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The effects of current collectors on the electrochemical performance of FeS, electrode have been
investigated by applying three types of current collectors, including an Al foil, a Cu foil and a Ni foil.
The results show that Ni current collector can greatly improve the discharge capacity and cycle ability
of FeS, electrode compared to the Al current collector. Cyclic voltammetry and electrochemical
impedance spectroscopy also show that the electrodes on the Ni foil show much smaller polarization
and lower impedance. Although Cu foil is utilized as anode current collector in the conventional
lithium ion batteries, it can react with FeS, during the charge/discharge process, so Cu current collector
may also be unsuitable to other metallic sulfide electrode except CuS electrode for lithium ion
batteries. These results mean that adopting Ni foil as the current collector is more suitable for metallic
sulfide electrodes.
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1. INTRODUCTION

In recent years, there has been increasing interest in FeS, electrode material for lithium ion
batteries because of its high theoretical capacity (890 mAh g*), low cost and non-toxicity [1-3].
However, there are still some obstacles for FeS, from being applied as electrode materials for LIBs.
One of the serious problems of the Li/ FeS; batteries is a rapid drop in capacity during cycling at room
temperature [4-8]. In order to solve the problem, several approaches have been performed for
improving the cycle performance such as Fe addition [9], coating carbon on the surface of FeS, [10] or
modifying the liquid electrolytes by adding 1, 3-dioxolane [11]. Throughout the research of lithium ion
batteries, the major stream of the FeS; battery research has focused on the modification ‘inside’ of the
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cathode and electrolyte. But recent investigation shows that current collector is also playing an
extremely important role in the rechargeable lithium ion battery [12]. Its physical and chemical
properties can impact the performance of lithium ion batteries. Different current collectors can result in
significant difference on the performances of the lithium ion batteries. Lee et al. [13] demonstrated that
cycle-life of the silicon—graphite composite electrode had significantly been improved by using a Cu
current collector with a modified surface morphology. Wang et al. [14] reported that a porous silicon—
carbon anode on a carbon fiber current collector had superior overall capacity, cycle ability, and rate
capacity.

On the basis of the fact that current collectors impact the performance of lithium ion batteries,
we study in this work the effects of three different types of current collectors on the electrochemical
performance of FeS, positive electrode, including an Al foil, a Ni foil and a Cu foil. Cyclic
voltammetry and electrochemical impedance were measured to understand the mechanism of different
electrochemical performance.

2. EXPERIMENTAL

All reagents were analytically pure from the commercial market and were used as received
without further purification. Polyethylene glycol (PEG, the average molecular weight: 200). The
sample FeS, was prepared in the following procedure: 0.20 g PVP were dissolved in the mixed
solution of 10ml distilled water and 10ml polyethylene glycol, then 1 mmol of ferrous sulfate
septihydrate (FeSO,4.7H,0) was added to this solution under constant stirring to form a homogeneous
solution. 5 mL of sodium hydroxide (0.75 M) was added dropwise into the solution, and finally 0.20 g
of sulfur powder (S) was added to the solution under magnetic stirring for 30 min. Then the mixture
was sealed in a Teflon-lined stainless steel autoclave, and heated at 180 ° C for 12 h. After reaction, a
black powder was obtained by centrifugation, washed with ethanol and water several times, and then
dried in oven at 80° C.

The composite electrodes were prepared using the following procedure: 0.03g of
polyvinylidene difluoride (PVDF) was first added to N-Methyl pyrrolidone (NMP) to form the
homogenous solution. Then, the prepared powders and acetylene black (the weight ratio of the
prepared powders /acetylene black/ PVDF was 7:2:1) were added to the solution above. The obtained
mixture was dispersed by utilizing ultrasonic technology. Subsequently, the mixture was dropped to
different current collectors (1.0 cm x1.0cm).

The composite electrodes were subsequently assembled into Coin-type 2016 cells using
Metallic lithium as the anode with a micro-porous membrane separator (Celguard® 2325,American)
and liquid electrolyte mixtures containing 1 mol L™ LiClO, and a solvent mixture of dimethoxy
ethane/ 1,3-dioxolane (2:1, v/v).The cells were assembled in a glove box filled with pure argon.

The electrochemical properties of the composite electrodes were measured by a program-
controlled Battery Test System (Land®, Wuhan, China). The charge and discharge characteristics of
the composite electrodes were evaluated in the voltage range of 1.0-2.5 V vs. Li*/Li° at room
temperature. Cyclic voltammetry (CV) was performed at potential scan rate of 0.1 mV s * in a three-
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electrode cell with lithium foil as counter and reference electrodes by using a CHI 660B
Electrochemical Work-station (Chenghua, Shanghai, China). In EIS measurement, the excitation
voltage applied to the cells was 10 mV and the frequency range was 100 kHz to 0.1 Hz

3. RESULTS AND DISCUSSION
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Figure 1. Discharge—charge curves of FeS; electrodes on different current collectors between 1.0 and
2.5V at 445 mA g™. a Ni foil; b Al foil; ¢ Cu foil.

The charge—discharge curves of FeS; positive electrodes on different current collectors are
shown in Fig. 1. From Fig. 1(a) and (b), it can be seen that both of the first discharge curves show an
abrupt drop in voltage, followed with a single plateau about 1.5 V. This is consistent with the previous
reports that the FeS, electrode showed one-voltage-step reduction at ambient temperature, which led to
the direct formation of Li,S and Fe [15-16].

In the subsequent discharge process, a second plateau at ca. 2.0 V is observed, which differs
from the first one. The detailed mechanisms for oxidation and reduction of lithium and FeS;
during discharge—charge were already reported [17]. Compared to the electrode on the Al foil, the
electrode on the Ni foil shows a longer discharge voltage plateau and smaller polarization, and it
delivers a higher initial discharge capacity of 955.1 mAh g*. Relatively rapid capacity degradation
from the first to the second cycle for both FeS, electrodes is seen, which is attributed to the surface
oxidation of the active materials [18, 19]. Nonetheless, the electrodes on the Ni foil still deliver higher
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capacities which are 678.8 mAh g, 648.9 mAh g™ in the second and third cycles, which is a better
value reported for this material [3, 10]. From the result above, it can be concluded that the FeS,
electrodes on the Ni foil have the better electrochemical performance than those on the Al foil. The
differences of the electrochemical performance on the different metal foil will be discussed later.

Fig. 1c shows the charge—discharge curves of FeS; positive electrode on the Cu foil. It is
noteworthy that there are significantly different in discharge—charge curves. There are two discharge
voltage plateaus observed in the first cycle, which are about at 1.65 V and 1.5 V. Moreover, the third
discharge voltage plateau is observed in the subsequent cycles. Accordingly there are three charge
voltage plateaus observed. The results indicate that the FeS, electrode maybe make a chemical reaction
with the Cu foil. It can be deduced that CuS is formed on the FeS, electrode on the basis of the
characteristics of the charge-discharge curves, which is reported in our previous study [20]. So the
charge-discharge curves on the Cu foil are not analogous to those of the FeS; cells. The mixture can
deliver the better capacities which reach 585.5 mAh g™ and 572.8 mAh g* in the second and third
cycles.
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Figure 2. The cycle performances of FeS; electrodes at various current densities between 1.0 and 2.5
V, AN foil @Al foil m Cu foil

Fig. 2 shows the cycle performances of Li/FeS; cells tested at various current densities. As
shown, the FeS; electrodes on the Al foil show the lowest capacities at all the adopted current rates. At
0.5 C rates, the FeS; electrodes on the Cu foil exhibit nearly the same capacities as those on the Ni foil,
but the electrodes on the Cu foil show remarkable capacity improvement at higher current rates. This
result may be attributed to the formation of CuS on the Cu foil. Our precious studies demonstrate that
CusS electrodes have a good rate performance. Overall, the current collectors have a great effect on the
electrochemical performance of the electrodes, especially under high C-rates. It is also worth noting
that after cycling 90 cycles the discharge capacities of the electrodes on the Ni foil and Cu foil still
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reach about 490 mAh g™. But the capacity of the electrode on the Al foil is only 283 mAh g™*. These
results demonstrate that the current collectors have a great effect on the cycling stability nature of the
active materials.
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Figure 3. Cyclic voltammograms of FeS, electrodes on the Ni foil and Al foil at room temperature.
The potential sweep rate is 0.1 mV s * and the voltage range is between 2.5 V and 1.1 V

To understand the electrochemical process and this difference in behavior, CV curves of all the
FeS; electrodes between 1.0 V and 2.5 V are recorded in Fig. 3. The shapes of the CV curves are
similar for the electrodes on the Ni and Al foil, indicating the same electrochemical behavior of the
two electrodes. In the cathodic scan of the first cycle, FeS; follows a two-step lithiation: FeS, + 2Li"
+2e—LiyFeS; (2 V) and LiyFeS; + 2Li + +2e—Fe + 2Li,S (1.4 V). In the anodic scans, the material is
converted to Li,FeS; at around 1.8 V and then to Li,xFeS, (0 < x < 0.8) at around 2.5 V [21]. At room
temperature if the material is driven to high potentials (above 2.5 V), instead of regenerating the FeS,,
FeSx and elemental sulfur may be formed, so the cutoff voltage is set at 2.5 V. Subsequent cycling
occurs between Liy.x FeS; and Fe/Li,S.

There is a slight change in the position of the peaks and the redox current reduce slightly with
cycling initially; however, they change very little after the first few cycles. Fig. 3 demonstrates that the
FeS, electrodes have good cycle stability at room temperature after a few initial cycles, which is
consistent with the results presented in Fig 2.
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Figure 4. Cyclic voltammograms of FeS, electrodes on the Cu foil. The potential sweep rate is 0.1 mV
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Figure 5. Nyquist plots for cells using different current collectors

Compared to the electrodes on the Al foil, the electrodes on the Ni foil deliver the smaller
interval between the oxidation and reduction peaks, suggesting the smaller polarization. As is well
known, the transferring delay of electrons and lithium ions on the active material/electrolyte interface
can result in the polarization in lithium ion batteries [22]. Therefore, the CV curves demonstrate that
the electrons and lithium ions can transfer more actively on the Ni foil.

In order to explore the changes of the electrodes on the Cu foil, the CV curves are shown in
Fig. 4. From Fig. 4, it can be seen that two additional oxidation/reduction peaks appear at 2.3 V and
1.6 V respectively. This indicates the change in lithium/FeS, reactions, which is different to the FeS,
electrodes on the other two current collectors. The CV curves demonstrate that there are other
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chemical reactions on the FeS, electrodes using the Cu foil as current collector. Our precious study
indicates that CusS is formed during cycling.

The difference in electrochemical behavior of the FeS; electrodes on the different metal current
collectors is explained by EIS analysis. Fig. 5 shows Nyquist plots of the different FeS, electrode from
0.1 Hz to 100 kHz in a three-electrode cell with lithium foil as counter and reference electrodes. It is
generally believed that the width of these semi-circles is the sum of the charge-transfer and FeS,/metal
current collector interfacial resistances [23]. From Fig. 5, it can be seen that the width of these semi-
circles on the Cu foil is the smallest, since all the electrodes studied here have the same active material
and electrolyte, we expects the same electrochemical behaviors at the solid/electrolyte interface.
Therefore, the observed differences in the charge-transfer resistance are apparently associated with the
properties of the current collectors. Accordingly, it can be concluded that the interfacial resistance
follows the order of Al > Ni > Cu. EIS analysis indicate that the improved electrochemical
performances can be attributed to the lower impedance.

4. CONCLUSION

The electrochemical performance of the FeS, electrodes on different current collector has been
investigated. It is found that current collector can greatly impact the performance of lithium ion
batteries. For the electrode with Cu foil, CuS is formed during cycling, and thereby it is not FeS,
electrode in the end. The electrodes on the Ni foil display a higher discharge capacity and cycling
performance than those on the Al foil. The improved electrochemical performances can be attributed to
the smaller polarization and lower impedance. The results in the paper are not limited to the FeS,
electrodes, can be extended to other metallic sulfide electrodes.
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