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Copper is usually used as a current collector in lithium ion batteries. Its stability is highly important in
the performance of cell. In this paper, temperature dependent degradation of copper current collector
was investigated at -20°C, 25°C and 50°C by electrochemical measurements. Scanning electron
microscopy (SEM), X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS) were used to
analyze the microstructures of corroded copper. At -20°C and 25°C, obvious pitting corrosion occurs on
the copper due to the self-catalyst of residual water. However, at 50°C, a loose layer containing a certain
amount of LiF forms on the surface of the copper and no pitting hole is observed due to the exhaustion
of the aggressive fluoride ions and the residual water.
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1. INTRODUCTION

In 1972, the concept of rechargeable lithium rocking chair batteries was proposed by Armand[1].
In recent years, lithium ion batteries have gradually been used in many portable electronic devices,
electric cars, laptops and military fields[2-5]. Typically, lithium ion batteries exhibit excellent
performances under ambient conditions. However, with the increasing of the demand of consumers,
more electric vehicles used in both colder regions and hot desert conditions, which requires the working
temperatures of battery systems between -40°C to 60°C. Usually, for lithium ions batteries, the usable
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capacity decreases and internal resistance increases at elevated temperatures or subzero temperatures
during cycling and storage[6] .Specifically, at an elevated temperature, the spontaneous decomposition
of the liquid electrolytes causes a lapse in the batteries’ operation[7-8]. At subzero temperatures, the
performance of lithium ion batteries degrades due to the low electrolyte conductivity[9], the reduced
charge transfer kinetics[10,11], the increase in the solid electrolyte interphase resistance[12,13], and the
slow solid-state lithium diffusivity[14,15]. Besides organic electrolyte, the effects of temperatures on
the multiple anodic materials, such as LizgCro3Tisg012 and CuBi»Oas, have been evaluated[16,17].
Moreover, some references have reported the influence of the separator and additive on the cycling
performance of the lithium ion battery in extreme environments[18,19].

The collector is a critical component of lithium ion batteries and its stability influences the
cycling stability of lithium ions batteries[20]. It has been demonstrated that the collectors usually suffer
corrosion at the ambient temperature of lithium ion batteries[21-22]. It is a common of view that the
different corrosion mechanisms may be favored when the electrolyte is changed. Meanwhile, the
conductivity of the electrolyte also affects the ohmic drop in potential between the anodic and cathodic
reaction sites in situations such as pitting corrosion[23] .Thus, both the decomposition of electrolyte at
an elevated temperature and the conductivity decrease of electrolyte at subzero in lithium ion battery
would cause the different corrosion processes of copper foil collector. Until now, no reports concern
about the corrosion behavior of copper foil collector in lithium ions batteries electrolyte at extreme
conditions.

In this paper, the corrosion performance of copper in lithium ion batteries electrolyte at different
temperatures have been investigated by electrochemical methods aiming to evaluate the chemical
stability of copper foil collector at the extreme working conditions.

2. EXPERIMENTAL

Commercial T1 copper (99.95% purity) was chosen as raw material. The specimens with the size
of 10 mm*5mm*5 mm were cut from the bulk. All of the experimental measurements were conducted
in an electrolyte containing 1 mol/L LiPFs in a mixture of dimethyl carbonate (DMC), ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) (1:1:1) at -20°C, 25°C and 50°C, the residual water content of
electrolyte was about 20 ppm. The containers for the organic electrolyte of lithium ions batteries were
the polytetrafluoroethylene beakers and they were sealed by the rubber covers with a proper size to avoid
oxygen ingress. In a glove box, the electrolyte of lithium batteries was poured into the beaker.
Furthermore, a sealing tape was wrapped along the interface of the beak and the rubber cover to ensure
the setup was well sealed.

All of the electrochemical measurements were conducted with a conventional three-electrode
system with a copper sheet as the counter-electrode and a silver sheet as the reference electrode. The
copper specimens, connected with copper wires by welding, were coated with epoxy resin with the
exposed area 50mm?, and then were polished successively with 2000 emery paper, cleaned in distilled
water and degreased in acetone, which are used as working electrode in the electrochemical experiments.
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Electrochemical impedance spectroscopy (EIS) tests were conducted with a Zahner (Zennum)
Potentiostat/Galvanostat in lithium ion batteries electrolyte. The electrochemical impedance
measurement range was selected in the range of 0.01 Hz-100 kHz, with an amplitude of 10 mV for the
input sine wave voltage. Potentiodynamic polarization was performed at a potential scanning rate of 60
mV-min~from -250mV versus open circuit potential. For reproducibility, three specimens were used in
the three distinct reproduced measurements.

The corroded samples were cleaned with de-ionized water and dried after corrosion testing. The
surface morphologies of the specimens after the immersion tests were examined by a scanning electron
microscopy (SEM) system (Quanta FEG 250, America). Analyses of the corrosion products and
elemental compositions were examined by energy dispersive spectroscopy (EDS). The constituent
phases of the particular corrosion products were identified through X-ray diffraction (XRD) analysis
(Bruker D8 advance, Germany).

3. RESULTS AND DISCUSSION

3.1 Characteristic of the surface morphology

Figure 1 shows the surface morphologies of the copper sheets after immersion in the electrolyte
at different temperatures. The high magnitude images of the red dashed loops in Figure 1 a and c are
labeled as 1, 3 and 4. Figure 2 shows the corresponding EDS in the zone of 1, 2 and 3 and XRD analysis
of the zone 4. A certain number of pits with a diameter of approximately 2um on the surface of the
copper after immersion in electrolyte at -20°C for 720h (as shown in Figure 1a). C, O, F and P can be
detected in the pitting holes, indicating that corrosion products are mainly composed of copper oxides
and copper fluorides. For the copper corroded in the electrolyte at 25°C, as shown in Figure 1b, some
enlarged pitting holes and micro-cracks can be observed in the corrosion product layer, which is
consistent with that reported by Shu[21]. The elemental composition in the pitting holes is similar to that
corroded at -20°C.

However, when the temperature of electrolyte was elevated to 50°C, the corroded copper was
partly covered by a loose corrosion product film. The corresponding XRD pattern of the products (as
shown in Figure 2) shows that all the diffraction peaks can be indexed to LiF. Meanwhile, it could be
observed that some tiny particles distribute on the blank zone, according to its high magnitude image as
shown in Figure 1. Interestingly, the pit holes are not visible on the specimens corroded at 50°C. That
is, copper immersed in the electrolyte at 50°C suffers a different corrosion process. The specific
corrosion mechanisms will be elaborated in the following sections.
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Figure 1. Surface morphologies of copper immersed in the electrolyte at (a)-20°C, (b) 25°C [21] and (c) 50°C
for 720 h
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Figure 2. EDS analysis of copper immersed in the electrolyte (1) -20°C (2) 25°C[21](3) 50°C (4 )XRD
analysis

3.2 Corrosion behavior of copper in lithium ion batteries electrolyte at different temperatures

3.2.1 Potentiodynamic polarisation curves

The potentiodynamic curves for copper after being immersed for 3 h at -20°C, 25°C and 50°C
are shown in Figure 3. The copper specimens suffer from active dissolution in the electrolyte at free
corrosion potential at all temperatures. The corrosion potential is 43mV, -97mV and 5mV at -20°C, 25°C
and 50°C, respectively. The corrosion potential at -20°C is significantly higher than that at 25 °C, which
is explainable according to Nernst equation. The higher potential value at 50°C is related to the
composition variation of electrolyte during corrosion at an elevated temperature, which can be proved
by the visible expansion of rubber cover for sealing. The analysis about that will be presented in the
latter section. The corrosion current densities of samples corroded in electrolyte for 3 h at -20°C, 25°C
and 50°C are 0.072 pA.cm?, 0.107 pA.cm™ and 6.91 pA.cm?, respectively. According to Arrhenius
equation, an elevated temperature caused a higher reaction rate constant during the electrochemical
corrosion processes, as well as an increasing corrosion current density[24]. On the other hand, the
variation of composition of electrolyte may promote the corrosion of copper.
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Figure 3. Potentiodynamic curves of copper after being immersed in the electrolyte for 3 h at different
temperatures

3.2.2 Electrochemical impedance spectroscopy
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Figure 4. Nyquist and Bode plots for the copper in electrolyte at (a, b) -20°C (c, d) 25°C (e, ) 50°C
with prolonged immersion time

Figure 4 shows the typical Nyquist and Bode plots for the corrosion of copper in the electrolyte
of the Li-ions batteries for different exposure time at different temperatures. All impedance spectrum
exhibit a similar characteristic, which consists of two indistinguishable depressed capacitive loops. The
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capacitive loop in high frequency region is related to the corrosion product film on the copper, while the
loop in low frequency region is related to the charge transfer resistance at the interface the electrolyte
and copper.

At -20°C, the capacitive loops contract significantly from 3 h to 150 h and then keep stable. The
contraction of the loops corresponds to an increasing corrosion rate of copper, as shown in Figure 4 a
and b. Compared with the specimens corroded at -20°C, the total impedance of copper in the electrolyte
at 25°C decreases approximately one order of magnitude, indicating an increasing corrosion rate. It is
noted that the capacitive loops expanded significantly from 3 h to 24 h which also correlates to the
formation of a protective film on the surface of the copper at the initial stage. This is consistent with the
results that reported by Shu[21]. The capacitive loops decreased gradually until a 720 h immersion in
the electrolyte.

As shown in Figure 4 e, the capacitive loops contract significantly after the copper corroded for
360 h in the electrolyte at 50°C. The impedance decreases about one order of magnitude compared with
that corroded in the electrolyte at 25°C. Moreover, it could be observed that the rubber sealing cover of
container was expanded after immersion about 480 h. This may correlate with the emission of the gas
for the decomposition of the electrolyte at an elevated temperature[25].

The impedance behavior could be described by the equivalent circuit shown in Figure 5. In this
equivalent circuit, Rs is the resistance of the electrolyte, Qris the capacitance of the corrosion product
layer, and Rt represents the pore resistance of the corrosion product that forms on the surface of the
copper. Additionally, Rtand Qa represent the charge transfer resistance and the double layer capacitance.
In the fitting procedure, both Cr and Cq were replaced with constant phase element (CPE) Qs and Qai,
respectively.

The complex impedance of the CPE can be defined by Equation 1[26-29]:

Zepe = (j)” 1)

where Y is the CPE, j is the imaginary unit (square = —1), ® is the angular frequency (o = 2xf, f
is the frequency) of the AC voltage applied to the electrolyte cell, and n represents the deviation of the
ideal capacitance behavior.
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Figure 5. Equivalent circuit used to fit the EIS diagrams for copper in the electrolyte

Figure 6 shows the variation of the fitted values for Rf and R: of copper versus time in the
electrolyte at different temperatures. The value of Rf and R; obtained from the impedance of copper
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corroded at -20°C are significantly greater than those obtained at 25°C and 50°C. Rfand Rt of impedance
spectroscopy for the corrosion of copper at -20°C and 25°C increase significantly after immersion for
24 h, indicating that a dense and protective film forms on the copper.
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Figure 6. The fitted (a)Rrand (b) Rt at different temperatures for the corrosion of copper in the electrolyte

Rs refers to the solution resistance of the electrolyte. Scantlebury demonstrated that the resistance
of the electrolyte solution (Rs) decreases uniformly as the solution conductance increased and its actual
values agree well with the resistance calculated for the solutions[30]. The temperature influences the
stability of the solution, as well as its conductivity. In this work, Rs is used to reflect the chemical stability
and conductivity of the electrolyte at different temperatures. Figure 7 shows the variation of Rs obtained
from EIS at -20°C, 25°C and 50°C for the total immersion time. It was observed that Rs at -20°C is much
higher than the others, indicating an decreased solution conductivity. The pitting propagation rate is
associated with the ohmic drop in potential between the cathodic and anodic reaction sites in situation.?®
The lower conductivity of electrolyte signifies the greater ohmic resistance, which retards the
developments of pitting holes. Therefore, it could be observed that the pitting corrosion on the surface
of copper at -20°C is slighter than that at 25°C, as shown in Figure 1.

Rs obtained at 25°C almost stays constant at approximately 75 ohm.cm? until a 720 h-immersion,
which indicates an excellent stability of the electrolyte at ambient temperatures. In contrast, Rs obtained
from the electrolyte at 50°C increases gradually from 96 h until 480 h, which suggests that the
composition alter at 50°C due to the decomposition of electrolyte. The visible expansion of the sealing
rubber after immersion for 480 h also proves that a certain amount of gas was produced due to the
decomposition of the electrolyte at an elevated temperature. Considering that there may exist a slight air
leak, the experiments were halted after immersion for 480 h.
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Figure 7. The fitted Rs at different temperatures for the corrosion of copper in the electrolyte

The trace amount of water in the nonaqueous electrolytes of LIBs has an significantly negative
impact on the electrochemical performance of the batteries due to the reduction at the anode to generate
H> and oxidization at cathode to release O2[31]. Besides that, the residual water has high reactivity with
the commonly used LiPFg salt to produce HF in the electrolyte. The reactions are as follows[32]:

LiPF, <> LiF { +PF, T )
PFs+H,0—POFs+2HF (3)

According to chemical thermodynamics, copper can hardly be corroded in the deoxygenated
acid solution since copper cannot replace hydrogen from acid solutions. However, in this work, copper
could be oxidized by the trace amount of water in the organic electrolyte of a lithium ion battery with
the formation of CuOx. Alternatively, HF reacts with CuOx with the production of H>O and CuF.

Subsequently, the generated water at the local attacked zone resumed reacting with the
underlying bare copper. Simultaneously, it also promotes the decomposition of PFs around the defects
and produce HF, which results in the further dissolution of copper oxides at the attacked zone. It can be
assumed that the water at the local attacked zone causes the local corrosion as self-catalyst and facilitate
the pit propagation. Thus, obvious pitting holes could be observed on the copper that was corroded at -
20°C and 25°C in the electrolyte for 480h.

In contrast, a thick layer is observed on the surface of copper and no pitting holes are not observed
on the samples that corroded in the electrolyte at 50°C. The obvious variation of solution resistance
during the total immersion time and the gas release proves that the electrolyte decompose spontaneously
at an elevated temperature. The relevant reactions are as follows[25,33]:

2CH,0COO0C,H, (EMC) <> CH,0C0O,CH,(DMC) + C,H,,0, (DEC) (4)
EMC+PF, — PF,OH+CO, T +C,H,F (5)
DEC+PF, — PF,OH+CO, T +C,HF (6)

Simultaneously, Li* in the batteries could react with DEC and DMC, forming compounds
containing Li.COs. Li2COgz subsequently reacts with PFs or HF stemming from the hydrolysis of PFs and
generates LiF and CO.[34]. The possible reactions are expressed as follows[35-36]:

DMC +H,0+ e + Li* — Li,CO,+CH, T (7)

EC + e + Li" — LiOCO,CH,CH,0CO,Li+C,H, T (8)
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Li,CO,+PF, — LiFl +CO, T+PFO T 9
Li,CO,+HF — LiF{ +CO, T +H,0 (10)
Li,CO,+PF,0 — LiF { +CO, T +PFO, 1 (11)

The above-mentioned reactions could explain that a loose layer that contains a certain amount of
LiF forms on the surface of the specimens at 50°C and some gas released after 480 h immersion in the
electrolyte. As shown in Eq.(7), water reacts with DMC and Li* and produces Li»CQOs, which restrains
the oxidation of copper by the residual water in the electrolyte. Meanwhile, the consumption of fluorine
element on the surface of copper, as shown in Eq.(9)-(11), also depresses the local corrosion of copper.
These reactions could explain that no obvious pitting holes are observed on the copper that exposed to
the electrolyte at 50°C.

4. CONCLUSIONS

In this paper, the corrosion performance of copper foil collectors in lithium ion battery
electrolytes at -20°C, 25°C and 50°C were studied by electrochemical method. Corrosion pits can be
observed on the surface of copper corroded in the electrolyte at -20°C and 25°C. No pitting holes were
observed when copper corrodes in the electrolyte at 50°C and a thick layer containing a certain amount
of LiF formed on the specimens. Corrosion current density of copper immersed in the electrolyte
enhances with the increase of temperature, indicating an increasing corrosion rate. EIS results shows
that the solution resistance at -20°C is significantly higher than that at 25°C. The decomposition of the
electrolyte at 50°C contributes to the increase of electrolyte resistance with an extension of the
immersion time. The self-catalyst effects of water at the local zone promotes the pit propagation, which
results in the formation of pitting holes on the samples corroded at -20°C and 25°C. The exhaustion of
water and fluorine ions during the decomposition of electrolyte were inclined to depress the local
corrosion of copper that exposed to the electrolyte at 50°C.
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