
Copper Impurity Effects on LiNi1/3Mn1/3Co1/3O2 Cathode Material
Qina Sa, Joseph A. Heelan, Yuan Lu, Diran Apelian, and Yan Wang*

Department of Mechanical Engineering, Worcester Polytechnic Institute, 100 Institute Road, Worcester, Massachusetts 01609, United
States

ABSTRACT: The crystal structure and electrochemical properties of
LiNi1/3Mn1/3Co1/3O2 (NMC) synthesized from a lithium ion battery
recovery stream have been studied previously. In this report, we study the
Cu impurity effects on NMC in detail. The difference in crystal structures
and electrochemical properties were examined for pure and copper impurity
included products. Scanning electron microscopy figures show that the
precursor particles of NMC are slightly bigger than that of NMC with
copper impurity. After undergoing 150 cycles at 2C, X-ray diffraction
refinements results show that the lattice parameters for impurity containing
NMC and pure NMC change to different extents. Furthermore, due to the
minor change of lattice parameters, copper-containing NMC offers a more
stable capacity retention compared to pure NMC.
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1. INTRODUCTION

Worldwide demand of lithium ion batteries indicates that the
amount of lithium ion battery waste will increase annually and
could become a potential issue for the environment.1 Motivated
by this fact, researchers have been working on developing
various lithium ion battery recycling processes.2−6 A low-cost
and high-efficiency lithium ion battery recovery process has
been proposed and introduced in detail,7,8 in which the
recovery efficiencies of nickel, cobalt, and manganese metal
values are over 90%. A solution containing leached cathode
powders from a recycled battery stream was utilized to
synthesize NMC.9 Because the cathode material was synthe-
sized from the leaching solution of a lithium ion battery
recovery stream, possible impurity elements such as copper,
aluminum and iron do exist. The source of the copper is the
copper current collector of the anode, whereas the source of the
aluminum is the copper current collector cathode. Iron comes
from the battery’s steel case, LiFePO4, or both. Due to the very
low solubility constant, Al3+ and Fe3+ are easily removed by
controlling the pH of the solution. However, Cu2+ is difficult to
completely eliminate due to its higher solubility constant. Ni2+,
Mn2+, and Co2+ could also precipitate when the pH is high
enough, which will lower the recovery efficiency of these three
valuable metal elements. Therefore, it is critical to understand
how the presence of copper might affect the crystal structure
and electrochemical performance of NMC.
It has been reported that element doping is one efficient way

to improve the electrochemical properties of cathode
materials.10−12 But there is no report of copper doping of
NMC. The objective of this research work was to examine how
copper impurity would affect the electrochemical properties of
cathode. After performing experiments, we found that the

addition of copper lowers the specific rate performance but
improves the cycle life of NMC. At the beginning of cycle life
test, the capacity of pure NMC is higher than that of NMC with
copper. However, the capacity retention of NMC with copper
is better than that of pure NMC over time and will have a
better overall capacity after 150 cycles are completed.
In this work, pure NMC and NMC with controlled copper

amount were synthesized via coprecipitation process13−16 and
solid-state synthesis process.17−19 Once the precursors and
cathodes were obtained, SEM, XRD, and electrochemical tests
were conducted to examine how the presence of copper
affected the materials’ properties and performance using pure
NMC as a baseline comparison. It was found that copper
element does affect the particle size of coprecipitated
precursors. The particle size of copper included precursor is
smaller than that of pure NMC precursor. Also, the
electrochemical test results of cathode materials show that
the NMC with copper impurity performs lower specific rate
capacities but reveals better capacity retention during cycling
test.

2. EXPERIMENTAL SECTION
2.1. Synthesis of NMC Cathode Materials. Before synthesizing

NMC cathode materials with and without copper impurity,
Ni1/3Co1/3Co1/3(OH)2 precursors with and without copper impurity
were synthesized first. The synthesis details are as follows. The
hydroxides were obtained via a coprecipitation process involving
NaOH and NH3·H2O solutions. In the experiment, 1000 mL of 1 M
NH3·H2O was first put into the reactor and heated up to 60 °C. Then,
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5 M NH3·H2O and 2 M MSO4 (M: Co, Mn, Ni) solutions were
pumped into the reactor at adding rates of 10 and 30 mL/h,
respectively. Next, 5 M NaOH was automatically added into the
reactor throughout the reaction by a pH controlled peristaltic pump to
stabilize the reaction at a desired pH. The feeding time of MSO4 and
NH3·H2O was 10 h. After MSO4 addition, the material was stirred in
solution for an additional 24 h. An overhead stirrer was utilized, and
the stirring speed was 750 rpm. The synthesized precursors were
filtered and washed until the pH of filtering solution reduced to 7, then
it was dried in an oven at 110 °C overnight. When synthesizing the
precursor with copper impurity, we added the desired amounts of
CuSO4 to the MSO4 solution prior to the coprecipitation process and
the experiment was repeated.
To synthes i z e the L iNi 1 / 3Mn1 / 3Co1 / 3O2 ca thodes ,

Ni1/3Co1/3Co1/3(OH)2 precursors was thoroughly mixed with
Li2CO3 by mortar and pestle. The mixture was heated to 900 °C
for 12 h. The material was heated in air for 12 h and both the heating
rate and cooling rate were 2 °C/min.
2.2. Battery Assembling and Electrochemical Property Test

with Synthesized NMC Cathode Materials. The lithium ion
battery electrode was prepared from the mixture of 10 wt %
polyvinylidene fluorides (PVDF) binder, 10 wt % conductive additive
C65, and 80 wt % synthesized LiNi1/3Mn1/3Co1/3O2 cathode materials.
The mixed slurry was then cast onto an aluminum foil current
collector. The electrode was dried in the oven overnight at 60 °C.
After the electrode was completely dried, a piece of 1/4 in. diameter
electrode was punched out of the electrode sheet and pressed to a
thickness of 50 μm; the loading mass was 5 mg/cm2. The
electrochemical properties were tested by assembling Swagelok cells
in an argon gas filled glovebox. The electrolyte was 1 M LiPF6
dissolved in ethylene carbonate, dimethyl carbonate and diethyl
carbonate (EC+DMC+DEC, 1:1:1 in volume). Lithium metal served
as the anode during the electrochemical test. All tests were conducted
at room temperature.
2.3. Characterizations. Inductive Coupled Plasma- optical

emission spectrometry (ICP-OES) (PerkinElmer Optical Emission
Spectrometer, Optima 8000) was utilized to measure the concen-
trations of all the metallic elements in solution. X-ray diffraction
(XRD) pattern was obtained from diffractometer (PANalytical
Empyrean Series 2 X-ray Diffraction System, with chromium Kα
radiation, Cr target) by scanning the powder with a 2θ range of 20−
120° at a step size of 0.008° and scanning step time 20 s. The
operation voltage and current of XRD machine were 30 kV and 55
mA, respectively. HighScore Plus program was utilized to perform
Rietveld refinements. The particle size and morphology were observed
by scanning electron microscopy (SEM) (JEOL JSM-7000F electron
microscope). The electrochemical performance was examined using an
Arbin electrochemical tester. The rate capacities for electrochemical
testing included C/10, C/5, C/3, C/2, C, 2C and 4C. 2C cycle life
tests were performed to examine the capacity retention performance of
different cathode materials. The cut off voltage was 4.3 V for charging
and 2.7 V for discharging. The 1C rate was calculated as 160 mAh/g.
Cyclic voltammetry (CV) scan of 2.5 V to 4.8 V was taken at 0.1 mV
for 2 cycles.

3. RESULTS AND DISCUSSION

3.1. ICP-OES Characterization of NMC Materials. Three
samples with different amount of copper impurities (0, 2.5, and
5 atom %) were synthesized and compared. The objective was
to examine how the copper impurity affects the NMC cathode
properties. To confirm copper element is present in the
synthesized cathode materials, 0.05 g of each sample was
leached using 20 mL of leaching reagent and sent to ICP-OES
test. Table 1 is showing the atomic percentages of Ni, Mn, Co,
and Cu in the synthesized cathode materials. The ICP-OES
results show that the copper element does exist in the resulting
product. The atomic percent of copper relative to the other
transition metals were 2.3 and 4.6 atom % in the two

synthesized samples. These numbers are slightly lower than the
expected 2.5 and 5%, but considering errors from the synthesis
process and ICP-OES equipment, the resulting data is
acceptable. ICP-OES results only provide the information
about the existence of copper, whether the copper impurity is
locating inside or outside the crystal structure of NMC cathode
is still unsure. This will be discussed again in section 3.3
according to the XRD data.

3.2. Particle Morphologies of Precursors and NMC
Cathode with and without Copper Impurity. Figure 1
shows particle size difference of Ni1/3Mn1/3Co1/3(OH)2 with 0,
2.5, and 5 atom % copper impurity and their corresponding
cathodes. In the coprecipitation process, the existence of
copper affects the particle size of the precursor. Although the
synthesis condition is the same, Ni1/3Mn1/3Co1/3(OH)2 with
copper impurity shows a relatively smaller particle size which is
5−8 μm, compared to a 10−15 μm particle size in the pure
Ni1/3Mn1/3Co1/3(OH)2. The particle size and morphologies
remained from precursors to cathodes. The reaction equili-
brium of coprecipitation is determined by many factors such as
temperature, feeding rates, pH values, and so on. Ni and Co can
form [M(NH3)n]

2+, and when Mn is involved, the three
together form [Ni1/3Mn1/3Co1/3(NH3)n]

2+.21 The addition of
Cu can make the system even more complicated. The particle
growth mechanism of coprecipitation reaction is that [M-
(NH3)n]

3+/M(OH)2 (M = Ni, Mn, and Co) reaches
equilibrium at certain pH (pH = 10 in this work) by controlling
the feeding rates of MSO4 solution, NaOH, and ammonia−
water. Then M2+ will be slowly precipitated out from
[M(NH3)n]

3+ and convert to M(OH)2, allowing the M(OH)2
nuclei to grow to bigger size particles.22 When Cu impurity
exists in the system, Cu(OH)2 has the lowest solubility value
compared to the hydroxide phase of the other three21 and this
will affect the reaction equilibrium of the [M(NH3)n]

3+/
M(OH)2 (M = Ni, Mn, and Co) complex thus preventing the
particle growth of Co, Ni, and Mn hydroxides.

3.3. Crystal Structure Analysis of Synthesized NMC
Products. Figure 2 shows the refinement patterns of the 6
samples: NMC with 0, 2.5, and 5 atom % Cu before (Figure 2a)
and after (Figure 2b) 2C cycling. No impurity peaks related to
copper compounds were identified, which indicates copper
element does not change the crystal structure of NMC. There
are several reports about metal doping of cathode materials, in
which they demonstrated that the dopant replaced the
transition metals in the crystal structure.10−12 Because the
location of the copper element is very close to nickel, cobalt
and manganese in periodic tables, it has similar chemical
properties with Ni, Mn, and Co. Therefore, it is highly possible
that the copper impurity occupied some of the transition metal
sites. However, the exact location of Cu in the crystal structure
is still unclear.

Table 1. Metal Element Atomic Percentages in Different
NMC Samples

Ni (%)
Mn
(%)

Co
(%)

Cu
(%)

NMC prepared with 0 atom % Cu
solution

32.80 35.70 31.50 0.00

NMC prepared with 2.5 atom % Cu
solution

34.00 31.70 32.00 2.30

NMC prepared with 5 atom % Cu
solution

33.40 30.50 31.50 4.60
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Table 2 shows the XRD refinement results. All crystal

structures have a c/a ratio greater than 4.97. The I(003)/I(104)

is higher than 1.7. The pattern shows that clear splitting of the

(006) and (012) peaks indicating the appropriate layered

structure had formed. For pure NMC, parameter c increases

0.6% after cycling, and c values of NMC with 2.5 and 5 atom %

Cu increases 0.1 and 0.4%, respectively. The lattice parameter c

represents the distance of the layered structure, and this layered

Figure 1. SEM micrographs of precursor and cathodes synthesized with and without copper impurity. (a) Ni1/3Mn1/3Co1/3(OH)2 with 0% Cu, (b)
Ni1/3Mn1/3Co1/3(OH)2 with 2.5% Cu, and (c) Ni1/3Mn1/3Co1/3(OH)2 with 5% Cu, (d) NMC with 0% Cu, (e) NMC with 2.5% Cu, (f) NMC with
5% Cu.

Figure 2. (a) XRD refinement patterns of NMC with different amount of copper before cycling test, (b) XRD refinement patterns of NMC with
different amount of copper after cycling test.
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structure relates to the amount of lithium ions between the two
layers of MO2

−.20 The absence of lithium ions leads to the two
negative charged oxides layers losing the bonding connection,
as two layers with negative charges will repel each other. During
the delithiation−lithiation process between 2.7 to 4.3 V,
transition metals, such as Co and Ni, are oxidized to M4+. Mn4+

is electrochemically inactive but contributing to the layered
structure stability.23 So the question would be, what is the
activity of Cu in the crystal structure? If a small amount of
electrochemical inactive Mn4+ sites were occupied by Cu2+ or
Cu+, Cu ions can be oxidized to Cu2+ or reduced to Cu+. This
causes the Cu element to be active for electrochemical reactions
and contributes to capacity retention improvement. Therefore,
in this case, as the capacity is fading in pure NMC, the Cu2+/
Cu+ ions in NMC with Cu impurity can still be active for
reacting with Li ions. So after cycling, fewer lithium ions
remained in the layer structures of pure NMC compared to Cu
contained-NMC, causing parameter c to increase in pure NMC
and the capacity retention to drop. The CV scan results provide
more information for the discussion of Cu activity as can be
seen in the following section.
3.4. Electrochemical Test Results. Rate capacity test

results are shown in Figure 3. At C/10, pure NMC has a
discharge capacity of 161 mAh/g, and NMC with Cu impurities
shows lower specific discharge capacities. As the amount of Cu
increases, the discharge capacities of NMC decreases. This
decreasing pattern of discharge capacities is also apparent at
other C rates. These results indicate that Cu element as an
impurity to NMC cathode material, does not change the crystal
structure significantly from one phase to another, because the
XRD patterns of three samples look similar, but it does result in
some defects in the layered structure. So, the layer structures of
NMC with impurity will not be as good as that of pure NMC,
and the specific rate performance of NMCs with impurity is
lower. The first cycle charge and discharge curves are shown in
Figure 4. The first cycle efficiency for pure NMC cathode, 2.5

atom % NMC cathode, and 5 atom % NMC cathode are 87, 84,
and 82% respectively.

Table 2. XRD Refinement Results of Synthesized Cathode Materials

before cycling test after cycling test

a (Å) c (Å) c/a Rwp a (Å) c (Å) c/a Rwp c value variation (%)

NMC with 0 atom % Cu 2.857 14.228 4.980 9.240 2.849 14.315 5.024 8.100 0.60
NMC with 2.5 atom % Cu 2.866 14.259 4.975 8.520 2.852 14.271 5.003 8.440 0.10
NMC with 5 atom % Cu 2.865 14.268 4.981 8.290 2.850 14.333 5.029 6.430 0.40

Figure 3. Specific rate capacity test results of NMC with 0, 2.5, and 5
atom % Cu.

Figure 4. First cycle charge and discharge curves of NMC with
different amount copper impurity.
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Capacity retention tests were performed by cycling the cells
at 2C (Figure 5). At the beginning, pure NMC offers better
capacity performance. It achieves a discharge capacity of 100
mAh/g discharge capacity at 2C. However, the overall capacity
retention of NMC with Cu impurities is better than that of the
pure product. In addition, the capacity retention of NMC with
2.5% Cu is slightly better than that with 5% Cu. These results
agree well with the previously discussed parameter c change
conclusion. The capacity retention of pure NMC drops faster,
indicating lower amounts of lithium ions moving back to layer
structure of cathode materials.
To examine the reactivity of NMC and NMC with Cu

impurities, we conducted CV scans between 2.5 and 4.8 V
(Figure 6). The scan rate was 0.1 mV/s. From the peaks at 3.75
V, it can be clearly observed that as the Cu amount increases,
the peak becomes sharper and narrower. This is because NMC
with Cu impurities have smaller particle sizes and larger contact
area with the electrolyte, so the reaction is more active.
However, the peak area becomes smaller as the Cu amount
increases, agreeing with the lower specific discharge capacity
result of NMC with Cu impurity. Another noticeable difference
between these three CV curves is that, at around 4.6 V, there is
a significant peak in the pure NMC scan result. But the peak is
not as identifiable in NMC with 2.5 and 5 atom % Cu. It has
been previously reported that Mn element is responsible for
this peak.18 In the NMC cathode materials with higher amounts
of Cu impurities, this peak is very weak and almost disappears.
This result supports the argument that in NMC with Cu
impurity, the Cu occupies some Mn sites or inhibits the
electrochemical reaction of Mn element.

4. CONCLUSION
NMC cathode materials with and without coper impurities
were synthesized via a coprecipitation and solid state synthesis
process. Crystal structure changes of NMC and NMC with
impurities after electrochemical test were analyzed and
discussed. The lattice parameters of synthesized pure NMC
have a more significant change of c values, corresponding to the
lower capacity retention. NMC cathodes with Cu impurities
have a better capacity retention and smaller c value variation.
Although the exact locations/activities of copper in the crystal
structure is still not 100% clear, CV scan provide some evidence
of Cu element reacting with Mn or occupying Mn sites in the
NMC crystal structure. The initial capacity of material
containing copper is slightly lower because of defect caused

by the Cu impurity. However, it was revealed that the existence

of a small atomic percent of copper helps stabilize the capacity

retention. Future work will include Cu element activities in

NMC crystal structure during charge−discharge process. In

addition, the Cu effect to NMC cathode charges and discharges

process at higher C rates or wider voltage ranges will be

investigated.

Figure 5. Capacity retention results of NMC with 0, 2.5, and 5 atom %
copper (2C, 2.7−4.3 V).

Figure 6. CV scan results of NMC with different amount copper
impurity.
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