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The electrochemical performance of negative electrodes based on diﬀerent FeS2 samples was investigated. The study demonstrated
a correlation between the coulombic eﬃciency obtained over 60 cycles and the capacity loss rate evaluated over 15 cycles. The
accuracy of the coulombic eﬃciency and capacity loss rate measurements was advantageous for predicting the aging behavior of
half-cells over a short-term test. A suggested classiﬁcation of the coulombic eﬃciency and veriﬁcation via a numerical analysis
were proposed to determine the fading rate of batteries during the galvanostatic test.

1. Introduction
Recently, lithium-ion batteries (LIBs) as a power source have
been widely used in electrical devices, electric vehicles, energy
storage systems, etc. In addition, there are a growing number
of their applications that require excellent cyclability with
high capacity. Hence, verifying the reliability of LIBs has
become an important issue in recent years.
One of the most impressive studies on aging in LIBs
tracks cells during cycling and storage for up to two years
to quantitatively measure the lifetime of the battery based
on electrode composition [1]. However, the evaluation of
the cycle performance over a long time can be problematic
if it takes days or months. Therefore, new techniques are
needed for the eﬀective aging evaluation of LIBs in a short
period of time [2, 3].
The evaluation of the coulombic eﬃciency (CE) can be
used to identify parameters that aﬀect the normal functioning of the battery such as parasitic reactions between electrodes and electrolytes observed during discharge–charge
cycling. Choi et al. [4] reported an FeS2 cathode deﬁciency
under diﬀerent organic electrolytes. Their research includes
calculations of the speciﬁc capacity and capacity loss rate.
This kind of evaluation draws attention to special features
that make it possible to determine the relation between
accurate CE and capacity loss rate as a method of system

optimization, and the results can be used to rank cells according to their life expectancy without the need to use tests that
take long to perform [5].
This paper presents a method that utilizes the CE and
capacity loss rate to determine the cyclability with a shortterm test. Firstly, we investigated the CE based on the
charge–discharge cycle in a normal operating process during
60 cycles. Then, to determine the aging during the discharge–
charge cycle, the capacity loss rates were investigated with
diﬀerent particle sizes of the FeS2 electrodes. A simple comparison of CE with the capacity loss rate can be used to determine the eﬀectiveness of the method and to validate the
results using a short-term test.

2. Materials and Methods
2.1. Preparation of FeS2 Samples. FeS2 (99.9%, VITZRO MILTECH) samples were mechanically milled using a planetary
ball mill (PBM) (PULVERISETTE, Fritsch) for 3 hours (3 h
PBM), 6 hours (6 h PBM), and 10 hours (10 h PBM) and
milled using a single ball mill (SBM) for 72 hours (72 h
SBM). The working electrodes were fabricated by mixing
FeS2 as an active material, carbon black as a conductive
additive, and polyvinylidene ﬂuoride (PVDF) as a binder in
a 60 : 20 : 20 weight ratio, respectively. The prepared slurry
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was cast on a copper foil with a doctor blade and dried at
120°C in a vacuum oven for 12 h.
2.2. Material Characterization. The particle size distributions
(PSDs) were analyzed using a particle size analyzer (NanoPlus-1, Particulate Systems). Structural analysis of FeS2 was
carried out by employing X-ray diﬀraction (XRD), using a
diﬀractometer (D/max-2200/PC, Rigaku Co.) equipped with
a Cu Kα source (40 kV, 40 mA), and the morphologies of the
samples were studied using scanning electron microscopy
(SEM) (SNE-3000M, SEC Co.).
2.3. Electrochemical Measurements. The electrochemical analysis was performed in a 2032-type coin cell. FeS2 was used as
a working electrode, and lithium foil was used as the reference electrode. The electrolyte solution was 1 mol dm−3
LiClO4 dissolved in a 1 : 1 (v/v) mixture of ethylene carbonate
and dimethyl carbonate (battery grade, Enchem Co.). Galvanostatic measurements were performed using a battery test
system (WBCS3000, WonATech Co.) between 1 and 2.8 V
at constant currents of 89.2 and 892 mA g−1. All the potentials were referenced against Li/Li+.
2.4. Measurement of Coulombic Eﬃciency (CE) and Capacity
Loss Rate. For a Li/FeS2 half-cell, the “discharge” corresponds
to the lithiation of FeS2. Based on the cycling data, the CE is
measured as the ratio of the capacity of the charge Qc
immediately following the previous discharge Qd [6]. The
CE value is obtained using the formula CE = Qc/Qd, and
changes over the number of cycles are evaluated. It is expected
that CE < 1.0. The measurements obtained from all the tests
performed on the samples were used to evaluate the capacity
loss rate as the average of the percentage ratio of every discharge capacity and the previous capacity between the 10th
and 60th cycle.

3. Results and Discussion
3.1. Physical and Structural Characterization. The XRD patterns and SEM images of the pristine, 72 h SBM, 3 h PBM,
6 h PBM, and 10 h PBM samples are shown in Figure 1. All
the diﬀraction peaks are identical and coincide with the pattern of FeS2 (PDF card no. 42-1340) in a simple cubic structure Pa3 space. Additionally, as shown in Figure 1, for the 3 h
PBM, 6 h PBM, and 10 h PBM samples, the width of the
peaks tended to be broader and shorter, a behavior that is
not exhibited by the 72 h SBM. From another standpoint,
FeS2 particles are in shape of irregular fragments, not well
identiﬁed by size. Thus, SEM images were not considered
due to the fact that it cannot oﬀer a quantitative description
of particle size; instead, the inclusion of PSD analysis has
more valuable information about particle dimension in
Figure 2.
In order to obtain samples with diﬀerent physical characteristics, ﬁve FeS2 samples were selected to be subjected to a
ball milling process before testing, because it was presumed
that the reduction in particle sizes is beneﬁcial for lithiumion storage [7] and improves the performance of the Li/
FeS2 half-cell [8]. As shown in Table 1, the PSDs of milled
FeS2 (from Figure 2) were distributed in two regions clearly
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divided according to the size and percentage in the sample;
for the pristine, 72 h SBM, 3 h PBM, 6 h PBM, and 10 h
PBM samples, the results obtained in the region with the
highest percentage (greater than 50%) are in the range of
30–100, 15.6–50.0, 0.1–1.1, 26.1–73.7, and 0.1–0.8 μm,
respectively. Hence, the results indicate that as the ball milling time increases, the particle size decreases, but the
smaller the particle size, the greater the agglomeration [7].
This behavior is exhibited by the 72 h SBM, 6 h PBM, and
10 h PBM samples with a distribution of 15.6–50.0, 26.1–
73.7, and 7.0–25 μm, respectively: the particle size was
higher than that of the 3 h PBM sample under the same
process conditions.
3.2. Veriﬁcation of FeS2 Charge and Discharge Mechanism.
First, we veriﬁed the reduction and oxidation inside the cell.
The eﬀect of Li+ diﬀusivity on FeS2 is shown in Figure 3.
The Li2Fe2S2 is formed in one voltage plateau during the initial discharge, and the reaction involves a reduction in metallic Fe and Li2S at 1.4 V [9]. After discharge, a consecutive
charge shows that FeS and Li2Sn are formed, and these compounds are combined into a complex of polysulﬁdes with
partial oxidation to FeS2 [9, 10] that represents a decrease
in capacity from the 1st to the 2nd discharge and subsequent
cycles [6, 11, 12] particularly because of the dissolution of
intermediates such as lithium polysulﬁde (Li2Sn, 4 < n < 8)
in the liquid electrolyte [11, 13–16].
3.3. Eﬀect of Variation of Physical Characteristics on
Coulombic Eﬃciency. A CE calculation was conducted to
compare the eﬀect of the particle size on the performance
of FeS2. The left side of Figure 4 shows a detailed voltage proﬁle for the FeS2 electrodes, while the right side shows the CE
reached during the ﬁrst four cycles.
Therefore, during the charge–discharge test, despite the
shapes of the curves, the ﬁve samples show considerably
identical results; the electrode created after 10 h PBM shows
a discharge capacity of 540 mAh g−1, and a nearly identical
discharge was obtained for the 72 h SBM, 3 h PBM, 6 h
PBM, and pristine samples. An inhomogeneous particle size
combination shown by the PSD test in Table 1 might be the
ﬁrst cause of nondiﬀerentiation of the end discharge capacity.
Although the left part of Figure 4 shows that the discharge and charge capacities are almost identical, a detailed
comparison to tell the diﬀerence between them is hardly possible. Therefore, the graph of CE on the right side indicates
some characteristics that diﬀer for each sample. First, the
results corresponding to the 0.7–1 range on the coulombic
eﬃciency axis have an acceptable accuracy showing an evident contrast between each cycle. Second, the CE of the
10 h PBM sample increases as follows: 0.752, 0.960, 0.977,
and 0.980 from the 1st to the 4th cycle, respectively; no
doubt, the percentage of small particle size around 64.3%
shown in Table 1 is ineﬀective if the CE in 10 h PBM is
expected to increase as shown in Figure 4. Finally, among
all the electrodes, 10 h PBM has the lowest CE in every cycle.
3.4. Numerical Analysis Evaluation over the Lifetime of the
Cell. To understand the CE better, we extended the analysis
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Figure 1: XRD patterns and SEM images of (a) pristine, (b) 72 h SBM, (c) 3 h PBM, (d) 6 h PBM, and (e) 10 h PBM.
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Figure 2: Accumulative intensity of particle size vs. diameter of
particle in μm.
Table 1: Particle size distribution and percentage representation for
diﬀerent samples.
Sample
Pristine
72 h SBM
3 h PBM
6 h PBM
10 h PBM

Particle size distribution (μm)
0.1–1.3 (20.0%)
0.1–0.8 (33.3%)
0.1–1.1 (81.0%)
0.6–0.9 (12.6%)
0.1–0.8 (64.3%)

30.0–100.0 (80.0%)
15.6–50.0 (66.7%)
8.2–11.8 (19.0%)
26.1–73.7 (87.4%)
7.0–25.0 (35.7%)

beyond the results shown in Figure 4 to study the relationship
between the CE and discharge capacity against the cycle
number, as shown in Figure 5. The continuous discharge–
charge process is monitored from the 1st to the 15th cycle
and from the 1st to the 60th cycle for short- and long-term
tests, respectively. To evaluate comparable end points, the
testing process follows a speciﬁc pattern during the data collection, as shown in the left side of the ﬁgure. The increase,
decrease, and stabilization of the end discharge capacity
points observed during the ﬁrst 15 cycles can be attributed
to the conditioning of the half-cells, a period that occurs after
the electrolyte penetrates the electrode [17]. This increases
the contact area between the electrode, electrolyte, and Cu
foil, which yields an increment in the capacity. The right side
of Figure 5 shows that the CE values for the 3 h PBM and
pristine samples are the highest (over 0.99), followed by those
of the 72 h SBM and 6 h PBM samples, whereas the CE of the
10 h PBM sample is the lowest.
After a visual comparison of the graph, numerical analysis was used to rank the electrodes and a nonlinear curve ﬁtting analysis was used to verify the arrangement. This curve,
which is obtained from the Chapman model y = a ∗ 1 −
exp −b ∗ x ^c, shows the best ﬁt to the shapes of the curves,
as all the CE curve shapes are quite similar with a pronounced increase at the beginning and an asymptotic pattern
around the value of 1. This adjustment makes it possible to
give every electrode an adjusted R-square value over 0.99, a
value that explains how close the data are to the ﬁtted regression curve. This method was chosen because it is one of the
most practical ways to approximate the model using a curve
and reﬁne the parameters via successive iterations. This analysis enables us to rank the aging.
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Figure 3: Charge and discharge mechanism of the FeS2 electrode in 1 M LiClO4/EC : DMC (1 : 1 v/v) at a constant current of
89.2 mA g−1 (0.1 C).
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Table 2: Capacity loss rate per cycle of milled FeS2 samples
calculated over the last 60 cycles and nonlinear curve ﬁtting report.
Sample

Value

Chapman
R-square

Capacity loss
rate per cycle (%)

0.99830

0.97

0.99727

1.62

0.99063

1.80

0.97778

1.83

0.99634

2.03

a = 0 99904
3 h PBM

b = 1 39988
c = 0 49678
a = 0 99421

Pristine

b = 1 62866
c = 0 61185
a = 0 99204

72 h SBM

b = 1 79919
c = 0 82355
a = 0 99155

6 h PBM

b = 1 40964
c = 0 48300
a = 0 98128

10 h
PBM

b = 3 26758
c = 6 84182

In the long-term test, the end discharge capacity behavior
indicated a fading rate of the capacity, which is expressed as
the “capacity loss rate per cycle” at the FeS2 electrode. This
capacity loss rate is also shown in Table 2. A capacity loss
rate, calculated over 60 cycles, of 0.97% per cycle, is
recorded for the 3 h PBM sample, which is slightly lower
than the value of 1.62% obtained for the pristine electrode.
This indicates a better lithiation–delithiation for the 3 h
PBM electrodes. In contrast, the half-cell that contains the
10 h PBM sample has a value of 2.03%, which is the highest
discharge capacity loss registered from the beginning, indicating poor lithiation in the electrode. This may be due to
the diﬀerence in capacity for the ﬁrst two discharge capacities, i.e., 539 and 383 mAh g−1, respectively. This behavior is
expected, as explained above, where new reactions result in
new compounds.
The short-term test can be used to identify and demonstrate the change in the CE in Li-ion cells during cycling, as
shown in Figure 5. Hence, this test, rather than the longterm test until the end of the cell lifetime, should be able to
predict a set of failures in the half-cell. There is enough evidence to conﬁrm that this type of evaluation can be of significant use in diﬀerentiating and ﬁnding parameters that
reduce the cell lifetime.

4. Conclusions
Table 2 shows the Chapman model curve ﬁtting results
for a short-term test. The independent variables are denoted
as “a,” “b,” and “c,” where the variable “a” represents the
horizontal asymptote of 1, a value that helps us rank all the
samples from the 1st to the 5th as follows: 3 h PBM, pristine,
72 h SBM, 6 h PBM, and 10 h PBM based on values of
0.99904, 0.99421, 0.99204, 0.99155, and 0.98128, respectively.

We created a ranking of the deterioration between electrodes
based on their CE. This method can be used for quantifying
the decay of the electrodes during the cycling process using a
short-term test. A careful measurement of the CE would
allow the evaluation of a cell over 15 cycles via a shortterm test, which is less time-consuming than long tests (over
60 cycles). We conﬁrm that a physical particle reduction
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produces a slight increase in the CE in the 3 h PBM FeS2
sample, which has the highest CE among all the samples.
Although the performance obtained was not optimal, the
connection between the CE and capacity loss rate was determined, which facilitates an in-depth understanding of FeS2
electrodes, indicating the eﬀectiveness of this method.
Although this test enables us to determine the eﬀects of
the polysulﬁdes on CE, this procedure does not quantify the
polysulﬁdes in the sample. Further investigations on CE
and the use of X-ray photoelectron spectroscopy would help
us ﬁnd a connection between the battery decay and elements
that aﬀect the Li/FeS2 half-cell.
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