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chemistry of the active material. [ 1 ]  As a 
result, the electrochemical properties of 
the electrode materials with a thin out-
layer of carbon are obviously improved, 
particularly for some electrode materials 
with very low electronic conductivity, such 
as LiFePO 4 , Li 3 V 2 (PO 4 ) 3  and Li 4 Ti 5 O 12 , 
and so on, [ 4–8 ]  and therefore, surface 
carbon coating is indispensible and has 
got a wide range of applications. Wang 
et al. successfully synthesized uniform 
core–shell LiFePO 4 /carbon particles and 
Li 4 Ti 5 O 12 /C materials via an in situ poly-
merization restriction method, [ 4,8 ]  both 
of these two electrodes show excellent 
cycling performance and rate performance 
after carbon coating modifi cation. Mao 
et al. prepared an uniform carbon coated 
Li 3 V 2 (PO 4 ) 3  composite via an in situ poly-
merization method, this Li 3 V 2 (PO 4 ) 3 /C 
also shows good cycle stability and high 
rate performance. [ 6 ]  

 As the above, an important aim of 
carbon coating is to improve the electric conductivity and 
increase the electrochemical stability and activity of electrode 
materials. Generally, the precursors for carbon coating are 
organic compounds, and then by high temperature calcinations-
carbonation process to form a coated carbon layer. However, 
for most of electrode materials of LIBs, the synthesis tempera-
tures are always under 1000 °C, and at this temperature, carbon 
cannot be completely graphitized, therefore, the conductivity 
of the carbon layer is low. On the other hand, to increase the 
synthesis temperature is an effective way to enhance the con-
ductivity of the carbon layer, but will cause thermal carbon 
reduction, also is the loss of oxygen. Therefore, how to further 
increase the conductivity of the carbon coating layer without 
increasing the synthesis temperature, it is still a grand chal-
lenge. At present, non-metallic elements doping, such as 
nitrogen doping and boron doping etc., [ 9–14 ]  are widely used to 
improve the electric properties of carbon-based materials and 
also exhibits excellent modifi cation effects. However, there are 
rare studies focused on the modifi cation effects of heteroatom 
doping on the surface carbon coated layer, furthermore, there 
are few works combined the heteroatom doping in carbon 
coating method and jointly used to bedeck the electrode mate-
rials. Recently, it is noticed that nitrogen-doped carbon coating 
approach has occasionally been used to embellish the electrode 
materials, such as Li 4 Ti 5 O 12 , LiFePO 4  and Li 3 V 2 (PO 4 ) 3 ; [ 15–17 ]  and 
refl ected obvious modifi cation effects. However, there are rare 
reports to explain in-depth how N-doping can further impact 
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  1.     Introduction 

 Surface carbon coating is a low cost and high-effi ciency modi-
fi cation approach in the fi eld of lithium-ion battery electrode 
materials. [ 1–3 ]  Compared with other kinds of surface coating 
methods, carbon coating has multi-functional advantages: the 
carbon layer can uniformly adhere to the surface of electrode 
and restrict the particle-size growth of electrode material; it 
also can effectively increase the electronic conductivity, avoid 
the direct contact with the electrolyte and improve the surface 
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the modifi cation effects of carbon coating and which N-doped 
type causes this modifi cation effects on the carbon coating layer 
so far. 

 Similarly, boron doping, identical to nitrogen doping, also 
is the essential modifi ed approach of carbon-based mate-
rials, [ 11,14,18 ]  because B-doping could bring many amazing 
improvements on these carbon-based materials: fi rstly, 
B-doping could break the electroneutrality of carbon-based 
materials and create many active sites; [ 11 ]  secondly, B-doping 
could change the electronic structure and enhance the electrical 
properties of carbon-based materials; [ 18,19 ]  thirdly, the introduc-
tion of boron also increases the number of hole-type charge 
carriers, which enhance the conductivity of carbon materials 
obviously. [ 20 ]  Therefore, in this report, we fi rstly adopt boron-
doped carbon coating approach to modify the electrode mate-
rials of lithium ion batteries and explain in detail the causes 
of the modifi cation effects. Consequently, Li 3 V 2 (PO 4 ) 3  cathode 
and Li 4 Ti 5 O 12  anode materials are selected as our target modi-
fi ed materials in this report to verify and expound the modi-
fi cation effects of B-doped carbon coating approach. In this 
research, it is worthwhile to be noted that with the increase of 
boron doping amount in carbon coating layer, the variation for 
the electrochemical properties of various boron doped carbon 
coated Li 3 V 2 (PO 4 ) 3  materials exhibit certain regularity. As a 
result, the relationship between the electrochemical perfor-
mance of various B-doped carbon coated Li 3 V 2 (PO 4 ) 3  cathode 
materials and the doping types of boron in carbon-based mate-
rials was analyzed and explained in detail in this research. 
Based on the modifi cation effects on Li 3 V 2 (PO 4 ) 3  and Li 4 Ti 5 O 12 , 
we believe that moderate boron doped carbon coating is a 
concise and high-effi cient approach for the electrode material 
which conductive material coating is indispensable.  

  2.     Results and Discussion 

  2.1.     Results 

 In order to verify and analyze the modifi cation effect of 
B-doped carbon coating approach, boron-doped carbon coated 
Li 3 V 2 (PO 4 ) 3  and Li 4 Ti 5 O 12  (referred as LVP/C+B and Li 4 Ti 5 O 12 /
C+B, respectively) were synthesized. Wherein, critic acid and 
NaBC 24 H 20  are used as carbon and boron source, and for prepa-
ration of LVP/C+B composites with different B concentration, 
NaBC 24 H 20  was added with different molar ratio to critic acid of 
0, 0.33, 0.50, 0.67 and 0.83%, respectively. In the following, for 
simplicity, above-mentioned LVP/C+B composites with various 
boron contents are marked as LVP/C, LVPC-B33, LVPC-B50, 
etc., (details see experimental section). Typical X-ray diffractions 
(XRD) of the as-fabricated B-doped carbon coated Li 3 V 2 (PO 4 ) 3  
samples together with the only carbon coated Li 3 V 2 (PO 4 ) 3  are 
displayed in  Figure    1  . It is obvious that there is nearly no differ-
ence between LVP/C and various LVP/C+B samples, all of the 
diffraction peaks can be assigned to the monoclinic Li 3 V 2 (PO 4 ) 3  
(S.G. P2 1 /n) with the lattice parameters a-8.606 Å, b-8.592 Å, 
c-12.037 Å, and β-90.61°, in good agreement with the JCFDS 
card No. 01–072–7074. It is noticed that because the excess of 
Li source in raw materials and the loss of V in subsequent heat 
treatment process, a small amount of Li 3 PO 4  impurity phase 

is observed in the LVPC-B33 and LVPC-B83 samples. [ 21 ]  These 
XRD patterns indicate that the boron-doped into carbon layer 
does not affect the structure of the Li 3 V 2 (PO 4 ) 3  material. Fur-
thermore, the carbon contents of various Li 3 V 2 (PO 4 ) 3  compos-
ites in this report have been measured by the organic element 
analyzer. The carbon content of LVP/C, LVPC-B33, LVPC-B50, 
LVPC-B67, LVPC-B83 is 4.61%, 4.37%, 4.13%, 4.00% and 
3.88%, respectively. It is noticed that the carbon contents of 
LVP/C and various LVP/C+B samples are very close to each 
other, that is to say, different B doping degrees in carbon coated 
Li 3 V 2 (PO 4 ) 3  composites do not make obvious distinction on the 
carbon contents of various samples.  

 In order to supply suffi cient evidence to confi rm the suc-
cessful doping of boron in the carbon layer on Li 3 V 2 (PO 4 ) 3 , 
the detailed X-ray photoemission spectroscopy (XPS) of LVP/C 
and various LVP/C+B samples were carried out. Moreover, 
based on the atom percents (At%) of carbon and boron in XPS 
data as well as the carbon contents of various LVP/C+B sam-
ples, the specifi c concentrations of boron in various LVP/C+B 
have been calculated, and the actual percentage composition 
of boron in LVPC-B33, LVPC-B50, LVPC-B67 and LVPC-B83 
is 0.251%, 0.387%, 0.422% and 0.503%, respectively.  Figure    2   
shows the typical high resolution XPS spectra of C1s for LVP/C 
and various LVP/C+B samples, it is observed in Figure  2 a that 
with the increase of the B amount in carbon layer, the C1s peak 
broadens gradually, of which may be attributed to the introduc-
tion of B–C, O–B–C and C–O species. [ 22 ]  In all the detailed XPS 
spectra of C1s for LVP/C and various LVP/C+B samples, which 
displayed in Figure  2 b–f, the peaks at binding energies of 284.6 
and 286.8 eV can be attributed to sp 2  graphite C=C bonds and 
C–O bonds. [ 22–24 ]  However, compared with the C1s spectra of 
LVP/C in Figure  2 b, an obvious peak at ∼283.5 eV, [ 25,26 ]  which 
can be assigned to the C–B species, is clearly observed in C1s 
spectra for all LVP/C+B samples as exhibited in Figure  2 c–f. 
Moreover, with the gradually increase of the B dopant, the 
peak area of the B–C species shows the similar increase ten-
dency, therefore, demonstrating the formation of B–C bond 
in the carbon layer on various LVP/C+B samples. Besides, the 
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 Figure 1.    XRD patterns of LVP/C and various LVP/C+B samples.
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variation and differences of the peak area at 532.5 eV in O1s 
spectra, which attributed to the C–O and B–O species, also 
indicate the existence of boron on doped samples (Supporting 
Information, Figure S1). Furthermore, the B element map-
ping of LVPC-B50, as clearly observed in Figure S2, reveals that 
boron is homogenously distributed in the surface carbon layer 
of Li 3 V 2 (PO 4 ) 3 .  

 The above-mentioned argument for boron doping in the 
carbon coated layer is further supported by the high-resolution 
XPS spectra of various LVP/C+B samples on B1s. As is shown 
in  Figure    3  , the B1s spectra of various LVP/C+B samples are all 
divided into four components: the peak at the lowest bonding 
energy ∼187.5 eV is assigned to B 4 C type bond, [ 27 ]  the peak at 
∼189.5 eV is attributed to BC 3  type bond, [ 11,27,28 ]  the peaks cen-
tered at ∼190.8 eV and ∼192.7 eV are correspond to the BC 2 O 
and BCO 2  type bonds, respectively. [ 11,23,27,29 ]  It can be clearly 
observed that the distribution and contents of various B-C bond 
types among various LVP/C+B samples are different. The vari-
ation in the amount of various B–C bonds is critical and may 

infl uence the electrochemical properties of various LVP/C+B 
samples. In addition, there is no difference between the P2p 
XPS spectra of LVP/C and LVPC-B50 (Supporting Information, 
Figure S3), which further indicates that boron is only doped 
into the surface carbon layer and makes no effect on the crystal 
structure of Li 3 V 2 (PO 4 ) 3  (Figure  1 ).  

 In order to observe and validate the infl uence of the boron 
doping amount on the electrochemical properties of various 
samples, the electrochemical performances of LVP/C and var-
ious LVP/C+B are investigated in detail.  Figure    4  a–f show the 
initial charge-discharge profi les and cycling stabilities of LVP/C 
and various LVP/C+B samples at the current densities of 1 C 
(1 C = 133 mA g −1 , 3–4.3 V), 10 C and 20 C in the potential range 
of 3.0–4.3 V  vs . Li/Li + . As seen in Figure  4 a, all of LVP/C and 
various LVP/C+B samples exhibit three charge and discharge 
plateaus, of which have been well identifi ed as two phase tran-
sitions during the charge and discharge process, [ 30,31 ]  and with 
the increase of current density (seen in Figure  4 c and e), an 
obvious potential drop is observed and the discharge platforms 
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 Figure 2.    High-resolution XPS spectra of b) LVP/C and c–f) various LVP/C+B samples on C1s.
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become unclear, which is owing to the electrode polarization. 
Among the various Li 3 V 2 (PO 4 ) 3  samples, LVPC-B50 shows the 
highest initial discharge capacity, capacities of 122.5, 122.3 and 
118.6 mAh g −1  can be achieved at 1 C, 10 C and 20 C, and still 
maintain at 121.2, 121.2 and 118.1 mAh g −1  after 200 cycles, 
respectively (seen in Figure  4 b, d and f). As for the controlled 
LVP/C, its initial discharge capacities at 1 C, 10 C and 20 C are 
100.8, 94.5 and 92.7 mAh g −1 , respectively; and maintain at 
99.7, 91.5 and 94.4 mAh g −1  after 200 cycles, respectively. It is 
found that under all current densities, generally, the cycling sta-
bility of LVPC-B50 is better than that of LVP/C and other LVP/
C+B samples. It also can be seen in Figure S4 that LVPC-B50 
shows the best rate stability among all the LVP/C+B samples 
in the potential range of 3.0–4.3 V vs. Li/Li + : after cycling at 
30 C, its discharge capacity can still reach 123.5 mAh g −1  when 
re-cycled at 1 C. Figure  4 g presents initial charge–discharge 
profi les in the potential range of 3.0–4.8 V vs. Li/Li +  at 0.2 C 
(1 C = 197 mA g −1 , 3–4.8 V), for all samples, all three of the Li +  
can be extracted and four charge plateaus are observed during 
the charge process but three plateaus are exhibited in the dis-
charge process between 3.0–4.8 V, [ 30,31 ]  the initial capacities of 
the LVP/C, LVPC-B33, LVPC-B50, LVPC-B67 and LVPC-B83 
are 136.2, 130.9, 169.6, 157.5 and 126.4 mAh g −1 , respectively. 
The cycle performances in the potential range of 3.0–4.8 V 
as displayed in Figure  4 h, LVPC-B50 shows the highest dis-
charge capacity and the best cycling property. It is also found 
in Figure  4 i and Figure S5, LVPC-B50 demonstrates an excel-
lent cycling stability and rate performance in this high potential 
range of 3.0–4.8 V vs. Li/Li +  under various current densities. It 
is noteworthy that, compared with LVP/C, the electrochemical 
performances of various LVP/C+B samples meliorate initially 

and then deteriorate with the increase of the boron doping 
amount. Furthermore, no matter under various current densi-
ties or in various potential ranges, the electrochemical proper-
ties of various LVP/C+B samples exhibit same varying pattern. 
Therefore, boron-doped carbon layer on Li 3 V 2 (PO 4 ) 3  makes 
signifi cantly positive effects on its electrochemical properties 
when B-doping amount is moderate and optical, and the rea-
sons will be analyzed and discussed in detail in the following 
section.   

  2.2.     Discussion 

 In this work, Li 3 V 2 (PO 4 ) 3  cathode materials are coated by a 
boron-doped carbon layer and the modifi cation effect is promi-
nent and apparent, thereby, it is quite necessary to make a close 
observation on the carbon coated layer of LVP/C and LVP/C+B 
samples.  Figure    5   shows the HRTEM images of LVPC-B50 and 
LVP/C, it is noticeable in Figure  5 a and c that a homogeneous 
and uniform carbon layer is formed on LVPC-B50 and LVP/C 
surface, and the selected area electron diffraction (SAED) pat-
terns in inset indicate the high crystallization character of both 
of two samples, and the marked lattice fringes with  d -spacing of 
0.202 and 0.204 nm, which clearly observed in Figure  5 a, b and 
c, corresponding to the (120) and (-111) planes of the mono-
clinic Li 3 V 2 (PO 4 ) 3 . The thickness of the carbon layer on both 
of LVPC-B50 and LVP/C is around 3∼7 nm, and more inter-
estingly is that in some selected areas (Figure  5 b), there are 
somewhat graphite-like carbon with the layered structures of 
∼0.34 nm in the carbon layer observed apparently. [ 21 ]  Therefore, 
it seems that based on the above observation, the complete and 
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 Figure 3.    High-resolution XPS spectra of various LVP/C+B samples on B1s.
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uniform surface carbon layer may be the origin for signifi cantly 
improved electrochemical properties of LVPC-B50. However, as 
shown in the HRTEM images, there is nearly no obvious dif-
ference in the integrity of coated carbon layer and degree of 
crystallinity between LVPC-B50 and LVP/C samples. Thus, it is 
quite reasonable to anticipate that the differences of electronic 
structure and electrical properties on the coated carbon layer, 
which were induced by boron doping, may be the most essen-
tial reason for the distinction of the electrochemical perfor-
mances among various Li 3 V 2 (PO 4 ) 3  samples. Hereinafter, this 
reason will be analyzed and discussed thoroughly.  

 Based on the analysis of B1s high-resolution XPS spectra of 
various LVP/C+B samples in Figure  3 , there are four B doped 
types appeared in all LVP/C+B samples, but the distribution of 

various B doped types in various LVP/C+B samples is totally 
different.  Figure    6   demonstrates the distribution of B 4 C, BC 3 , 
BC 2 O and BCO 2  in various LVP/C+B samples. As shown in 
Figure  6 a and Figure S6, compared with another three B types, 
the ratios of the B 4 C doped type in various LVP/C+B samples 
are all relatively low and this binding of B 4 C is accompanied 
by defects inside the carbon coated layer network. [ 32 ]  However, 
due to the low content of B 4 C, this doped type makes little 
infl uence on the electrochemical performance of various LVP/
C+B samples. Figure  6 b displays the percentage of the BC 3  in 
each LVP/C+B samples, with the increase of B doping amount 
in LVP/C+B, the percentage of the BC 3  climb up and then 
decline, which has the same varying pattern with the electro-
chemical properties of various LVP/C+B samples. Therefore, 
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 Figure 4.    Initial charge–discharge curves and cycling performances of LVP/C and various LVP/C+B samples in the potential range of 3.0–4.3 V at 
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BC 3  doped type in the carbon coated layer should play a huge 
role on the improvement of the electrochemical performance 
of LVP/C+B samples. On the one hand, the graphite-like BC 3  
doped type plays an important role in changing the valence 
band structure of carbon-based materials and increasing the 
density of states near the Fermi level, [ 32,33 ]  which could improve 
the electronic conductivity of LVP/C+B samples; on the other 
hand, the introduction of boron in carbon layer, such as BC 3  
doped type, increases the number of hole-type charge carriers 
and also increases the electron density on nearby active carbon 
sites, [ 20,22 ]  which enhances the conductivity and electrochem-
ical activity of LVP/C+B surface carbon coated layer. However, 
because boron preferred bond with oxygen elements to bond 
with carbon elements, as displayed in Figure  6 c and d, the per-
centage of the BC 2 O and BCO 2  doped types, especially BC 2 O, 
increased obviously with the increase of B doped amount in 
LVP/C+B samples. The emergence of BC 2 O and BCO 2  doped 
types indicates the boron doping positions are on the edge of 
the carbon coated layer and these two B doped types, particu-
larly BCO 2 , may make negative effects on the electrochemical 
performance of various LVP/C+B samples. Based on the above 
analysis, the distribution of various B doped types, especially of 
the BC 3 , induces the distinction and varying pattern of the elec-
trochemical performances of various LVP/C+B samples.  

 The above argument was further supported strongly by the 
electronic conductivities investigations of various LVP samples 
measured at the pressure of 4 MPa by a 4-pole conductivity 

instrument for power materials. As shown 
in  Table    1  , the electronic conductivity of the 
LVPC-B50 powder reaches 69.77S/cm, which 
is more than 3488 times higher than that of 
the LVP/C powder, which exhibits the best 
electronic conductivity among the fi ve power 
materials. Herein, it should be reminded 
that, as discussed earlier, the graphite-like 
BC 3  plays a key role in enhancing the elec-
tronic conductivity of the materials, and 
exactly the LVPC-B50 has the highest per-
centage of this dopant component (Figure  6 ). 
Therefore, all these observations seem rea-
sonable and easily understand that LVPC-
B50 demonstrates the highest electronic 
conductivity and the best electrochemical 
property (Figure  4 ). Furthermore, the elec-
tronic conductivity of the LVPC-B33 is close 
to the LVPC-B67, and is slightly higher than 
that of the LVPC-B83 powder, exhibiting a 
good agreement with their electrochemical 
performances in the Figure  4 .  

 In order to further observe the difference 
of the defect level in the carbon coated layers 
of various Li 3 V 2 (PO 4 ) 3  samples, Raman 
spectra of LVP/C and various LVP/C+B sam-
ples are tested. It is distinctly indicated in 
 Figure    7   that the Raman spectra of all sam-
ples show two prominent peaks of D band 
and G band as well as a very weak 2D band. 
The intensity of the D band is closely associ-
ated with the disorder degree of carbon mate-

rials, while the G band is attributed to the fi rst order scattering 
of the stretching vibration mode E 2g  observed for the sp 2  carbon 
domain. [ 12 ]  Generally, the value of the intensity ratio of D band 
to G band (I D /I G ) is used to estimate the degree of disorder 
and defects of carbon materials. [ 34,35 ]  As shown in the inner of 
Figure  7 , the values of I D /I G  for LVP/C, LVPC-B33, LVPC-B50, 
LVPC-B67 and LVPC-B83 are 1.025, 1.040, 1.063, 1.061 and 
1.032, respectively. It is noteworthy that all LVP/C+B samples 
have higher value of I D /I G  than that of LVP/C, which means 
more defects are existed in the surface carbon coated layer of 
LVP/C+B samples. Based on the previous reports, [ 12,36 ]  the 
topological defects produced during the boron doping process 
may enable the doped carbon coated layer to be favorable for 
Li +  pass through and storage, consequently further improve the 
electrochemical performance of Li 3 V 2 (PO 4 ) 3  cathode material.  
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 Figure 5.    HRTEM imagines of a) and b) LVPC-B50 and c) and d) LVP/C, inset in a) and c): the 
corresponding SAED patterns.

  Table 1.    Powder electronic conductivities of LVPC-B33, LVPC-B50, LVPC-
B67, LVPC-B83 and LVP/C powders measured at a pressure of 4 MPa.  

Material Conductivity 
[S/cm]

LVPC-B33 16.26 

LVPC-B50 69.77 

LVPC-B67 12.05 

LVPC-B83 1.69 

LVP/C 0.02 
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 To verify and investigate the positive effect of boron doped 
carbon coating on the electronic conductivity and electrochem-
ical kinetics of Li 3 V 2 (PO 4 ) 3 , electrochemical impedance spec-
troscopy (EIS) tests of LVP/C and various LVP/C+B samples are 
carried out. The EIS tests are conducted in the frequency range 
of 1 MHz to 10 mHz at the full charge state (4.3 V) after 50 and 
100 cycles, and the corresponding three-dimensional Nyquist 
plots of various Li 3 V 2 (PO 4 ) 3  samples are displayed in  Figure    8  a 
and b. It is obviously noted that, whether after 50 or 100 cycles, 
the shapes of the Nyquist plots for various Li 3 V 2 (PO 4 ) 3  samples 
are similar. Figure  8 c presents an equivalent circuit to simulate 
the electrochemical impedance spectroscopy data. In the equiva-
lent circuit: R 1  (R s ) represents the resistance of electrolyte, elec-
trode and separator, which corresponds to the intercept at high 

frequency; R 2  (R SEI ) and CPE1 are the resistance and capacitance 
of the surface fi lm formed on the electrode, respectively, which 
correspond to the semicircle at high frequency region; R 3  (R ct ) 
and CPE2 are the charge transfer resistance and double layer 
capacitance, respectively, which correspond to the semicircle in 
the high medium frequency region; the W 1  represents the war-
burg impedance related to the diffusion of lithium ions into the 
bulk electrode which corresponds to the slope line in the low 
frequency region. The fi tting values from this equivalent circuit 
of various Li 3 V 2 (PO 4 ) 3  samples after 50 and 100 cycles are listed 
in  Table    2  . As it can be seen in the table, whether after 50 or 100 
cycles, R 1  (R s ) and R 2  (R SEI ) are similar for all samples, and their 
values, especially R 1  (R s ) is relatively low compared to R ct . It 
can be expressly noted that, after 50 cycles, the charge transfer 
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 Figure 6.    The ratio and model of different B types in various LVP/C+B samples: a) B 4 C, b) BC 3 , c) BC 2 O and d) BCO 2 .

  Table 2.    The impedance value of LVP/C sample and various LVP/C+B samples after 50 th  and100 th  cycles.  

Impedance* LVPC-B 33 LVPC-B 50 LVPC-B 67 LVPC-B 83 LVP/C

R 1 (R s ) [Ω] 50 th 2.18 1.96 1.77 1.67 1.94

100 th 2.87 1.72 1.96 2.53 1.93

R 2 (R SEI ) [Ω] 50 th 41.5 23.18 30.71 41.94 28.84

100 th 21.1 10.64 10.74 11.94 8.84

R 3 (R ct ) [Ω] 50 th 138.8 45.09 53.42 271.4 192.8

100 th 194.1 69.96 82.94 278.6 248.4

   *The EIS measurements of all samples are all carried out in the frequency range of 1 MHz to 10 mHz at the charge state (4.3 V) after 50 th  and 100 th  cycles.   
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resitance (R ct ) value are 138.8, 45.09, 53.42, 271.4 and 192.8 Ω; 
and after 100 cycles, the value increased to 194.1, 69.96, 82.94, 
278.6 and 248.4 Ω for LVPC-B33, LVPC-B50, LVPC-B67, LVPC-
B83 and LVP/C, respectively. It is noticed that the LVPC-B50 
exhibits the lowest value of R ct , which indicates that moderate 
doping amount can effectively improve the electronic conduc-
tivity and enhance the insertion/exertion behavior of lithium-

ion in the Li 3 V 2 (PO 4 ) 3  surface carbon coated 
layer. Based on the analysis results of the 
EIS test and Raman spectra, when B doping 
amount in the carbon coated layer is mod-
erate, B-doped carbon coating indeed makes 
powerful and positive effects on the electro-
chemical properties of Li 3 V 2 (PO 4 ) 3  cathode 
material.   

 With the aim to certify the modifi ca-
tion effects of this B-doped carbon coating 
is not occasional, another target material – 
Li 4 Ti 5 O 12 , is also modifi ed by boron doped 
carbon coating, and its electrochemical 
properties are compared with Li 4 Ti 5 O 12 /C in 
detail. As shown XRD patterns in Figure S7a, 
for Li 4 Ti 5 O 12 /C+B and Li 4 Ti 5 O 12 /C samples, 
the observed diffraction peaks can be well 
indexed to spinel Li 4 Ti 5 O 12  (JCPDS fi le No. 
26–1198), [ 37,38 ]  which means B-doped carbon 
coating does not affect the structure of 
Li 4 Ti 5 O 12 . It is noticed that because of the long 
sintered time and high temperature, a small 
amount of rutile TiO 2  is observed, which 
also causes the slope in discharge curves 
shown in Figure S7b.  Figure    9  a displays the 
overall rate capability test of Li 4 Ti 5 O 12 /C+B 
and Li 4 Ti 5 O 12 /C from 0.5 C to 30 C (1 C = 
170 mA g −1 , 1.0–3.0 V  vs . Li/Li + ), it is note-
worthy that Li 4 Ti 5 O 12 /C+B shows bettter 

rate stability than that of Li 4 Ti 5 O 12 /C sample. Figure  9 b and 
Figure S7b present the cycling performance and initial charge–
discharge curves of Li 4 Ti 5 O 12 /C+B and Li 4 Ti 5 O 12 /C at 1 C 
(1 C = 170 mA g −1 , 1.0–3.0 V), the initial capacities of Li 4 Ti 5 O 12 /
C+B and Li 4 Ti 5 O 12 /C are 142.7 and 133.3 mAh g −1 ; and when 
cycled to 200 cycles, the specifi c capacities are stabilized at 134.6 
and 121.8 mAh g −1 , resperctively, which means the cycling 

 Figure 7.    Raman spectra of LVP/C and various LVP/C+B samples.

 Figure 8.    Nyquist plots of LVP/C and various LVP/C+B samples after a) 50 th  cycle and b) 100 th  cycle at a full charge state (4.3 V); c) equivalent circuit 
used for simulating the experimental impedance data.
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performance of Li 4 Ti 5 O 12 /C+B is better than that of Li 4 Ti 5 O 12 /C. 
Compared with C1s XPS spectra of Li 4 Ti 5 O 12 /C (Figure S8a), an 
obvious peak of C-B spaces at ∼283.5 eV, [ 25,26 ]  is clearly observed 
in C1s XPS spectra of Li 4 Ti 5 O 12 /C+B (Figure S8b), which dem-
onstrates B is successfully doped in carbon coated layer of 
Li 4 Ti 5 O 12 /C+B. It can be clearly observed in Figure  9 c that four 
B doped types: B 4 C, BC 3 , BC 2 O and BCO 2  are also existed in 
the Li 4 Ti 5 O 12 /C+B carbon coated layer. Figure  9 d demonstrates 
the distribution of B 4 C, BC 3 , BC 2 O and BCO 2  in Li 4 Ti 5 O 12 /C+B: 
because B preferred bond with oxygen to bond with carbon ele-
ments, the doping amount of BC 2 O is the most abundant. The 
percentage of BC  3  is 25.21%, this doped type plays a promi-
nent role on improving the electronic conductivity of Li 4 Ti 5 O 12  
surface carbon layer, as a result, makes positive effects on the 
electrochemical performances of Li 4 Ti 5 O 12 . In a word, the 
modifi cation effects of boron doped carbon coating are both 
embodied in Li 3 V 2 (PO 4 ) 3  and Li 4 Ti 5 O 12  electrode materials.    

  3.     Conclusions 

 By using a convenient sol–gel method, the boron-doped carbon 
coating was initially adopted and used to bedeck LIBs electrode 

materials. In this work, after modifi ed by boron-doped carbon 
coating with moderate amount, especially the existance of BC 3  
dopant species, the electronic conductivity and electrochemical 
activity of the carbon layer on Li 3 V 2 (PO 4 ) 3  surface are greatly 
ameliorated. With the increase of boron doping amount, the 
electrochemical properties of the Li 3 V 2 (PO 4 ) 3  meliorate ini-
tially and then deteriorate, presenting a same variation trend 
with contents of BC 3  among various LVP/C+B samples. Fur-
thermore, this B-doped carbon coating are further validated 
on Li 4 Ti 5 O 12  material, again demonstrating its effectiveness 
and signifi cance. Thereby, it is believed that this modifi cation 
approach of B-doped carbon coating is more effective than 
that of the bare carbon coating and may be widely applied to 
improve the electrochemical performance of LIBs electrode 
material, of which the conductive material coating is indispen-
sable, such as LiFePO 4 .  

  4.     Experimental Section 
  Materials Preparation : A series of homogenous boron-doped carbon 

coated Li 3 V 2 (PO 4 ) 3  (referred as LVP/C+B) composites were synthesized 
via a sol-gel method, critic acid and sodium tetraphenylborate 
(NaBC 24 H 20 ), which were used as carbon source and boron source, were 
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 Figure 9.    a) Rate performances and b) cycling performances of Li 4 Ti 5 O 12 /C and Li 4 Ti 5 O 12 /C+B samples in the potential range of 1.0–3.0 V; c) High-
resolution XPS spectra of the Li 4 Ti 5 O 12 /C+B on B1s; d) the ratio of different B types in each Li 4 Ti 5 O 12 /C+B.
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initially dissolved in distilled water with continuous stirring at room 
temperature. For preparation of LVP/C+B composites with different 
boron concentration, NaBC 24 H 20  was added into the critic acid solution 
with different molar ratio to critic acid of 0, 0.33, 0.50, 0.67 and 0.83%, 
respectively. Then LiOH·H 2 O, V 2 O 5  and H 3 PO 4  (85%wt.) with the 
molar ratio of 3.05:1:3 were added into the above solutions in sequence 
under constantly stirring. The mixture was heated at 80 °C for several 
hours with vigorous stirring to evaporate the water until a green gel 
was generated. The obtained gel precursors were dried at 120 °C in a 
vacuum oven. The obtained powders were grinded and pre-heated at 
300 °C for 4 h with following N 2 . After cooling to room temperature, 
the resulting products were ground and sintered at 850 °C for 10 h in 
N 2  atmosphere to yield various Li 3 V 2 (PO 4 ) 3 /C+B samples. Li 3 V 2 (PO 4 ) 3 /
C+B composites with different boron contents of 0, 0.33, 0.50, 0.67 and 
0.83% are referred as LVP/C, LVPC-B33, LVPC-B50, LVPC-B67, LVPC-
B83, respectively. Wherein, LVP/C is the bare carbon coated Li 3 V 2 (PO 4 ) 3  
composite synthesized  via  the above-mentioned process except of the 
addition of NaBC 24 H 20 . 

 In order to further confi rm and verify the modifi cation effects of boron 
doped carbon coating, boron-doped carbon coated Li 4 Ti 5 O 12  material 
(referred as Li 4 Ti 5 O 12 /C+B) was also prepared with sol-gel method. For 
preparation of Li 4 Ti 5 O 12 /C+B, stoichiometric amounts of Ti(C 4 H 9 O) 4  
(TBT) and Li 2 CO 3  (5.0:2.1) was dissolved in ethanol-HNO 3  preblended 
solution in the volume ratio of TBT: ethanol:HNO 3  of 1:12:0.5. The 
necessary amount of EDTA and Citric acid (0.8:1.6), which were pre-
dissolved in ammonia, were then gradually dropped into the mixed metal 
ion solution. A certain amount of NaBC 24 H 20 , with molar ratio to citric 
acid of 0.37%, was also dropped into the mixed metal ion solution. Then 
the mixed solution was slowly stirred for 12 h at 80 °C and fi nally turned 
into a transparent gel after drying. The resulting gelatin was heat-treated 
at 250 °C over 6 h in the air to extract out excess ethanol and yield a 
solid organic Li 4 Ti 5 O 12  precursor. The solidifi ed precursor was pretreated 
by planetary ball milling for 10 h then sintered under N 2  atmosphere at 
800 °C for 15 h to obtain fi nal powders. The preparation process of the 
controlled carbon coated Li 4 Ti 5 O 12  sample (referred as Li 4 Ti 5 O 12 /C) is 
identical to Li 4 Ti 5 O 12 /C+B just without the addition of NaBC 24 H 20 . 

  Characterization : The X-ray diffraction patterns of various 
Li 3 V 2 (PO 4 ) 3 /C+B and Li 4 Ti 5 O 12 /C+B samples were determined by the 
D/max-Ultima III Diffractometer at 40 kV, 40 mA with Cu–Kα radiation 
(λ = 0.154 nm). The carbon contents of Li 3 V 2 (PO 4 ) 3 /C and various 
Li 3 V 2 (PO 4 ) 3 /C+B samples were measured by an organic element 
analyzer (Vario EL cube). The HRTEM images were observed using a 
high resolution transmission electron microscope (HR-TEM, Hitachi 
H-800). The Raman spectra were achieved on a labRAM ARAMIS 
laser Raman spectroscopy equipped with a 514 nm Ar-ion laser. The 
XPS spectra were performed on a PHI Quantera SXM scanning X-ray 
microprobe with 100 mm beam size, using an Al Kα (λ = 0.83 nm, 
hυ = 1486.7 eV) X-ray source operated at 2 kV and 20 mA. Power 
electronic conductivity investigation at the pressure of 4 MPa was 
performed on Powder Resistivity Meter (FZ-2010,Changbao Analysis 
Co., Ltd, Shanghai, China). 

  Electrochemical Tests : Electrochemical performances of various 
Li 3 V 2 (PO 4 ) 3 /C+B and Li 4 Ti 5 O 12 /C+B composites were investigated using 
CR2032 coin-type cell. A metallic lithium foil served as the reference 
and counter electrode. The work electrodes were fabricated with active 
material, acetylene black and polyvinylidene difl uoride (PVDF) at a weight 
ratio of 80:10:10. The slurry of Li 3 V 2 (PO 4 ) 3  was pasted onto the Al foil 
and the slurry of Li 4 Ti 5 O 12  was pasted onto the Cu foil, these electrodes 
were dried at 120 °C in vacuum for 12 h. The cells were assembled in 
an argon fi lled glove box. The mass loading of each electrode plate was 
around 2.0–2.5 mg cm −2 . 1M LiPF 6  in ethylene carbonate (EC)/dimethyl 
carbonate (DMC) /ethylene methyl carbonate (EMC) with the volumetric 
ratio of 1:1:1 as the electrolyte, and a polypropylene micro-porous fi lm 
(Cell-gard 2300) as the separator. The galvanostatic charge-discharge 
tests were conducted on LAND CT2001A test system (Wuhan, China). 
All the tests were performed in the potential ranges of 3.0–4.3 V and 
3.0–4.8 V for Li 3 V 2 (PO 4 ) 3 , and 1.0–3.0 V for Li 4 Ti 5 O 12 . Electrochemical 
impedance spectroscopy tests were conducted on a Zahner IM6e 

Electrochemical Workstation with frequency of 1 MHz to 10 mHz at the 
full charge state (4.3 V) after the 50 th  and 100 th  cycle.  
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