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Abstract: The construction of a thin, uniform, and robust solid electrolyte interphase (SEI) film on the
surface of active materials is pivotal for enhancing the overall performance of lithium-ion batteries
(LiBs). However, conventional electrolytes often fail to achieve the desired SEI characteristics. In this
work, we introduced 1,3,6-hexanetrinitrile (HTCN) in the baseline electrolyte (BE) of 1.0 M LiPF6 in
Ethylene Carbonate/Dimethyl Carbonate (EC/DMC) (3:7 by volume) with 5 wt.% fluoroethylene
carbonate (FEC), denoted as BE-FH. By systematically investigating the influence of FEC: HTCN
weight ratios on the electrochemical performance of graphite anodes, we identified an optimal compo-
sition (FEC:HTCN = 5:4 by weight, denoted as BE-FH54) that demonstrated greatly improved initial
Coulombic efficiency, rate capability, and cycling stability compared with the baseline electrolyte.
Deviations from the optimal FEC:HTCN ratio resulted in the formation of either small cracks or
excessively thick SEI layers. The enhanced performance of BE-FH54-based LiB is mainly ascribed to
the synergistic effect of FEC and HTCN in forming a robust, thin, homogeneous, and ion-conducting
SEI. This research highlights the importance of rational electrolyte design in enhancing the electro-
chemical performance of graphite anodes in LiBs and provides insights into the role of nitrile-based
additives in modulating the SEI properties.

Keywords: solid electrolyte interphase; lithium-ion battery; 1,3,6-hexanetrinitrile; graphite electrode;
performance

1. Introduction

With the rapid development of society, the demand for higher performance lithium-ion
batteries (LiBs) has reached unprecedented levels [1,2], driven by the increasing adoption
of new energy vehicles [3], portable communication devices [4,5], energy storage stations,
etc. [5,6]. Consequently, battery research and application have become prominent top-
ics [7,8]. Over the past decades, electrode-active materials have been recognized as crucial
components in LiBs, with extensive research focused on metals and their oxide counter-
parts as anodes, such as silicon [9,10], cobalt oxide, and iron trioxide [11], due to their
high specific theoretical capacity [12,13]. However, despite the advantages, commercial
batteries predominantly utilize traditional graphite as the anode material due to its low
cost [14,15], wide availability, abundant reserves [16], stable voltage profile, high initial
charge–discharge Coulombic efficiency, and stable cycling performance [17–19]. Neverthe-
less, graphite often suffers from drawbacks during battery cycling, such as the formation of
an uneven and unstable solid electrolyte interphase (SEI) layer, leading to the issues like
graphite exfoliation, structural degradation, and rapid capacity fade. Consequently, this
affects the rate performance and cycling stability of LiBs [20]. Therefore, optimization of
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the SEI film formed at the graphite anode during the initial cycles is considered a simple
and effective approach to enhance the battery performance [21,22].

The composition of the electrolyte in the LiBs commonly consists of lithium salts and
organic carbonates and plays a crucial role in determining the performance of graphite
electrodes [23,24]. Upon the initial lithium-ion insertion, a portion of the electrolyte de-
composes to form a SEI film [25–27]. This SEI film is thin in thickness, which effectively
prevents further electrolyte degradation and preserves the integrity of the graphite elec-
trode, mitigating issues such as exfoliation and cracking [28]. Currently, carbonate-based
electrolytes, particularly containing ethylene carbonate (EC), diethyl carbonate (DEC),
fluoroethylene carbonate (FEC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC),
etc., are widely used in commercial LiBs, which are also leading the mainstream market of
the LiBs. However, during the initial charge/discharge reaction, irreversible capacity decay
occurs concurrently with SEI layer formation [29,30]. Moreover, the structure and compo-
sition of the SEI layer formed by commercial carbonate electrolytes undergo detrimental
changes during extended cycling, leading to increased SEI thickness, impeded Li+ transfer,
and elevated impedance in LiBs. To address these challenges and establish a stable and
uniform thin SEI layer on the graphite anode, various additives have been proposed to
suppress the decomposition of carbonate electrolytes [31,32].

Fluorine-containing additives, such as FEC molecules, have shown promise in enhanc-
ing the properties of the SEI layer when incorporated into conventional electrolytes like
LiPF6/EC/DMC electrolytes [33–35]. Quantum chemical calculations have highlighted the
role of reduced FEC in promoting the formation of a high-performance SEI layer on the
negative electrode surface. However, it should be acknowledged that negligible variability
in SEI layer formation has been observed in previous studies [36–38]. Furthermore, the
increase in SEI layer thickness during subsequent charge and discharge cycles cannot be
overlooked, as it contributes to increased resistance and capacity fade over time. Therefore,
understanding and exploring efficient additives to optimize the SEI layer dynamics is
crucial for improving LIB performance and longevity [39–42].

In this work, we introduced a precise ratio of FEC and 1,3,6-hexanetrinitrile (HTCN)
as dual additives in a 1.0 M LiPF6 electrolyte with EC/DMC (3:7 by volume) to enhance
the uniformity and stability of the SEI layer during the initial cycles of LiBs (Scheme 1).
Through a series of comprehensive experiments, it was systematically examined that an
optimistic FEC/HTCN ratio of 5:4 demonstrated notable advancements in battery cycling
performance, capacity retention, and lowered the cell impedance. The reaction mechanism
of the LiBs was investigated via ex situ X-ray photo electron spectroscopy (XPS) and
scanning electron microscopy (SEM) in detail. With the assistance of HTCN, the formation
of an ultrathin and homogeneous SEI film on the graphite anode and increased amount of
HTCN would result in a thick SEI layer, while lowering the amount would lead to cracking
of SEI at the electrode surface. Our findings underscore the significance of fine-tuning
electrolyte composition for optimizing battery performance. By strategically integrating
FEC and HTCN additives, we not only achieved enhanced SEI layer uniformity and stability
but also mitigated detrimental microstructural changes during battery operation. This
approach presents a promising avenue for advancing the development of high-performance
lithium-ion batteries with improved efficiency and longevity.
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graphite electrode.

2. Experimental Materials and Methods
2.1. Materials and Agents

An amount of 1.0 M of LiPF6 in EC/DMC (3:7 by volume) solvent with 5.0 wt.% of
FEC was purchased from Dodo Chemical Technology Co., Ltd. (Suzhou, China); HTCN
was purchased from Aladdin Chemical Reagent Co., Ltd. (Suzhou, China) at ≥98% grade,
and used without further purification; polyvinylidene fluoride (PVDF) was purchased
from Arkema Co., Ltd. (Paris, France) at ≥99.5% grade; N-methyl pyrrolidone (NMP)
was purchased from Sinopharm Chemical Reagent Co., Ltd. (Suzhou, China) at analytical
grade; copper foil was bought from Cyber Electrochemical Materials Network Co., Ltd.
(Tokyo, Japan) with a thickness of 0.1 mm; commercial graphite powder was purchased
from Canrd Materials Co., Ltd. (Guangdong, China).

2.2. Preparation of the Electrolyte

An amount of 1.0 M of LiPF6 in EC/DMC (3:7 by volume) with 5.0 wt.% FEC was
adopted as the baseline electrolyte (BE). Afterwards, 0.02 g, 0.04 g, and 0.06 g of HTCN were
separately added to sealed aluminum vials containing 1 g of BE electrolyte, and then left
to stand at room temperature for 12 h to form the LiPF6-EC/DEC-FEC/HTCN electrolyte
systems, denoted as BE-FH52, BE-FH54, and BE-FH56, respectively. The electrolytes were
prepared and placed in a highly pure argon-filled glove box with water and oxygen contents
of less than 0.1 ppm.

2.3. Preparation of the Graphite Based Electrode

Firstly, 80 mg of commercial graphite powder was placed in an agate mortar and
ground for 30 min. Subsequently, 10 mg of PVDF binder and 10 mg of carbon black were
added to the mortar and ground for an additional 30 min. After thorough mixing, an
appropriate amount of NMP solvent was introduced and the mixture was continuously
ground to achieve a homogeneous slurry. This slurry was then coated onto copper foil and
dried in a vacuum oven at 80 ◦C for 8 h. After cooling to room temperature, the active
graphite-coated sheet was cut into circular electrodes with a diameter of 13 mm.

2.4. Material Characterization

The morphology and micro-structure of the as-prepared electrodes after 10th cycling
in LiBs were characterized by SEM ((Tokyo, Japan), JSM-IT500) equipped with energy
dispersive X-ray spectroscopy (EDX, Oxford, UK). X-ray photoelectron spectroscopy (XPS)
analysis was performed on the AXIS-ULTRADLD-600W X-ray photoelectron spectrometer
(Falconbridge, ON, Canada) to study the evolution of species on the SEI of the electrodes.
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2.5. Electrochemical Characterization

LiBs were assembled in an argon glove box with H2O and O2 levels below 1 ppm. In
detail, the as-prepared graphite circular electrodes were served as cathode and lithium
foil as the anode, Celgard 2325 (Canrd Materials Co., Ltd., Guangdong, China) as the
separator, and BE-FH as the electrolyte. Discharge/charge performance was performed
at a voltage window from 0.001 to 3.00 V using a Neware battery testing system. As for
the rate performance test, the charge/discharge rate was as follows: 0.2 C, 0.5 C, 1.0 C,
1.5 C, and 1.0 C for every 5 cycles, and then cycled at 1.0 C for another 15 cycles. Cyclic
voltammetry (CV) curves were carried out by applying a multichannel electrochemical
workstation (CHI1060, CH instruments, Shanghai, China) between the voltage window
of 0.01–3.0 V (vs. Li+/Li) at a scan rate of 0.1 mV/s. Linear scanning voltammetry (LSV)
curves were measured at a voltage window between 0.0 V and 5.5 V (vs. Li+/Li) at a
scanning rate of 5 mV/s. The electrochemical impedances of the batteries were measured
on an electrochemical workstation (CHI760E, CH instruments, Shanghai, China). The
frequency was set from 1 Hz to 100,000 Hz with the potential amplitude of 5 mV.

3. Results

To study the impact of the BE-FH mixed electrolyte system on the SEI of the graphite
anode, a series of tests were conducted. Initially, CV experiments were performed in the
range at a voltage window of 0.01–3.0 V to study redox properties of the LiBs with different
concentrations of HTCN and FEC additives. Figure 1a illustrates the initial six cycles of
CV curves by using BE as the electrolyte. It can be seen that only a reduction current
peak and a oxidation peak were observed at potential of approximately 0.02 V and 0.26 V,
demonstrating the redox reaction of decomposition of the BE electrolytes to form lithium
alkyl carbonate species/lithium insertion into a graphite layer and the desertion of Li+

from graphite, respectively [43]. Apparently, by adding different percentages of HTCN
into the BE, extra reduction and oxidation peaks were observed (Figure 1b–d). According
to previous research, the reduction peak at potential of 0.6 V corresponds to the partial
decomposition of electrolytes, which results in the formation of the SEI film aiding in the
organic component of the SEI film formation—both processes occurring only during the
initial cycling period and absent in subsequent cycles [44,45], while the reduction peak at
0.02 V corresponds to the lithium insertion into graphite layer. These results indicate that
the formation of the SEI film primarily occurs during the first scan cycle. It is notable that
an extra reduction peak at 2.2 V can be shown when increasing the addition of HTCN to
6.0%, which can be explained by the formation of other reduction species on the surface of
graphite, which would largely increase the thickness of the SEI, is suspected to inhibit the
dynamics of the battery. Comparatively, the BE-FH54-based LiB showed almost overlapped
CV curves in subsequent cycles, indicating a highly stable SEI film, which is beneficial to
exhibit excellent battery performance, especially cycling stability.

The electrochemical stability of the electrolyte in the working window plays an im-
portant role in influencing the overall performance of the battery. Therefore, exploring
additives with stable chemical/electrochemical properties is significant. The electrochemi-
cal stability of the as-prepared electrolytes was studied via LSV measurements by designing
an LiB with bare copper foil at the cathode. As can be seen from Figure 2a, the BE-FH54-
based LiB can be stabilized in a very wide voltage range of 1.45–4.30 V compared to BE
(1.50–3.15 V), while polarization was more likely to occur outside the voltage window.
As anticipated and verified, the presence of mixed additives (FEC+HTCN) sufficiently
stabilized against the oxidation of the electrolyte. To investigate cycling performance under
different discharge and charge rates, rate performance tests were conducted, which can
be seen in Figure 2b. In detail, the capacities of BE-FH54-based LiB at current densities of
0.2 C, 0.5 C, 1.0 C, and 1.5 C were observed to be 328.1 mAh/g, 303.5 mAh/g, 286.3 mAh/g,
and 245.6 mAh/g, respectively. The values were significantly higher compared to those of
BE-, BE-FH52-, and BE-FH56-based LiB counterparts, which highlighted the crucial role
of appropriate amount of the mixed electrolyte additive system (BE-FH54) in regulating
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capacities at different rates. Moreover, the rate performance was repeatable, and the ca-
pacities showed a negligible change at different rates. It is worth noting that there exists a
delicate balance between FEC additives and HTCN additives concerning electrode cycling
performance as well as rate performance aspects.
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Figure 2. (a) LSV curves of BE- and BE-FH54-based LiBs at a scan rate 1 mV/s with a voltage window
of 0–5.5 V; (b) rate performance of BE-, BE-FH52-, BE-FH54-, and BE-FH56-based LiBs; (c) the 1st,
2nd, 10th, 20th, 30th, and 60th discharge/charge curves of BE-, BE-FH52-, BE-FH54-, and BE-FH56-
based LiBs; (d) cycling stability test of BE-FH54-based LiB at rate of 2.0 C.

Given the exceptional multiplication rate performance exhibited by BE-FH54, its long-
term cycling performance emerges as a key parameter with significant implications for
practical applications. As shown in Figure 2c, the four LiBs with BE, BE-FH52, BE-FH54,
and BE-FH56 electrolytes showed discharge/charge curves at 0.1 C, in which BE-FH56-
based LiB demonstrated the highest initial discharge capacity of 411.7 mAh/g (Table 1) with
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a first-cycle Coulomb efficiency of 83.9%, but decayed fast with only 92.0 mAh/g left after
60 cycles. The BE-FH54-based LiB showed as initial discharge capacity of 366.7 mAh/g with
an initial Coulomb efficiency of 89.0%. The initial capacity was listed at the second place,
but the initial Coulomb efficiency value was the highest, demonstrating the synergistic
effect of FEC and HTCN in constructing a stable, thin SEI. In addition, the BE-FH54-based
LiB maintained discharge and charge capacities of 296.16 mAh/g and 288.1 mAh/g after
the 60th cycle, respectively, with an 89.0% capacity retention rate. Comparatively, the BE-
FH52 and BE-based LiBs demonstrated a relatively high initial capacity but much inferior
Coulomb efficiency and capacity retention. Considering the excellent cycling performance
of BE-FH54-based LiB, the cycling performance at higher rates of 2.0 C were conducted. As
illustrated in Figure 2d, BE-FH54-based LiB exhibited a stable capacity of ~196 mAh/g over
100 cycles, with a capacity retention rate of 78.4%. The Coulombic efficiency throughout
the process remained around 100%, demonstrating the exceptional cycling performance.
Therefore, it can be speculated that the BE-FH54 electrolyte positively contributes to the
uniformity and stability of the SEI film, thereby enhancing the overall performance of LiBs.
Compared to the recent published literature related to organic modified electrolytes in
LiBs by applying graphite as the electrode, the capacity of HTCN-FEC-based BE-FH54 LiB
takes the top spot (Table S2). It should be noted that the HTCN-FEC features micro-toxicity
properties and low costs relative to other listed organic additives, which has potential
application in energy storage.

Table 1. Discharge/charge capacities of BE-, BE-FH52-, BE-FH54-, and BE-FH56-based LiBs at 0.1 C.

Sample IDC ICC DC after
60th Cycle

CC after
60th Cycle ICE CE after

60th Cycle

BE 353.6 mAh/g 277.3 mAh/g 98.6 mAh/g 96.3 mAh/g 78.4% 97.6%
BE-FH52 366.0 mAh/g 237.6 mAh/g 179.7 mAh/g 177.9 mAh/g 64.9% 98.9%
BE-FH54 366.7 mAh/g 326.4 mAh/g 296.16 mAh/g 288.1 mAh/g 89.0% 97.3%
BE-FH56 411.7 mAh/g 345.4 mAh/g 106.6 mAh/g 104.2 mAh/g 83.8% 97.7%

Note: IDC, ICC, DC, CC, ICE, and CE present the initial discharge capacity, initial charge capacity, discharge
capacity, charge capacity, initial Coulombic efficiency, and Coulombic efficiency, respectively.

Despite the battery performance, reaction kinetics are also significant for better un-
derstanding the cycling mechanisms of the as-prepared LiBs. On this basis, we delved
deeper into the electrochemical kinetics of these electrolyte systems using electrochemical
impedance spectroscopy (EIS). As illustrated from the Nyquist plot of Figure 3a, each curve
exhibited a distinct diameter of semicircles and oblique straight lines, indicative of different
charge transfer and Li+ diffusion processes. Upon careful fitting by using an equivalent
circuit (Figure S1), the diameter of the high-frequency semicircle was found to be directly
correlated with the charge transfer resistance (Rct) at the electrode–electrolyte interphase.
To quantify these observations, the specific Rct values were extracted and presented in
the histograms of Figure 3b. Remarkably, the Rct of the BE-FH54-based LiB (26.79 ohms)
was significantly lower compared to BE (77.99 ohms), BE-FH52 (30.17 ohms), and BE-
FH56 (31.49 ohms). This conclusion aligns with the electrochemical trends described in
Figure 2b,d. Specifically, the Li+ diffusion rate of BE-FH54 was notably higher than that of
other samples, further demonstrating the coordinated regulation of the SEI film by FEC and
HTCN additives (Figure 3c,d). It should be noted that the thickness of SEI was in line with
the Li+ diffusion rate. Thus, by applying BE-FH54 as electrolytes, it is speculated that the
graphite electrode has a very thin and uniform SEI layer, while increasing or decreasing the
proportion of HTCN would cause poor Li+ diffusion kinetics by forming an inappropriate
SEI. These findings not only deepen our understanding of potential electrochemical mecha-
nisms but also underscore the efficacy of customized electrolyte formulations in enhancing
battery performance.
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The surface morphology of the electrodes was characterized by SEM at a discharge/charge
rate of 0.1 C for 10 cycles. As shown in Figure 4a, a large number of cracks appeared on the
graphite electrode surface of the BE electrolyte-based LiB, indicating the fragile property of the
SEI, while the large magnification SEM image (Figure 4b) further confirmed the severe cracks,
which adversely affected the cycling performance of the LiBs. The crack showed obvious healing
after adding HTCN into the electrolyte (BE-FH52), but small cracks can still be clarified (yellow
arrows in Figure 4c,d). The graphite electrode showed a smooth surface and indistinguishable
cracks by applying BE-FH54 as the electrolyte (Figure 4e,f), but the surface of the graphite
electrode showed a thick coverage of species by further increasing the proportions of HTCN,
which may be the main reason of large Li+ diffusion resistance. Therefore, appropriate HTCN
content in the electrolytes is essential to regulate the thickness and mechanical properties of
the SEI. Concurrently, the EDX characterization was performed, and corresponding relative
atomic percentages of C, O, and F were drawn, as shown in Table S1. As illustrated, the atomic
F content gradually decreased with the increasing addition of the HTCN additive, initially
demonstrating the existence of HTCN derivatives at the SEI.

To analyze the composition of interfacial layers at the graphite negative electrodes,
as well as comprehend their impact on electrochemical performance, XPS spectra of LiBs
cycled in different electrolytes were obtained after the fifth cycle, as depicted in Figure 5. In
the high-resolution C 1s spectra of Figure 5a, five major peaks were identified. After being
fitted according to previous research, the peaks at -CF2-CH2 (~290.5 eV) and -CH2-CF2
(~285.6 eV) can be attributed to polyvinylidene difluoride (PVDF) binders [46]. And the
constituent at ~288.2 eV is assigned to O-C-O/C=O species from the conductivity medium
carbon black. The peak at ~284.7 eV is from the C-C/C-H group, while the feature at
284.2 eV can be attributed to the sp2 hybridized C=C bonds in the FEC. The high-peak
intensity of C=C bonds demonstrated that the FEC-derived C=C species was the main
composition of SEI. The corresponding bonds were also observed in the fitting spectra
of O 1s in Figure 5b at 531 eV (C-O) and 532.5 eV (C=O) [46,47]. Furthermore, it was
found that LiB with the BE electrolyte exhibited higher intensities of C-O and C=O peaks
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compared to those with the BE-FH electrolyte; and their intensities gradually decreased
with the increasing amount of HTCN, indicating that this co-addition of electrolyte can
effectively inhibit electrolyte decomposition while improving battery performance. In
the F 1s spectra, we observed a significantly stronger presence of LiF (685.5 eV) of the
BE-based LiB, indicating that LiF was the main component of the SEI by decomposition
of lithium salts and FEC. Upon addition of the hybrid additives of FEC and HTCN, a
notable reduction in LiF, LixPOyFz (≈685.8 eV), and LixPFy(≈687.6 eV) contents with a
gradually increasing amount of R-CN species is obvious (Figure 5c,d), demonstrating
that the decomposition species from the solvents, FEC, and HTCN formed the main
components of SEI for the BE-FH LiBs, and meanwhile, implying that the synergistic effect
of FEC and HTCN optimized the SEI at the surface of the graphite electrode. The C≡N
in HTCN molecule has a strong coordination ability with Li+, enabling the formation of
stable complexes, which are beneficial to enhance the Li+ diffusion by forming SEI [48].
Thus, when coupled with the FEC, a high-balanced SEI contributed to the excellent rate
performance and cycling stability of the LiBs [48–50].
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4. Conclusions

In summary, a series of 1.0 M LiPF6 in EC/DMC (3:7 by volume) electrolytes with
different proportions of FEC and HTCN additives were successfully prepared. In terms of
the electrochemical measurements, the BE-FH54-based LiB outperformed BE-, BE-FH52-
, and BE-FH56-based LiBs with excellent initial Coulombic efficiency (89.0% at 0.1 C),
rate performance, and capacity retention (78.4% even at 2.0 C after 100 cycles). The SEM
characterization demonstrated the thin and uniform properties of SEI formed by using
BE-FH54 as the electrolyte, while the bare BE-based LiB showed obvious cracks at the
surface of the electrode. Moreover, the higher or lower the FEC:HTCN proportion resulted
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in small cracks and a thick SEI, respectively. The XPS measurements revealed the main
components of the SEI for the different BE-FH-based LiBs, and elucidated the synergistic
effect of FEC and HTCN, by forming a thin, uniform, and stable SEI assisted with the EIS
and SEM results. The research presents methods to enhance battery performance from the
electrolyte modification strategy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/en17133331/s1: Figure S1: Electrical equivalent circuit models
for fitting the EIS response of the electrodes and the corresponding equations; Table S1: The relative
atomic content of C, O and F at the graphite electrode by applying different electrolytes after 10th cycle;
Table S2: Comparison of different additives applied to graphite anode of LiBs on the performance,
toxicity/environmental and costs implications. Refs. [51–55] are cited in Supplementary Materials.
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