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H I G H L I G H T S

• N,N′-dicyclohexylcarbodiimide (DCC) is a new type of Cu corrosion inhibition additive.
• DCC had a high recovery rate of laminated cells after over-discharge.
• Electrolyte with DCC exhibited good discharge capacity and cycling performance.
• DCC complexes were not easily deposited due to their high solubility.
• The analysis suggests that DCC complexes form a thin layer on the Cu surface.
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A B S T R A C T

Lithium-ion secondary batteries are increasingly being used not only for ICT devices but also for large power
sources such as EVs. Typically, the battery module discharge termination voltage is fixed in the device/power
supply, but the sequentially connected single cells in the assembled battery may become over-discharged, thus
there is a concern that the battery performance is degraded by the dissolution of the Cu current collector. Cu ions
diffuse into the electrolyte due to the dissolution of the Cu current collector and precipitate on the anode during
charging. This causes blackening of the Cu surface and an increase in cell resistance, and if it progresses further,
it may lead to a short circuit. Therefore, we searched for an additive that would improve the battery performance
by suppressing the dissolution of Cu, which causes a short circuit during over-discharge. Since 1999, we have
proposed a "functional electrolyte" in which a small amount of an additive with a new function is added to the
electrolyte. In this work, we focused on additives with carbodiimide groups (-N=C=N-) that prevent dissolution
of the Cu collectors during over-discharge and improve the battery performance, and report the finding that N,N′-
dicyclohexylcarbodiimide (DCC) exhibits such a unique behavior.

1. Introduction

We proposed "functional electrolytes" in 1999 and have put many
additives into practical use. One example of our prior research that has
been reported and put into practical use is that the addition of dinitrile
additives, such as adiponitrile (ADN, Fig. 1a) and succinonitrile (SN,
Fig. 1b), forms a protective layer on the surface and suppresses corrosion
and pitting corrosion of the battery can [1]. We have also found that in
the 1 M LiBF4 EC/GBL electrolyte with highly corrosive S=O bonded
additives, such as 1,3-propanesultone or ethylene sulfate, the addition of
a small amount of ADN or SN forms a protective film on the Al current

collector and battery case and corrosion is suppressed [2,3]. More
recently, we have found that several triple bond compounds with spe-
cific -C≡C- and -C≡N bonds and inorganic phosphates, such as LiPO2F2,
were useful as corrosion inhibiting additives for Al current collectors in
the electrolyte of EC/GBL systems using lithium bis (fluorosulfonyl)
imide (LiFSI) [4]. Besides our works, much research has been carried out
regarding Al corrosion prevention in LiFSI-based electrolytes [5,6]. In
this research, we focused on over-discharge, which has not been given
much attention, and investigated inhibiting the corrosion of the Cu
current collector. The single cells in a sequentially connected assembled
battery, such as EVs, may be over-discharged. Metal ions diffuse in the
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electrolyte from the dissolution of the Cu current collector and precip-
itate on the anode during charging. This causes blackening of the Cu
surface and an increase in the cell resistance, thus there is a concern that
if it continues further, it may lead to a short circuit. Therefore, we
designed an additive to prevent short circuits during over-discharge,
aiming to suppress Cu dissolution and improve the battery performance.

In prior literature regarding suppressing the dissolution of the Cu
current collector during over-discharge, Kim et al. published the
mechanism of action of SN. According to this paper, it is known that SN
not only prevents Al corrosion, but also has a corrosion-inhibiting effect
on Cu. As a result, dissolution of the Cu current collector is suppressed by
a passive layer of Cu(SN)2PF6 complexes on the Cu surface [7].

In this work, we focused on compounds with cumulated double
bonds as additives to prevent short circuits during over-discharge, such
as hexamethylene diisocyanate (HMDI, Fig. 1c) with the -N=C=O
functional group, and N,N′-dicyclohexylcarbodiimide (DCC, Fig. 1d) and
N,N′-diisopropylcarbodiimide (DIC, Fig. 1e) with the -N=C=N-

functional group, and compared them to SN, which has the -C≡N
functional group, such as that reported by Kim et al. In addition, SN was
compared to ADN.

2. Experimental

2.1. Chemicals

Adiponitrile (ADN), hexamethylene diisocyanate (HMDI), N,N′-
dicyclohexylcarbodiimide (DCC), and N,N′-diisopropylcarbodiimide
(DIC) were purchased from Tokyo Chemical Industry Co., Ltd., and used
without any further purification.

2.2. Battery performance evaluations

The experimental method using a laminated cell with a capacity of
14.8 mAh was based on our previously reported work [4]. It was utilized
to evaluate the battery performances. The cathode active material in the
cells was LiCoO2 (Nichia Corporation), while the anode active material
in the cells was artificial graphite (Resonac Corporation). The separator
in the cells was a polyethylene separator with 20 μm thickness (Asahi
Kasei Corporation). The electrolyte used in the cells was 1 M LiPF6
[ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl car-
bonate (DMC) = 3/3/4 (vol%)] with 1 wt% vinylene carbonate (VC)
(MU Ionic Solutions Corporation). The additives were ADN, HMDI, DCC,
and DIC, and each added at 0.2 M to the electrolyte.

The charge/discharge test system for the battery performances was a
TOSCAT-3100 (Toyo System Co., Ltd.) The charge/discharge evaluation
was carried out at 25 ◦C. The cells were cycled at the rate of 0.1 C be-
tween 3.0-4.1 V for the first cycle and 3.0-4.2 V for the second cycle. The
cycling evaluation was performed at the rate of 0.2 C between 3.0-4.2 V.
The over-discharge test was performed by discharging to 3.0 V at 0.1 C,
then storing the battery at 60 ◦C for 2 weeks with a 1 kΩ carbon resistor
connected to the cathode and anode leads to a voltage of approximately
0 V as shown in Fig. 2.

Fig. 1. Structures of the corrosion inhibition additives.

Fig. 2. Photo image of over-discharge test using laminated cell with a 1 kΩ
carbon resistor connected to the cathode and anode leads.
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2.3. Cyclic voltammetry

Cyclic voltammetry (CV) tests were carried out in a Cu/Li/Li (w/c/r)
three-electrode glass cell at 25 ◦C in the potential range of 2.5 and 3.7 V
at the scanning rate of 5 mV s− 1 using a SP-150 potentiostat (Biologic
Science Instruments). The Cu working electrode was a 0.3 mm thick
copper plate and the electrolyte was 1.2 M LiFSI EC/EMC/DMC = 3/3/4
(vol%). To reduce the potential fluctuation due to Cu metal deposition
on the Li, a reference electrode was placed inside a polypropylene tube
with a small polyolefin separator window.

2.4. Cu current collector analysis

The surface observation of the anode Cu current collector was carried
out using scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS). After the over-discharge test, the sample for analysis
was prepared by cutting open a laminated cell and removing the anode
electrode. It was washed three times using DMC to remove any elec-
trolyte residue before the SEM and XPS analyses. The SEM was con-
ducted using a JSM-7001F (JEOL). The XPS data were acquired by the
5600 ESCA system (ULVAC-PHI).

2.5. Synthesis of Cu2+ complexes for XPS measurements

The copper(II) hexafluorophosphate EMC complex [Cu(EMC)4]
(PF6)2 was purchased from Kanto Denka Kogyo Co., Ltd.

In 500 cm3 of DMC, 0.458 g (0.60 mmol) of blue-white [Cu(EMC)4]
(PF6)2 was dissolved, then 0.648 g (6 mmol) of excess ADN was added.
Since the target product [Cu(ADN)2](PF6)2 was difficult to dissolve in
DMC, a white pale precipitate was immediately formed. After waiting
for complete precipitation, it was then filtered, washed with DMC and
dried under reduced pressure.

As for the other target substances, 0.333 g (0.43 mmol) of blue-white
[Cu(EMC)4](PF6)2 was added to 6 cm3 of DMC to make a suspension.
When 0.151 g (0.73 mmol) of the DCC, 1.5 equivalents to the raw ma-
terial, was added to the suspension, the solid in the suspension was
reduced to about half. When another 1.5 equivalents of the DCC (0.155
g, 0.75 mmol) were added, the suspension was then almost completely
dissolved and the solution turned dark green. Since the [Cu(DCC)3]
(PF6)2 complex dissolves well in DMC, it was concentrated to dryness
under reduced pressure to obtain [Cu(DCC)3](PF6)2 as a green solid. In
both cases, the synthesis was performed in a glove box with an Ar at-
mosphere, and subsequent steps were performed in flowing Ar gas. As a
result of the XPS analysis (Fig. 7d), the atomic molar ratio (atomic %) of

Fig. 3. CVs for (a) 1st cycle, (b) 2nd cycle, (c) 10th cycle and (d) maximum oxidation current in three-electrode glass cells (Cu/Li/Li) with SN and ADN Cu corrosion
inhibition additives.

M. Deguchi et al. Journal of Power Sources 625 (2025) 235613 

3 



the DCC complex was C:63.8, N:7.5, O:4.2, F:19.4, P:2.8, and Cu:2.3.
Based on this result, it was estimated that the DCC complex was [Cu
(DCC)3EMC](PF6)2.

3. Results and discussion

First, for SN and ADN, which are expected to prevent short-circuits
during over-discharge, the Cu dissolution and deposition behaviors
were investigated by cyclic voltammetry (CV) using a three-electrode
glass cell. Fig. 3a shows the CV of the first cycle, Fig. 3b shows the CV
of the second cycle, and Fig. 3c shows the CV of the tenth cycle. The area
above 0 mA in the graph represents Cu dissolution and the area below 0
mA represents Cu deposition. Fig. 3d shows that with no additives, the
dissolution/deposition behavior did not change from the first to the
tenth cycle. On the other hand, with SN and ADN, the initial dissolution/
deposition current was high, but both current values were gradually
suppressed by the tenth cycle, indicating that ADN was more effective in
suppressing the current than SN. Therefore, in this work, we used ADN
due to its superior performance in suppressing Cu dissolution compared
to SN.

Next, for ADN, HMDI, DCC, and DIC, the dissolution and deposition

behavior of Cu was investigated by CV using a three-electrode glass cell.
Fig. 4a shows the CV of the first cycle, Fig. 4b shows the CV of the second
cycle, and Fig. 4c shows the CV of the tenth cycle. The dissolution/
deposition behavior of HMDI was similar to that of no additive from the
second to the tenth cycle. With DCC and DIC in Fig. 4d, the initial
dissolution/deposition currents were negligibly low and the Cu depo-
sition current was characteristically suppressed from the first cycle.
Although Cu dissolution gradually increases with cycles, it has almost
reached saturation. The dissolution current at the tenth cycle is smaller
than that without additive, especially for DCC than for DIC. These results
suggested that dinitrile compounds, such as SN and ADN, and cumula-
tive double bond compounds, such as DCC and DIC, are expected to have
very different mechanisms of action.

Fig. 5a shows the charge-discharge curves for the second cycle for the
electrolyte with ADN, HMDI, DCC, and DIC. The results indicated that
only HMDI showed an increase in polarization and a decrease in ca-
pacity. The cycle performance shown in Fig. 5b also showed that HMDI
exhibited a significant cycling degradation from the beginning of the
cycle. The reason for this may be that HMDI is easily reductively
decomposed, so some of it is decomposed at the anode. In addition,
HMDI easily reacts with HF and moisture, thus there is concern that it

Fig. 4. CVs for (a) 1st cycle, (b) 2nd cycle, (c) 10th cycle and (d) maximum oxidation current in three-electrode glass cells (Cu/Li/Li) with Cu corrosion inhibi-
tion additives.
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may easily decompose. DIC also showed a slight degradation trend
compared to ADN and DCC. The reason for this may be that DIC with
isopropyl groups is less electron-donating than DCC with cyclohexyl
groups, and thus has less ability to suppress Cu dissolution as the co-
ordination strength decreases. Fig. 5c showed the charge/discharge
behavior and the capacity recovery rate after the over-discharge test.
Without the additive, the polarization was very high, and with ADN, the
polarization was also high and the recovery rate was only 20 %. The
recovery rates (15 % and 20 %) indicated that the effect was limited. On
the other hand, the capacity recovery rates of DCC and DIC were 85 %
and 65 %, respectively, and found to be good.

In fact, when we observed the surface of the Cu current collector after
the over-discharge test in Fig. 6 (from a to h), in the case of no additive,
there were many visible black spots and pitting corrosion on the back
side of the anode electrode. Based on this observation, it was found that
there was dissolution of the Cu current collector. However, the number

of black spots and pitting corrosion were significantly reduced in the
electrolyte containing each additive, indicating that it is effective in
preventing the dissolution of the Cu current collectors. Among them, it
was found that while ADN changed color due to something covering the
surface, the SEM results revealed that only ADN had precipitates on its
surface. On the other hand, DCC and DIC retained their Cu luster and no
precipitates were observed.

According to the enlarged SEM in Fig. 6 (from i to l), ADN had
precipitates on the Cu surface, and the cross-sectional SEM showed that
the precipitates were found everywhere (red arrow part), including in-
side the Cu foil and between the anode active materials. This suggested
that ADN loses its Cu luster due to the presence of the precipitates, and
these precipitates increased the polarization and reduced the recovery
rate after over-discharge.

In each XPS depth profile of Fig. 7 (from a to c), the left side shows
the surface element ratio, and the right side shows the internal element

Fig. 5. (a) 2nd cycle charge-discharge curves and (b) cycle performances of the cells with -C≡N, -N=C=O, and -N=C=N- bond compounds, and (c) charge-discharge
curves and capacity recovery rates of the cells with -C≡N and -N=C=N- bond compounds and (d) charge-discharge curves of ADN and DCC after over-discharge test.
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ratio. Compared to no additive, the ADN Cu current collector, in which
this precipitate is generated, has a higher abundance ratio of C and N
from the surface to the inside, and a lower abundance ratio of Cu, sug-
gesting that ADN is forming a thick film. On the other hand, since the
ratio of the C element on the outermost surface of DCC is slightly higher,
it is inferred that something slightly exists on the outermost surface. This
clearly supports the fact that the Cu surface states of ADN and DCC are
different.

An XPS analysis of the N1s spectra of the Cu substrate of the anodes
after over-discharge shown in Fig. 8 (from a to c) indicates that,
compared to no additive, ADN forms a film containing N from the sur-
face to the inside, as previously reported. On the other hand, DCC sug-
gests an increase in a layer containing N on the outermost surface. Based
on this result, we considered that DCC does not form precipitates like
ADN, and a thin N-containing layer is formed on the outermost surface,
thus the capacity recovery rate after the over-discharge test is not worse.

To further clarify the XPS analysis, the same XPS analyses were
performed on copper complex compounds of [Cu(ADN)2](PF6)2 and [Cu

(DCC)3EMC](PF6)2 synthesized from [Cu(EMC)4](PF6)2 using the pro-
cess described in Experimental § 2.5. From the XPS analysis of the N1s
spectra of the Cu complex compounds in Fig. 8 (from d to f), the peak
position of each film on the Cu substrate was almost the same as that of
each complex compound. In addition, the peak positions of the complex
compounds are different between [Cu(ADN)2](PF6)2 (Fig. 8e) and [Cu
(DCC)3EMC](PF6)2 (Fig. 8f), and the peak appearing at 400 eV for [Cu
(ADN)2](PF6)2 was attributed to the -C≡N bond, while the peak
appearing at 401 eV for [Cu(DCC)3EMC](PF6)2 was attributed to the
-N=C=N- bond.

Regarding the XPS analysis of the Cu2p spectra of the Cu substrate of
the anodes after the over-discharge test in Fig. 8 (from g to i), a peak
assigned to Cu(CN)x appears in ADN, suggesting a complex formation.
On the other hand, in DCC, only the zero-valent Cu peak derived from
the Cu substrate seemed to be observed. However, from the XPS analysis
of the Cu2p spectra of the Cu complex compounds in Fig. 8 (from j to l),
it was determined that [Cu(ADN)2](PF6)2 and [Cu(DCC)3EMC](PF6)2
had both the monovalent Cu peak appearing at 933 eV and the divalent

Fig. 6. Photo images (from a to d) and corresponding SEM images (×200) (from e to h) of Cu substrates (back side of anode) after over-discharge test at about 0 V for
2 weeks at 60 ◦C: (a, e) No additive, (b, f) 0.2 M ADN, (c, g) 0.2 M DCC, and (d, h) 0.2 M DIC, and SEM images of Cu substrates (back side of anode) of the cell with
0.2 M ADN after over-discharge test (from i to k) or before test (l): (i) surface SEM (×2,000), (j) cross-sectional SEM (×2,000), (k) cross-sectional SEM (×5,000), and
(l) cross-sectional SEM (×5,000) before test.
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Cu peak (like [Cu(EMC)4](PF6)2, Fig. 8j) appearing at 934–947 eV.
Based on the results of the chemical bond state analysis, the existence
ratios of Cu(I): Cu(II) were [Cu(ADN)2](PF6)2 = 31 : 69 (Fig. 8k) and [Cu
(DCC)3EMC](PF6)2 = 75 : 25 (Fig. 8l). It was found that the valence of
Cu in [Cu(ADN)2](PF6)2 was mainly divalent, whereas the valence of Cu
in [Cu(DCC)3EMC](PF6)2 was mainly monovalent. Therefore, it was
suggested that ADN and DCC form monovalent and divalent mixed Cu
complexes that also contain PF6 ions when Cu ions were dissolved in the
electrolyte during over-discharge. Also, since the DCC complex is mainly
monovalent, it is postulated that it overlapped with the peak of the zero-
valent Cu substrate in Fig. 8i.

The separately synthesized [Cu(ADN)2](PF6)2 had an extremely low
solubility and white precipitation quickly occurred, so the precipitates
in Fig. 6 (f, i, j, k) are considered to be white [Cu(ADN)2](PF6)2. Simi-
larly, [Cu(DCC)3EMC](PF6)2 had an extremely high solubility, did not

easily precipitate, and was a green solution, suggesting that the surface
in Fig. 6g was covered with a layer of green [Cu(DCC)3EMC](PF6)2. In a
work by Kim et al., SN forms a complex with the dissolved Cu forming a
passive layer on the Cu surface and inhibiting subsequent Cu dissolution.
In contrast, our DCC with the -N=C=N- functional group is character-
ized by the fact that the DCC complex of Cu does not deposit. Presum-
ably, DCC forms a complex on the Cu surface to form a barrier layer from
the moment it is added to the electrolyte. The important point of this
research is that we found that the Cu complex in DCC does not deposit
even if there is some Cu dissolution.

The degradation factor of recovery capacity after over-discharge
depends not only on Cu corrosion but also on its suppression mecha-
nism. As shown in Fig. 6 (f, i, j, k), the ADN complex of Cu can precip-
itate on the Cu foil surface and stop further Cu deposition. However, the
ADN complex of Cu also deposits on the graphite anode surface,

Fig. 7. XPS depth profiles of Cu substrate of the anodes after over-discharge test for the cells with: (a) No additive, (b) 0.2 M ADN, (c) 0.2 M DCC, and (d) XPS
analysis of wide-scan spectra of the DCC complex on the surface.
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resulting in increased polarization as shown in Fig. 5d and a lower re-
covery capacity after over-discharge. On the other hand, as shown in
Fig. 6g, the DCC complex of Cu does not deposit on the surface of Cu foil
or graphite anode, but forms a thin film (thin layer) of nm order as a
barrier layer as shown in Fig. 7c and Fig. 8c. Therefore, the polarization
after over-discharge is quite small, and we believe that there is little
effect on the recovery capacity after over-discharge.

Table 1 shows a summary of the cell performances using electrolytes
with the Cu corrosion inhibition additives. As shown in Table 1, it can be
concluded that DCC is a promising additive that can suppress Cu
dissolution during over-discharge and has excellent battery
performances.

4. Conclusion

This work investigated additives that can both suppress the disso-
lution of the Cu current collector and improve the battery performance
during over-discharge. ADN, DCC, and DIC were all found to have good
second cycle discharge capacities and cycling performances, but HMDI
was found to undergo a cycling degradation. For ADN, DCC, and DIC,
which have good cycling performances, we examined the black spots
after over-discharge and found that they all showed a decrease, indi-
cating that they were effective in preventing Cu leaching. The analysis
revealed that ADN forms a thick film on the order of μm, while DCC
forms a thin layer on the order of nm. This suggests that the DCC

Fig. 8. XPS analysis of N1s (from a to c) or Cu2p (from g to i) spectra of Cu substrate of the anodes after over-discharge test for the cells with: (a, g) No additive, (b, h)
ADN, and (c, i) DCC, and N1s (from d to f) or Cu2p (from j to l) spectra of Cu complex compounds on the surface: (d, j) [Cu(EMC)4](PF6)2, (e, k) [Cu(ADN)2](PF6)2,
and (f, l) [Cu(DCC)3EMC](PF6)2.

Table 1
Summary of cell performances using electrolytes with Cu corrosion inhibition
additives.

Additives No additive ADN DCC DIC

・Capacity at 2nd

cycle (4.2–3.0
V)

149 mAh g-1 149 mAh g-1 149 mAh g-1 147
mAh
g-1

Cycling
performance
(50 cyc at
25 ◦C)

96 % 96 % 96 % 83 %

Cu corrosion
behavior after
over-discharge
(Visual and
SEM)

Blackspots
and pitting
corrosion
increase

Blackspots and pitting corrosion significantly
decrease

Precipitates – Existing None
Solubility of Cu

complex with
additives

– Extremely low Extremely high –

Surface film or
layer on Cu
after over-
discharge

None Thick film (μm
order)
containing C
and N elements

Thin layer (nm
order)
containing C
and N elements

–

Capacity recovery
after over-
discharge

15 % 20 % 85 % 65 %

M. Deguchi et al. Journal of Power Sources 625 (2025) 235613 

8 



complex with the cumulated double bonds does not form a white pre-
cipitate like the ADN complex. The recovery rates after over-discharge
were high for DCC and DIC, and DCC, in particular, showed a good
performance for both the second cycle discharge capacity and cycle
performances. These results indicated that additives with the carbodii-
mide groups (-N=C=N-) are useful as new types of short circuit pre-
vention additives during over-discharge that can both prevent Cu
leaching and reduced battery performance.
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