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Investigating Li2NiO2−Li2CuO2 Solid Solutions as High-Capacity
Cathode Materials for Li-Ion Batteries
Jing Xu,† Sara Renfrew,§ Matthew A. Marcus,‡ Meiling Sun,† Bryan D. McCloskey,†,§ and Wei Tong*,†

†Energy Storage and Distributed Resources Division and ‡Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley,
California 94720 United States
§Department of Chemical and Biomolecular Engineering, University of California, Berkeley, California 94720, United States

ABSTRACT: Li2Ni1−xCuxO2 solid solutions were prepared by
a solid-state method to study the correlation between
composition and electrochemical performance. Cu incorpo-
ration improved the phase purity of Li2Ni1−xCuxO2 with
orthorhombic Immm structure, resulting in enhanced capacity.
However, the electrochemical profiles suggested Cu incorpo-
ration did not prevent irreversible phase transformation during
the electrochemical process, instead, it likely influenced the
phase transformation upon lithium removal. By combining ex
situ X-ray diffraction (XRD), X-ray absorption spectroscopy
(XAS), and differential electrochemical mass spectrometry
(DEMS) measurements, this study elucidates the relevant phase transformation (e.g., crystal structure, local environment, and
charge compensation) and participation of electrons from lattice oxygen during the first cycle in these complex oxides.

■ INTRODUCTION

Li-ion batteries have been extensively used in portable
electronics and are now being pushed toward transportation
and grid applications.1,2 To catch up with the pressing demand
for economically accessible and environmentally benign energy
storage devices, new research strategies based on chemistry that
can accommodate two electron transport processes have been
proposed for the search of new electrode materials with even
higher energy density.3−5 Among all the candidates, Li2NiO2
has gained research interest for possible use as Li-ion cathodes
because it potentially allows the utilization of the Ni2+/Ni4+

redox couple with two Li per formula unit, resulting in a
theoretical capacity of 513 mAh/g.6−10 Li2NiO2 was first
prepared for use in Li-ion batteries by Dahn et al. through the
intercalation of one additional Li into layered LiNiO2.

6 Li2NiO2
formed via the electrochemical lithiation process is isostructural
with Ni(OH)2 and can be indexed in the P3 ̅m1 space group.
The crystal structure is composed of layers of octahedral Ni and
tetrahedral Li that are alternatively arranged between close-
packed oxygen layers.11 However, the ground state of Li2NiO2
is not P3̅m1 structure, but an orthorhombic form with Immm
space group, in which Ni sits on the square planar site and Li
occupies the tetrahedral site.7,12 Kang et al. reported the
synthesis and electrochemistry of an orthorhombic Li2NiO2,
which exhibited a charge capacity of ∼320 mAh/g and a
discharge capacity of about 240 mAh/g between 1.5 and 4.6 V.
However, the Immm structure was not robust, which
transformed to an amorphous layered structure along with
NiO after cycling.7 This structural instability poses a serious
challenge for use in rechargeable Li-ion batteries, although

reasonably fast Li motion along the b axis and the diagonal
direction between a and b axes was predicted for this material.13

Li2CuO2 is isostructural with Li2NiO2 and also belongs to the
orthorhombic Immm space group. Its electrochemical delithia-
tion process involves three types of phases: Li1+yCuO2,
Li1.5CuO2, and Li2‑zCuO2 (0.5 ≤ y, z ≤ 1)),14,15 where
LiCuO2 and Li1.5CuO2 crystallize in the monoclinic C2/m
space group.15−17 The crystal lattice of all three compounds
contains a CuO4 square unit, which shares edges with
tetrahedral LiO4 in Li2CuO2, one tetrahedral LiO4 and one
octahedral LiO6 in Li1.5CuO2, and only octahedral LiO6 in
LiCuO2, therefore, its delithiation process is mainly charac-
terized by a gradual change in Li environment from tetrahedral
to octahedral coordination.14 Earlier attempts were made to
prepare Li2NiO2−Li2CuO2 solid solutions18−21 for Li-ion
battery application because of the similar square planar
coordination15−17,22−25 and promising electrochemical fea-
tures.14,26−33 The intermediate composition, Li2Cu0.5Ni0.5O2,
demonstrated a balance between capacity and reversibility
compared to the end members, Li2NiO2 and Li2CuO2.

18

Recently, Ruther et al. performed a comprehensive study on the
electrochemical reaction mechanism of Li2Cu0.5Ni0.5O2 using a
suite of characterization techniques, revealing a reversible Ni2+/
Ni3+ redox reaction coupled with O2 evolution at a high charge
voltage (>3.9 V) and Cu2+ to Cu+ reduction at a low discharge
voltage (<1.8 V).21 Oxygen oxidation was also proposed and
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gas evolution was detected by other groups,25,31 but no
quantification work has been performed to isolate the evolved
gas species and correlate the oxygen redox with electro-
chemistry.
In our work, Li2Ni1−xCuxO2 solid solutions were synthesized

in order to study the effect of Cu incorporation on the overall
electrochemical behavior. Because the phase transformation
presents a critical concern for this family of materials, the
crystal structure, local environment, as well as the charge
compensation during the first cycle were studied by a
combination of X-ray diffraction (XRD), X-ray absorption
spectrometry (XAS), and differential electrochemical mass
spectroscopy (DEMS). This in-depth understanding of the
phase and electrochemical behavior will provide useful guidance
for the further development of these high-capacity materials.

■ EXPERIMENTAL SECTION

Material Synthesis. Li2O (Alfa Aesar), NiO (Alfa Aesar),
and CuO (Alfa Aesar) precursors were used to synthesize (1 −
x)Li2NiO2·xLi2CuO2 solid solutions. Precursors with desig-
nated Ni and Cu ratios were loaded into a stainless steel jar in
Ar-filled glovebox and milled on Spex 8000 for 3 h. Then the
milled powder was annealed at 700 °C for 12 h with continuous
N2 flow.
Electrochemical Characterization. Li2Ni1−xCuxO2 elec-

trodes are composed of 80 wt % active material, 15 wt % carbon
black as conductive agent, and 5 wt % polyethylenetetrafluoride
(PTFE) as binder. 2032-Type coin cells were assembled in an
Ar-filled glovebox (H2O < 0.1 ppm) with Li metal as the
negative electrode. A Celgard 2400 separator and 1 M LiPF6
electrolyte solutions in 1:2 w/w ethylene carbonate−diethyl
carbonate (Ferro Corporation) solvent were used to fabricate
the cells. Galvanostatic discharge and charge were performed
on a Maccor 4200 battery cycler between 4.6 and 1.5 V at a
current density of 12 mA/g.
Physical Characterization. X-ray diffraction patterns were

collected using a Bruker D2-Phaser with Cu Kα radiation (λ =
1.54178 Å). Hard X-ray absorption spectra were collected in
transmission mode using a (220) monochromator at SSRL
beamline 4-1. Higher harmonics in the X-ray beam were
reduced by detuning the Si (220) monochromator. Energy
calibration was accomplished by using the first inflection points
in the spectra of Ni foil reference. XANES data were analyzed
by Sam’s Interface for XAS Package or SIXPACK software, with
the Photoelectron Energy Origin E0 determined by the first
inflection point of the absorption edge jump. All ex situ
measurements were carefully handled by sealing the samples
with Kapton films inside an Ar-filled glovebox to ensure a good
protection and avoid the air/moisture exposure. DEMS
measurements were taken on a customized Swagelok type
cell that was connected to a high-pressure gas chromatography
(HPGC) valve, the details of DEMS setup and measuring
protocol were described in a previous publication.34 Typical
error of this DEMS measurement is about 3%. The DEMS cell
was charged after an initial rest at open circuit voltage for 6 h
and charge/discharge was done under potentiostatic control
using a BioLogic SP-300 potentiostat.

■ RESULTS AND DISCUSSION

X-ray Diffraction (XRD). All the samples were synthesized
via a solid-state method by high-energy milling the mixture of
Li2O, NiO, and CuO precursors for 3 h, then annealing at 700

°C for 12 h under N2 atmosphere. Figure 1 shows the XRD
patterns of the four samples with Ni content (1 − x) ranging

from 1 to 0.4. Overall, all the major XRD peaks in these
samples could be indexed as the Immm space group. Close
examination of the XRD patterns revealed a small amount of
NiO impurity in the final product of Li2NiO2, whereas, the Cu
substitution removed the NiO impurity and facilitated the
formation of pure Immm-type phase. In addition, shifts of the
XRD diffraction peaks were observed with increasing Cu
content, for example, the (002) and (200) peaks that are
labeled by dash lines. Such peak shifting resulted from the
substitution of a larger Cu ion on the Ni site, suggesting the
formation of a solid solution between isostructural Li2NiO2 and
Li2CuO2.

Electrochemistry. The first cycle voltage profiles are
displayed in Figure 2a. Li2NiO2 delivered a capacity of 380
mAh/g during the first charge and 330 mAh/g during the first
discharge. With Cu substituted, both charge and discharge
capacities increased; the total charge capacity increased up to
∼440 mAh/g at 0.2 Cu and showed little change with Cu
content. Such increase in charge capacity mainly occurred at
<3.8 V (Figure 2b), presumably ascribed to the removal of
electrochemically inactive NiO impurity in the Cu substituted
samples. On the other hand, the Cu substitution resulted in a
substantial change in the charge profiles, which progressively
decomposed into two distinguishable plateau regions around
3.2 and 3.6 V. They became more pronounced in the
differential capacity curves (Figure 2c). The dQ/dV of
Li2NiO2 during the charge showed several small oxidation
peaks around 3.2, 3.5, 3.7, and 4.0 V. Based on first-principles
calculations, the first three could be possibly associated with the
phase transformation from Immm Li2NiO2 to R3̅m and Immm
LiNiO2, and R3 ̅m NiO2. However, the difficulty in differ-
entiating R3̅m and Immm type LiNiO2 phase is noted because
the small voltage difference (∼0.2 V) fell within the uncertainty
of calculations.7 With 0.2 Cu substitution, oxidation peaks
around 3.7 and 4.0 V remained as the main features, but the
oxidation peak around 3.2 V appeared to grow at the expense of
the peak at 3.5 V. Further increasing Cu content to 0.6, only
sharp oxidation peaks at 3.2 and 4.0 V were observed, which
was consistent with that of charged Li2CuO2.

25 Clearly, we can
conclude that the phase transition at 3.2 V was promoted by Cu
substitution,14 and the peak at 4.0 V was a common feature of
the Li2NiO2 and Li2CuO2 charging process.

Figure 1. X-ray diffraction patterns of Li2Ni1−xCuxO2 (x = 0, 0.2, 0.4,
0.6).
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Meanwhile, the discharge capacity increased with Cu content
and reached 380 mAh/g at 0.6 Cu. The discharge profile of
Li2NiO2 was characterized by three reduction peaks around 3.6,
2.0, and 1.8 V. The absence of additional reduction peaks in the
high voltage region (>3 V) was an evidence of the irreversible
phase transformation. With Cu substitution, the change in the
discharge profile was significant. We can clearly see the shift of
the discharge voltage profile from >3 V toward a lower voltage
region (3−2.2 V). With increasing Cu content to 0.6, the
plateaus at 3.6 and 2.0 V gradually diminished and a new
plateau around 2.9 V was observed, which seems to indicate a
Cu-dominated phase transformation.14 If we roughly divided
the whole discharge profiles into three regions, the variation in
discharge capacity in different voltage regions became more
pronounced (Figure 2d). A clear trend in capacity vs Cu
content was observed, being represented by a decrease at >3 V
and an increase between 3 and 2.2 V.

The effect of Cu substitution on the voltage profiles was
further examined in the subsequent cycle. The selected second
cycle voltage profiles and dQ/dV plots are shown in Figure
3a,b. In general, a capacity loss was observed in both charge and
discharge compared to the first cycle. Additionally, the
irreversible and drastic structural change after the first cycle
led to the amorphous electrodes. When we compared the
features in dQ/dV plots, the most distinct difference between
the first and second charge were the removal of the oxidation
peaks around 3.2, 3.5, and 4.0 V and a newly developed
oxidation peak around 2.4 V during the second charge. The
second charge dQ/dV plot that was characterized by two broad
oxidation peaks around 3.8 and 2.4 V showed consistency with
those of layered LiNiO2, corresponding to Ni3+/Ni4+ redox
between LiNiO2 and Li1−xNiO2 and Ni2+/Ni3+ redox between
Li1+yNiO2 and LiNiO2, respectively.

6 The rest features in the
second discharge dQ/dV plot appeared almost no change
compared to those in the first discharge. Such distinct features

Figure 2. (a) Voltage profiles, (b) charge capacity distribution, (c) selected dQ/dV plots, and (d) discharge capacity distribution of Li2Ni1−xCuxO2
(x = 0, 0.2, 0.4, 0.6) during the first cycle. Cells were cycled at 12 mA/g between 4.6 and 1.5 V.

Figure 3. Selected second cycle (a) voltage profiles and (b) dQ/dV plots, and (c) cycling performance of Li2Ni1−xCuxO2 (x = 0, 0.2, 0.4, 0.6). Cells
were cycled at 12 mA/g between 4.6 and 1.5 V.
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suggested, after the first charge, the electrodes experienced an
irreversible phase transformation, which constantly remained in
the subsequent cycles. As such, the cycling performance of
these four samples is presented in Figure 3c. Although the Cu
substitution improved the discharge capacity in the initial cycle,
the capacity retention was not effectively enhanced within the
tested voltage window (4.6−1.5 V). Of all the four materials, an
intermediate composition, Li2Ni0.8Cu0.2O2, was chosen for
further studies on the electrochemical mechanism considering a
substantial change in the first charge profile, preserved features
during the discharge, and relatively good capacity and retention.
Ex Situ X-ray Diffraction (Ex Situ XRD). To elucidate the

structural evolution, ex situ XRD was collected at various states
of charge during the first cycle. The ex situ XRD patterns were
immediately collected on the cycled Li2Ni0.8Cu0.2O2 electrodes
by disassembling the cells once the designated voltages were
reached. As shown in Figure 4a,b, a new set of diffraction peaks

represented by the dash lines developed after charging the
electrode to 3.8 V. The accurate assignment of these peaks is
challenging due to the lack of long-range crystalline order.
Combination of careful searching/matching in ICDD Powder
Diffraction Database and potential phase development during
the charge process led to a match of several possible phases.
First of all, the XRD peaks (marked by dash lines) showed
possible consistency with monoclinic Li1+δCuO2 (0 ≤ δ ≤ 0.5)
in C2/m space group. Comparison of the XRD patterns at
charged states to those of reference compounds are given in
Figure S1. Variation in the XRD peak position and intensity
between 29 and 35° might correlate with the size difference
between nickel and copper ions and lithium content.20,27 On
the other hand, the distinct diffraction peak around 18.5°
overlaps with (003) peak of layered R3̅m LiNiO2

9,20 and
Li2CO3 marked by open triangles certainly contributes to the
weak peaks in the range of 29−35°. It should be pointed out
that the coordination of Ni and Cu in layered R3 ̅m LiNiO2 and
C2/m Li1+δCuO2 is different, being represented by [NiO6] vs
[CuO4]. Combined with our hard XAS results, we are certain
about the formation of layered R3̅m phase at these charge
states. Meanwhile, another set of broad diffraction peaks (solid
circles) were consistent with those of rock-salt NiO phase.
However, we cannot exclude the formation of copper oxides,
which could be embedded in the broad peak area of NiO.

After further charging the electrode to 4.6 V (Figure 4c), the
change in phase composition was almost negligible, which
remained true for the 2.6 V discharge state as well (Figure 4d),
although the root cause for the small variation in the 2θ value of
29−35° was unclear. However, it was noticed that Li2CO3
feature was more pronounced at 4.6 V charge. Li2CO3 typically
exists as surface contaminant, decomposes around 4.3 V upon
the first charge, and is permanently eliminated in the later
electrochemical processes in other Li-ion cathodes.35−37 The
increase in Li2CO3 content at 4.6 V was most likely related to
the participation of oxygen and parasitic reactions between
electrode and electrolyte in the high voltage region (>4.3 V).
On the other hand, most discharge products became
amorphous and the original Immm structure was not recovered
after discharge to 1.5 V. Instead, a Li2O crystalline phase
became more visible.

Hard X-ray Absorption Spectroscopy (XAS). Hard XAS
spectra were collected at the Ni and Cu K-edge to investigate
the oxidation state change and local environment around Ni
and Cu during the electrochemical reaction. According to the
X-ray absorption near edge structure (XANES) analysis (Figure
5a), Ni was oxidized from the pristine state to 3.8 V during
charge as the Ni edge moved toward higher energy (close to
that of LiNiO2 reference) despite the formation of the NiO
phase. Upon further delithiation, the Ni edge did not exhibit
any obvious change even after charging to 4.6 V, suggesting Ni
oxidation completes at 3.8 V. When discharging back to 1.5 V,
the original position of the Ni edge was mostly recovered,
suggesting most Ni2+ reserved at the 1.5 V discharge state.
Small difference at 1.5 V discharge from NiO likely resulted
from size effect rather than further reduction.38,39 Presumably,
Ni originating from NiO phase that was constantly observed in
the ex situ XRD patterns was divalent. In addition, the recovery
of Ni2+ after discharge suggested the contribution of Ni3+ to
Ni2+ redox upon the insertion of additional lithium into layered
oxide during the discharge process.
On the other hand, the shift in Cu edge position was not

straightforward to compare as the shape of the spectra changed
dramatically. Our data interpretation focuses on the shape of
the spectral fine features to guide our analysis on the oxidation
state and coordination environment of Cu during the
electrochemical reaction. As shown in Figure 5b, the K-edge
XANES of Cu in the pristine Li2Ni0.8Cu0.2O2 exhibited two
rising-edge transitions centered around 8984 and 8990 eV,
which was in agreement with those of previous reported
spectra,21 corresponding to the electric dipole transitions from
the 1s state to various np final states.40 When charged to 3.8 V,
the two rising edges around 8984, and 8990 eV almost vanished
and ended at a more smooth main edge. Such dramatic change
in the Cu K-edge XANES, after charging Li2Ni0.8Cu0.2O2 to 3.8
V, was in agreement with those previously reported by Ruther
et al. and could be ascribed to the retained Cu2+.21 According to
the previous electrochemical study on Li2CuO2,

27 oxidation of
Cu from 2+ to 3+ was possible upon lithium removal. In our
case, we did not observe a clear shift in Cu energy edge to
support the formation of Cu3+ at 3.8 V charge. Similar to the Ni
case, no further variation was noticed in the high voltage region.
At the 1.5 V discharge state, one rising edge was recovered and
shifted to a lower energy around 8981 eV, corresponding to
Cu2O.
The extended X-ray absorption fine structure (EXAFS)

directly reflects the local surrounding feature in the short-range
structure. The EXAFS of the pristine material (Figure 5c) was

Figure 4. Ex situ XRD patterns of Li2Ni0.8Cu0.2O2 electrodes at (a)
pristine state, (b) 3.8 V charge, (c) 4.6 V charge, (d) 2.6 V discharge,
and (e) 1.5 V discharge. Li2O, Li2CO3, and NiO are indicated by open
circles, open triangles, and solid circles, respectively.
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http://dx.doi.org/10.1021/acs.jpcc.7b01799


featured by three peaks between 1 and 4 Å, representing the
TM−O on the first shell (∼1.5 Å, apparent), TM−TM in edge-
shared coordination on the second shell (∼2.4 Å, apparent),
and direct TM−TM scattering in the neighboring plane (∼3.3
Å, apparent), respectively.41 Overall, the significant decrease in
the amplitude of the TM−TM peak above 3 Å during the
charge−discharge process suggested phase mixture and/or
disorder in the cycled electrodes. In the EXAFS of Ni, the
distance of Ni−O shell and Ni−TM shell decreased during the
charge process due to the Ni oxidation, which was consistent
with the XANES results. Another significant change was the
amplitude of Ni−TM on the second shell around 2.4 Å from
pristine to charged states. In principle, the ratio of Ni−O peak
to Ni−TM peak for Immm Li2NiO2 is 2, while, the ratio is 1 for
layered LiNiO2.

9 The significant change in the ratio of Ni−O to
Ni-TM at charge states seemed consistent with the transition
from square planar coordinated [NiO4] unit in Immm structure
to octahedral [NiO6] coordination in layered R3 ̅m structure.
Afterward, a pronounced increase in Ni−O distance was
consistent with Ni reduction at 1.5 V discharge, and significant
decrease in the amplitude of Ni−O and Ni−TM peaks was due
to the amorphous or nanocrystalline feature after the first
discharge.
In the EXAFS of Cu (Figure 5d), the Cu−O shell was

maintained at consistent positions during charge; further
discharging to 1.5 V led to a shorter Cu−O and longer Cu−
TM distance that were associated with the formation of Cu2O.
In addition, the most pronounced feature was a significant drop
in the intensity of Cu−O shell in the cycled electrodes
compared to that in the pristine electrode. Similar to that of Ni,
the ratio of Cu−O to Cu−TM approximately changed from
about 2 to 1 during charge, which was an evidence of Cu local
symmetry or coordination change. More in-depth analysis of
EXAFS in comparison with reference compounds would be
useful for the quantitative assessment of TM−O and TM−TM

distances, though some reference (e.g., Ni4+) might be obtained
by electrochemical or chemical delithiation method. Given both
XANES and EXAFS suggested no major change in Ni and Cu
edge positions above 3.8 V, the charge compensation in the
high voltage region was likely contributed by the participation
of oxygen, thus differential electrochemical mass spectrometry
(DEMS) was conducted to study the oxygen reactivity.

Differential Electrochemical Mass Spectrometry
(DEMS). DEMS was used to characterize gas evolution during
the first charge−discharge cycle of a Li2Ni0.8Cu0.2O2 cathode.
The DEMS results were collected under the same electro-
chemical testing conditions as those shown in Figure 2a. The
first cycle voltage profiles from the in situ gas evolution test are
similar to those obtained in our regular electrochemical cell
tests, with the DEMS cell showing slightly higher over
potentials due to a thicker cathode with higher loading. Both
the first cycle voltage profiles and in situ gas evolution rates are
presented in Figure 6. At the beginning of the charge process,
trace amounts (<0.1 nmol/min) of H2, C2H4, and CH4 were
detected but are not shown for clarity. At ∼3.7 V, CO2 began to
evolve, increasing in rate with the charge voltage. The CO2
detected could originate from side reactions with the
electrolyte, surface contaminants, or from excited O release
from the oxide electrode.42,43 Beginning at ∼4.0 V, there was a
burst of O2 evolution not explained by electrolyte oxidation,
suggesting that lattice oxygen ions were directly involved in the
redox reaction.9,21

The gas evolution measurement provides useful insights into
the understanding of anionic oxygen redox during charge,
especially in the high voltage region. As discussed above, Ni
oxidation was the dominant process up to 3.8 V, followed by
almost no detectable change in the oxidation state of Cu and
Ni. Therefore, the additional capacity at >3.8 V must involve
the participation of electrons removed from the lattice oxygen
anions. In-situ gas evolution analysis and material properties are

Figure 5. X-ray absorption near edge structure for (a) Ni K-edge, (b) Cu K-edge, and extended X-ray absorption fine structure for (c) Ni K-edge,
and (d) Cu K-edge in Li2Ni0.8Cu0.2O2.

http://dx.doi.org/10.1021/acs.jpcc.7b01799


presented in Table 1. An amount of 26.2 mg of Li2Ni0.8Cu0.2O2
active material (equivalent to 248 μmol) was used in the in situ

gas measurement cell. The evolved gas was composed of 6.6
μmol CO2 and 9.0 μmol O2. If we assume that O2 evolution
originated solely from the active electrode (rather than
electrolyte decomposition), 3.6% of the oxygen in the
Li2Ni0.8Cu0.2O2 lattice was evolved as O2. The total capacity
corresponding to this evolved O2 has an upper bound of 37.0
mAh/g, taking a maximum of a 4 electron process for oxidation
of the lattice oxygen anions, and assuming that the electrons are
fully contributed by the Li2Ni0.8Cu0.2O2 cathode.
From our electrochemical study, Li2Ni0.8Cu0.2O2 achieved a

charge capacity of ∼440 mAh/g and a discharge capacity of
∼360 mAh/g in its first cycle, suggesting that the charge
capacity of 164 mAh/g above 3.8 V is not completely
irreversible. Before O2 evolution, from 3.8 to 4.0 V (accounting
for 76 mAh/g), there is only 1.0 μmol CO2 detected. Although
the exact mechanism of CO2 evolution is unknown, if we take a
rather generous estimate of 8 e−/CO2, CO2 evolution in this
range would only account for ∼8 mAh/g of the 76 mAh/g
capacity. We posit thus that the majority of the charge in the
3.8−4.0 V range is compensated by lattice oxygen. However,
above 4.0 V (accounting for 88 mAh/g), the oxygen lattice is
unstable and 9.0 μmol O2 are irreversibly lost from the oxide in
addition to a further 5.6 umol CO2. The irreversible O2
evolution in this regime only accounts for a maximum of 37
mAh/g and we attribute the remaining 51 mAh/g capacity to a

combination of CO2 evolution and other high voltage parasitic
reactions that likely result in nonvolatile products. This seems
consistent with our XRD results, which showed an abnormal
increase in the amount of Li2CO3 after charging at 4.6 V,
because its decomposition around 4.3 V during charge is
typically observed.

■ CONCLUSION

We reported the synthesis of Li2Ni1−xCuxO2 solid solutions via
a solid-state method. Our electrochemical studies clearly
showed the effect of Cu incorporation on the electrochemical
performance. The improvement in the overall capacity,
particularly during charge, was attributed to the high purity of
the final Immm type phase. Cu substitution helped stabilize the
Immm structure, however, such stabilization effect upon
delithiation was not as effective as that for synthesis. During
the electrochemical process, the materials experienced a series
of phase transformation at <3.8 V and Cu incorporation
showed a profound influence on the phase transformation
route, as evidenced by the variation in voltage plateau with
composition. The phase transformation was further confirmed
by changes in crystal structure, local symmetry, and
coordination in our ex situ XRD and XAS results. Our
DEMS measurements showed evolution of CO2 and O2 gas on
charge in the voltage region of >3.7 V. Our gas evolution results
suggested the participation of lattice oxygen in the redox
reaction between 3.8−4.0 V, as well as irreversible electrolyte
and/or electrode degradation leading to CO2 evolution above 4
V. The underlying reactions associated with gas evolution are
detrimental to the overall electrochemical performance. For
future optimization, the key is to suppress or eliminate such
undesired phase transformation and accompanying gas
evolution. It would be extremely helpful to examine the
variation of phase transformation, gas evolution and electro-
chemical properties with electrolytes. Such evaluation would
provide useful insights into in-depth understanding of the
contribution of bulk and/or surface properties to these
undesired phase transformation and gas evolution behaviors,
therefore, proposing effective strategies (e.g., doping, surface
coating, and electrolyte additives) to prohibit such unfavorable
reactions within the electrode and/or between electrode and
electrolyte for further improved electrochemical performance.
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Figure 6. Differential electrochemical mass spectrometry of
Li2Ni0.8Cu0.2O2 during the first cycle (12 mA/g, 4.6−1.5 V).

Table 1. In Situ Gas Evolution Analysis and the First Cycle
Charge Capacity of Li2Ni0.8Cu0.2O2

cathode material Li2Ni0.8Cu0.2O2

molecular weight (g/mol) 105
Theoretical capacity (mAh/g) 508
charge capacity (mAh/g, OCV −3.8 V)a 273
Charge capacity (mAh/g, 3.8−4.0 V)b 76
Charge capacity (mAh/g, 4.0−4.6 V)c 88
active material weight (mg) 26.2
active material (μmol) 248
evolved O2 (μmol) 9.0
evolved CO2 (μmol) 6.6

aCharge stage during which Ni and Cu redox is active and minor gas
evolution occurs. bCharge stage during which no Ni or Cu redox is
active, but O2 evolution has not commenced. cCharge stage during
which O2 and CO2 evolution are active.
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