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Abstract

:

For advanced lithium-ion batteries, LiNixCoyMnzO2 (x + y + z = 1) (NCM) cathode materials containing a high nickel content have been attractive because of their high capacity. However, to solve severe problems such as cation mixing, oxygen evolution, and transition metal dissolution in LiNi0.8Co0.1Mn0.1O2 cathodes, in this study, F-doped LiNi0.8Co0.1Mn0.1O2 (NCMF) was synthesized by solid-state reaction of a NCM and ammonium fluoride, followed by heating process. From X-ray diffraction analysis and X-ray photoelectron spectroscopy, the oxygen in NCM can be replaced by F− ions to produce the F-doped NCM structure. The substitution of oxygen with F− ions may produce relatively strong bonds between the transition metal and F and increase the c lattice parameter of the structure. The NCMF cathode exhibits better electrochemical performance and stability in half- and full-cell tests compared to the NCM cathode.
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1. Introduction


Since Li-ion batteries (LIBs) have been mainly utilized as the key power source in various applications, next-generation LIBs must exhibit high energy density, high power, high capacity, fast charging/discharging rate, and stability [1,2,3,4]. To satisfy these requirements, it is essential to identify inexpensive cathode materials with excellent capacity, volume, and performance [5]. LiCoO2 (LCO), a representative cathode with a 3d layered structure, has critical limitations, such as the high cost of cobalt and a relatively low reversible capacity, which offset its advantages of superior cycling performance and excellent stability [6,7,8].



Ni-based layered cathode materials, i.e., LiNixCoyMnzO2 (x + y + z = 1) (NCM), have received attention recently as a promising alternative to LCO [9]. Specifically, NCM materials with high nickel contents (high-Ni cathode) have been used owing to their higher capacity [10]. However, serious problems with high-Ni cathodes have been observed during charging and discharging, such as destruction of the layered structure, cation mixing, oxygen evolution, and transition metal dissolution; these phenomena promote the irreversible consumption of Li+ ions and thus degrade the LIB performance [11,12,13]. Various methods, such as coating, composite structure formation, cation/anion doping, and structure control, have been extensively studied to address these limitations of high-Ni cathodes [14,15,16,17,18]. Furthermore, the battery management system is also important for the improvement of Li-ion battery [19,20,21]. In particular, anionic elements such as F, Cl, and S can be doped into the oxygen sites of layered cathode materials [22]. Anion doping may directly affect the anionic redox process and effectively enhance the electrochemical performance, preventing cation mixing, oxygen evolution, and structural collapse [23]. Among these anionic dopants, F can prevent damage to the cathode by the generation of Hydrogen Fluoride (HF) through the dissociation of the electrolyte and the loss of oxygen in the lattice [24,25]. In this study, F-doped LiNi0.8Co0.1Mn0.1O2 (NCMF) was synthesized by a solid-state reaction of a prepared precursor and ammonium fluoride, followed by heating. However, to compensate for a key disadvantage, i.e., uneven mixing of raw materials, the NCM precursor was prepared using a solvothermal synthesis [26]. The electrochemical performance and stability of the NCMF cathode were compared with those of an undoped LiNi0.8Co0.1Mn0.1O2 (NCM) cathode in half- and full-cell tests using Li4Ti5O12 (LTO) as an anode.




2. Materials and Methods


2.1. Synthesis of NCM and NCMF


To prepare the NCM precursor with a target ratio of Ni/Co/Mn = 8:1:1, nickel acetate tetrahydrate (≥99.0%, Sigma Aldrich, Saint Louis, MO, USA), cobalt acetate tetrahydrate (≥98.0%, Sigma Aldrich), and manganese acetate tetrahydrate (≥99.0%, Sigma Aldrich) were dissolved in 50 mL of absolute ethanol (99.9%, Fisher scientific Korea Ltd., Seoul, Korea) in a Teflon-lined autoclave. The metal-salt mixture was then heated in a box furnace at 200 °C for 12 h. The heated sample was washed using centrifugation and dried in a 50 °C vacuum oven overnight. The NCM cathode was obtained by heating the precursor with lithium hydroxide monohydrate (≥99.0%, Sigma Aldrich) in an air atmosphere. Two-step heating was performed at 480 °C for 8 h and 720 °C for 12 h. In addition, NCMF (0.055 mol) was prepared by heating the as-prepared NCM with ammonium fluoride (≥98.0%, Sigma Aldrich) in air at 450 °C for 12 h.




2.2. Material Characterization


To confirm the crystal structure of the samples, an X-ray diffractometer (Bruker, Billerica, MA, USA, D2 Phase system) was operated at 40 kV and 100 mA with a Cu Kα X-ray source (λ = 0.15418 nm). The morphology and elemental distribution of the samples were observed by field-emission scanning electron spectroscopy (FE-SEM, Zeiss, Oberkochen, Germany, Gemini 300) at 15 kV and 100 mA with an X-ray source and by energy dispersive spectroscopy (EDS, Zeiss, Gemini 300). To characterize the chemical states of the samples, X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo VG, Al Kα line: 1486.6 eV) was performed.




2.3. Cell Assembly and Electrochemical Characterization


The active cathode material (80 wt.%), Ketjen black (Wellcos, 10 wt.%), and polyvinylidene fluoride (PVDF, 10 wt.%, Alfa Aesar, Ward Hill, MA, USA, 20 wt.%) were mixed using a paste mixer. The prepared slurry was coated on a Cu foil by a doctor blade method to form the electrode. The coated electrode was dried in a 110 °C oven overnight. The electrolyte was prepared by adding 1.1 M LiPF6 in EC: DEC = 1:1 to ethylene carbonate/diethyl carbonate. To characterize the electrochemical properties of the sample as a cathode for LIBs, a coin-type half-cell was assembled in an Ar-filled glove box using the electrode, electrolyte, polyethylene as a separator, and lithium metal as an anode. The charge/discharge behavior of the assembled cell was evaluated in a potential range of 2.8–4.3 V vs. Li/Li+ using a multichannel battery tester (WBCS3000L, Wonatech Co., Seoul, Korea) at current densities of 20–400 mA g−1. Cyclic voltammetry (CV) was performed in the potential range of 2.8–4.3 V vs. Li/Li+ at a scan rate of 0.02 mV s−1. Galvanostatic intermittent titration technique (GITT) measurements were carried out at the following conditions: 2.8–4.3 V vs. Li/Li+, 20 mA g−1, a pulse time = 10 min, a rest time = 60 min.





3. Results and Discussion


Figure 1a shows the wide-scan X-ray diffraction (XRD) patterns of the as-prepared NCM and NCMF samples. All the samples had a hexagonal layered structure (a-NaFeO2, R-3m space group) with the main characteristic peaks corresponding to the (003), (006), (102), (104), (018), and (110) planes at 18.7°, 38°, 38.4°, 44.5°, 64.5°, and 65°, respectively [27,28,29]. The formation of a well-ordered, hexagonal, layered structure was demonstrated by the splitting of the (006)/(102) and (108)/(110) peaks and the intensity ratio of >1.2 for the (003)/(104) [30]. However, in the NCMF, the replacement of oxygen with F− ions can result in the partial reduction of the transition metal, increasing its ionic radius. Consequently, the c lattice parameter of the NCMF increased, as indicated by a larger d-spacing of the (003) plane and a low-angle peak shift (Figure 1b,c, Supplementary Materials Table S1) [31].



The as-prepared NCM and NCMF samples showed irregular shapes and size distributions, as shown in Figure 2a,b, irrespective of the F doping. However, well-dispersed F was observed in the NCMF, indicating successful F doping. To investigate the replacement of oxygen with F− ions at the oxygen sites, XPS analysis was performed (Figure 3 and Figure S1). In the O1s spectra, the characteristic peaks at 528–530 and 531–533 eV correspond to bonds between the transition metal (M) and oxygen and oxygen vacancies, respectively (Figure 3a–d). Compared with the NCM, the NCMF exhibited a lower area ratio of M–O bonds, indicating that it had fewer M–O bonds (Table S2) [32,33,34,35]. Furthermore, the Ni2p spectrum of NCMF consisted of characteristic peaks at 854–856 and 858–859 eV, which corresponded to Ni–O and M–F bonds, respectively (Figure 3b). By contrast, the NCM showed a characteristic peak at 854–856 eV, which corresponded to Ni–O bonds (Figure 3e). These results demonstrate that F− ions replaced oxygen in the NCM, producing the F-doped NCM structure.



Figure 4a,b shows CVs of the NCM and NCMF cathodes at a scan rate of 0.02 mV s−1 in the potential range of 2.8–4.3 V vs. Li/Li+. Three redox couple peaks corresponding to insertion/deinsertion reactions during charging/discharging were observed. In particular, during charging, the characteristic reversible peaks associated with the transitions, the hexagonal to monoclinic (H1–M), monoclinic to hexagonal (M–H2), and hexagonal to hexagonal phases (H2–H3), appeared at ~3.7, ~4.0, and ~4.2 V, respectively [36,37]. Figure 4c shows charge/discharge characteristic curves of the NCM and NCMF cathodes in the potential range of 2.8–4.3 V vs. Li/Li+ at a current density of 40 mA g−1 for 150 cycles. The capacity retentions of the NCM and NCMF from the second to the 150th cycles were calculated to be 84% and 94%, respectively, from the ratios of discharge capacities. Charge/discharge curves of the NCM and NCMF cathodes were measured in the potential range of 2.8–4.3 V vs. Li/Li+ at a current density of 100 mA g−1 for 100 cycles (Figure 4d and Figure S2). The capacity retentions of the NCM and NCMF at the second and 150th cycles were determined to be 58% and 93%, respectively, from the ratios of discharge capacities. The improved cycling performance of the NCMF cathode at both 40 and 100 mA g−1 compared to the NCM cathode may be attributed to the stable structure of NCMF, in which the bonds between the transition metal (M) and the fluorine dopant are more stable M–O bonds [38]. The increased d-spacing in NCMF, which was observed in the XRD results, may facilitate the insertion/deinsertion of Li+ ions during cycling. Furthermore, the reduced interfacial resistance in NCMF can increase the mobility of Li+ ions and, thus, significantly reduce the overpotential of NCMF during charging and discharging [39].



Figure 5a,b shows the charge/discharge curves of the NCM and NCMF cathodes measured at a current density of 40 mA g−1 in the potential range of 2.8–4.3 V vs. Li/Li+ for 150 cycles. The variation of the discharge voltage, which is a key factor affecting the energy density, was 0.10 and 0.03 V between the second and 150th cycles for the NCM and NCMF, respectively (Figure 5d). Furthermore, as shown in Figure 5e, the energy density of the cells with NCM and NCMF cathodes were compared. The energy density retentions after 100 cycles, as a percentage of the energy density after two cycles, were 81% and 92% for the NCM and NCMF cathodes, respectively, indicating improved cycling stability of the NCMF cathode.



To determine the diffusion coefficient of Li+ ions and the IR drop during cycling, GITT analysis was performed in the potential range of 2.8–4.3 V vs. Li/Li+ at a current density of 20 mA g−1 with a pulse time of 10 min and a rest time of 60 min (Figure 5c and Figure S3). The diffusion coefficient of Li+ ions can be calculated as follows [40]:


   D    Li  +    =  4   π τ         (    nV  s   )   2     (    Δ  E s    Δ  E t     )   2   



(1)




where τ is the time at a constant current, V is the volume of the electrode, s is the contact area between the electrode and electrolyte, ΔEs is the variation of the equilibrium voltage, and ΔEt is the voltage variation at the applied current. The Li+ ion diffusion coefficients for the NCM and NCMF cathodes were found to be 1.24 × 10−10 and 1.35 × 10−10 cm2 s−1, respectively. In addition, the IR drop of the NCMF cathode was 0.013 V, lower than that of the NCM cathode (0.028 V), indicating both reduced resistance to Li+ ion diffusion and less variation of the discharge voltage. The enhanced Li+ ion behavior into NCMF as an active material during cycling may be attributed to the F-doping of the cathode, which can increase the d-spacing of the NCM structure [41].



Figure 6a compares the cycling performance of the NCM and NCMF cathodes measured from 20 to 600 mA g−1. The discharge capacities of the NCM and NCMF cathodes at different current densities were compared on the basis of the average capacity at a current density of 20 mA g−1 (Figure 6b). The NCMF cathode had a higher capacity in all the current density ranges than the NCM cathode. F-doping of the NCM can increase the d-spacing in the NCM structure, facilitating insertion and deinsertion of Li+ ion during cycling. Furthermore, the relatively strong bonds between the transition metal and F in the F-doped cathode can enhance the structural stability and suppress phase transitions, i.e., the H2 to H3 and layered to rock-salt transitions, resulting in the superior cycling performance at high current densities [42,43].



Figure 7a–d shows the cycling performance and charge/discharge curves of full cells consisting of the NCM and NCMF cathodes and Li4Ti5O12 (LTO) as an anode (denoted as the NCM-LTO and NCMF-LTO, respectively) in the potential range of 0.3–3.2 V vs. Li/Li+ at a current density of 100 mA g−1 for 50 cycles. The initial discharge capacities of the NCM-LTO and NCMF-LTO were 179 and 201 mAh g−1, respectively. The energy densities of the NCM-LTO and NCMF-LTO in the first cycle were 337 and 412 Wh Kg−1, respectively. The capacity retentions of the NCM-LTO and NCMF-LTO after 50 cycles were 63% and 88%, respectively. Thus, the cell with the NCMF cathode outperformed that with the NCM cathode, possibly owing to the enhanced structural stability and reduced resistance to Li+ ion diffusion in the F-doped cathode.




4. Conclusions


In summary, an NCMF cathode was synthesized by solid-state reaction with a prepared precursor and ammonium fluoride, followed by heating. The oxygen atoms in the NCM could be replaced with F− ions, to produce a F-doped NCM structure. The substitution of F− ions at the oxygen sites may produce relatively strong bonds between the transition metal and F and increase the c lattice parameter of the structure from 1.416 to 1.418 Å, enhancing the Li+ ion diffusion coefficient in the NCMF cathode (1.24 × 10−10 to 1.35 × 10−10 cm2 s−1). Thus, the NCMF cathode exhibited the improved electrochemical performance (discharge capacity: 201 mAh g−1, energy density: 412 Wh Kg−1) and stability (capacity retention: 88%) in half- and full-cell tests compared to the NCM (discharge capacity: 179 mAh g−1, energy density: 337 Wh Kg−1, capacity retention: 63%).
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The following are available online at https://www.mdpi.com/1996-1073/13/18/4808/s1, Table S1: Comparison of d spacing and c lattice constant values of the samples. Figure S1: XPS survey spectra of (a) NCM and (b) NCMF. Figure S2: The 100th charge/discharge curves of NCM and NCMF at a current density of 100 mA g−1 in the potential range of 2.8–4.3 V vs. Li/Li+ for 100 cycles. Figure S3: (a) Single titration profile of the sample during discharging in GITT. (b) Plots of discharge potential of the samples during three discharge cycles in the potential range 2.8–4.3 V vs. Li/Li+. Table S2: Area ratios of oxygen (O) vacancies and metal–oxygen (M–O) bonds in NCM and NCMF.
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Figure 1. (a) Wide-angle XRD patterns and fine scans of (b) (003) and (c) (104) planes of NCM and NCMF. 
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Figure 2. SEM and EDS mapping images of (a) NCM and (b) NCMF. 
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Figure 3. (a) O1s, (b) Ni2p, (c) F1s XPS spectra of NCM and (d) O1s, (e) Ni2p, (f) F1s XPS spectra of NCMF. 
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Figure 4. CVs of (a) NCM and (b) NCMF at a scan rate of 0.02 mV s−1 in the potential range of 0–2 V vs. Li/Li+. Specific discharge capacities of the samples at a current density of (c) 40 mA g−1 and (d) 100 mA g−1 in the potential range of 2.8–4.3 V vs. Li/Li+ for 150 cycles. 
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Figure 5. Charge/discharge curves of (a) NCM and (b) NCMF at a current density of 40 mA g−1 in the potential range of 2.8–4.3 V vs. Li/Li+ for 150 cycles. (c) Plots of IR drop vs. charge state of the cathodes. Variations of (d) discharge voltages and (e) energy density between the second and 150th cycles for NCM and NCMF cathodes. 
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Figure 6. (a) Rate performance of cathode samples at various current densities ranging from 20 to 600 mA g−1 for five cycles each. (b) Capacity retention of the samples. Charge/discharge curves of (c) NCM and (d) NCMF cathodes at current densities ranging from 20 to 400 mA g−1. 
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Figure 7. (a) Specific discharge capacities of the samples at a current density of 100 mA g−1 for 50 cycles. (b) Capacity retention and energy density of the samples. Charge-discharge curves of (c) NCM-LTO and (d) NCMF-LTO cells. 






Figure 7. (a) Specific discharge capacities of the samples at a current density of 100 mA g−1 for 50 cycles. (b) Capacity retention and energy density of the samples. Charge-discharge curves of (c) NCM-LTO and (d) NCMF-LTO cells.



[image: Energies 13 04808 g007]








© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  energies-13-04808


  
    		
      energies-13-04808
    


  




  





media/file8.jpg
)

[r——
Eriess

E
I
i

T s toom 150m






media/file11.png
~~
Q
—

~~

Current density (mA/g)

N
=
=]

Specific capacity (mAh/g)

150

40 100 : 200 - 400 - 600 20

3 29909
20099 2990
0

-9—NCM
—a— NCMF

1 1 1 1

0 5

15 20 25 30 35

Cycle number (n)

10

(@)
—

4.2 —_3" cycle
— cycle

= —13" cycle
d 3.9 th 4
= ——18" cycle
% — 23" cycle
> 3.6 N
b — 28" cycle
® —_33" cycle
€ 33f-
S
s}
o

3.0+

NCM
0 50 100 150 200

Specific capacity (mAh/g)

(b)

_100f o =
= \3\\0
_g \ \0
= Y
= 50 - o
Fy
©
a
8 —9— NCM
—a— NCMF
0 1 1 1 1 1 1 L
20 40 100 200 400 600 20
Current density(mA/g)
( )4-2 3" cycle
- \ ——8" cycle
+ th
= 3. SN —13" cycle
2 TN &
3 ‘*?___,a ——18" cycle
4 S ——23" cycle
> 38 y
2 \ 28" cycle
® 33" cycle
€ 33}
o
o
& 3.0
NCMF
0 50 100 150 200

Specific capacity (mAh/g)





media/file6.jpg
Nem NCMF

Current (A)
Current (A)

Potential (V vs LiILi") Potential (V vs LILI")

©) (b)

S ————] .

E E

g g

5 5,

g g

g g

', ',

: cwm | % - now

5o L NeME| B o . NowE
O I B o e

it il

() (d)





media/file1.png
Intensity(a.u.)

— NCM
~— NCMF
J.L_ll .l_,h A -
L l 2 A _
RiTme——t S
10 20 30 40 50 60 70
206(degree)

(a)

80

Intensity(a.u.)

I —Nem
| — NCMF
|
|
|
|
1
18.6 18.7 18.8 18.9

26(degree)

(b)

Intensity(a.u.)

| — NC M
I e NC MIF

44.2 444 446 4438
206(degree)

(c)






media/file13.png
Specific capacity (mAh/g)

Potential (vs Li/Li")

N
(4]
o

N
(=1
o

-
o0
o

-
o
o

(2]
o

05C
|99%305a00 29090
o T 20009900009000090 999
9%,
“““”ooaoooogo
- °°°’°°c.
)
°m°°°°°°mo<
- « NCM-LTO
» NCMF-LTO
10 20 30 40 50
Cycle number (n)
— 1% cycle
—20" cycle
— 50" cycle
| NCM-LTO
0 50 100 150 200 250

Speccific capacity (mAh/g)

(9)

Potential (vs Li/Li")

)
=
< 100
400
£ F,
£ w :
b= 3003
- >
® 60 =
— 7]
2 200 é
(&)
g ” 5
S 5
100
g » S
'
-3}
& o
NCM NCMF
3.0+
25}
S cycle
th
2.0 —20th cycle
— 50" cycle
1.5
1.0
NCMF- LTO
0.5}
1 1 1
0 50 100 150 200

Speccific capacity (mAh/g)

(d)

250





media/file10.jpg
‘Specifc capacity (mANG)

s

Potential (V vs LilLi")

Current density (mA/g)

(b)

W 100 200 400 600 20

3

B

v

Capacity retonton (%)

Now
S Nowr

L TR TR T TR T
Cyete number (3

Nem

(d)

Potantial (V ve LiLL{)

W w0 w0 a0 a0 60
Current densitmAlg)

42

)

L T T T
‘Specific capacity (mAN/g)

L T
‘Specific capacity (mAh/g)

200






media/file7.png
4.0x10°

Current (A)

4.0x10°

200

Specific capacity (mAh/qg)

NCM
7 3.0 3.3 2.6 3.9 42 4.5

Potential (V vs Li!Li+)

(a)
e BN
[ese ) N
» NCM

- » NCMF
0 20 40 60 80 100 120 140

Cycle number (n)

(c)

NCMF
4.0x10°+
—
<
et
c
@
- 0.0
=
O
4.0x10°F . . . . ,
2.7 3.0 3.3 3.6 3.9 4.2 4.5
Potential (V vs LiILi+)
200
000 202000920200004099909390999904.99900000000 0909
—— ‘0
D 1501 0,
c 29y
< 2, %
g °°°°°w°oc 2%, “0
2100} 299%99949999004
S
1]
j=3
3
o 50 +
-
'E + NCM
[=3
wn 0 + NCMF
0 20 40 60 80 100

Cycle number (n)

(d)





media/file12.jpg
20

|

S0 . NCM-LTO
- NCMF-LTO

g
H
:
g p—
H

o

R T ]

— 20" cyele
— 0" cycle

NCMF-LTO
o s w0 w0 w0 20 o s 10 w0 w0 2%
‘Speccific capacity (mANg) Speccific capacity (mANg)

(c) (d)





media/file9.png
4.2 —a— NCM
4.0 0.04} —— NCMF
3 3.8 ”._,/
0.03 > i
g 36 & -
o it
= o g
< 34 S 002} .
= 14 T
€32 & e
IS 001} , _—o—o—""
a 3.0
2-8 o.on - I i
0 50 100 150 200 0 50 100 150 200 100 80 60 40 20
Specific Capacity (mAh/g) Specific Capacity (mAh/g) State of charge(%)
+
ar s NCM mm NCM
r} . > + NCMF — == NCMF
» 2 2
> 4.3 ~ i _4.22 o o
?' —— }O.z é‘
Py 4.18 n
o | S g :
842 o k-
4 T 442 50 |
® (g oy
o . =
5§ 4 48 ] o . _
= {
3 ‘ — ,
fa) 2nd 50th 100t 150th 2 50th 100t 150t






media/file5.png
Intensity (a.u.)

Intensity (a.u.)

NCM O 1s

536 534 532 530 528 526
Binding energy (eV)

(a)

NCMF O 1s

536 534 532 530 528 526
Binding energy (eV)

(d)

NCM Ni 2p

Intensity (a.u.)

870 865 860 855 850
Binding energy (eV)

(b)

NCMF Ni 2p

Intensity (a.u.)

870 865 860 855 850
Binding energy (eV)

(e)

NCM F 1s

Intensity (a.u.)

680 682 684 686 688 690
Binding energy (eV)

(c)

NCMF F 1s

Intensity (a.u.)

690 688 686 684 682 680
Binding energy (eV)

(f)





media/file3.png
Co
Co
F






media/file4.jpg
wensty o)

nouors Nenize NeF1s
H H
i i
§ e N i
SR e S e
‘i o -
@ (b) ©
Ve [
H H
i i
il e i
=24
il -0 Al B I Ei
(@ )





media/file0.jpg
—nem
-

Itensity(a)

E-

Wz ws ws

L
10 W 3 40 % @ 70 0 s 187 18

20ctogren)

(a)

20degree)

(b) (o)





media/file2.jpg





