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Abstract Onion-like carbon (OLC), a novel carbona-
ceous nanomaterial, has already attracted widespread
concern due to its exceptional physicochemical proper-
ties. In this work, OLC nanoparticles (5–10 nm in
diameter) were used as additives to fabricate nanotitania
(TiO2) coatings by suspension plasma spray (SPS) for
photocatalytic degrading methylene blue. The starting
microstructure and chemistry of both OLC and TiO2

nanoparticles were retained after deposition process,
and homogeneous dispersion of OLC in the coating
was detected, which indicates SPS is an alternative and
efficient technique to fabricate semiconductor-
carbonaceous nanomaterials coatings. The new TiO2-
OLC composite shows typical mesoporous structure.
And aligned interfacial bond of OLC spheres with the
(101) plane of anatase crystals was revealed. TiO2-OLC
shows enhanced activity of degrading methylene blue
under both UV and visible light irradiation than pure
TiO2 coating. We have elucidated the enhancement
mechanism from three aspects, namely, reduction of
the bandgap, minimization of photo-induced-carriers

recombination, and promotion of adsorption capacity
for methylene blue.

Keywords Titania coating . Onion-like carbon .
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Introduction

Onion-like carbon (OLC), also named as multi-shell
fullerene (Ugarte 1992), is structured by concentric
shells of carbon atoms with a 0.34-nm distance between
adjacent carbon shells. Despite similar discovery time to
C60/carbon nanotube and much earlier time than
graphene, OLC has received the slightest concern
among the carbonaceous nanomaterials in both labora-
tory and industry due to fabrication difficulties and
inadequate practical applications. Booming efforts on
practical research of OLC were seen until OLC particles
were synthesized in large scale by heat-treating detona-
tion nanodiamonds (Kuznetsov et al. 1994). Owing to
excellent physicochemical properties such as modifiable
surface chemistry, perfect sphericity, good electrical
conductivity, and low cytotoxicity, nanodiamond-
derived OLC has been extensively explored for poten-
tial applications for electrochemical energy storage
(Zeiger et al. 2016), solid lubrication (Berman et al.
2018), and biomedicine (Ghosh et al. 2011). However,
there are still challenges in how to properly modify OLC
particles to achieve the desired performance.
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Among the oxide photocatalyst, titania (TiO2) is the
most widely implemented photocatalyst. However, un-
modified TiO2 performs unsatisfactorily because of its
wide bandgap width, rapid recombination rate of the
photo-induced carriers (Liu et al. 2014; Schneider
et al. 2014). Tremendous and continuous efforts have
been attempted to reinforce the photocatalytic efficiency
of bare TiO2 through a variety of techniques, such as
element doping (Boningari et al. 2018; Feng et al.
2018), dye sensitization (Wang and Lang 2018), metal/
metal oxide nanoparticle loading (Sakthivel et al. 2004;
Zhang et al. 2010b), and construction of heterojunctions
(Chen et al. 2018; Correia et al. 2018; Hao et al. 2017).
As an alternative strategy, synthesizing TiO2-carbona-
ceous nanomaterials composites has attracted consider-
able attention for achieving enhanced photocatalysis
reactions (Leary and Westwood 2011; Li et al. 2016;
Nalid et al. 2017; Wang et al. 2017; Woan et al. 2009),
which usually involve three major processes, namely
photons absorption to create electron-hole pairs, separa-
tion and migration/recombination of the photo-induced
electron-hole pairs, and photocatalytic reaction on the
photocatalyst surface. Graphene (Lee et al. 2012; Ton
et al. 2018; Zhang et al. 2010d), carbon nanotube (Li
et al. 2018; Shaban et al. 2018; Woan et al. 2009), and
other carbonaceous nanomaterials have been proven to
be effective in enhancing the photocatalytic perfor-
mances of TiO2.

To date, several fundamental regimes accounting for
the enhanced photocatalytic activity of TiO2 by incor-
porating carbonaceous nanomaterials have been pro-
posed (Leary andWestwood 2011). Among these mech-
anisms, decreased bandgap, reduced charge-carrier re-
combination rate, and promoted adsorption of reactants
on the photocatalyst surface play the predominate roles.
OLC nanoparticles were proven to have excellent phys-
icochemical properties, such as high adsorption ability
(Sakulthaew et al. 2015) and electrical conductivity
(Zeiger et al. 2015). They might be a good candidate
as additives to enhance photocatalytic performances of
TiO2 (Leary and Westwood 2011). However, to the best
knowledge of the authors, publication on use of OLC for
enhancing TiO2 photocatalytic activity has not been
seen.

To fabricate TiO2-carbonaceous nanomaterials com-
posites, selecting appropriate processing techniques is
one of the essential considerations. In previous studies,
the composites have been fabricated by a variety of
techniques such as hydrothermal processing

(Rajagopal and Ryu 2018; Zhang et al. 2010a), sol-gel
(Re et al. 2018; Zhang et al. 2010c), and CVD (Fitri
et al. 2017; Liu et al. 2018). Apart from their capability
of making controllable structures for favorable perfor-
mances; however, the abovementioned techniques bear
the shortcomings relating to separation and regeneration
of TiO2 powder after photocatalytic reaction (Fitri et al.
2017; Liu et al. 2018; Rajagopal and Ryu 2018; Zhang
et al. 2010a), low processing efficiency (Rajagopal and
Ryu 2018; Re et al. 2018; Zhang et al. 2010a, c), and
difficulties in large scale production. Since the photo-
catalytic reactions usually occur at the very thin top
layer of TiO2-based composites, to avoid secondary
pollution resulted from released nanoparticles, film or
coating might be the best form of the photocatalyst.
Herein, suspension plasma spray (SPS), which has
shown promising capabilities in overcoming the aggre-
gation of nanoparticles during atmospheric plasma
spraying (Pawlowski 2009), would be suitable for de-
positing the nanostructured TiO2 coatings. During the
spraying process, evaporation of suspension liquid
could result in reaction temperature decrease, which
would facilitate the retention of the intrinsic physico-
chemical properties of starting nanoparticles (Bannier
et al. 2011; Robinson et al. 2015; Toma et al. 2006a;
Tomaszek et al. 2006).

In this paper, TiO2-OLC composite coatings were
fabricated by SPS using TiO2 and OLC nanoparticles
as the starting nanomaterials. Nanostructured features of
OLC and TiO2 particles were retained in the coatings
and unique dispersion of the OLC particles in the coat-
ings was achieved. It was surprisingly noted that addi-
tion of OLC nanoparticles enhanced the photocatalytic
performances of the pure TiO2. The synergistic effect of
OLC and TiO2 particles was further elaborated.

Materials and methods

Suspension preparation

Degussa P25 and nanodiamond-derived OLC nanopar-
ticles were used as the starting materials. The TiO2

nanoparticles are composed of 80.77 vol.% anatase
and 19.23 vol.% rutile, and the TiO2 nanoparticles tend
to agglomerate in microscale clusters (Fig. 1a). The
starting OLC nanoparticles (Nafortis Co. Ltd., China)
show the size of 5–10 nm in diameter with typical
concentric carbon atoms rings, and the spacing of
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0.34 nm between successive cages can be clearly rec-
ognized (Fig. 1b). Deionized water and ethanol were
used as solvents for preparing the suspensions, and
polyvinylpyrrolidone (PVP) was used as the dispersing
agent. For the suspension preparation, 10 g TiO2 was
dispersed in 100 ml deionized water, and 4 g PVP was
dissolved in 100 ml ethanol. Both the solutions were
thenmixed and kept stirred for entire mixing. To prepare
TiO2-OLC binary suspension, ultrasonic dispersion of
1 g OLC in 100 ml distilled water was carried out,
followed by additional dispersion of 9 g TiO2 in the
suspension. The suspension was then mixed with the
100 ml ethanol solution containing 4 g PVP, further

vigorous stirring was conducted for the solution to be
used as the feedstock suspension for coating fabrication.

Coating fabrication by suspension plasma spray

TiO2 and TiO2-OLC binary suspensions were sprayed
using a plasma spray system (XM-80SK, Shanghai,
China), and a homemade automatic feeding apparatus
was employed for delivering the liquid feedstock. The
continuously stirred suspension was fed into the plasma
torch by a peristaltic pump, ensuring both atomization
and radial injection of the droplets into plasma torch.
The plasma power of 25 kW was used for the coating

Fig. 1 Morphology of the starting TiO2 (a) and the OLC nanoparticles (b) and schematic diagram of suspension plasma spraying (SPS)
apparatus (c)
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deposition. Pressure of the primary gas (Ar) and the
auxiliary gas (H2) was 0.7 MPa and 0.3 MPa, respec-
tively. The spray distance was 80 mm. Stainless steel
plates with the dimension of 200 × 200 × 3 mm were
used as substrates, which were degreased and sand-
blasted with alumina grits prior to the spraying. Figure 1
c gives the schematic diagram of suspension plasma
spraying (SPS) in the research.

Microstructural characterization

Microstructure of the starting nanoparticles and the as-
sprayed coatings was characterized by field emission
scanning electron microscopy (FE-SEM, Quanta FEG
250, USA). Chemistry of the samples was examined by
X-ray diffraction (XRD, Bruker D8 Advance Davinci,

Germany) using Cu Kα radiation (λ = 1.54 Å) operated
at 40 mA and 40 kV. From the XRD spectra, quantifi-
cation of the phases was carried out by integrating and
comparing the anatase (101) and rutile (110) peaks using
the equation: CA = 8IA/(8IA + 13IA), where CA is the
phase content of anatase, IA and IR are the relative peak
intensities of anatase (101) and rutile (110) (Robinson
et al. 2015). Furthermore, the Scherrer equation was
used to estimate the crystallite size following the equa-
tion: D =Kλ/(β cosθ), where D is the crystallite size, K
is the shape factor (0.9), λ is the X-ray wavelength
(0.154 nm in this case), β is the full width in radians at
half maximum of the peak, and θ is the Bragg diffraction
angle in degree (Robinson et al. 2015). Raman spectros-
copy was performed using a Renishaw Raman micro-
scope, measuring in the wavenumber range from 100 to

Fig. 2 FESEM images of the as-sprayed coatings, a, b porous topographical morphologies, and c, d enlarged topographical views showing
well retained TiO2 nanoparticles in the coatings
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1000 cm−1. And photoluminescence (PL) spectra were
also recorded using Renishaw Raman microscope under
325 nm excitation at room temperature. High-resolution
transmission electron microscopy (HRTEM) and

selected area electron diffraction (SAED) (FEI Tecnai
F20, USA) characterization were also performed to
further examine the interfaces between TiO2 and OLC
particles in the as-sprayed coatings. Chemistry of the
samples was further assessed using the UV–Vis spec-
troscopy (PerkinElmer, Lambda 950, USA), and ad-
sorption intensity-wavelength curves in reflectance
mode between 200 and 800 nm were acquired. To
calculate the bandwidth of the starting nanoparticles
and the coatings, the reflectance spectra were converted
to absorption curves according to the Kubelka-Munk
(K-M) function, and then the optical band gap was
derived from the Tauc equation (Ton et al. 2018).

Assessment of the dark reaction and photocatalytic
activities

For the photocatalytic degradation testing, the coatings
samples were immersed in 20 ml 5 ppm methylene blue
(MB) solution. To achieve adsorption equilibrium be-
tween the coatings and the solution, the coatings were
kept in the solution without light radiation for 1 h prior
to the testing. The concentration of residual MB in the
tested solution was recorded hourly by the microplate
reader (Spectra Max 190, MD, USA) operated using
644 nm wavelength.

Results and discussion

Porous coating formation

According to the principle and requirement of the
SPS technology, a plasma spraying system with
controlling and feeding subsystem has been devel-
oped, in which the reactant gas flow, moving
track, plasma gun speed, and feeding rate of the
suspension could be regulated. The plasma was
obtained from argon–hydrogen gases mixtures at
a power intensity of about 25 kW. With the stim-
ulation of current and voltage, the reactant gas
would be motivated to be plasma, which heat the
feedstock and trigger the following reactions. It
was well established that suspension feedstock
usually experiences three main steps during the
SPS processing (Pawlowski 2009; Toma et al.
2006a, b), namely fragmentation and atomization
of the injected drops, evaporation of the solvent

Fig. 3 XRD spectra (a) and calculated phase content (b) of the
samples and Raman spectra of the samples (c)

J Nanopart Res          (2019) 21:182 Page 5 of 12   182 



and decomposition of PVP, and impact of the
nanoparticles and coating formation.

In this case, both pure TiO2 and TiO2-OLC
coating were successfully fabricated, and porous
structure was clearly seen from the surface SEM
images of the coatings (Fig. 2a, b). This porous
microstructural feature was believed to be caused
predominately by the decomposition of PVP dur-
ing the SPS heating processing (Ren et al. 2015).
Porous structure is essentially required for photo-
catalytic materials to achieve enhanced activities. It
seems that the characteristics of the original TiO2

nanoparticles were mostly retained after the coat-
ing deposition (Fig. 2c, d). Being different from
the typical lamellar structure of atmospheric plas-
ma sprayed (APS) coatings, the SPS coatings show
a granular structure. This could be explained by
the phenomena that the nanoparticles were not
fully melted during the SPS processing, due to
the low processing temperature caused by evapo-
ration of the solvent (Toma et al. 2006a).

Phase and microstructure

The commercial Degussa P25 has favorable photocata-
lytic efficiency, due to the synergic interaction of anatase
(80%) and rutile (20%), and has been widely used as
thermal spray feedstock for coating deposition (Kho
et al. 2010). It is generally believed that, during the
suspension plasma spraying, plasma power is already
adequate for evaporating the liquid but still moderate for
retaining the chemistry of starting TiO2 particles (Toma
et al. 2006c). The as-sprayed coating and primary P25
particles show similar strong diffraction peaks at 2θ of
25.28 [101], 37.8 [004], 48.05 [200], 53.89 [105], 55.1
[211], 62.6 [204], 68.7 [116], 70.3 [220], and 75.01
[215] that represent the crystalline phases of anatase
and 27.44 [110], 36.09 [101], 39.20 [200], 41.25
[111], 44.05 [210], 56.04 [220], 64.06 [310], 69.02
[301], and 69.83 [112] that represent the crystalline
phases of rutile, respectively (Fig. 3a). Further phase
content calculation evidenced that anatase/rutile ratio
kept unchanged after the coating fabrication (Fig. 3b),

Fig. 4 TEM/HRTEM (a, b, c, e, f) and SAED (d) images of the as sprayed TiO2-OLC coating showing unique dispersion of OLC
nanoparticles in the coating
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indicating appropriateness of the SPS processing route
for fabricating TiO2 coatings with desired phase com-
position. Meanwhile, the Raman spectrum of the P25
particle and as-fabricated composites shows consistent
peaks (Fig. 3c), which further verifies the maintained
phase of the P25 particle after coating process.

The as-sprayed TiO2-OLC was further characterized
by high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction
(SAED) (Fig. 4). TiO2 nanoparticles with original nano-
scale are clearly seen in the coatings (Fig. 4a), which is
consistent with the SEM observation (Fig. 2d). Mean-
while, the SAED (Fig. 4d) result verifies the XRD
spectrum (Fig. 3a). Further magnified view showed
unique dispersion of the OLC nanoparticles in the coat-
ings, and interfacial bond of OLC spheres with the (101)
plane of anatase crystals was recognized (Fig. 4b, e).
The interface between anatase crystal and OLC particles
is clearly seen. These structural features might influence
the light-induced electron-hole pair formation behavior
for tuned photocatalytic performances of TiO2. The
presence of OLC on the surface of TiO2 particles would
likely facilitate the adsorption of targeting organics for

efficient photocatalysis reaction process (Rajagopal and
Ryu 2018).

Enhanced photocatalytic performance

Photocatalytic activity of the as-sprayed TiO2 and
the OLC-containing TiO2 coating was examined by
measuring degradation of dye methylene blue un-
der both UV and visible light. The concentration
variation of methylene blue with irradiation time is
shown in Fig. 5. The result indicated that under
both UV (Fig. 5a, b) and visible light (Fig. 5c, d)
irradiations, the OLC-containing coating performed
better than the pure TiO2. It is noted that, prior to
the light illumination, the 1 h adsorption testing
without light already showed clearly remarkably
reduced concentration of methylene blue in the
solution containing TiO2-OLC sample. Adsorption
is very essential for photocatalysis, because it is
the first stage of photocatalysis process to realize
intimate contact between photocatalyst and pollut-
ants. The enhanced adsorption for the OLC-
containing coating is not surprising, since

Fig. 5 Photocatalytic degradation of methylene blue under the illumination of UV-light (a, b) and visible light (c, d)
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adsorption capacity is one of the amazing proper-
ties of carbon nanomaterials (Ko et al. 2016;

Sakulthaew et al. 2015; Seymour et al. 2012).
Photocatalytic degradation of methylene blue usu-
ally follows Langmuir-Hinshelwood first-order ki-
netic equation (Xu et al. 2011). The kinetic model
equation, −ln (Ct/C0) = k × t, can be inferred from
the degradation curves, where Ct and C0 are the
real-time and initial-time methylene blue concen-
tration, respectively; t is reaction time; and k is the
rate constant representing photocatalytic degrada-
tion rate reflected in the slope of the −ln (Ct/C0)
versus time curve. Obviously, the rate constant for
TiO2-OLC coating is higher than that for pure
TiO2 tested under illumination of both UV-light
(Fig. 5b) and visible light (Fig. 5d).

Mechanism of the enhanced performance

There are three key processes in the photocatalytic
degrading of methylene blue, namely (i) absorption of
photons to create electron-hole pairs, (ii) separation and
migration/recombination of the photo-induced electron-
hole pairs, and (iii) photocatalytic reaction on the
photocatalyst surface. Hence, there are three corre-
sponding key factors for enhanced photocatalytic per-
formance, namely, reduced bandgap, reduced recombi-
nation rate of photo-induced carriers, and enhanced
adsorption capacity towards pollutants.

Reduced bandgap

The primary factor influencing the photocatalytic
activity is the bandgap of the semiconductor
photocatalyst. To elucidate the sensitivity of

Fig. 6 UV–Vis spectra of the coatings. PL spectra (a) and Tauc
plot (b) of the coatings

Fig. 7 Photoluminescence (PL) spectra under 325 nm excitation

Fig. 8 The relationship between the dark adsorption rate and the
final degradation rate
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photocatalyst towards photon to create electron-
hole pairs on the photocatalyst, the bandgap of
both the coatings was examined. Under the UV–
visible light illumination, for the OLC-containing
coating, a distinct red shift in the adsorption edge
and strong absorption in the visible light range
was seen (Fig. 6a). Figure 6 b shows the curves
of Kubelka-Munk remission function ([αhv]1/2 ver-
sus photon energy) corresponding to each spec-
trum, suggesting that the bandgap of the pure
TiO2 was 2.97 eV, while the bandgap of the
OLC-containing coating was significantly reduced
to 2.32 eV. The narrowing of the bandwidth is
presumably attributed to the doping of OLC nano-
particles. The extended light absorption range for
the TiO2-OLC coating could also account for the
enhanced photocatalytic activities shown in Fig. 5.
Similar band gap narrowing phenomenon of TiO2

was also found in the case of TiO2-graphene com-
posites, which could be attributed to the chemical
bonding between TiO2 and the specific sites of
carbon. Nevertheless, the unpaired π electrons of
OLC could easily bond with free titanium atoms
on the surface of TiO2 (Lee et al. 2012; Zhang
et al. 2010d). As a result, the valence band edge
was shifted, and the band gap was in turn reduced,
which promotes the adsorption capacity of photons
to create electron-hole pairs on the photocatalyst.
And Fig. 9 shows the schematic diagram of the
reduction of the bandgap.

Reduced recombination of photo-induced carriers

Photoluminescence (PL) emission spectroscopy pro-
vides an effective method to measure the irradiative
recombination of electrons and holes, which is useful
to elucidate the migration and separation rate of photo-
induced carriers in photocatalysts. We therefore mea-
sured the PL spectra for both as-sprayed coatings
(Fig. 7). Compared to pure TiO2, the PL emission in-
tensity of TiO2-OLC coating is much lower, indicating
that increased charge separation and transfer occur in
OLC containing coating.

Enhanced adsorption capacity

Another key factor influencing the photocatalytic activ-
ity is the adsorption capacity of the semiconductor
photocatalyst (Leary and Westwood 2011) towards pol-
lutants molecules. In the previous study, various
methods have been attempted to enhance the adsorption
capacity of the photocatalyst, such as introducing suit-
able active sites with co-catalysts, increasing surface
area with high surface-area-to-volume ratio of
nanosized particles, and combining with carbonaceous
nanomaterials to form π–π interaction towards the aro-
matic dyes. The enhanced adsorption capacity of the
OLC-containing coating is likely responsible for the
significantly accelerated degradation of methylene blue.
Figure 8 shows the relationship between the dark ad-
sorption rate and final degradation rate. It was noted that

Fig. 9 Schematic diagram of
photocatalytic enhancement
mechanism
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the dark adsorption rate has been increased with the
percentage of OLC increased from 0 to 10%, and the
final degradation rate has been increased with the dark
adsorption rate increased in this range. It has been well
established that the adsorption is promoted by the π–π
interaction between methylene blue and the aromatic
regions of OLC, which is similar to the conjunction of
methylene blue with graphene (Fan et al. 2012) and
carbon nanotube (Ai et al. 2011). The specific interac-
tion between OLC and methylene blue will promote the
adsorption capacity of OLC-containing coating than
pure TiO2, which will accelerate the photocatalytic
degrading activity. And Fig. 9 shows the schematic
diagram of the enhanced adsorption capacity.

Conclusions

In summary, TiO2-OLC coatings with uniformly distrib-
uted OLC nanoparticles and enhanced photocatalytic
performances have been successfully fabricated via sus-
pension plasma spray (SPS). The as-sprayed TiO2-OLC
coating showed remarkably enhanced performance as
compared to the pure TiO2 under both UV and visible
light irradiation. The SPS processing gave rise to well
retained physicochemical properties of TiO2 and OLC
in the binary coatings. And three aspects of the photo-
catalytic performance enhancement mechanism have
been elucidated. The results would open a new window
for designing and fabricat ing carbonaceous
nanomaterial-doped TiO2 coatings for photocatalytic
applications.
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