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1.  Introduction

In the past decades, titanium (Ti) has attracted enormous 
interests and has been potential applications in various areas 
such as aerospace, biomedicine, chemical plants, military, 
etc [1–4], mainly due to its high melting point, low density, 
high mechanical strength at room temperature, great corrosion 
behavior and biocompatibility [5–7]. Unfortunately, the pure 
titanium in the above application has been limited by some 
drawbacks such as poor high-temperature mechanical proper-
ties, low thermal conductivity and wear resistance [8–10].

To overcome the above disadvantages, one of the possible 
solutions is to add carbon materials in titanium, e.g. graphene, 
carbon nanotubes and carbon fibers, etc [11–13]. It is well 
accepted that the cohesion properties of Ti/graphene and Ti/
graphite interfaces should play an important role in the per-
formance of various Ti–C products. In this respect, there are 
already various experimental and theoretical studies in the lit-
erature [5, 7, 12–16]. However, to our best knowledge, there 
is not any study to compare the cohesion strength between Ti/
graphene and Ti/graphite interfaces. In addition, the process of 
graphene synthesis should miss carbon atoms and form carbon 
vacancy defective graphene (CVG) [17, 18], which has been 
found to be the higher activity for adsorption of atoms and 
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nanoparticles than pristine graphene [19, 20]. Interestingly, 
the CVG could been formed by such experimental methods as 
treatment of hydrochloric acid [21] and electron beam irradia-
tion [22]. Nevertheless, it should be noted that the stability of 
Ti/CVG interfaces is far from systematic investigation in the 
literature.

By means of highly accurate first principles calculation 
based on density functional theory, the pursuing aim is to find 
out the cohesion properties and stability of Ti–C interfaces. In 
the present study, the interface strength and interface energies 
of Ti/graphene, Ti/CVG, and Ti/graphite have been gained for 
comparison, and the mechanism would be revealed in terms 
of electron distribution and Bader transfer analysis. It will be 
shown that the derived results are not only in good agreement 
with similar experimental observations in the literature, but 
also provide a detailed understanding of interface cohesion of 
Ti–C system.

2. Theoretical methods

We performed calculations and optimized geometries with the 
Vienna ab initio simulation package (VASP) code [23, 24]. 
The present computation uses the projector augmented wave 
(PAW) potentials [25], which expresses electronic exchange-
correlations by the generalized gradient approximation 
(GGA) of Perdew–Burke–Ernzerhof (PBE) [26] and local 
density approximation (LDA) [27]. The Kohn–Sham wave 
functions are expanded in a plane-wave basis set with an 
energy cutoff of 500 eV. The methods of Methfessel-Paxton 
[28] and Blöchl–Jepsen–Andersen [29] are employed for the 
dynamical and static calculations, respectively.

The systematic calculation of Ti–C interfaces would be 
a challenging work due to the van der Waals force of C–C 
and C–Ti layers, which has important effects on interface 
cohesion. To deal with this issue, several density functional 
theories have been thus proposed in the literature [30, 31]. 
For instance, the SAPT(DFT) method produced accurate 
results on the TiO2 surface [32], and the vdW-DF method 
also accurately predicted experimental results [33, 34]. In this 
work, we mainly considered vdW-DF method, which is a non-
local correlation functional that approximately accounts for 
dispersion interactions [31]. The original revPBE exchange 
has been replaced by the optB88 exchange functional 
developing by Klimeš and Michaelides [35, 36].

It is difficult to match between Ti and C since a big lattice 
mismatch. To obtain a small lattice mismatch, a 2  ×  2 surface 
unit cell of Ti (0 0 0 1) and graphite (0 0 0 1) planes is chosen 
in the present investigation. For each interface structure, the 
lattice size of graphene and graphite is the optimized value  
2.45 Å, and a certain number (1–5) of Ti-layers plus 20 Å 
vacuum distance are strained to fit onto the surface unit cell 
of graphene and graphite. Note that five carbon layers are 
selected for the Ti/graphite interface, and the lattice mismatch 
of Ti is only 1.8% compared with the optimized value 2.880 Å.  
As a typical example, figure 1 demonstrates the Ti/graphite, 
Ti/graphene, Ti/CVG interfaces with five Ti-layers. It can be 
seen clearly from this figure that the Ti/CVG interface is struc-
tured by missing a carbon atom from Ti/graphene interface.

The relaxation and static calculations are conducted 
in k-meshes of 9  ×  9  ×  1 and 11  ×  11  ×  1, respectively, 
together with a k-point broadening of 13  ×  13  ×  1 for the 
electron distribution and Bader analysis. In order to improve 
the computation efficiency during the optimization, the 
bottom Ti-layer is fixed as the reference of the relaxation of 
other interface atoms. The force criterion acting on each atom 
during relaxation is 1.0  ×  10−3 eV Å−1, and the total energy 
converged 1.0  ×  10−3 meV/atom.

3.  Results and discussion

Prior to selecting suitable theoretical method, the lattice 
constant as well as cohesive energy and bulk modulus 
of graphite and α-titanium are calculated by means of 
DFT-PBE, DFT-LDA and optB88-vdW approaches, and the 
derived results are listed in table  1. To have a comparison, 
the corresponding experimental values are also presented in 
this table [37–42]. It can be seen clearly from this table that 
ground-state properties of graphite derived from DFT-LDA 
and optB88-vdW are closer to the experimental values in 
the literatures [38, 40, 41], however, the data of α-titanium 
calculated from the optB88-vdW and DFT-PBE matches well 
with the similar experimental results [37–39]. It should be 
pointed out that the c/a value and bulk modulus of graphite have 
not been predicted accurately in terms of DFT-PBE approach. 
Our further research reveals that the negative interfacial 
strength appears in several Ti–C interfaces by DFT-PBE 
and DFT-LDA methods. Such an unphysical phenomenon 
has been inconsistent with the chemisorption interface of Ti/
graphene from experiments [42, 43]. Thus, DFT-PBE and 
DFT-LDA are not the best for simulating system with strong 
vdW interactions, and the optB88-vdW method is adopted in 
the following interface calculations.

We first consider the interface work of separation (Wsep), 
and the results of Ti–C interfaces are obtained from the 
following expression:

Wsep =
ETi-layer + EC-layer − ETi/C

A
,� (1)

here ETi/C and A are total energy and surface area of the 
Ti–C interface, ETi-layer and EC-layer represent the total energy 
of the isolated Ti and graphite/graphene slabs, respectively. 
Generally speaking, the interfacial strength can be described 
directly by means of the derived work of separation, i.e. the 
higher work of separation normally means more stronger 
interfacial strength, and vice versa.

After a series of calculations, figure  2(a) demonstrates 
the work of separation of Ti–C interfaces as a function of 
the number of Ti-layer. It can be observed clearly that the 
Wsep values of Ti/graphene, Ti/CVG, and Ti/graphite inter-
faces show a convergence trend when the number of Ti-layer 
reaches four. A detailed analysis would find that the Wsep of 
Ti/graphene interface with four and five Ti-layers is 2.10 and 
2.11 J m−2, respectively, which is amazing consistency with 
the value of 2.12 J m−2 from molecular dynamics simulation 
using the COMB3 potential [14]. Such a big positive value 
indicates that the Ti/graphene interface has formed chemical 
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interaction, which is in good agreement with the experimental 
evidences [42, 43].

Interestingly, we can also discern form figure 2(a) that the 
Wsep of Ti/graphite interface is 2.08 J m−2, which is very close 
to the value of Ti/graphene interface. This result suggests that 
the increasing of the underlying graphite layer almost has a 
negligible influence on interface cohesion. The main reason 

would be probably due to the van der Waals interaction of 
graphite layers, which is much weaker than Ti–C chemical 
bonds of the interface. In addition, the descending sequence of 
Wsep values of Ti/graphene, Ti/CVG, and Ti/graphite interfaces 
with four and five Ti-layers are as follows: Ti/CVG  →  Ti/gra-
phene  →  Ti/graphite, and the Wsep of Ti/CVG interface (5.15 
J m−2) are more than twice bigger than that of Ti/graphene 

Figure 1.  Schematic illustrations of various Ti/C interfaces. The (a) side and (b) top views of Y-X projection of prefect Ti(0 0 0 1)/
graphite(0 0 0 1) interface, the (c) side and (d) top views of Y-X projection of prefect Ti(0 0 0 1)/graphene interface, and the (e) side and (f) 
top views of Y-X projection of Ti(0 0 0 1)/CVG interface. The big blue and small black balls represent Ti and C atoms, respectively.

Table 1.  Comparison of lattice constants, cohesive energy, and bulk modulus of graphite and α-titanium from the different theoretical 
methods. The corresponding experimental data in the literature are also listed.

Parameter DFT-PBE DFT-LDA optB88-vdW Exp.

Graphite a (Å) 2.47 2.45 2.45 2.46a

c/a 3.51 2.72 2.68 2.72a

E0 (eV) 8.2 8.9 8.3 7.4b

B (GPa) 2.85 21.87 32.44 33.8c

Titanium a (Å) 2.924 2.858 2.880 2.940d

c/a 1.581 1.575 1.574 1.591d

E0 (eV) 5.35 6.14 5.59 4.85b

B (GPa) 116.5 131.8 121.8 110.1e

a Lipson and Stokes[37].
b Kittel [38].
c Hanfland et al [39].
d San-Martin and Manchester [40].
e Fisher and Renken [41].
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and Ti/graphite interfaces. In other words, the introduction 
of single carbon vacancy defect in graphene greatly enhance 
the interfacial strength of Ti–C interfaces. The fundamental 
mechanism of interface cohesion will be revealed in the fol-
lowing paragraphs.

To further investigate interface stability, the interface 
energy (Eint) is then computed as follows [44]:

Eint =
ETi/C − Ebulk-Ti − Ebulk-C

A
− σTi − σC,� (2)

where ETi/C and A have the same meanings as before of the 
equation  (1), Ebulk-Ti and Ebulk-C are bulk energies of the 
α-Ti and graphene/graphite layers, respectively. σTi and 
σC are surface energies of Ti and graphite/graphene slabs, 
respectively, which are derived from the following expression:

σ =
1
2
(Eslab

tot − Ebulk
tot ),

�
(3)

here Eslab
tot  is the total energy of the slab, and Ebulk

tot  is the total 
energy of the corresponding bulk.

The Eint values of Ti/graphene, Ti/CVG, and Ti/graphite 
interfaces are computed as a function of the number of 
Ti-layer, and the derived results are shown in figure  2(b). 
Several features could be deduced from this figure. Firstly, 
the Eint values of all the Ti–C interfaces also converge rea-
sonably well as mentioned above, while with the increasing 
number of Ti-layer, the Eint trends of three interfaces seem 
opposite of the Wsep curves shown in figure 2(a). Such a coin-
cidence indicates that the interface energy has a direct cor-
relation with the work of separation, i.e. a higher interfacial 
strength probably means a more lower interface stability, and 
vice versa.

Secondly, it clearly shows that the Eint values of Ti/CVG 
interface are much smaller than that of Ti/graphene and Ti/
graphite interfaces, predicting that the Ti/CVG interface 
would be thermodynamically more stable. That is to say, the 
interfaces between titanium and carbon should be formed 
preferentially around carbon vacancies, which matches well 
with the experimental observation in the literature [45]. 
Thirdly, the Eint value of Ti/CVG interface with four and five 
Ti layers are  −1.64 and  −1.71 J m−2, respectively. Such small 
and negative values indicate a strong hybridization between Ti 
atoms and defective graphene.

It is of importance to identify the root cause why the Ti/
CVG interface has stronger interfacial strength than the Ti/
graphene and Ti/graphite interfaces. Accordingly, the charge 
density difference of the all interfaces are calculated. As 
a typical example, figure  3 illustrates the charge density 
difference of the relaxed Ti–C interfaces with four Ti-layers, 
which is obtained by subtracting charge density of isolated Ti 
and graphene/graphite slabs. It should be noted that the yellow 
and slight blue regions correspond the charge accumulation 
and depletion, respectively. In addition, in order to have a 
clear expression in the following paragraphs, the A, B and C 
shown in figure 3 are used to represent the first carbon, the 
first titanium and second titanium layers, respectively.

One can discern from figure 3 that the charge transfer of the 
Ti/graphite interface is localized in A layer and will not affect 
the underlying graphite layer. The result gives a visualized 
picture for interpreting the negligible effects of van der Waals 
interaction, which is reflected by the comparison of Wsep 
and Eint of Ti/graphene and Ti/graphite interfaces as before. 
Moreover, the charge transfer from the interfacial Ti to C in all 
interfaces are directional and dense, suggesting that chemical 
bonds have been formed between interfacial Ti and C atoms, 
which brings about a deep understanding to the strong interfa-
cial strength. In addition, the charge transfer of the prefect Ti/
graphene and Ti/graphite interfaces mainly locates between A 
and C layers, while limiting between A and B layers in the Ti/
CVG interface. The charge density difference analysis reveals 
that charge transfer between Ti and defective graphene is sig-
nificantly increased, suggesting the formation of a stronger 
Ti–C bonding.

To systematically compare the bond charge of Ti-C inter-
faces, the Bader charger analysis is selected and applied 
between Ti and C atoms in the Ti/graphene, Ti/CVG, and Ti/
graphite interfaces with four Ti layers. Table 2 lists the average 
bond charge of Ti-C in A and B layers, and the corresponding 
data of B1-TiC bulk are also calculated for the sake of com-
parison. As illustrated in this table, the average bond charge of 
Ti atom is  −0.607 e in the Ti/CVG interface, which is around 
0.3 e larger than that of the Ti/graphene and Ti/graphite inter-
faces. The same phenomenon of average bond charge can also 
be found in C atoms. The transferred charge further confirms 
that the chemical bonds maked in the Ti/CVG interface have 
be much stronger than that in Ti/graphene and Ti/graphite 

Figure 2.  (a) Work of separation (Wsep) and (b) interface energy 
(Eint) of Ti/graphene, Ti/graphite and Ti/CVG interfaces.
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interfaces. There is a need of further research into the funda-
mental reason that average bond charge of the Ti/CVG inter-
face increased dramatically. At the same time, we find that 
the one Ti atom neighboring the vacancy has much bigger 
bond charge (−1.09 e) than the others (−0.46 and  −0.27 e), 
which may be the primary cause why the average bond charge 

of the Ti/CVG interface increases multiply. Such a big value 
of transferred charge should be due to a strong hybridization 
between Ti atom and the sp2 dangling bonds of the carbons 
near the vacancy. Additionally, the charge transfers between 
Ti and C atoms in Ti-C interfaces are much smaller than those 
in the bulk of titanium carbides, which predicts that the Ti–C 
bonds formed in the interface have be weaker than those in 
the bulk.

Consequently, figure 4, as another example, plots the com-
parison of total density of states (TDOS) of the Ti/graphene 
and Ti/CVG interfaces with four Ti-layers. As expected, the 
TDOS of the Ti/CVG interface has a smaller bandwidth, and 
its peaks located at about  −0.5 and  −3.75 eV below the Fermi 
level (EF) are bigger than that of the Ti/graphene interface. 
The above comparison of electronic structures suggests that 
the interaction between Ti and defective graphene should be 
stronger than the pristine Ti/graphene interface, which would 
intrinsically bring about the excellent cohesion properties of 
the Ti/CVG interface shown in figure 2.

C

B

A

C

B

A

A

B

C

(a) (b)

(c)

Z

XY

Figure 3.  Charge density difference of the relaxed Ti–C interfaces with four Ti-layers. (a) Ti/graphite interface, (b) Ti/graphene interface, 
and (c) Ti/CVG interface. The big blue and small black balls represent Ti and C atoms, and the isosurface value is set to 0.001 e/Bohr3.

Table 2.  Average bond charge of Ti-C in A and B layers of Ti/
graphene, Ti/graphite and Ti/CVG interfaces shown in figure 3. The 
corresponding data of B1-TiC bulk are also calculated and listed for 
comparison, and the symbol of ‘+’ and ‘–’ represents the charge 
gain and charge loss, respectively.

Type

Average bond charge  
(e/atom)

C Ti

Interface Ti/graphene +0.149 −0.358
Ti/graphite +0.140 −0.355
Ti/CVG +0.253 −0.607

Carbides TiC +1.394 −1.394
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4.  Conclusions

In summary, we have carried out the systematic investigation 
of the work of separation and interface energy of the Ti/gra-
phene, Ti/CVG, and Ti/graphite interfaces using first-principle 
calculation. To deal with the van der Waals force in present 
system, the optB88-vdW method is selected after a series of 
tests. The results show that the Ti/CVG interface has a bigger 
work of separation and lower interface energy than the Ti/
graphene and Ti/graphite interfaces, suggesting that the inter-
action between Ti and defective graphene should be much 
stronger than pristine Ti/graphene interfaces. Our results also 
reveal that the work of separation and interface energy of the 
Ti/graphene are very close to the corresponding values of the 
Ti/graphite interface, suggesting the van der Waals forces of 
graphite layers are much weaker than Ti-C chemical bonds 
of the interface. The simulations not only match well with 
experimental evidences in the literature, but also give a deeper 
understanding of interface cohesion in terms of charge density 
difference and Bader transfer analysis.
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