for 8 min using the Plasma Cleaner (Model 1020, Fischione)
to quickly remove adsorbed substances on the coating surface with a gas mixture of 25 vol%

oxygen and 75 vol% argon.

2.3 Characterisation

Surface morphologies of the Ni-Cu-P ternary coatings were examined by scanning
electron microscopy (SEM, JEOL-6490LV) equipped with energy-dispersive X-ray
spectroscopy (EDX, INCA, Oxford Instrument Link ISIS-3000) under an acceleration voltage
of 20 kV. The phase composition of the coatings was characterized by X-ray diffraction (XRD,
Siemens D500) using Cu Ka radiation as X-ray source. Surface elements and their binding
energy were characterized by an X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra
Dld, Kratos Analytical Limited) using Al Ka X-ray as the radiation source and analyzed by

CasaxXPS software. Hydrophobicity of the surfaces was evaluated using a contact angle



goniometer (FTA200, First Ten Angstroms, Inc.) with water pumping out rate of 1 pL/s. The
3D surface topography of coatings was obtained using a 3D Optical Microscope (Contour GT-

I, Bruker UK Ltd).

3. Results

3.1 XRD analysis of the coatings

Fig.1 shows the XRD patterns of Ni-based as-deposited coatings before and after
plasma cleaning and the stainless steel substrate for comparison. The diffraction patterns for
the as-deposited coatings before and after plasma cleaning both have a broad peak at around
44° 20, which can be attributed to the amorphous phosphorus in as-deposited form [25]. There
is also a relatively large, narrower peak at 44.6° 20, which matches the (111) peak for face-
centred cubic Ni at 44.5° (ICDD PDF 00-004-0850), indicating the presence of dominant cubic
phase of Ni. The (200) and (220) peaks are not observed, which is likely to be preferably
orientated along the (111) plane of Ni grains [26]. The diffraction patterns also contain
relatively small peaks at 50.7° and 74.8° 20. Although these are close to the (200) and (220)
peaks of the austenite phase in the substrate, they are broader, indicating the presence of another
phase with smaller crystallite size. They could be the (200) and (220) peaks for another face-
centred cubic phase, with a lattice parameter of about 3.59 A. This is likely to be a solid solution
of Cu in Ni, since Ni and Cu can completely dissolve within each other, and the observed lattice
parameter is intermediate between those of pure Ni, 3.524 A, and pure Cu, 3.615 A (ICDD
PDF 00-004-0836). Both Ni and Ni-Cu phases remain stable after the plasma cleaning

treatment and no new phase appears.

3.2 Surface Morphology of the as-deposited Ni-based coating



Fig.2 (a) and (b) show the secondary electron SEM surface morphology of the as-
deposited coating. The surface exhibits regular cauliflower-like hierarchical structure which
consists of many tiny spherical deposits that are tightly attached to each other. From the high
magnification image, the size of the spherical structures ranges from about 300 nm to 500 nm
and size of the cauliflower-like structures is around a few microns. Fig.2 (c) shows the EDX
spectrum of the selected area as indicated in Fig.2 (a). There is roughly 60.6 at% nickel, 3.8 at%
copper and 4.3 at% phosphorus, which confirms the presence of phosphorus. Fig.2 (d) shows
the cross-section image of as-deposited coating surface using backscattered electron. The
hierarchical structure can be clearly observed on the coatings. The coating thickness varies
from 10 um to 20 um due to the high roughness of the surface profile. Fig.2 (e) is the 3D
surface topography of the coatings with a selected area of 633 x 474 um. The measured average
surface roughness Ra is about 3.91+0.21 um, with many peaks and valleys. The red peaks in
the 3D image show the cauliflower structure which is consistent with the SEM observation.
The hierarchical structure could provide the desirable specific surface area which will

contribute to the improved hydrophobicity.

3.3 Wetting behavior of the Ni-Cu-P ternary coatings

Fig.3 shows the water contact angle (WCA) of the as-deposited coating with different
aging durations in the air. The insets show the optical images of the water droplets on the
coating surface. The phenomenon could be defined as a time-dependent wetting behavior. It
can be seen that the WCA increases gradually from less than 10° to nearly 140° after being
aged in ambient air. The change from hydrophilic state to hydrophobic state takes about 60 h.

After that, the WCA still increases at a slower rate and stabilises at around 140°.

3.4 XPS analyses of the Ni-Cu-P ternary coatings



Fig.4 compares the high resolution XPS spectra of C 1s (a) and (b) and O 1s (c) and (d)
of the as-deposited coating and the coatings stored in air for 10 days, respectively. It can be
seen that both C 1s and O 1s spectra changed significantly. To study the details, the C 1s spectra
were resolved into several Gaussian-Lorentzian peaks using Shirley backgrounds and the
nomenclature proposed by Modabberasl and Skaltsas et al [27, 28]. Specifically, the C 1s
satellite peaks were resolved with four different components C=C, C-C/C-H, C-O/C-O-C and
COOH/C=0, respectively, in which the hydrocarbon groups (C=C, C-C/C-H) predominate.
The peaks were fitted according to the constraint of the intensity ratio between each peak.
According to the fitting results, the atomic percentage of hydrocarbon was calculated and
shown in Tab.1. The atomic percentage of hydrocarbon increased from 78.7 % (C=C plus C-
C/C-H) to 86.5%, while the atomic percentage of the other two C 1s groups decreased from
21.3 % to 13.5 %. The O 1s spectra were also resolved into several constituent satellite peaks,
O-Metal which could be designated as lattice oxygen and C-OH and O-H-O groups as non-
lattice oxygen identified using the nomenclature proposed by Wei and Khan [29, 30]. The
atomic percentage of lattice oxygen decreased from 27.9 % to 14.1 % while the non-lattice
oxygen increased from 72.1 % to 85.9 %. The non-lattice oxygen peaks are also attributed to

surface adsorbed oxygen species such as hydroxyls or carbonates [31, 32].

3.5 Wetting behavior of Ni-Cu-P ternary coatings with plasma cleaning treatment

Fig.5 shows the WCA change of as-deposited coating before and after plasma cleaning
treatment. Plasma cleaning was used to remove the adsorbed substances on the coating surfaces.
It is a low energy process without changing the elemental composition and structural
characteristics of the coating, and there is no etching or sputtering involved [33]. The as-
deposited coating was taken out after plasma cleaning treatment and restored in ambient air.
The time-dependent wetting behavior was observed again. It was clearly evidenced that the
WCA decreases sharply from over 130° to around 50° after the plasma cleaning. Then the
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WCA increased slowly again and nearly recovered to its previous level after a duration of 60
h. The transition from hydrophobic state to hydrophilic state and recovery to hydrophobic state
is consistent with the wettability transition of an Ag-coated surface [34]. The initial WCA
decrease can be ascribed to the decreasing content of airborne hydrocarbon and increased
oxygen groups. The pristine Ni-Cu-P ternary coatings might have high surface energy [35] and
present as hydrophilic character. The reason for the later WCA recovery of the coatings can be
explained that the hydrocarbon could be re-adsorbed onto the coating surface after being re-
exposed to ambient air and the oxygen groups remaining on the coating also decrease. The

surface energy was then reduced and the surface hydrophobicity recovered accordingly.

3.6 XPS analyses of the Ni-Cu-P ternary coatings before and after plasma cleaning

Fig.6 shows the high resolution XPS spectra of C 1s (a) and (b) and O 1s (c) and (d) of
the as-deposited Ni-based coating before and after plasma cleaning treatment. It clearly
indicates that the C 1s contents suffer an obvious decrease. From the resolved peaks, after the
plasma cleaning treatment, the atomic percentage of hydrocarbon decrease from 82.3 % (C=C
plus C-C/C-H) to 65.9 %, while both the C-O/C-O-C and COOH/C=0 groups increase.
COOH/C=0 works as hydrophilic groups and increases the wettability. This also indicates that
the main components of adsorbed airborne hydrocarbon are C-C/C-H groups and C=C groups.
For O 1s spectra, there is also a considerable change after plasma cleaning. The lattice-oxygen
increased from 10.3 % to 47.8 % while the non-lattice oxygen groups decreased from 89.7 %
to 52.2%. The lattice-oxygen included O-Ni and O-Cu groups. The increased oxygen level on
the surface may increase the possibility to form hydrogen bonds with interfacial water and lead

to lower wettability [30].

4. Discussion



The time-dependent wetting behaviour of the coating appears with the undertaking
treatment while the structures and micro-morphologies all remain the same. The possible

mechanisms were investigated to interpret this phenomenon.

The wettability of a solid surface is mainly affected by two factors: surface roughness
and surface chemistry. Surface roughness plays a crucial role on the wetting behaviour. In the
electrodeposition process, cauliflower-like hierarchical coating structure is constructed. The
hierarchical structure not only significantly increases the coating surface roughness, but also
provides large specific surface area which is desirable for the airborne hydrocarbon adsorption,
leading to the driving away of the hydrophilic groups and lowered surface energy [36].

Therefore, a hydrophobic state can be formed gradually.

The changing wettability of Ni-Cu-P ternary coatings would be attributed to the
adsorption and re-adsorption process of airborne hydrocarbon and the changing ratio of lattice
oxygen on the coating surface, as indicated by the relationship between the WCA and surface
carbon and oxygen content over time. The changing wettability may be ascribed to two factors:

(1) adsorption of airborne hydrocarbon and (ii) influence of lattice oxygen.

Firstly, the XPS analysis shows that the amount of hydrocarbon groups present on the
surface is indeed increasing with exposure time, indicating that hydrocarbons are adsorbed onto
the coating surface in ambient air. As shown in Fig.7, the surface carbon content changes
significantly. The highly rough cauliflower surface structure could provide greater specific
surface area than a smooth surface, which is easier for airborne hydrocarbon to be adsorbed.
The surface carbon increases from less than 20 at% to around 35 at%. The increased carbon
content is attributed to the physisorption of airborne hydrocarbons, which include C=C and C-
C/C-H groups. They could then form a thin layer on the coatings, leading to lower surface

energy [37]. The atomic ratio of the airborne hydrocarbon increases with time, as shown in



Tab.1, which indicates that partial adsorption [33] of these groups was undergone on the Ni-
Cu-P ternary coating surface. This may also have led to the continuous decrease of surface
energy over time. Similar phenomena have been reported for a variety of metal oxide materials
including zirconium dioxide (ZrOz) and titanium dioxide (TiO2) [35, 38]. In the present work,
van-der-Waals and hydrogen bonding are the two typical bonding, besides possible
electrovalent bonding of Ni-O and Cu-O [39]. The mechanism for this relationship can be
explained by considering the adsorbed hydrocarbons as hydrophobic defects on hydrophilic
surface [40]. A hydrocarbon molecule would diffuse along the surface, and the van der Waals
bonding between the surface and the adsorbed hydrocarbon could help to increase the stability
of the studied coating systems. Hence, the diffusion of hydrocarbon molecules is likely to occur.
After the plasma cleaning, the WCA decreases with the removal of adsorbed hydrocarbon,
which is also consistent with the decreased surface carbon content shown in Fig. 7. This could

explain the reason for time-dependent wetting behavior.

The second factor, the changing oxygen groups may also contribute to the change of
surface wettability change observed. Excess lattice oxygen and hydroxyl groups may exist on
the surface after the electrodeposition. And the surface lattice oxygen could be released during
the following long-time exposure to ambient air. The lattice oxygen could be desorbed from
the surface and the surface hydrocarbons also work in conjunction with the incident photon
energy to release oxygen from the coating lattice [41]. With the extensive surface relaxation,
less lattice oxygen remains. Such process may also contribute to the coatings surface transition
from hydrophilic to hydrophobic, while the main reason could be the notable change in surface
carbon content. After the plasma cleaning, with the removal of the adsorbed hydrocarbon, the
increased lattice oxygen (O-Metal) makes it easier to form hydrogen bonds with interfacial
water on the surface [30, 42]. Hydrophilic groups such as hydroxyls could also be introduced

onto the surface during the process, which also benefits the increase of the surface energy.
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Similar time-dependent phenomenon was also observed on other electrodeposited
coatings produced with different current densities as shown in Fig. 8. The WCA shows the
same changing trends which indicates that the time-dependent wetting behavior could be a
common phenomenon. The reason for the different WCAs after plasma cleaning could be the

surface roughness difference of different coating surfaces.

In summary, the changing wettability of Ni-Cu-P ternary coating is a combined result
of airborne hydrocarbon adsorption and lattice oxygen variation. The adsorption of airborne
hydrocarbon takes the major effect, while the lattice oxygen on the coating surface also

influences the surface wettability.

Herein, the time-dependent wetting behaviour could be clearly explained by the
schematic diagram in Fig. 9. There are very limited hydrocarbons adsorbed on the as-deposited
coating surface, which presents a hydrophilic state. After stored in ambient air, a great amount
of hydrocarbons are adsorbed onto the coating surface, which reduces the surface energy

significantly and turns the surface into a hydrophobic wetting state.

5. Conclusions

Ni-Cu-P ternary coating with hierarchical structure was prepared using
electrodeposition method on 304 SS substrates. It was found that the surface of the as-deposited
coatings changed from hydrophilic state to hydrophobic state after aging in ambient air. This
time-dependent wetting behavior was investigated with the assistance of plasma cleaning to
study the possible surface adsorption contributing to the time-dependent wetting behavior. The
main reason for the changing wetting behavior could be ascribed to the adsorption of airborne
hydrocarbon and the change of lattice oxygen. The two factors altered the surface energy and
introduce more hydrophobic groups onto the coating surface, resulting in the changes of

wetting behavior. This study provides insight into the wetting mechanism of the metallic
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materials and highlights the importance of controlling hydrocarbon adsorption for material

wetting behavior.
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CAPTIONS
Figure 1 XRD patterns of 304 SS and the Ni-Cu-P ternary coatings

Figure 2 SEM images of surface morphologies (a) and (b) EDX results (c) Cross-section
morphology (d) and 3D image (e) of the as-deposited Ni-Cu-P ternary coating

Figure 3 WCA change within exposure time in ambient air of the as-deposited Ni-Cu-P ternary
coating

Figure 4 (a) and (b) C 1s XPS spectrum of the Ni-Cu-P composite coating (a) As-deposited (b)
After 10days (store in ambient air); (c) and (d) O 1s XPS spectrum of the Ni-Cu-P ternary
coating (c) As-deposited (d) After 10 days (store in ambient air)

Figure 5 WCA change of Ni-Cu-P ternary coating before and after plasma cleaning treatment

Figure 6 (a) and (b) C 1s XPS spectrum of the Ni-Cu-P ternary coating (a) before (b) after
plasma cleaning treatment; (c) and (d) O 1s XPS spectrum of the Ni-Cu-P ternary coating (c)
before (d) after plasma cleaning treatment

Figure 7 Surface carbon content evolution versus different treatments

Figure 8 WCA changes of Ni-Cu-P coatings before and after plasma cleaning treatment with
different deposition current density (a) 50 mA/cm? (b) 100 mA/cm? (c) 150 mA/cm?

Figure 9 Schematic of the time-dependent wetting behaviour of the Ni-Cu-P coating

Table 1 The atomic percent change of hydrocarbon groups and lattice oxygen groups versus
different treatments

CAPTIONS for Supplemental Materials
Figure S1. Step-wise flowchart of the coating preparation

Figure S2. Water contact angle images of Ni-Cu-P ternary coating at different stages: (a) as-
deposited (b) After stored in air for 10 days (c) 0.5 h after Plasma cleaning treatment (d)
Restored in air for 54.5 h after plasma cleaning treatment

Figure S3. 3D images of the as-deposited Ni-Cu-P ternary coating (a) before and (b) after
plasma cleaning treatment.

Figure S4. SEM image with different magnifications of the as-deposited Ni-Cu-P ternary
coating: (a) x 100 (b) x 300 (c) x 500 and (d) x 1000

Figure S5. SEM image with low magnifications of cross-section area of the as-deposited Ni-
Cu-P ternary coating: (a) x 500 and (b) x 1000.
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Tab.1

Concentration As- After Before Plasma After Plasma
At% deposited | 10days cleaning (After 30 Cleaning
days)
Hydrocarbon in all (%) 78.7 86.5 82.3 65.9
Lattice Oxygen (%) 27.9 14.1 10.3 47.8
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Figure 2
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Figure 3
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Figure 4

(a)

%At Conc:
C=C:60.7%
C-C/C-H: 18.0%
C-0/C-0-C: 8.2%
COOH/C=0: 13.1%

Intensity /a.u.

(b)

%At Conc:

C=C: 66.6%
C-C/C-H: 19.9%
C-0/C-O-C: 4.4%
COOH/C=0:9.1%

Intensity /a.u.

288 286
BE (Characteristic Energy) eV

21

(c)

%At Conc:

Lattice oxygen: 27.9%
(O-metal)

Non-lattice Oxygen: 72.1%

(C-OH+0-H-0) C-OH/C-O

COOH/C=0

O-Metal

(d)

%At Conc:

Lattice oxygen: 14.1%
(O-metal)

Non-lattice Oxygen: 85.9%
(C-OH+0-H-0)

C-OH/C-O

COOH/C=0

O-Metal

534 533 532 531 530
BE (Characteristic Energy) eV

529 528



Figure 5

140
'I‘.—Before Plasma Cleaning
120 |-
o
© 100 | 1 1
<
g 80
<
8 I
> 60 II
£ [=
= 40 - “After Plasma Cleaning
20
o u : 1 . I : ! .
0 10 20 30 40

Time/h

22



Figure 6
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Figure 7

I
a

W
(@]

Surface carbon atomic (%)

0 I ‘ | I

(a) As-deposited (b) After 10days (c) Before plasma (d) After plasma
cleaning (After 30days) cleaning

24



Figure 8
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Figure 9
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