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Abstract
Silica scale adhesion onto geothermal power plant equipment reduces the power efficiency. In our previous study, diamond-
like carbon (DLC) coatings with low sp2 fractions and high hydrogen contents were found to suppress silica adhesion. 
Therefore, the present study was aimed at clarifying the mechanism of silica adhesion onto the graphene-like network of 
DLC. In-lens scanning electron microscopic imaging of silica adhered onto defective graphene indicated that the adhesion 
occurred on defects in the graphene-like network. First-principles calculations revealed that the graphene with hydrogen-
terminated defects exhibited reduced adsorption energy between silica and the graphene-like network. Overall, the simulations 
and experiments helped establish a silica adhesion model in which defects in the graphene-like network of DLC behave as 
silica adhesion sites.
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1  Introduction

Geothermal power plants produce green energy because 
they emit 33–83 times less CO2 than that of fossil fired 
thermal power plants [1, 2]. Additionally, geothermal 
power plants can provide a stable supply of electricity [2] 
in contrast to green alternatives such as solar and wind 
power, which are influenced by weather. Therefore, geo-
thermal power generation is expected to be a base load 
green power source in the carbon–neutral era. However, 
geothermal steam contains a large amount of dissolved 
silica, which precipitates and the surfaces of power genera-
tion facilities. The silica precipitation eventually reduces 
the power generation efficiency because the accumulated 
silica reduces the geothermal steam flow paths inside 

the power generation facilities [3, 4]. Physical methods 
for precipitated silica removal [5], such as sandblasting, 
and water jets, or chemical methods such as hydrofluoric 
acid cleaning are routinely adopted to mitigate this issue; 
however, power plants are typically shut down for these 
operations. Therefore, a method to suppress silica adhe-
sion without power plant shutdowns is required.

Nakashima et al. recommended using diamond-like car-
bon (DLC) coatings with low sp2 fractions, which is defined 
as ratio of sp2/(sp2 + sp3), and high hydrogen contents to 
limit silica adhesion [6]. Therefore, the use of DLC coatings 
could be effective in suppressing the silica adhesion without 
power plant shutdowns. It can save huge cost of plant shut-
downs and removal method such as water jets, compared to 
applying DLC coating.
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DLC is a carbon-based amorphous thin film with 
diamond- and graphite-like structures with sp3 and 
sp2-hybridization state, respectively [7]; moreover, it is 
resistant to corrosion and wear [8, 9] and exhibits a low 
friction coefficient in non-lubricant systems [10–15]. So, it 
is expected to experience low interaction forces with mat-
ing materials, and low adhesion performance in the case 
of silica scale may be expected. DLC can be categorized 
as hydrogen-free and hydrogen-containing DLC; these 
are designated as amorphous carbon (a-C) or tetrahedral 
amorphous carbon (ta-C) and a-C:H, respectively [6]. The 
ta-C coatings are excellent hard material which provide 
anti-wear properties [16–21]. On the other hand, ta-C coat-
ings contain many defects (droplet) due to the physical 
vapor deposition (PVD) method, which trigger the wear, 
cracking, and thermal degradation [22–24]. Murashima 
et al. revealed that nitrogen-containing ta-C coatings have 
lower surface energy, resulting in few adhesion between 
ceramic particles and the ta-C coatings [25]. The coat-
ings are known to develop unique tribolayer derived from 
oil additives, providing low friction and low wear tribo-
films [26–29]. The a-C:H coatings are generally deposited 
by chemical vapor deposition (CVD) method, showing 
lower hardness, carbon diffusion during friction, and less 
chemical stability due to its graphite-rich carbon structure 
[27–30]. The carbonaceous structure is considered to easy 
to react with additive molecules on the surface, develop-
ing thick tribofilm or bring severe chemical wear of the 
coating [31–37]. About the adhesion on the surface it was 
reported that high hardness and low r energy coatings was 
able to demonstrate low adhesion of ceramics particles 
[25]. In addition, it was revealed that the surface adhesion 
and tribological properties could be controlled by textur-
ing and electrical charge [38–45].

A few studies have been conducted on the adhesion 
behavior of silica onto DLC coatings. However, many of 
these have focused on biocompatibility analysis, such as 
adhesion to blood cells. In particular, several studies have 
suggested optimizing the structure of DLC using its sp3/sp2 
ratio. Pandiyaraj et al. [46] investigated a-C:H with different 
sp3/sp2 ratios (0.9–1.0) and found that increasing the sp3/
sp2 ratio led to increased thrombus formation, indicating 
an increase in the blood cell adhesion. Logothetidis [47] 
altered the sp3 content of a-C and a-C:H from 20 to 80% and 
found that the thrombus formation was reduced and blood 
cell adhesion was suppressed at sp3 contents of 40%–45%. 
Moreover, a significant difference in blood compatibility 
was observed for the same sp3 content (40–45%), depend-
ing on the voltage bias during a-C:H deposition. There-
fore, although DLC coating has same sp3 content, adhesion 
property can be differed. It indicates that there are other 
adhesion factors besides sp3 or sp2 fraction derived from 
the structure of the DLC coatings. However, the optimal sp2 

fraction differs for various DLC types, deposition process, 
and deposition conditions.

Nakashima et al. investigated a-C:H and ta-CNx which 
is nitrogen doped ta-C, that had sp2 fractions of 0.13–0.40 
and hydrogen contents of 45–47% on the outermost surface, 
which were estimated by X-ray adsorption fine structure 
spectroscopy and elastic recoil detection analysis, respec-
tively. Figure 1 shows the relationship between the sp2 
fraction and the amount of adhered silica in our previous 
study [6]. ta-CNx is hydrogen-free DLC and a-C:H is DLC 
with 45–47% hydrogen content. The value of adhered silica 
amount 1.0 indicates adhered silica amount onto uncoated 
specimen. In both ta-CNx and a-C:H, there is a correlation 
between the sp2 fraction and the amount of adhered silica; 
specifically, the amount of adhered silica decreases with 
decreasing sp2 fraction. Moreover, in a-C:H, the amount of 
adhered silica is low even when the sp2 fraction is larger 
than that of ta-CNx. Therefore, it is presumed that the 
increased hydrogen content suppresses silica adhesion. 
From these results, it is clarified experimentally that reduc-
ing the sp2 fraction and increasing the hydrogen content 
in DLC reduce the adhered silica amount in our previous 
study. Additionally, ta-CNx and a-C:H were also confirmed 
to have 1.0 × 1017 to 1.0 × 1020 cm−3 of dangling bonds by 
electron spin resonance (ESR) analysis in our previous study 
[6]. Therefore, we considered the hypothesis that dangling 
bonds in graphene-like network in DLC become silica adhe-
sion sites and reducing sp2 fraction leads to reducing dan-
gling bond amount and hydrogen can terminates dangling 
bonds, then silica adhesion can be suppressed. Accord-
ing to the above hypothesis, the graphene-like network in 
DLC, which is consists predominantly of carbon atoms in 
the sp2-hybridization state, could include sites for adhesion 
such as dangling bonds. Moreover, it is not clear whether 
the adhesion properties of silica are directly affected by 
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Fig. 1   Reduction of silica adhesion by decreasing sp2 fraction [6]
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the graphene-like network or by defects derived from the 
graphene-like network.

Therefore, to clarify the nature of the silica adhesion 
sites in graphene-like networks, silica was precipitated and 
adhered onto chemical vapor deposition (CVD)-synthesized 
graphene (denoted as CVD graphene) and highly oriented 
pyrolytic graphite (HOPG) in the present study; analysis of 
CVD graphene and HOPG, which represented defect-con-
taining and defect-free graphene-like networks, respectively, 
helped reveal the differences in their adhered silica distribu-
tions. First-principles calculations were subsequently per-
formed using the defect-containing and defect-free graphene 
sheets. The adsorption energies between silica and graphene 
were then calculated. The obtained results helped identify 
the silica adhesion sites in the graphene-like network and 
elucidated the mechanism of silica adhesion onto the DLC 
surface.

2 � Experimental Section

2.1 � Graphene Specimens and Structural Analysis

To confirm the influence of defects in the graphene-like net-
work on silica adhesion, HOPG and CVD-synthesized mon-
olayer graphene were investigated as simplified model of 
DLCs with defect-free and defect-containing graphene-like 
networks, respectively. The nascent surface of HOPG was 
exposed by exfoliating carbon-tape-affixed HOPG (438HP-
AB; Alliance Biosystems Inc.). The CVD-synthesized mon-
olayer graphene (CVD-GRAPH-BN-SiO2-4P) was prepared 
by Alliance Biosystems Inc.. This specimen was obtained 
by transferring single-layer graphene and hexagonal boron 
nitride (h-BN) formed on a copper foil by CVD to a silicon 
wafer (100) [48–51], with the outermost layer being mon-
olayer graphene. Raman spectroscopy (HR800, HORIBA) 
was performed at an excitation wavelength of 633 nm using 
a spot diameter of ~ 3 μm to confirm the presence or absence 
of defects in HOPG and CVD graphene. Field-emission 
scanning electron microscopy (FE-SEM; Sigma VP, Zeiss) 
was performed to examine the morphology and distribution 
of the adhered silica. Moreover, secondary electron (SE) 
and in-lens SE detectors were used with the FE-SEM equip-
ment to examine the silica–graphene adhesion morphology. 

In-lens detection is a technique that can determine work 
function differences in graphene as image contrast [52]. The 
work function of HOPG is known to increase with expo-
sure to argon plasma which breaks graphene-like network, it 
was defined as defected-HOPG [53]. Consequently, the work 
function of graphene presumably increases with increasing 
number of defects derived from the graphene-like network. 
Therefore, the defects derived from the graphene-like net-
work were expected to be visualized by in-lens FE-SEM 
detection, which could confirm the correlations between 
the adhered silica sites and the defects derived from the 
graphene-like network.

2.2 � Silica Adhesion Tests

To examine the morphology of the adhered silica on gra-
phene, an adhered silica specimen emulating that formed on 
an actual industrial equipment was precipitated and adhered 
from a geothermal-brine-mimicking solution. Table 1 lists 
the chemical composition of the imitated geothermal brine, 
and Fig. 2 shows a schematic of the silica adhesion test. The 
chemical components of the duplicated geothermal brine 
were derived from a previous report on silica polymerization 
in geothermal brine [54]. To analyze the adhered silica at the 
earliest stage, the HOPG and CVD graphene samples were 
dipped in the imitated geothermal brine for a short duration 
(1 h) at 50 °C. Then, the HOPG and CVD graphene with 

Table 1   Conditions used for 
silica adhesion tests Imitated geothermal brine Chemical components NaSiO3·9H2O (40 mmol/L)

NaCl (200 mmol/L)
pH 8.5 (adjusted with HCl)

Silica precipitation Temperature (°C) 50
Duration (h) 1

Washing Duration (min) 1

Graphene

Imitated geothermal brine

Adhered silica

Precipitated 

silica

Fig. 2   Schematic illustration of the silica adhesion test
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adhered silica were washed with flowing water. The residual 
silica on the graphene was considered to be adhered at the 
earliest stage and subsequently investigated.

2.3 � First‑Principles Calculations of Adsorption 
Energy Between a Silicic Acid Ion 
and a Defect‑Containing Graphene Sheet

To clarify the adhesion between silica and several states of 
graphene with defects derived from graphene-like networks, 
first-principles calculations of the adsorption energy were 
performed. First-principles calculation was widely used to 
reveal the adhesion and electrical properties of carbon mate-
rials [55–58]. The calculations were focused on graphene 
sheets with a six-membered-ring geometry and silicic acid 
ions.

Defects derived from the graphene-like network were 
introduced by extracting one carbon atom from the six-
membered rings of the graphene sheets. This calculation 
model has three dangling bonds in the six-membered ring 
from which the carbon atom was extracted. Additionally, 
to clarify the suppression mechanism of silica adhesion at 
DLC coating with high hydrogen content, calculation of the 
adsorption energy between hydrogen-terminated graphene 
and silica was performed by using the dangling bonds in 
the six-membered rings of the graphene-like network were 
terminated with hydrogen. Therefore, the following three 
models were established for the calculations: defect-free 
graphene sheets, graphene sheets with defects derived from 
the graphene-like network owing to dangling bonds, and gra-
phene sheets with hydrogen-terminated dangling bonds. A 
silicic acid ion was adsorbed onto the graphene sheet models 
because silica scale is deposited and adheres to equipment 
owing to the polymerization of silicic acid, and silicic acid 
ions exist at the pH of the solution used for the silica adhe-
sion tests [59]. Consequently, silicic acid ions are consid-
ered to exhibit a stronger adsorption force than that of silicic 
acid owing to their charges. The energy corresponding to 
the adsorption of silicic acid ions onto the graphene sheet 
models was calculated as follows:

where ∆E is the adsorption energy, Ead is the energy after 
the adsorption of a silicic acid ion onto the graphene sheet 
models, Eg is the energy of the graphene sheet models, and 
Es is the energy of the silicic acid ion. In the calculations, 
the O atom in the silicic acid ion and C atom of graphene 
were initially separated by ~ 1.7 Å, and structural relaxation 
was performed for all atoms of the silicic acid ion. However, 
the structural relaxation was performed in the calculation 
of Eg for the graphene sheet with hydrogen terminations. 
Then, the difference between Ead and (Eg + Es) was defined 

ΔE = Ead −
(

Eg + Es

)

,

as the adsorption energy of the silicic acid ion (∆E), which 
is the difference between the total energy of a silicic acid 
ion and graphene and the energy of the graphene and the 
closest silicic acid ion that is attracted to it. The distance 
between the graphene sheet and silicic acid ion was defined 
as the distance between the O− of the silicic acid ion and the 
atom closest to the silicic acid ion, such as a C atom with a 
dangling bond and a H-atom-terminated dangling bond in 
graphene.

All electronic structure calculations were performed 
using plane-wave basis sets and norm-conserving pseudo-
potentials [60] with the Quantum Espresso code [61, 62]. 
The cut-off energies for the wave functions and charge 
density were 40 and 480 Ry, respectively, in the electronic 
structure calculations. The spin-unpolarized version of the 
generalized gradient approximation (GGA) parameterized 
by Perdew, Burke, and Ernzerhof [63] was used for the 
inter-electronic exchange–correlation function. Non-locally 
correlated corrections based on the van der Waals density 
functional (vdW-DF) [64–66] method were included. k-point 
sampling grids of 2 × 2 × 2 and 2 × 2 × 1 were used for the 
silicic acid ion and graphene sheet models, respectively. 
The occupation numbers of electrons were subjected to a 
smearing of 0.01 Ry using the Methfessel–Paxton method. 
The calculation model of the graphene sheet (Fig. 3) con-
tained 112 carbon atoms, and the calculated cell size was 
17.19 × 17.01 × 31.70 Å3. In this calculation, flat shape gra-
phene model was adopted. On the other hand, there is pos-
sibility that graphene-like network in DLC coating has not 
only flat, but also curved shape, as on the surface of nano-
diamonds [67]. However, a flat shape graphene model was 
used because there was concern that the calculation model 
would collapse due to the introduction of dangling bonds 
and hydrogen in curved graphene.

3 � Results

3.1 � Structural Characteristics of HOPG and CVD 
Graphene

To confirm the presence or absence of defects in the HOPG 
and CVD graphene samples, their surfaces were examined 
by in-lens FE-SEM detection and Raman spectroscopy. Fig-
ure 4 shows the SE and in-lens SE images of the HOPG 
and CVD graphene specimens, whereas Fig. 5 shows their 
Raman spectra.

The SE and in-lens SE images of HOPG did not 
reveal any differences, and the corresponding Raman 
spectrum showed an intense peak at 1580 cm−1. Addi-
tionally, the Raman spectrum did not exhibit D bands 
around 1350 cm−1, which are caused by defects in gra-
phene. Therefore, the HOPG sample was confirmed to 
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have a defect-free graphene network. In contrast, the in-
lens SE image of the CVD graphene showed numerous 
black-lined patterns, although the SE image did not show 
any contrasting details. The hexagonal shape observed in 
the in-lens SE image represented bilayer graphene [49]. 
The higher the work function in graphene, the darker the 
contrast detected in the in-lens SE image [52]; therefore, 
the black-lined pattern represented sites with higher work 
functions. Additionally, the work function is known to 
increase with increasing exposure of the HOPG to argon 
plasma, indicating an increase in the number of dangling 
bonds in the graphene-like network [53]. Therefore, 
defects derived from the graphene-like network, such 
as dangling bonds, presumably existed along the black-
lined patterns. Additionally, the Raman spectrum of the 
sample with the black-lined pattern showed a D band at 
1350 cm−1. Therefore, the black-lined pattern in CVD 
graphene contained defects derived from the graphene-
like network. Therefore, these results indicate that defects 
could be identified by in-lens SE detection as contrast.

3.2 � Morphologies of Silica Adhered onto HOPG 
and CVD‑Synthesized Single‑Layer Graphene

SEM observations were performed to confirm the correla-
tion between the silica adhesion sites and the defect distri-
butions in HOPG and CVD graphene. Figure 6 shows the 
SE and in-lens SE images of the HOPG and CVD graphene 
specimens after the silica adhesion tests.

The SE images showed silica that was several tens of 
nanometers in size adhered onto HOPG and CVD graphene. 
Moreover, the number of silica particles adhered onto CVD 
graphene was greater than that on HOPG. Neither dark con-
trast nor roughness was observed in the in-lens SE and SE 
images of the silica adhesion sites in HOPG, respectively. 
In contrast, silica selectively adhered onto CVD graphene 
along the black-lined pattern seen in the in-lens SE image. 
Therefore, silicic acid tended to preferentially adhere to 
defects derived from the graphene-like network. In other 
words, this result suggests that silica adhered selectively to 
graphene at defects derived from the graphene-like network, 
such as dangling bonds, rather than to the carbon atoms in 
the sp2-hybridization state themselves.

3.3 � Adsorption of Silica onto Different Graphene 
Models

Based on the aforementioned results of the silica adhesion 
tests, first-principles calculations of the adsorption energy 
between a silica molecule and the graphene-like network 
were performed to confirm whether the silica adhesion sites 
were determined inherently by the graphene-like network or 
the defects derived from the graphene-like network. Dan-
gling bonds were artificially created as defects derived from 
the graphene-like network by extracting one carbon atom 
from the graphene-like network in the calculation model. 
Then, the adsorption energies of the silica molecule for the 
defect sites and graphene-like network were calculated. Fig-
ure 7 shows results obtained before and after the calculations 
of the graphene-like networks in graphene systems with no 
defects, with dangling bonds, and with hydrogen-terminated 
dangling bonds.

The atomic arrangement observed in the calculated 
results is described henceforth. In the defect-free graphene 
model, the calculated distance between the O atom in the 
silicic acid ion and the C atom of graphene was 2.66 Å, 
which is considerably greater than that in the initial arrange-
ment (1.7 Å). However, in the graphene sheet with the dan-
gling bond defects derived from the graphene-like network, 
the O− of the silicic acid ion approached graphene, result-
ing in an interatomic distance of 1.59 Å between the O− of 
the silicic acid ion and the C atom with the dangling bond. 
Additionally, the interatomic distance between the H atom 

17.19 Å

17.02 Å

31.70 Å

Fig. 3   Calculation model of graphene
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terminating a dangling bond of a C atom and the O− of the 
silicic acid ion was 2.08 Å.

To confirm the adsorption mode of the silicic acid ion 
onto the graphene sheet, Bader charge [68–71] calcula-
tions were performed using the results of the respective 

models; the results are depicted in Fig. 8. Bader analysis 
is a kind of method that divides the electron density and 
assigns it to each atom. In this method, the electron den-
sity attributed to each atom is divided by the plane where 
the electron density gradient is zero. Therefore, the yellow 
spheres in Fig. 8 indicate the existence range of electrons 
in each atom. In the defect-free graphene sheet (Fig. 8a), 
the charge distribution between the silicic acid ions and 
graphene was not shared. However, in the graphene sheet 
with dangling bonds (Fig. 8b), the charge distribution was 
shared between the silicic acid ion and the dangling-bond-
containing C atom, indicating the occurrence of chemical 
adsorption. Additionally, the charge distribution between 
silicic acid ions and graphene was not shared in the gra-
phene with hydrogen-terminated dangling bonds (Fig. 8c). 
Therefore, physical adsorption occurred onto the defect-free 
and hydrogen-terminated graphene specimens. Furthermore, 
the graphene with dangling bonds and hydrogen-terminated 
possibly exhibited covalent bonding and hydrogen bonding, 
respectively.

The adsorption energies and modes for the investigated 
graphene sheet models are listed in Table 2. The absolute 
value of adsorption energy of graphene with dangling bonds 
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Fig. 4   SEM images of a, a′ HOPG and b, b′ CVD-synthesized single-layer graphene. a, b and a′, b′ show SE and in-lens SE images, respectively
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(− 1.04 eV) was higher than that of the defect-free graphene 
(− 0.25 eV). Therefore, a strong adsorptive force was exerted 
because of the high adsorption energy and the occurrence of 
chemical adsorption. However, the hydrogen terminations of 
the dangling bonds lowered the adsorption energy to − 0.69 eV, 
and the adsorption mode changed to physical adsorption. 
These results indicate that although the graphene sheets with 
the graphene-like network did not inherently attach to the 
silica, defects derived from the graphene-like network, such 
as dangling bonds, functioned as chemisorption sites for the 
silica. Furthermore, by terminating the defects derived from 
the graphene-like network with hydrogen, the adsorption mode 
of silicic acid presumably changed to physical adsorption, and 
the adhesion of silica could be restricted. The aforementioned 
experimental and theoretical calculation results suggest that 
silica readily adhered to the defects derived from the graphene-
like network, such as dangling bonds.

4 � Discussion

Based on the aforementioned results, a new silica adhe-
sion model for DLC coatings was established to address 
the lack of appropriate silica–DLC adhesion models. To 
apply DLC coatings as a low-adhesion surface for pre-
venting silica accumulation in geothermal power plants, 
Nakashima et al. [6] clarified the optimal structure of DLC 
for suppressing silica adhesion using ta-CNx and a-C:H, 
which have different structures. Both ta-CNx and a-C:H 
were found to have reduced amounts of adhered silica with 
decreasing sp2/(sp2 + sp3) ratios in the outermost 2-nm-
thick layer. Additionally, ta-CNx and a-C:H were con-
firmed to have 1.0 × 1017 to 1.0 × 1020 cm−3 of dangling 
bonds by electron spin resonance (ESR) analysis. More-
over, dangling bonds were found to possibly affect the 

(a) (a’)

(b) (b’)

200nm 200nm

200nm 200nm

silica

silica

Black line 

patterns

Fig. 6   Morphologies of silica adhered onto a, a′ HOPG and b, b′ CVD-synthesized single-layer graphene. a, b and a′, b′ show SE and in-lens SE 
images, respectively
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silica adhesion. However, the influence of dangling bonds 
derived from the graphene-like network on the adhesion 
properties of silica was not confirmed because ESR anal-
ysis detects the number of dangling bonds for the total 
thickness and not for the outermost surface. According 
to the aforementioned results of the silica adhesion tests 
and first-principles calculations, the dangling bond defects 
derived from the graphene-like network operated as silica 

C atom with dangling bond (c) Hydrogen termination

2.66 Å

(a’)

1.59 Å

(b’)
2.08 Å

(c’)

Silicic acid ion
(a) (b)

Fig. 7   Comparison of the adsorption of a silicic acid ion onto graphene a–c before and a′–c′ after calculations of a, a′ graphene with no defects, 
b, b′ graphene with dangling bond defects, and c, c′ graphene with hydrogen-terminated dangling bonds

Si O

H

(b) (c)(a) Charge

distribution
Charge

sharing Hydrogen 

termination

C

Fig. 8   Charge distributions around silicic acid ions and graphene systems a without defects, b with dangling bond defects, and c with hydrogen-
terminated dangling bonds

Table 2   Adsorption energies and types of reaction between graphene 
and a silicic acid ion

Defect type Adsorption energy 
(eV)

Adsorption type

Defect-free  − 0.25 Physical
Dangling bonds  − 1.04 Chemical
Hydrogen terminations  − 0.69 Physical
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adhesion sites with high adsorption energies. Therefore, 
decreasing the sp2/(sp2 + sp3) ratio in DLC could reduce 
the number of defects derived from the graphene-like net-
work, consequently suppressing the amount of adhered 
silica. Additionally, Nakashima et al. [6] clarified that 
a-C:H, which contains 45–47% hydrogen, could reduce 
the amount of adhered silica even when the sp2 fraction is 
higher than that in ta-CNx, which is free from hydrogen. In 
the first-principles calculations, the adsorption energy of 
silicic acid ions was reduced by the hydrogen terminations 
of the dangling bonds. Therefore, a-C:H could presumably 
limit the amount of adhered silica by terminating the dan-
gling bonds in the graphene-like network with hydrogen.

The overall model of silica adhesion onto a DLC coating 
is illustrated in Fig. 9. Instead of the graphene-like network, 
the defects derived from the graphene-like network in the 
DLC coating become silica adhesion sites. Furthermore, 
these silica adhesion sites exhibited a reduced adhesion 
energy when the adhesion mode changed from chemical 
to physical adsorption through hydrogen terminations. The 
presence of graphene-like networks in DLC coatings may 
lead to defect formation and, consequently, silica adhesion 
sites. Therefore, finer graphene-like networks in the DLC 
structure could suppress adhesion. Moreover, morphology of 
adhered silica on DLC could be explained by silica adhesion 
model of Fig. 9. Figure 10 shows adhered silica morphology 
on ta-CNx and a-C:H. Silica adhered partly with particle 
morphology at ta-CNx which has lower sp2 fraction and con-
tains no hydrogen (Fig. 10a). In contrast, Silica adhered on 
whole surface with film shape and partly peeled off on a-C:H 
which has higher sp2 fraction and contains high hydrogen 
content (Fig. 10b). These results were considered as fol-
lowing, ta-CNx has lower amount of dangling bond due to 
lower sp2 bond fraction, so silica adhered partly as presumed 
silica adhesion model of Fig. 10a′. On the other hand, a-C:H 
has higher amount of dangling bond due to higher sp2 bond 
fraction, then silica adhered on whole surface. However, 
it has also higher hydrogen content, then silica was tend 
to be peeled off due to physical adsorption between silica 

and H atom as presumed silica adhesion model of Fig. 10b′. 
Therefore, it is silica adhesion morphology also match to 
silica adsorption behavior on graphene performed by first-
principle calculation.

In addition, the adhesion model illustrated in Fig. 9 could 
be applied to the adhesion of other substances to DLC. Pan-
diyaraj et al. [46] and Logothetidis [47] optimized different 
sp2 fractions for studying the adherence of blood to DLC. In 
particular, Logothetidis [47] clarified a significant difference 
in blood compatibility was observed at these sp3-bond frac-
tions (40–45%) with respect to the presence/absence of volt-
age bias during the a-C:H deposition. Therefore, the amount 
of blood adhered presumably changed because even at the 
same sp3 fractions in DLC, the presence or absence of a bias 
voltage during the deposition affected the amount of defects 
derived from the graphene-like network.

5 � Conclusion

To clarify the adhesion behavior of silica onto a graphene-
like network, which can help determine the amount of 
silica adhered to DLC coatings, an HOPG sample com-
prising defect-free carbon atoms in the sp2-hybridization 
state and a CVD graphene specimen consisting of defec-
tive carbon atoms in the sp2-hybridization state were used 
as simplified models of graphene-like networks in DLC 
coatings. The correlations between the defects derived 
from the graphene-like network and silica adhesion sites 
were confirmed by structural analysis of HOPG and CVD 
graphene as well as morphological observations of the 
adhered silica. Raman spectroscopy showed that the D 
band was absent and present in HOPG and CVD graphene, 
respectively. The silica adhesion tests indicated that the 
amount of adhered silica was higher in CVD graphene 
than that in HOPG. In particular, silica selectively adhered 
to the black-lined pattern in CVD graphene, which repre-
sented defective sites, as indicated by in-lens SE imaging 
with SEM. Furthermore, to clarify the adhesion of silica 

Fig. 9   Model of silica adhesion 
onto the graphene-like network 
in DLC coatings
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to the defects derived from the graphene-like network, 
first-principles calculations of the adsorption energies 
between graphene sheets comprising 112 carbon atoms 
and silicic acid ions were performed. The silicic acid ion 
was found to inherently repel the carbon atoms in the 
sp2-hybridization state, and the corresponding adsorption 
energy was − 0.25 eV. However, when dangling bonds 
were introduced as defects derived from the graphene-
like network, the silicic acid ions chemisorbed onto the 
dangling bonds, increasing their adsorption energies 
to − 1.04 eV. Introducing hydrogen terminations to the 
dangling bonds reduced the adsorption energy to − 0.69 eV 
and changed the adsorption mode from chemical to physi-
cal adsorption. These results suggest that defects derived 
from the graphene-like network in DLC coatings become 
silica adhesion sites rather than the carbon atoms in the 
sp2-hybridization state themselves. Moreover, the adhesion 
of silica could be suppressed by decreasing the number of 
defects by terminating them with hydrogen.
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