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Abstract

Thiophene-2-carbonitrile (CT) is used as an electrolyte additive to improve the cycle performance of Li/LiNiy sMn,; 0,
(LNMO) cells. The effects of CT on the electrode interface and cycling performance of Li/LNMO cells are studied by
electrochemical methods such as charge—discharge measurements, cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and other characterization methods. Results show that CT can be oxidized before the electrolyte, forming
a polythiophene protective film on the electrode surface, which improves the interphase stability of the electrode/electrolyte.
The Lil1.0 M LiPF,-EC/EMC/DMC (1:1:1, v/v/v) ILNMO cell with 0.1 wt% CT shows a capacity retention of 91.2% after 300
cycles at a charge—discharge rate of 1 C between 3.5 and 4.95 V. The addition of thiophene-2-carbonitrile can significantly

improve the cycle performance of Li/LiNi, sMn; 50,.
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Introduction

Lithium-ion batteries are gaining huge attention due to their
high energy density and long cycle life [1, 2]. However, their
energy density is still insufficient for electric vehicles and
energy storage applications. A cathode material with high-
specific capacity and operating voltage is required to achieve
the high energy density of a lithium-ion battery [3-8].

LiNijy sMn, O, is a promising cathode material and
has attracted wide attention for its high operating voltage
(4.75 V vs. Li/Li*) and high theoretical specific capacity
(146.7 mAh g_')[9]. However, the high voltage of LNMO
can make traditional organic carbonate-based electrolytes
decompose, resulting in harmful side reactions that deterio-
rate an electrode/electrolyte interface and reduce cycle life.
Additionally, the dissolution of transition metal ions during
the cycle accelerates the decay of capacity.

To resolve the issue, several methods are used to improve
the surface stability of LNMO such as ion doping [10], coat-
ing [11], employing high-concentration electrolytes [12],
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and selecting functional additives [13]. Among these meth-
ods, adding a small number of additives to an electrolyte
system can form a beneficial protective layer in situ on an
electrode surface and can improve the surface stability of
LNMO effectively. The method is easy to use and replacing
existing equipment is not required.

Thiophene and its derivatives as functional additives can
form a uniform and compact coating on the electrode surface
before the decomposition of an electrolyte solvent, which
can prevent the decomposition of solvents and salts in an
electrolyte. Furthermore, polythiophene generated by electro-
chemical oxidation generally has excellent chemical stability
and high conductivity, which improves the cyclic stability
of high-pressure cathodes [14]. Thiophene (TH), 2,2'-bithio-
phene (2TH) and 2,2'-:5'-,2'—terthiophene (3TH) were used
as functional additives to inhibit electrolyte decomposition of
LiCoO, during high-voltage cycling. In comparison with 1 M
LiPF4, EC:DMC =3:7 (Vol%) blank electrolyte and cycled
for 100 cycles at the current density of 0.25 C and voltage
range 3.0—4.4 V, the capacity retention rate of LiCoO, elec-
trodes with 0.1 wt% TH, 2TH, and 3TH increased by 15.3,
27.4, and 34.8%, respectively [15]. A total of 0.25% terthio-
phene was added to a standard (1 M LiPF,, EC:DMC=1:2
(Vol%)) electrolyte, and the capacity retention of Li/LNMO
cells after 350 cycles improved from 50 to 91% [16].
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Some additives with — C=N, such as succinonitrile [17],
fumaronitrile [18], 1,3,6-hexanetricarbonitrile [19], and
1,3,5-pentanetricarbonitrile [20], have been reported and
employed as electrolyte additives for high voltage lithium-
ion batteries.The additives can contribute to the formation
of a conductive and stable SEI layer on an anode. The nitrile
group in the additive can preferentially cooperate with the
high-valence transition metal atoms on an electrolytic cath-
ode, thereby reducing the parasitic reaction between the del-
ithiated cathode surface and electrolyte [21, 22].

Based on the above consideration, we selected 2-thio-
phenitrile as a novel high-voltage electrolyte additive for
Li/LNMO cells. The effect of electrolyte additives on the
electrochemical and physical characteristics of electrodes
was studied by linear sweep voltammetry (LSV), CV, SEM,
TEM, and XPS.

Experimental
Preparation of cells

The base electrolyte (Guangdong Canrd New Energy Tech-
nology Co., Ltd., China) consists of 1 M LiPF dissolved in a
mixed solvent (ethylene carbonate (EC) to ethyl methyl car-
bonate (EMC) to dimethyl carbonate (DMC) =(1:1:1 (v/v/v)).
Thiophene-2-carbonitrile (purity >98%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Furthermore, the CT
electrolyte was prepared by adding 0.1 and 0.2 wt% CT to the
base electrolyte. A cathode slurry consisting of LiNij sMn, 50,
(China Xingneng Co., Ltd.), conductive acetylene black,
and adhesive polyvinylidene fluoride (PVDF) was mixed in
N-methyl-2-pyrrolidone solution based on the mass ratio of
8:1:1 and stirred for 12 h. The slurry was spread evenly on the
surface of an aluminum foil and heated at 80 °C for 4 h. The
aluminum foil spread with LNMO was finally cut into a disk
of 14 mm diameter. The 2032-type coin cells with LNMO as
a cathode and lithium sheet as an anode were prepared in an
argon-filled glove box with H,0 <0.1 ppm and O, <0.1 ppm.

Electrochemical measurements

The electrochemical performance of Li/LNMO and Li/Li cells
was determined using a Neware test system at 25 °C. The Li/
LNMO cells were cycled in a voltage range of 3.5-4.95 V at
0.2 C for the first 3 cycles and then at 1 C for the subsequent
cycles. Additionally, each charge process included a constant
voltage (4.95 V) until the cut-off current was 0.1 C. Galvano-
static Li plating/stripping tests of Li//Li cells were conducted
at a current density of 0.5 mA cm™ with a plating/stripping
capacity of 0.5 mAh cm™. Furthermore, CV, linear sweep
voltammetry (LSV), and EIS were performed on a Chi660
electrochemical workstation (Shanghai Chenhua Company).
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The scan rate of CV for the Li/LNMO cell is set from 3.5 to
4.95V at arate of 0.1 mV s™!. The LSV of the “V-type” bat-
tery is scanned from open-circuit voltage to 6 V with a scan-
ning speed of 1 mV/s using platinum and lithium as working
and auxiliary/reference electrodes, respectively. The operating
frequency range of Li/LNMO cells EIS was 0.01 to 10° Hz
and the amplitude was 5 mV.

Surface characterization

The cycled LNMO electrodes and lithium foils were washed
with anhydrous DMC three times to remove salt and other
residues from the surface of the LNMO electrode and lithium
foils. The surfaces of the cycled LNMO cathodes and lithium
foils were characterized by SEM technique (TESCAN
MIRA LMS). The surface composition of the cycled LNMO
cathodes was analyzed by XPS (Thermo Scientific ESCALAB
Xi+). Furthermore, TEM (JEOL JEM 2100F) was used to
investigate the film image on the LNMO electrodes. The
crystal structure was studied by X-ray diffraction (XRD) in
the 20 range of 10-80°. The oxidation products of electrolytes
were verified by the Fourier transform infrared (FTIR, Nicolet
1S10). An inductively coupled plasma emission spectrometer
was employed to measure the deposition amount of metal ions
on lithium anodes (ICP-OES, Avio 200).

Results and discussion
Oxidation ability of CT

Figure 1 shows a linear scan curve of the electrolyte with
and without additive of CT, and it shows that the oxidation
current of the electrolyte without additive of CT starts at
approximately 5 V. However, for the electrolyte with addi-
tive CT, a significant oxidation peak appears at approxi-
mately 4.5 V, which indicates its higher oxidation activity
and preferential oxidation before electrolyte solvent decom-
position. The oxidation of CT can be more clearly visual-
ized via the CV test of LI/LNMO batteries. As shown in
Fig. 1b, a small redox peak is observed in the two samples
at approximately 4.0 V corresponding to the redox of Mn**/
Mn**, while a redox peak between 4.5 and 4.9 V is the redox
peak of Ni**/Ni**. However, an additional oxidation peak at
approximately 4.4 V appears in the electrolyte with 0.1% CT
additive, which is the oxidation signal of CT. The observa-
tion is consistent with the results of LSV.

Electrochemical performance

Figure 2a, b shows the cycle performance and the Coulomb
efficiency of Li/LNMO battery using the electrolyte with



lonics (2023) 29:1813-1821 1815
Fig.1 The LSV (a) and CV (b) 205 bos
curves of the electrolyte with
and without CT additive I L 04} am———"
0.4 —— 0.1%CT "—j
< < 02}
Eosf E L
E £ 00
@
o2 £
s =
&) © -0.2 Base
01y —0.1%CT
_,/ -0A4
0.0 : : . : . 06— , , , . . .
3.0 35 4.0 4.5 5.0 55 6.0 36 38 40 42 44 46 48 50
Potential vs (Li/Li*) /V Voltage/ V

and without CT additive at room temperature. Additionally,
the discharge-specific capacity of Li/LNMO battery using
the electrolyte without CT additive decreases from 125.83
to 55.60 mAh g~! after 300 cycles. The capacity retention
rate is only 44.18%. The sharp decline in capacity is caused
by the destruction of the electrode structure and decomposi-
tion of electrolytes under a high voltage cycle. While for the
electrolyte with 0.1% CT, the discharge-specific capacity of
the Li/LNMO battery is still 112.94 mAh g~!, and the capac-
ity retention rate is 91.2%. However, the Coulomb efficiency
and capacity retention decrease CT increases to 0.2%.
Figure 2c, d shows the evolution of charge and discharge
profiles of Li/LNMO batteries with different electrolytes.
The discharge plateau gradually decreases with the increase
in cycle times. This indicates the presence of a severe polari-
zation for the electrolyte without adding CT during cycling.

Fig.2 Cycling stability (a) and

However, the voltage curve for the electrolyte with the addi-
tion of 0.1% CT is relatively stable. This may be due to that
CT is favorable to forming the protective layer on the elec-
trode, which can inhibit the decomposition of electrolytes
effectively.

Figure 3 shows the electrochemical impedance spectra
in the electrolyte with and without CT additive after the
initial cycle and after 300 cycles in the discharge state at
room temperature. The impedance of the two electrolytes
consists of three parts. The high-frequency region of the
semicircle represents the interface impedance (R;), which is
related to the resistance of Li* passing through the electrode
surface film. The middle-frequency range of the semicircle
region represents the charge transfer impedance (R,). A lin-
ear line in the low-frequency part is the Weber impedance
(W,) [23-25].
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Fig.3 Electrochemical imped-
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Table 1 The resistance of Li/LNMO cells in the electrolyte with and
without CT the additive obtained from the Nyquist plots with equiva-
lent circuit model by Zview program

Sample After the initial cycle After the 300 cycles
RIQ R./Q RJ/Q R, IQ

Base 184.7 208.7 116.3 25.6

0.1% CT 76.6 200.0 83.71 424

The spectra are fitted using the equivalent circuit model,
which is illustrated in Fig. 3b. The detailed resistances of
the two electrolytes are summarized in Table 1 [26]. Results
indicate that the impedance of the CEI film (Ry) of the cell
with 0.1% CT additive electrolyte is always smaller than
that without CT additive electrolyte during the 300th cycle.
Additionally, the R; of the cell with 0.1% CT additive elec-
trolyte remains practically unchanged from the initial to the
300th cycle [27]. Results show that the addition of CT to the
electrolyte can reduce the impedance of the battery signifi-
cantly. This effect results from the formation of a more stable
surface layer on the surface of the LNMO cathode, and it
may be due to the participation of CT, which cannot only
inhibit the severe decomposition of the electrolyte but also
reduce the dissolution of Mn and Ni during the cycle [28].

To compare the self-discharge difference between the two
electrolytes, the self-discharge test was performed by stor-
ing the fully charged Li/LNMO battery at room temperature
for 4 days. Figure 4 displays the voltage variations during
storage of the cells employing electrolytes with and without
CT. The voltage of the charged cell employing additive-free
electrolyte drops from 4.7 to 3.1 V, while the voltage of the
charged cell-employed electrolyte with 0.1% CT additive
remains practically unchanged. Results confirm that CT can
suppress the decomposition of the electrolyte significantly.

To understand further the effect of CT on the phase stabil-
ity electrochemical tests of the Li/Li symmetric cell are con-
ducted and the results are shown in Fig. 5. The electrolyte
with 0.1% CT additive has better stability and lower polari-
zation than those of the electrolyte without CT. Specifically,
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Fig.4 Self-discharge curves of Li/LNMO charged cells stored in the
electrolyte with and without additive of CT

the polarization and fluctuation of the Li/Li symmetrical cell
with the base electrolyte appear after deposition/stripping
for approximately 160 h. This is caused by the generation
of dendrite Li, leading to an internal short circuit. However,
symmetric cells with 0.1% CT additive shows only slight
potential polarization even after 240 h of cycling, which is
ascribed to the protection of CT for Li metal [29-31].

Surface morphology and composition
characterization

The SEM and TEM images of the fresh and cycled LNMO
electrodes are displayed in Fig. 6. Clean and smooth sur-
faces can be seen on the fresh LNMO particles (Fig. 6a,
d). After 300 cycles, the particles in the base electrolyte
(Fig. 6b, e) were covered by uneven and thick (100 nm) elec-
trolyte decomposition products, which increased electrode
polarization and R; of the LNMO cathode. However, the
morphology of LNMO of the 0.1% CT additive (Fig. 6c, f)
remained smooth with only a uniform thin layer of approxi-
mately 25 nm covering the surface of LNMO.
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Fig.6 SEM and TEM images of the LNMO cathode: fresh (a)(d), after 300 cycles in the electrolyte without (b) (e) and with (¢) (f) 0.1% CT

additive

Figure 7 shows the SEM images of the lithium anode in
the electrolyte with and without 0.1% CT additive. The sur-
face morphology of fresh lithium anode is smooth and clean
(Fig. 7a). However, for the anode after 300 cycles in the base
electrolyte, the surface of the lithium anode cracks (Fig. 7b).
In contrast, the lithium anode cycled in CT-containing elec-
trolyte is flat, uniform, and dense (Fig. 7¢). The results indi-
cate that CT additive is favorable to the uniform deposition of
lithium ions, and it can suppress the growth of lithium den-
drite and can improve the interface stability of lithium anode.

The XRDs of LNMO electrodes before and after 300
cycles are shown in Fig. 8. All electrodes show typical

LNMO spinel diffraction peaks. Compared with the
sample before cycling, the peak positions and intensities
of the electrode cycled in the electrolyte without CT
additive have changed, in which the peak positions shift
toward higher angles and peak intensities become weaker.
However, the sample after cycling in the electrolyte with
0.1% CT maintained a similar diffraction pattern to the fresh
electrode samples.

Results demonstrate that the structure of LNMO particles
suffers destruction when cycling in the electrolyte without
additive of CT, while maintaining their structural stability
when cycling in the electrolyte with an additive of CT [32, 33].
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Fig. 7 SEM images of the Li anode: fresh (a), after 300 cycles in the electrolyte without (b) and with (c) 0.1% CT additive
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Figure 9 presents the FTIR spectra of LNMO electrodes
before and after 300 cycles in the electrolyte with and with-
out additive of CT. Additionally, the LNMO electrode cycled
in the electrolyte with an additive of 0.1% CT shows the aro-
matic ring vibration of polythiophene at 2921.65, 1506.91,
and 1431.02 cm™!. The peak at 869.27 cm™" is the charac-
teristic of the C-S species [34]. Results show that the oxida-
tion products of CT were deposited on the LNMO cathode
surface film.

Furthermore, Li metal was taken from Li/LNMO cells
after 300 cycles and dissolved in 3% HNO;. The ICP results
of Mn and Ni content on the Li anode in the electrolyte
with and without additive of CT are shown in Fig. 10. The
contents of Mn and Ni in the electrolyte without additive of
CT are 2.205 and 0.732 ppm, respectively. While the values
for the electrolyte with additive of 0.1% CT are 0.511 and
0.172 ppm. This suggests that the addition of CT cannot
only efficiently prevents the decomposition of the electrolyte
but also suppresses the dissolution of transition metal ions
from LNMO.

The interphase chemical composition of LNMO elec-
trodes was investigated by XPS (Fig. 11). The fresh LNMO.
electrode shows three prominent peaks in the Cls spectrum:
C—C (284.8 eV) in acetylene black, C-F (289.7 eV), and C-H
(286.3 eV) in PVDF binder. In the Ols spectrum, the peak
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Fig.9 FTIR spectra of LNMO: fresh and after 300 cycles LNMO
electrode samples

(530.05 eV) is assigned to the Me-O of LNMO and the peak
(531.4 eV) belongs to the Li,CO; of C=0 [35-37]. In the F
1 s spectrum, the peak value (688.1 eV) is attributed to C-F
in the PVDF binder[4].

After 300 cycles, two new peaks appear, including C-O
(287.5 eV) and C=0 (288.1 eV) groups. These groups can



lonics (2023) 29:1813-1821

1819
P\{DF C:PC'O C-H C;C
e 1
: R EI L
e |
8 2.0 : [ 1 1 |
©
Lo ! _A |
é ,' 1 L 1 1
A 15 ; I o I Base
S | | 1 I |
a 0 ! [ T I
2 10] i N .
q \I 1 — 1 1
S ' | | 0.1% CT
g 05 [ | I
| I |
g """""" T 1
B 0.0 1 A 1 1 ' 1 1
Mn 292 290 288 286 284 282
Binding Energy/ eV
0.1% CT
% C-0 C=0 M-O
Fig. 10 Concentrations of Mn and Ni that deposit on the Li electrode b Ols Fresh

after 300 cycles in the electrolyte without and with CT additive

be attributed to ROCO,Li and ROLi species, which result
from electrolyte decomposition on the electrode surface.
Additionally, after 300 cycles, a novel C-S peak (287.1 eV)
appears for the LNMO electrode in the electrolyte with addi-
tive of CT, which confirms the formation of polythiophene
compounds. After cycling, the LiF and PVDF peak of the
LNMO electrode with additive of 0.1% CT electrolyte is
weaker than that without additive of CT electrolyte. LiF
is an electronic insulator, and a small amount of LiF can
improve the stability of the surface film. However, excessive
LiF will lead to a significant increase in impedance, affecting
the embedding and stripping of Li™*.

Conclusions

The introduction of CT as a bifunctional electrolyte addi-
tive into Li/LNMO battery can construct stable SEI and
CEI films on the Li anode and LNMO high-voltage cathode
surface during the initial charging process. The SEM and
TEM images showed that CT could facilitate the formation
of a thin and uniform cathode electrolyte interphase film on
the electrode surface. Furthermore, XRD and XPS meas-
urements revealed that the CT-formed protection layer can
enhance the stability of the interphase effectively, prevent
further decomposition of the electrolytes and the dissolution
of transition metals, and improve the cycling performance
significantly. When a small amount of CT (0.1 wt%) is added
to the electrolyte, the capacity retention of Li/LNMO battery
increases from 44.18 to 91.2% after 300 cycles. This work
demonstrates the considerable potential of CT as a func-
tional additive in high-voltage Li-ion batteries.
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Fig. 11 XPS patterns of fresh and after 300 cycles LNMO in the elec-
trolyte with and without 0.1% CT additive: Cls (a), Ols (b), and F 1 (¢)
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