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Anatase TiO, nanoparticles incorporated DLC films were successfully deposited on single crystalline sil-
icon substrates by the electrolysis of TiO,—methanol solution under ambient atmospheric pressure and
low temperature. Anatase TiO, nanoparticles were embedded into amorphous carbon matrix, form-
ing the typical nanocrystalline/amorphous nanocomposite films, confirmed by transmission electron
microscopy (TEM). TiO; incorporation effectively increased the sp3-hybridized carbon concentration in
the composite film, and further regulated the microstructure and surface morphology. Furthermore, the
static contact testing completely displayed, TiO, incorporation got the composite films super-hydrophilic,
which fundamentally improved the wetting ability of DLC film.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The super-hydrophilic performance of solid-based coatings
in possession of anti-fogging, self-cleaning and biocompatibility
promised many potential applications in construction indus-
try, mechanical components, optical instruments, and biomedical
apparatus, etc. [1]. Diamond-like amorphous carbon (DLC) film
versatility demonstrated high hardness, better friction- and wear-
resistance, which provided excellently mechanical and tribological
behaviors for surface engineering parts. Especially for its good
chemical inertness, impermeability and great corrosion-resistance,
it guaranteed excellent biological effects of DLC in many key
biological and medical devices [2]. However, bad hydrophilic per-
formance in DLC characterized by a higher contact angle of 80°
greatly obstacle it as the desired candidates for the corrosion-
resistant and biocompatible coatings in clinical applications.
In order to further attend biomedical applications, develop-
ing antibacterial and biocompatible multi-functional coating was
greatly important in the surface engineering of the modern bio-
logical and biomedical devices. Previous research showed that, the
incorporation of oxygen element into amorphous carbon matrix
could regulate the hydrophilic performance of DLC film but did not
enhance its bactericidal property, and it highly weakened mechani-
cal properties of DLC film [3]. Accordingly, Thorwarth et al. studied
the biocompatible properties of DLC-TiOy films on TiAl6V4 alloy
prepared by the plasma immersion ion implantation and deposi-
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tion (PIII&D) technique, and in vitro biocompatibility tests showed
promising results concerning the proliferation and differentiation
of human osteoblasts for the DLC-TiOy films [4]. Amin et al. synthe-
sized DLC films containing titanium oxide (DLC-TiOy, x <2) using a
pulsed DC metal-organic plasma-activated chemical vapor deposi-
tion (MOCVD) technique, and they reported that UV light exposure
prior to immersion in SBF increased the growth rate of apatite for-
mation significantly as a result of the increased hydrophilicity of
the surface [5]. Furthermore, Marciano et al. investigated antibac-
terial and bacterial activity of DLC coating with and without TiO,
incorporation in detail [6-8], and they pointed out that, as TiO,
content increased, Ip/I; ratio, hydrogen content and surface rough-
nessincreased. Meanwhile, DLC-TiO, nanocomposite films became
more hydrophilic, and the surface energy was higher with the inter-
facial energy of bacterial adhesion decreasing [7,8]. Absolutely,
photo-induced superhydrophilicity of anatase TiO, displayed good
biocompatibility, stability and environmental safety, which have
been widely used in the paint industry, biomedicine, electronics
and environmental engineering because of its large surface area
and sufficient light absorption-ability [1,9]. Thus, the integration
of DLC film and anatase TiO, would be fundamentally significant
in surface engineering of biomedical, electronic and environmental
applications.

Previous research showed that metal or non-metal doped
DLC films have been successfully constructed using the electro-
chemical process, including F, N, P, and Au [10-13]. Noticeably,
the electrochemical method only involved low deposition tempera-
ture, simple experimental setup, and easy deposition on substrates
with complex shapes. To our knowledge, there was limited work
on fabricating TiO,-DLC nanocomposite coating mainly involving
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chemical vapor depositing process [4-8] as well as ZnO incorpo-
rated DLC film by filtered cathodic vacuum arc (FCVA) technique
[14]. Especially, amorphous carbon matrix as the protective coating
effectively restrained TiO, nanoparticles agglomeration, mean-
while surface properties of DLC was controllably regulated to
adapt the biomedical requirement. Therefore, an attempt to deposit
anatase TiO, nanoparticle incorporated DLC film by the electro-
chemical method was of great significance in exploiting the new
facile fabrication process of novel DLC nanocomposite coating with
good wettability.

To achieve the desirable hydrophilic performance of DLC film
and further impede TiO, nanoparticles agglomeration, an attempt
to deposit TiO,-DLC nanocomposite films was carried out by the
simple electro-chemical process at low temperature and ambient
atmospheric pressure. Based on the investigation of the surface
morphology and microstructure of the obtained films, a possible
super-hydrophilic performance of the as-deposited TiO,-DLC films
was interpreted.

2. Experimental details

A simple electrolysis cell system has been described previ-
ously [10]. Single crystalline silicon n (100) with a resistivity of
7-13 Q/cm? and a size of 30 mm x 10 mm x 0.3 mm was mounted
as the negative electrode. The counter-electrode was a graphite
plate as the positive electrode, 7mm away from the negative
electrode. Before deposition the silicon substrates were sequen-
tially cleaned by 5%HF acid, deionized water, acetone and ethanol
in the ultrasonically bath. The adjustable potential applied to
the substrates was 1600V, the water bath temperature was
controlled at 55-60°C, and the deposition time lasted 10h.
Commercialized anatase TiO, nanoparticles with the grain size
of 40nm, were well dispersed into analytically methanol solu-
tion with a mass concentration of 0.05 mg/ml. Additionally, DLC
films were deposited by the electrolysis of methanol solution for
comparison.

The surface morphology of the as-deposited films was observed
by_CSPM4000 atomic force microscopy (AFM). The chemical com-
position and bonding states of the samples was characterized by a
PerkinElmer PHI-5702 X-ray photoelectron spectroscopy, using Al
Ka as the excitation source. Raman spectroscopic measurements
were performed on a HR800 Raman spectrometer, operating with
an Ar* laser of 532 nm, to investigate the structure of the composite
film. The wettability of the samples was characterized by the ses-
sile drop method using a contact angle goniometer (Modle 100-00,
Ramé-hart Inc., Mountain Lakes, NJ, USA) to test the contact angle
of water.

3. Results and discussions

DLC and TiO,-DLC nanocomposite films were deposited by
the simple electrochemical process under atmospheric pressure
and low temperature around 60 °C. Prior to deposition, TiO, par-
ticles were readily dispersed in methanol solution with a mass
concentration of 0.05mg/ml, and then the mechanical agitator
was always operating to maintain TiO, homogeneously dispersed
in methanol solution during the electrochemical deposition pro-
cess. For the deposition of pure DLC film, the electric current was
about 0.045 A, while it was not greatly changed by the electrolysis
of TiO,-methanol solution, indicating that no additional electro-
chemical reaction occurred. Therefore, the electrochemical process
was speculated following the polarization-dissociation-ionization
process [15].

(1) The dissociation of organic precursor of methanol under high
electric field between two electrodes.

CH30H — CHY*OH?~

CH?"OH?" — CH} +OH™

(2) TiO, nanoparticles with a higher specific surface would adsorb
great amount of cation ions. Under the effect of high electric
field, the migration of the cation ions toward to the cathodic
substrate with the abundance of electron occurred, resulting in
the growth of nc-TiO, doped DLC nanocomposite film.

mCH3* 4+nTiO, + me™ — nc-TiO, doped DLC nanocomposite film

From the above-mentioned process, it was clearly found that nc-
TiO, doped DLC nanocomposite film was feasibly fabricated under
the controllably applied voltage and the mechanical agitator using
the simple electrochemical setup. The thickness of the as-deposited
films was 800(+50) nm, measured by surface profiler. In contrast
with pure DLC film, we firstly systematically investigated the trans-
formation of the surface morphology and the microstructure by the
TiO, incorporation using AFM, XPS and Raman techniques.

The surface morphology of DLC and TiO,-DLC nanocomposite
films were observed using AFM, shown in Fig. 1. Compared with
DLC film, TiO,-DLC nanocomposite film exhibited a rougher surface
with a root-mean-square roughness of 56 nm while 33 nm for DLC
films. TiO, incorporation possibly disturbed the uniform deposition
process, leading to a rougher surface of TiO,-DLC nanocompos-
ite film. Besides the influence of the electrochemical deposition

TiO2-DLC

Fig. 1. AFM images (3D) of DLC film and TiO,-DLC nanocomposite film.
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Fig. 2. XPS analysis: (a) the curve-fitted C1s spectra of DLC and TiO,-DLC film; (b)
the spectrum of Tiy, of TiO,-DLC film.

process itself, surface morphology transformation was also asso-
ciated with the microstructural change of the films. The chemical
composition and bonding state information were characterized
by XPS analysis. As shown in Fig. 2, obviously, the Cl1s spectra
were deconvoluted into three peaks: C=C (284.5-284.7 eV), C-C
(285.4-285.6eV)and C-0 or C=0(287.5-287.9 eV), and the ratio of
sp3/sp2 varied from 1.12 to 1.27. Noticeably, C-O bonds were gen-
erally from the surface contamination when exposed to air. For the
Ti2p spectrum, the respective position of Tiyp3, and Tiypq o peaks at
458.5eV and 464.3 eV and the separation of 5.8 eV better indicated
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Fig. 3. Raman spectra of DLC and TiO,-DLC films deposited by the electrochemical
process.

aTi** oxidation state [16-18], typical characteristic of anatase TiO;
[19]. Moreover, no indication of a Ti3* emission appeared on the
lower binding energy side of the Ti, signal, which also confirmed
anatase phase TiO, without the rutile phase [20,21]. XPS analysis
suggested anatase TiO, nanoparticles were successfully incorpo-
rated into carbon matrix with the Ti/C ratio of 0.031, and TiO,
nanoparticles incorporation effetively improved sp3-hybridized
carbon content. Furthermore, the sp3/sp? ratio could be indirectly
deduced from the Ip/I; ratio in the Raman spectra [2]. Raman
spectra could provide enough information to better understand
carbon-based materials, typically characterized by the D and G
peaks. The D peak dependent on the breathing vibrations of rings at
the K-zone boundary corresponded to disordered graphite, while
the G peak was related to all sp? sites, rings or chains in amorphous
carbon films [22]. For the as-obtained films, both D and G peak
appeared in DLC and TiO,-DLC film. Raman spectra were further
fitted in Guassian mode shown in Fig. 3 and summed up in Table 1.
It was shown that a decreased Ip/Ig ratio from 1.38 to 0.87 and
the simultaneously downshift of G-peak, as well as the FWHM of
D band narrowing. Moreover, Robertson [2] reported that the ratio
of Ip/lg gradually decreased and G-peak down-shifted, indicating
the sp2-hybridized carbon in film decreased. Therefore, TiO; incor-
poration effectively enhanced the sp3-hybridized carbon bonding,
which well agreed with XPS analysis. Based on the phenomenolog-
ical three-stage model developed by Ferrari and Robertson [23,24],
when concentration of TiO, nanoparticles reached the saturation
within the DLC film, those particles would separate from the amor-
phous DLC film. In particular, the grain size of TiO, nanoparticles



S. Wan et al. / Applied Surface Science 257 (2011) 10000-10004

Table 1
The deconvolution band analysis of Raman spectra.

10003

Sample FWHM of D peak (cm~1) FWHM of G peak (cm~1) In/lg G peak position (cm™")
DLC 222.5 131.8 1.38 1618
DLC-TiO, 168.5 164.9 0.87 1608

TiO2-DLC

Fig. 4. (a) TEM image of TiO,-DLC nanocomposite film and the corresponding selected area diffraction pattern (the inset); (b) the contact angle of DLC and TiO,-DLC

nanocomposite film.

was about 40 nm, theses heteroatoms in amorphous carbon matrix
played animportantrole in the interface widening effect. This factor
might make great contributions to the increase of sp3-hybridized
carbon by the incorporation TiO, nanoparticles in DLC films.

XPS analysis indicated TiO, particles were incorporated into
amorphous carbon matrix, further confirmed by TEM analysis. As
shown in Fig. 4a, some TiO, nanoparticles with a grain size of 40 nm
were inhomogeneously embedded in amorphous carbon matrix,
which effectively prevented TiO, nanoparticles from agglomera-
tion. The corresponding selected area electron diffraction (SAED)
pattern clearly showed some irregular spot lattices and discrete
diffraction rings, indicating anatase crystalline TiO, nanoclusters
with different grain sizes were incorporated into amorphous car-
bon matrix. Furthermore, the diffraction rings well matched with
(101) and (211) crystalline planes of anatase TiO, nanoparti-
cles. Based on the above analysis, anatase TiO, nanoparticles were
successfully incorporated into amorphous carbon matrix with-
out bonding to the ambient carbon atoms, forming the typical
nanocrystalline/amorphous matrix structure, and further altered
the microstructure of carbon films.

As expected, TiO,-DLC nanocomposite film clearly showed a
contact angle of 0-5°, compared with DLC film with a higher
contact angle of 80°. It clearly showed DLC film exhibited the
super-hydrophilic performance after incorporating anatase TiO-,
as shown in Fig. 4b. The wettability of solid surfaces with lig-
uids was strongly dependent on the surface geometry and the
chemical composition [25]. Firstly, the surface of the compos-
ite film became rougher than that of pure DLC film, which
greatly contributed to hydrophilic performance [26]. Also, the
chemical composition in the surface was greatly changed by
anatase TiO, nanoparticles inhomogeneously embedded the sur-
face or subsurface, resulting in the enhanced surface energy.
As reported, the low contact angle of solids surface had the
high surface energy, displaying excellently hydrophilic properties.

Furthermore, anatase TiO, itself exhibited a hydrophilic prop-
erties owing to its photocatalysis [26]. In particular, the band
gap of anatase TiO, might be lowered by the absorbed carbon
atoms during the electrochemical process, which would have the
positive effect on the improvement of the super-hydrophilic per-
formance of TiO,-DLC nanocomposite film. It also was found
TiO,-DLC nanocomposite film exhibited the excellent hydrophilic
performance under light irradiation during the testing process.
Moreover, the photocatalysis of TiO, played a part in the super-
hydrophilic performance, confirmed by the higher contact angle at
night than by day. Ref. [26] reported that the hydrophilic perfor-
mance of anatase phase TiO2 could be enhanced by carbon doping
under visible light irradiation owing to the decrease in the band
gap energy. However, the accurate evaluation of the band gap
energy and the effect of anatase TiO, on this hydrophilic perfor-
mance should be investigated by the further study. In summary,
super-hydrophilic performance of TiO,-DLC nanocomposite film
greatly explored its potential applications in construction indus-
try, mechanical components, optical instruments, and biomedical
apparatus.

4. Conclusions

The fabrication of TiO,-DLC nanocomposite films were success-
fully performed using the facile electrochemical method under the
medium conditions. AnataseTiO, incorporation effectively made
surface rougher, and surprisingly increased the sp3-hybridized
carbon bonding. TiO,-DLC nanocomposite film exhibited the
super-hydrophilic performance under the visible light, which
strongly depended on the surface geometrical transformation,
photo-catalysis of anatase TiO, and the microstructure alteration.
This would widely explore the applications of DLC film from out-
doors to indoors. Moreover, this method showed the feasibility for
some other metal oxides incorporated into DLC matrix.
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