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Surface fluorinated LiNi0.8Co0.15Al0.05O2 as positive electrode 
material for lithium ion batteries 

Lei Zhua,b, Yang Liu b, Wenyi Wuc, Xiongwei Wua,*, Weiping Tang b,* and Yuping 
Wua,c,d* 

Abstract: LiNi0.8Co0.15Al0.05O2 is considered as an alternative for commercial LiCoO2 positive electrode 
material for lithium ion batteries because of its excellent cycling performance. However, its capacity 
fading and potential safety hazard still need to be improved. In this study, fluorination has been 
introduced for the first time to modify the surface of LiNi0.8Co0.15Al0.05O2 by a one-step facile and dry 
method. The crystalline structure, morphology, surface information and electrochemical performance 
were characterized by X-ray diffraction, scanning electron microscopy and X-ray photoelectronic 
spectroscopy and electrochemical tests. The surface-fluorinated LiNi0.8Co0.15Al0.05O2 exhibits a 
reversible capacitance up to 220.5 mAh g-1 at 0.1C, good rate capability, and an excellent long-term 
cycling stability with 93.6% capacity retention after 80 cycles at 0.1C, which is much better than the 
pristine commercial LiNi0.8Co0.15Al0.05O2. The main reason is that metal-fluorine (M-F) bond partially 
replaces the metal-oxygen (M-O) bond at the surface, enhancing the entire bond energy as well as the 
structure stability. In addition, the interfacial conductivity between the electrolyte and the positive 
electrode has been increased, leading to a faster kinetic process. These results show that fluorinated 
LiNi0.8Co0.15Al0.05O2 is a promising positive electrode material for high performance lithium ion batteries. 

 
Introduction: 

In recent years, lithium ion batteries have played an important role in 
the field of advanced alternative power sources for portable 
electronics, electric vehicles (EVs) and plug-in hybrid electric 
vehicles (PHEVs) applications because of their high energy and 
power densities, satisfactory safety, long cycling life and 
environmental friendliness.1-4 LiCoO2 is the most 
extensively applied in commercial lithium ion batteries among 
various positive electrode materials, but its further application has 
been limited by its relative low capacity (~145 mAh/g, only 50% of 
its theoretical capacity) and high cost because of the expensive 

element Co.5-7 So alternatives of high capacity and outstanding 
cycling performance should be searched.  

LiNiO2 has long been considered as a substitute for LiCoO2 for 
lithium ion batteries. It has a similar layered structure like LiCoO2 
and higher reversible capacity (>180 mAh/g). 8,9 However, its 
application suffers from the fragile layered structure caused by Li/Ni 
cation mixing. Moreover, there is little prospect of producing LiNiO2 

on a large scale due to the generation of Li-deficient compounds 
(LidNiO2−d, 0 < d < 1), resulting from the easy decomposition of 
LiNiO2. 10 Solutions to this problem have been widely studied and it 
is proved that the most effective strategy is substituting Ni3+ by a 
small certain amount of Co3+ and Al3+ to form LiNiaCobAl1-a-bO2 
(NCA, 1 > a > b > 0) solid solution since the introduced Co and Al 
can improve the structure stability by controlling phase changes 
during the charging and discharging processes. 11-14 Although the 
electrochemical performance and the thermal stability have been 
improved, NCA still needs improvement to satisfy the requirements 
of high performance lithium ion batteries. 15 At the end of the 
charging process, unstable Ni4+ existing in the highly delithiated 
such as Li1-dNi0.8Co0.15Al0.05O2 will quickly transform to a more 
stable NiO-type rock salt phase by releasing oxygen through the 
decomposition of NCA, which results in capacity fading and 
potential safety hazard. 16  
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To solve these aforementioned problems, the most common and 
effective approach has been reported is to coat the NCA positive 
electrode material with a uniform layer like carbon materials,17,18 

metal oxides, 19-21 metal phosphates, 22,23 and other positive electrode 
materials.24-27 These coating layers can be considered as protective 
layers to reduce the direct contact between the positive electrode 
materials and the non-aqueous electrolyte or the atmosphere, further 
improving the cycling performance. However, a common problem of 
these coatings is that the coating layer cannot tightly adhere the core 
material. Especially, long time cycling will lead coating layer to strip 
from the mother matrix. Moreover, most of the coated positive 
electrode materials are based on the wet process, which uses aqueous 
or nonaqueous solvents (mostly alcohol) and requires additional and 
complicated coating processes of mixing, drying, and heating. The 
high production cost and wet circumstance in this process are not 
suitable for NCA. Hence, a new surface modification method with a 
simple dry process for positive electrode materials has been recently 
reported: surface fluorination. 28-31  

Here, to our knowledge, we reported for the first time a 
modification on NCA positive electrode material by a one-step, 
facile and dry surface fluorination method. It is known that the 
electronegativity of F is the strongest among all the elements, 
leading to the strongest electrophilic ability. The metal-fluorine (M-
F) bonds replace partial metal-oxygen (M-O) bonds at the surface, 
improving the bond energy as well as the structure stability. 32 The 
modified positive electrode material shows excellent electrochemical 
performance, and is of great promise for practical application. 

Experimental 

Fabrication of the surface-fluorinated NCA sample 

The pristine NCA sample was commercially supplied from Toda Co. 
Ltd., Japan. To obtain a surface-fluorinated NCA sample, a certain 
amount of NH4F was added to the pristine NCA with the atomic 
ratio of 1:100 (F: NCA). After well mixing for half an hour with the 
use of agate mortar, the prepared mixture was annealed for 2 h 
around 300oC to 700oC. 

Materials characterization 
Crystal structures of the samples were measured by a Rigaku 
D/MAX-IIA X-ray diffractometer (XRD) with Cu-Kα radiation. 
Scanning electron microscopy (SEM) was used to characterize the 
morphology of the pristine NCA sample and the surface-fluorinated 
NCA samples. The micrographs were obtained on a Philips XL30 
scanning electron microscope. X-ray photoelectron spectroscopy 
(XPS, PHI5600, Perkine Elmer) measurements were carried out to 
get surface information of the surface-fluorinated NCA sample. 

Electrochemical test 
To prepare the positive electrode, the as-prepared samples, 
poly(vinylidene fluoride) (binder) and Super P carbon (conductive 
agent) were blended at a weight ratio of 8:1:1 with the help of N-
pyrrolidinone (NMP), and then the resulting slurry was coated onto 
an Al foil. The weight of the active material loaded on one electrode 
is about 4 - 5 mg, which was precisely weighed prior to assembling 
into cells. After drying at 120 oC under vacuum for 12 h, the 

electrodes were assembled into CR2025 coin-type cells with metallic 
lithium as the counter and reference electrode in an Ar-filled glove 
box. A solution of 1 M LiPF6 in ethylene carbonate and ethyl methyl 
carbonate (EC: EMC = 3:7 volume) was used as the eelctrolyte. 
Celgard 2400 polypropylene membrane was used as the separator. 
LAND battery test system was employed to test galvanostatic 
charging-discharging behavior and the cycling performance with the 
potential window ranging from 2.8 to 4.3 V (vs. Li+/Li) at 0.1C rate 
(0.1C corresponds to 18 mA g-1). Cyclic voltammetry (CV) and the 
electrochemical impedance spectroscopy (EIS) were tested by 
Princeton Applied Research Potentiostat/Galvanostat Model 273A 
and Plus Solarton SI1260 impedance/gain-phase analyzer at room 
temperature. The CV test was investigated at the scan rate of 0.1 mV 
s-1 and the EIS was conducted under the frequency from 105 Hz to 
0.1 Hz with an amplitude of 5 mV. 

Results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) XRD patterns of the pristine NCA sample and the 
fluorinated NCA samples under different fluorinated temperatures 
from 300oC to 700oC, and (b) the magnified patterns of (a) between 
15-25 o. 

Fig. 1a shows XRD patterns of the pristine NCA and the surface-
fluorinated NCA heat-treated at 300-700oC. The samples fluorinated 
at 400-600oC exhibit the same diffraction peaks as those of the 
pristine NCA, these samples are single phase with isostructure of 
LiNiO2, which adopts R 3 m space group. 33 However, when it is 
treated at 300oC or 700oC, an impure peak appeared at 18.2o, which 
can be clearly seen in Fig. 1b (the magnified pattern of Fig. 1a). The 
possible reason is that NH4F has not been decomposed completely at 
300oC while at 700 oC, the decomposed product from NH4F may be 
introduced into the crystal lattice, causing the structural change. 
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Therefore, it is obvious that too high or too low heat-treated 
temperature is not favoured to modify the NCA. 

 

 

 
Fig. 2 SEM micrographs of the pristine NCA sample (a) and the 
fluorinated NCA samples under different fluorinated temperatures: 
(b) 300oC, (c) 400oC, (d) 500oC, (e) 600oC and (f) 700oC. 

Fig. 2 shows SEM micrographs of the NCA samples untreated 
and heat-treated at different temperatures. No obvious morphology 
change was observed for the surface of the NCA particles. That 
means the fluorination cannot damage the general morphology of the 
NCA particles. However, with the increase of the heat-treatment 
temperature, the average particle size have a growing tendency, that 
may be caused by the aggregation of tiny particles during the heat-
treatment process, suggesting the exorbitant heat-treatment 
temperature is not suitable for the surface fluorination. 

The charge and discharge curves of the pristine and the surface 
fluorinated NCA under different fluorinated temperatures from 300 
oC to 700 oC in the first cycle are shown in Fig. 3a. The shapes of the 
discharge curves are similar to each other. However, the initial 
reversible capacities are different. The sample fluorinated at 400 oC 
delivers the highest initial capacity of 205.8 mAh/g. In addition, the 
coulombic efficiency for the first cycle also changes with the 
fluorinated temperature. At the lower temperatures of 300oC and 
400oC, the efficiency is increased from 82.7% for the pristine NCA 
sample to 86.8% and 84.6%, respectively. However, when the 
fluorinated temperature is up to 500 oC or 600oC, it is decreased, on 
the contrary, even down to 69% when the fluorinated temperature is 
700oC. The phenomenon proves that the lower fluorinated 
temperature is helpful to improve the coulombic efficiency. Besides, 
after stabilization, the NCA sample fluorinated at 400oC still 
presents the highest capacity of 220 mAh/g (as shown in Fig. 3b). 
On the basis of the above XRD patterns and SEM micrographs, it 
can be concluded that the optimum fluorination temperature would 

be 400oC, and the following results are based on the surface-
fluorinated NCA sample heat-treated at 400oC 

 

  

 

 

 

  

 

 

 

 

 

Fig. 3 (a) The initial charge and discharge curves and (b) cycling 
performance of the pristine and surface fluorinated NCA under 
different fluorinated temperatures from 300 oC to 700 oC. 

  
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 4 (a) SEM micrographs of the surface-fluorinated NCA sample 
from heat-treatment at 400oC , (b) the EDS spectrum of the surface-
fluorinated NCA sample, the EDS mapping of (c) Ni and (d) F, (e) 
the cross-section SEM micrographs of the surface-fluorinated NCA 
sample and (f) the EDS spectrum of the cross-section. 
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The energy dispersive spectrometer (EDS) was employed to 
know the surface information of the surface-fluorinated NCA sample, 
and results are shown in Fig.4. As seen from Fig. 4a, the surface-
fluorinated NCA sample shows a spherical and smooth morphology, 
which is the same as that of the pristine one. EDS spectrum (Fig. 4b) 
displays the presence of F elements, and the atomic ratio of F in the 
sample is 1.12%, which is in agreement with the addition amount of 
F. It is difficult to distinguish the thickness of the fluorine layer from 
the SEM micrograph. From Fig. 4c and 4d, it can be seen that the 
green and yellow dots assigned to Ni and F elements, respectively, 
are uniformly distributed on the surface of the NCA sample. Besides, 
to further verify the added F is at the surface of the positive electrode, 
the EDS measurement was also carried out for the cross-section of 
the surface-fluorinated NCA sample (Fig. 4e), and the EDS spectrum 
was shown in Fig. 4f. It is found that the atomic ratio of F for the 
cross-section is nearly 0.00%, indicating there is almost no F 
element in the bulk, only at the surface of the NCA sample, which is 
helpful to protect NCA particles from the side reactions between 
NCA and electrolytes or air. 
 

 

 

 

 

 

 

 

 

Fig. 5 XPS analysis of the pristine NCA and the surface-fluorinated 
NCA sample from the heat-treatment at 400oC (F-NCA): (a) Ni2p; (b) 
Co2p; (c) F1s; and (d) O1s. 

XPS analysis of the pristine NCA and the surface-fluorinated 
NCA was carried out and the related spectra are shown in Fig. 5. In 
the spectra of Ni2p and Co2p (Fig. 5a and 5b), the peaks of the 
surface-fluorinated NCA sample are identical with the pristine NCA, 
indicating there is little change on the bulk M-O bondage.34 Fig. 5c 
(the spectrum of F1s) obviously shows that the peak at 685 eV 
appears after the fluorination, indicating that fluorine is successfully 
introduced at the surface of NCA. It is reported that the 685 eV is the 
binding energy for F- in the solid samples such as alkali metal 
fluorides. So, the peak at 685 eV can be considered as the result of 
the interaction between F- and ionic metal elements in the NCA 
sample. For O1s spectrum, there are two peaks for both the pristine 
NCA and the surface-fluorinated NCA. As reported, the peak located 
at 528 - 530 eV can be assigned to the lattice oxygen in the metal 
framework such as M3+-O at the surface, while the peak located at 
the higher binding energy of 531~533 eV can be attributed to the 
chemical adsorbed species (such as LiOH or Li2CO3).35-37 In addition, 

it is interesting to notice that after the fluorination, both peaks at low 
and high binding energies shift to lower binding energy for 0.21 and 
0.27 eV, respectively. That is to say, the chemical adsorbed oxygen 
has been decreased, confirming indirectly O has been partly replaced 
by F. Moreover, the ratio of the intensity of the peaks at high and 
low binding energies decreases distinctly after the surface 
fluorination. In another word, the lattice oxygen becomes more 
while the absorbed oxygen becomes less relatively in the surface-
fluorinated NCA sample. In addition, the pristine NCA and the 
surface-fluorinated NCA with the same amount (1.0 g) were put in 
the atmosphere with different humidity for 12 hours, their absorbed 
water content were tested by Karl-Fischer method, and the results 
are shown in Fig. 6. It is obvious that the water content is greatly 
diminished after the surface fluorination. What’s more, with the 
increase of the air humidity, the growth tendency of the absorbed 
water is restrained. These demonstrate that fluorine is successfully 
located at the surface of NCA particle and this modification will not 
only protect the M-O bond from the attack of HF, which is produced 
by the hydrolysis of the LiPF6 with a small amount of residual water, 
but also inhibit the side reaction between the surface of NCA 
particles and H2O or CO2 in the air. 

 

 

 

 

 

 

  

Fig. 6 The change of absorbed water content for the pristine NCA 
and the surface-fluorinated NCA after storage in an atmosphere of 
different humidity. 

Fig. 7a shows the initial charge-discharge curves of the pristine 
and the surface fluorinated NCA at a current density of 18 mA g-1 
(0.1C) in the voltage window of 2.8-4.3 V. The shape of the curves 
for two samples is almost similar, indicating that fluorine is not 
introduced into the bulk of the NCA, which is in accordance with 
XRD results. The initial discharge capacity of the pristine NCA is 
182.8 mAh g-1, while that of the surface-fluorinated NCA is 205.8 
mAh g-1. Fig.7b shows the 20th charge/discharge curves of the 
pristine and surface-fluorinated NCA. It can be seen that the 
capacities of both samples are increased. This is also due to an 
activation and infiltration process during the initial cycling. In 
addition, the discharge voltage for the surface-fluorinated NCA is 
slightly higher than that of the pristine NCA, which is due to the 
increased interfacial conductivity, leading to a lower polarization. 
Fig. 7c displays the cycling performances of the two samples. 
Apparently, the surface-fluorinated NCA presents much higher 
capacity than the pristine one during the cycling. After 80 cycles the 
pristine NCA sample delivers 163.7 mAh g-1, which is as much as 
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83.3% of its maximum capacitance after stablization. In contrast, the 
surface fluorinated NCA delivers a capacity of 205.3 mAh g-1 after 
80 cycles and its capacity retention is 93.1% of the maximum (220.5 
mAh g-1). It is reasonable to conclude that the surface-fluorination 
can enhance markedly the structure stability and cycling 
performance, resulting from the protected M-O by M-F. To more 
easily illustrate the enhanced electrochemical property, the rate 
capabilities at various current densities are shown in Fig. 7d. The 
surface-fluorinated NCA almost delivers higher discharge capacities 
than the pristine one at all the current densities, especially at high 
rates. In particular, the surface-fluorinated NCA exhibits the capacity 
of 191.1 mAh g-1 at 1 C, in comparison with 169.1 mAh g-1 for the 
pristine material. The dramatic improvement of the discharge 
capacity is mainly attributed to the increase of electric conductivity 
at the surface between the electrolyte and the positive electrode 
resulting from the introduction of fluorine, which serves as a fast 
electron transference and a fast lithium ion diffusion channels on the 
surface of the positive electrode, in favor of the faster 
solvation/desolvation of the lithium ion proceeds.38-40 It is known 
that electrochemical redox reactions usually take place at the 
interface between the electrolyte solution and the electrode. The 
fluoride anion has a greater interaction with the Li+ ion than the 
oxide anion, it is expected that the M-F bond at the surface of the 
positive electrode-active material promotes the Li+ ion transference 
at the interface between the active electrode material and the 
electrolyte solution where the Li+ ion is solvated. Therefore, the 
transference of Li+ ion between the solid and the liquid phases can 
easily take place. 

 

 

 

 

 

 

 

 

 

Fig. 7 (a) The initial charge/discharge curves of the pristine NCA 
and the surface-fluorinated NCA sample from the heat-treatment at 
400 oC at 0.1 C; (b) the charge/discharge curves in the 20th cycle of 
the pristine NCA and the surface-fluorinated NCA sample at 0.1 C; 
(c) the cycling performance of the pristine NCA and the surface-
fluorinated NCA sample at 0.1 C; and (d) the discharge capacities of 
the pristine and the surface-fluorinated NCA sample at various 
current densities (0.1 C-5 C). 

 

 

 

  

 

 

Fig. 8 Cyclic voltammograms of the pristine NCA and the surface-
fluorinated NCA from the heat-treatment at 400oC: (a) before 
cycling and (b) after 30 cycles.  

Fig. 8 shows the cyclic voltammograms (CVs) for the pristine 
and the surface-fluorinated NCA at room temperature in the voltage 
range of 2.8-4.3 V at the scan rate of 0.05 mV s−1. In general, the 
peaks in the CV curves correspond to redox reactions upon lithium 
insertion and extraction. It can be seen that the electrochemical 
redox couples of transition metal ions are not changed after the 
surface fluorination. Before cycling, the obtained initial CV curve of 
the surface-fluorinated NCA sample is almost identical to that of the 
pristine NCA sample. However, the oxidation peak in the first scan 
occurs at a lower voltage (3.85 V) than that of the pristine NCA 
(3.95 V) while the reduction peak occurs at a higher voltage (3.67 V) 
than that of pristine NCA (3.64 V). That means the potential 
difference of the oxidation and reduction peaks is decreased after the 
surface fluorination, indicating the reduced resistance and the 
improved reversibility of the NCA positive electrode materials. For 
further investigation, both the assembled cells with the pristine and 
surface-fluorinated NCA as positive materials after 30 cycles were 
further characterized by CV test. As shown in Fig. 8b, after 30 
cycles the surface-fluorinated NCA shows the more obvious and 
sharp redox peaks than those of the pristine NCA, further proving 
the promoted reversibility and cycling performance. The major 
anodic/cathodic peaks at 3.65/3.71 V are ascribed to the 
oxidation/reduction process of Ni3+/Ni4+. Also the anodic/cathodic 
peaks at 3.94/3.99 V and 4.13/4.20 V are assigned to the phase 
transition. 18 In addition, whether the first cycle or after 30 cycles, 
the surface modified NCA electrodes show much larger area of the 
CV curves than the pristine one, telling that the surface-fluorinated 
NCA can deliver higher reversible capacity,  which is consistent 
with the above results.  

         

 

 

 

 

Fig. 9 EIS spectra of the pristine NCA and the surface-fluorinated 
NCA after the heat-treatment at 400 oC: (a) before cycling, (b) after 
30 cycles. 
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Fig. 9a shows the EIS spectra of the pristine and the surface-
fluorinated NCA before cycling. Both spectra have the high-
frequency semicircles and low-frequency tails. The semicircle is 
attributed to the charge-transfer resistance (Rct). The EIS 
measurement are also carried out after 30 cycles, which is shown in 
Figure 9b. Another semicircle appeared in the intermediate-
frequency, assigning to the surface-film resistance (Rsf), which is 
mainly formed during the initial charge/discharge processes. It is 
seen that after the surface fluorination, both Rsf and Rct are smaller 
than those of the pristine NCA. This is perhaps attributed to two 
reasons: (1) the dissolution of active ion by acid species taking place 
at the electrolyte/electrode interface is decreased, and (2) the surface 
film formed on the electrode is more compatible with the electrolyte. 
38-40 The EIS measurement demonstrates a faster kinetic process of 
the surface treated NCA samples, leading to the enhanced 
performance, which is consistent with the results in Fig.7d. 

 

Fig. 10 SEM micrographs of (a) the pristine NCA and (b) the 
surface-fluorinated NCA from the heat-treatment at 400oC after 80 
cycles. 

Fig. 10 shows the SEM micrographs for the pristine and the 
surface-fluorinated NCA after 80 cycles. The surface of the pristine 
material becomes coarse. It might be caused by the dissolution of the 
transition metal ions at the particle surface resulting from HF attack 
in the electrolyte and the deposition of the decomposition products 
of the electrolyte during the cycling. In contrast, the surface-
fluorinated NCA samples is still very smooth, which means the 
introduced fluorine can avoid the side-reactions between the positive 
electrode materials and electrolyte, further decreasing the structure 
degradation, and this is the main reason why the surface-fluorinated 
NCA sample provides improved cycling performance. 

Conclusions 

In summary, the surface-fluorinated NCA positive electrode material 
has been successfully prepared by a one-step facile and dry method. 
When the fluorinated temperature is 400oC, the surface modification 
NCA sample shows the best electrochemical performance. At 0.1C, 
the initial discharge capacity can reach 205.8 mAh g-1 in the voltage 
range from 2.8 to 4.3 V (vs. Li+/Li), and up to 220.5 mAh g-1 after 
stabilization. In addition, the surface-fluorinated NCA still delivers a 
capacity of 205.3 mAh g-1 after 80 cycles and its capacity retention 
is 93.1%, much better than that of the pristine NCA (83.3%). The 
excellent electrochemical performance is attributed to the surface 
modification, where the metal-fluorine (M-F) bond replaces the 
metal-oxygen (M-O) bond partially at the surface, improving the 
entire bond energy as well as the structure stability. In addition, the 
introduction of F can protect the M-O bond from the side reaction 
with the electrolyte and atmosphere, reducing the release of O from 

the space lattice and enhancing the safety performance. In addition, 
the fluoride anion has a greater interaction with the Li+ ion than the 
oxide anion, resulting in faster transference of Li+ ion between the 
active material and the electrolyte and the lower charge transfer 
resistance. It is clear that the surface-fluorinated NCA sample with 
improved electrochemical performance is a promising positive 
electrode material for lithium ion batteries. 
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