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a b s t r a c t

The formation and the evolution of lithium-containing species on the surface of grains of a layered 4 V
material such as LiNi1/2Mn1/2O2 along the electrochemical cycling have been followed using 7Li MAS
NMR, electrochemical impedance spectroscopy (EIS) and XPS. Materials displaying different specific sur-
face areas and stored in different atmospheres have been investigated in order to study the influence
of the surface/volume ratio and the influence of the initial surface state, respectively. It is shown that
the presence of an initial interphase of Li CO influences the electrochemical behavior of the electrode,
eywords:
ithium batteries
ositive electrode
nterface
MR

2 3

emphasizing the importance of the history of the electrode prior cycling. 7Li MAS NMR experiments per-
formed upon cycling indicate the formation of interphase species in reduction and their partial removal
in oxidation, indicating the dynamic character of the interphase upon cycling. Combined NMR, EIS and
XPS experiments show the strong influence of the electrode/electrolyte interphase evolution on the elec-
trochemical performance. Such results lead us to draw conclusions on the optimal storage conditions of

Li-ion
layered 4 V materials for

. Introduction

Lithium-ion batteries show great promises in meeting the high
ower goals established for hybrid electric vehicles and energy
torage devices because of their relatively high energy density and
igh power density [1–4]. The toxicity of cobalt and safety issues
elated to the use of LiCoO2 has lead to an extensive research
ffort to find alternative cathode materials in lithium-ion recharge-
ble batteries. Recently, layer-structured lithium nickel manganese
xides such as LiNi1/2Mn1/2O2 [5–12] or LiNi1/3Mn1/3Co1/3O2
13–20] have been shown to be amongst the most promising can-
idates to replace LiCoO2 due to their electrochemical and safety
haracteristics, which are more favourable than those of LiCoO2.
iCoO2 cost is twice that of LiNi1−xMxO2 and approximately four
imes that of LiMn2O4 and although, based on the delivered energy
ositive electrode materials containing Ni or Mn are only 30%
ess expensive, production on a large scale makes Ni/Mn or iron
hosphate materials very attractive. Following and monitoring the
volution of the electrochemical behavior of these materials along
he electrochemical cycling and/or storage, represent an important

∗ Corresponding author. Tel.: +33 2 40 37 39 33; fax: +33 2 40 37 39 95.
E-mail address: nicolas.dupre@cnrs-imn.fr (N. Dupré).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.07.049
batteries such as LiNi1/2Mn1/2O2.
© 2010 Elsevier B.V. All rights reserved.

step in the performance improvement process. It has been now
demonstrated that the complex surface chemistry can be decisive
in determining the long term viability of lithium transition metal
oxides cathodes in terms of irreversible capacity loss, charge trans-
fer kinetics and storage properties. To date, there have been several
reports of electrode/electrolyte interphase formation on cathode
materials, and recent evidence from electrochemical impedance
[21–26], FTIR and XPS [27–29] showing that passivating films or
species coming from the decomposition of the electrolyte are being
formed on the cathode as a function of cycling and aging conditions.
However, the experimental conditions of formation, growth and
modification as well as the intimacy of the interactions between
the surface layer and the surface of active material is still unclear
[26,30–33]. In particular, the beneficial or hindering role played by
the interphase(s) is yet to be addressed. Attempts to answer these
issues are not a straightforward task due to experimental compli-
cations including the low amount of surface species that forms and
the high sensitivity of the interphase towards ambient atmosphere.

MAS NMR has been proved to be an extremely powerful tool,

able to probe both the bulk of the materials used as electrodes
and the surface layers arising after contact with atmosphere or
with the electrolyte of a lithium battery [34–38]. In this paper, we
apply a combination of in situ electrochemical impedance spec-
troscopy (EIS), ex situ 7Li MAS NMR technique and ex situ X-ray

dx.doi.org/10.1016/j.jpowsour.2010.07.049
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nicolas.dupre@cnrs-imn.fr
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hotoelectron spectroscopy (XPS) to examine the surface reactiv-
ty, interphase formation and the evolution of lithium-containing
pecies on the surface of grains of layered LiNi1/2Mn1/2O2 along
ycling in a lithium battery. We focus our studies on the compar-
son of materials stored under ambient atmosphere or argon in
rder to follow the influence of the initial surface chemistry on
heir subsequent surface and electrochemical behavior.

. Experimental

The LiNi1/2Mn1/2O2 samples used for this study have been
btained through the classic coprecipitation method, followed by
nnealing at 1000 ◦C as described elsewhere [5,6]. A second synthe-
is method through a combustion route involving glycine, followed
y annealing at 950 ◦C, has been employed [39]. For both synthe-
es, half of the batch was directly transferred into an argon glovebox
nd the other half stored in a closed (but not air tight) vial outside
he glovebox.

XRD data were collected with a �/2� BRUKER D5000 diffrac-
ometer (�Cu K�) equipped with a linear MOXTEK detector, using a
can step of 0.01◦ (2�) for 10 s.

Galvanostatic cycling was performed using Swagelok cells and
acPile system at a C/10 rate. A slurry of the electrode powder in

-methyl-pyrolidinone (NMP) was deposited on a 1 cm2 aluminum
isk and then dried under vacuum at 100 ◦C for 24 h. Electrodes
ere constituted of 75 wt% of active material, 20 wt% of ketjen-

lack carbon and 5 wt% poly-vinylidene di-fluoride (PVdF). Masses
f active material were typically 8–10 mg. To facilitate the recov-
ring of samples for XPS and NMR studies, electrodes were not
ressed prior to cycling. Batches of 3–5 cells have been cycled in
rder to insure reproducibility of the cycling behavior. The polar-
zation was determined as the difference between the charge and
ischarge peaks in the incremental capacity curves derived from
alvanostatic data.

Electrochemical impedance spectroscopy (EIS) measurements
from 10 mHz to 200 kHz) were obtained using a VMP/Z apparatus
Bio-logic, France). A home-made Swagelok-type three electrodes
ell was used. The negative electrode was made of a disk of lithium
etal. The reference electrode consists of a ring of lithium metal

urrounding the working electrode. Measurements have been per-
ormed at the end of a 5 h relaxation rest upon discharge down to
.5 V and upon charge up to 4.5 V for different C/10 galvanostatic
ycles at ambient temperature. The samples made for NMR have
een obtained after 1, 5 and 20 electrochemical cycles. Cells were
ycled in galvanostatic mode at C/10 rate and a subsequent stabi-
ization at the end of charge (4.5 V) or the end of discharge (2.5 V)
sing a constant potential step for 100 h.

7Li NMR measurements were carried out at room tempera-
ure on a Bruker Avance-500 spectrometer (B0 = 11.8 T, Larmor
requency �0 = 194.369 MHz in 7Li resonance). Single-pulse MAS
pectra were obtained by using a Bruker MAS probe with a cylin-
rical 4-mm o.d. zirconia rotor. Spinning frequencies up to 14 kHz

ere used. A short single-pulse length of 1 �s corresponding to
non-selective �/2 pulse was applied. Recycle time was in the

.5–60 s range and a spectrometer dead time (preacquisition delay)
f 4.5 �s was used before each acquisition. The isotropic shifts,
eported in parts per million (ppm), are relative to an external liq-

able 1
ristine interphase as a function of synthesis conditions, BET values and storage conditio

Sample Synthesis conditions BET surface area (m

LMN-1 Combustion [40] 8
LMN-2 Combustion [40] 8
LMN-3 Coprecipitation [5,6] 4
LMN-4 Coprecipitation [5,6] 4
urces 196 (2011) 4791–4800

uid 1 M solution of LiCl set at 0 ppm. Isotropic resonances were
identified using variable spinning speed. In order to perform a
quantitative analysis, the different spectra have been analyzed con-
sidering the total integrated intensity of the signal for each sample.
Of course, all parameters were kept constant for each series of NMR
measurements: number of scans, probe tuning process, spinning
frequency, etc. The spectra displayed in this work were normalized
taking into account the number of scans and the mass of sample.
In the case of the comparison of materials with different specific
surfaces, NMR signals were, in addition, normalized to the specific
surface area.

X-ray photoelectron spectroscopy (XPS) data have been col-
lected after different cycle numbers using a Kratos Ultra Axis
spectrometer. The X-ray source is AlK working at 1253.6 eV and
the spot size is 0.7 × 0.3 mm. A special air-tied sample holder has
been used to transfer the samples from the glove box to the spec-
trometer, in order to avoid any reaction with ambient atmosphere.
Semiquantitative XPS analysis has been performed using pseudo-
Voigt function constrained by full width at half-maximum (FWHM)
ranges typical of each element. The validity of the analyses was
confirmed by an experimental M/O ratio close to the theoretical
one for the bare pristine compound. Binding energies were fixed
at ±0.2 eV of the given value. The nickel contribution, overlapping
with fluorine contribution was not taken into account.

3. Results

3.1. Physico-chemical and electrochemical characterizations

XRD characterization of bulk LiNi1/2Mn1/2O2 synthesized by
coprecipitation and combustion methods is detailed elsewhere
[38]. Diffraction patterns for LiNi1/2Mn1/2O2 samples obtained
through the two chosen synthesis routes are similar. No impurity
was detected and the X-ray diagrams were indexed and refined
in the R-3m space group with a single phase. The lattice param-
eters a and c were 2.891(1) and 14.32(1) Å, respectively, for the
coprecipitation method and 2.889(1) and 14.29(2) Å for the com-
bustion method, which are close to the reported data (2.89 and
14.30 Å, respectively [6]). The Rietveld refinement yielded crystal-
lite sizes respectively of 174.6 and 139.5 nm, for the coprecipitation
and combustion method. The Rietveld refinement of the diffracted
intensities was also consistent with the already reported 10%
exchange of Li and Ni between lithium layers and metal transition
layers [6]. In addition, XPS indicated the presence of Li2CO3 on the
surface of grains of active material that have been stored in ambient
atmosphere while Li2CO3 is absent from the surface of the materials
stored in argon [36,38]. In addition, specific surface area measure-
ments done by BET method yielded values of 4 and 8 m2 g−1 for
the coprecipitation and the combustion routes, respectively. Grain
sizes, estimated from routine SEM experiments are 300 and 120 nm
for the coprecipitation and the combustion routes, respectively. The
different characteristics of the pristine samples are summarized in

Table 1.

The specific capacity curves for samples obtained by the two
chosen synthesis routes and further stored in argon or in ambient
atmosphere, are displayed in Fig. 1. Whatever their different mor-
phologies and surface areas coming from different synthesis routes,

ns for LiNi1/2Mn1/2O2 samples.

2/g) Storage conditions Initial surface layer

Argon No layer
Air Li2CO3

Argon No layer
Air Li2CO3



N. Dupré et al. / Journal of Power Sources 196 (2011) 4791–4800 4793

F
L
c

L
d
s
i
s
i
(
o
c
a
d
e
d
L
o
i
t
s
e
d
h
a
d
c

c
T
d
i
c
q
p
r
i
d
l
c
u
3
d
e
s
m

ig. 1. Specific capacity curves for LMN-1 (white squares), LMN-2 (white dots),
MN-3 (black squares) and LMN-4 (black dots). Inset: voltage versus composition
urve for the first cycle of LMN-3.

iNi1/2Mn1/2O2 samples display clearly different cycling behaviors,
epending on the storage atmosphere. When LiNi1/2Mn1/2O2 is
tored under ambient atmosphere (LMN-2 and LMN-4), a fast and
mportant capacity loss is exhibited along the five first cycles. A
low increase of the specific capacity is observed for the follow-
ng cycles. On the other hand, for the samples stored under argon
LMN-1 and LMN-3), the initial capacity is larger but a continu-
us capacity loss upon cycling is noticed. It is well known that
hemical history of the sample, in particular the heat treatment
t high temperature [40] can lead to subtle changes in the cationic
istribution in the transition metal layers that can influence the
lectrochemical performance. Nevertheless, even having slightly
ifferent cationic distribution due to different synthesis route,
iNi1/2Mn1/2O2 obtained from combustion and LiNi1/2Mn1/2O2
btained from coprecipitation exhibit a similar evolution depend-
ng on their storage, which seems to be the driving parameter in
he scope of the present study. The specific capacities, although
lightly lower than reported in previous studies [9,10] on 4 V lay-
red materials, stays in the same order of magnitude. The observed
iscrepancies probably come from the synthesis conditions used
ere that might lead to different cationic distribution. The nickel
nd manganese distribution in the transition metal layers is hardly
etectable using a laboratory XRD equipment but these subtle
hanges can lead to changes in terms of specific capacity [40].

Similar differences appear concerning the evolution upon
ycling of the polarization between charge and discharge (Fig. 2).
he polarization typically includes both ohmic information (i.e.
ue to the growth of a superficial layer for instance) and kinetic

nformation coming from both bulk insertion kinetics and interfa-
ial kinetics at the electrolyte/electrode interface. The evolution is
uite different depending on the storage atmosphere of the sam-
les (Fig. 2). Indeed, samples obtained through the same synthesis
oute but stored in different atmospheres, and therefore show-
ng identical bulks and different surface characteristics, exhibit
ifferent evolution of their polarization. It indicates that the evo-

ution of the polarization observed for these samples reflects
hanges that occurred at the surface of grains of active material
pon storage under different atmosphere. For LMN-1 and LMN-

, the polarization increases continuously showing a progressive
eterioration of the intercalation/deintercalation kinetics at the
lectrode/electrolyte interface. On the contrary, concerning the
amples stored in ambient atmosphere, the polarization reaches a
aximum at the 5th and 7th, respectively for the LMN-4 and LMN-2,
Fig. 2. Evolution of the peak-to-peak polarization as a function of the number of
cycles for LMN-1 (white squares), LMN-2 (white dots), LMN-3 (black squares) and
LMN-4 (black dots).

followed by a slow decrease. The polarization maxima correspond
clearly to the change of behavior observed on the specific capacity
curves (marked by a vertical solid line in Fig. 1).

Recently, it has been proved that Li2CO3 additive in the elec-
trolyte neutralizes acidic species and prevents the degradation of
LiFePO4 electrodes from contact with LiPF6-based electrolyte con-
taminated with water [41]:

LiPF6 + H2O → LiF + 2HF + POF3 (1)

POF3 + ne− + nLi+ → LiF + LixPOyFz (2)

Li2CO3 + 2HF → 2LiF + H2CO3 (3)

A similar phenomenon could take place in our case at the
Li2CO3-recovered surface, leading to an acid–base reaction of the
surface layer, and to a subsequent protection of the material lay-
ing underneath this surface layer and therefore to a more efficient
passivation. The LiPF6 (1 M in EC/DMC) electrolyte used for cycling
experiments has been titrated at only 11 ppm of water using Karl
Fischer coulometry. This suggests that although the scavenging of
the acidic traces of the electrolyte by surface Li2CO3 is possible,
it is not probably the only cause of the difference in performance
between samples stored in argon and samples stored in ambient
atmosphere, as we discuss below.

These results emphasize the importance of the chemical history
of the surface of the electrode material before any electrochemical
cycling and the strong correlation between interface phenom-
ena and the electrochemical behavior. The origin of the different
electrochemical behaviors upon cycling, both capacity and polar-
ization could come from a different evolution of the positive
electrode/electrolyte interphase due to different pristine surface
chemistry. It becomes then crucial to look at the evolution of the
interphase along the electrochemical cycling of the electrode, in
particular as a function of the state of charge or discharge and the
number of cycles. In the following, the detailed study is focused
on two differently behaving LiNi1/2Mn1/2O2 samples over the 20
first cycles, LMN-1 being stored in argon and LMN-4 being stored
in ambient atmosphere.

3.2. 7Li MAS NMR studies
7Li MAS NMR spectra of air-stored LMN-4 electrodes at differ-
ent cycling steps are displayed in Fig. 3. We decided to acquire
NMR spectra after one full electrochemical cycle was completed to
avoid any transitory regime occurring during the first cycle. Thus,
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ig. 3. (a) Normalized 7Li MAS NMR spectra for pristine LMN-4 and at the end of
he first discharge. (b) Normalized 7Li MAS NMR spectra for LMN-4, at the end of
st, 5th, 20th discharge, and 2nd, 6th, 21st charge.

pectra were acquired at the end of the first, fifth, twentieth dis-
harge at 2.5 V and their respective subsequent charges at 4.5 V. As
remark, it is important to keep in mind that only the diamagnetic

ithium is detected during these NMR experiments and that lithium
nserted in the structure of the paramagnetic LiNi1/2Mn1/2O2 is not
bserved under our experimental conditions [36]. Based on differ-
nces in relaxation times for Li in LiNi1/2Mn1/2O2 (few �s) and Li
n diamagnetic surface species (approximately 10–100 �s), wait-
ng an appropriate delay between the NMR pulse and acquisition
llows the signal of bulk Li to decay completely while the signal
f surface species is still observable. The intensity detected does
ot depend on the amount of lithium ions present in the host
atrix, but it depends quantitatively on the amount of lithium

pecies on the surface of the active material [36]. All spectra exhibit
ne apparent isotropic resonance close to 1.5 ppm, which is in the
ange of diamagnetic lithium. The evolution of the interphase is not
traightforward when first looking at the spectra (Fig. 3a and b).

7
evertheless, several interesting points can be drawn. First, the Li
AS NMR signal is clearly less intense after the first cycle compared

o the pristine sample, confirming the dissolution, at least partially,
f the initial Li2CO3. The slight change in the chemical shift from 2
o 1.5 ppm is consistent with the disappearing of the major part of
Fig. 4. Normalized 7Li MAS NMR spectra for LMN-1, at the end of 1st, 5th, 20th

discharge, and 2nd, 6th, 21st charge.

Li2CO3 and its replacement by other lithium-containing products.
The observed chemical shift did not further change along the elec-
trochemical cycling. A much narrower line shape can be observed
for NMR spectrum after the first reduction compared to that of
the pristine sample (Fig. 3a). An extremely strong dipolar inter-
action between the nuclear spins of lithium and the electronic spin
of unpaired electrons dominates our spectra [36] and therefore,
the observed narrowing is attributed to a weaker overall dipolar
interaction between the observed lithium nuclei in the interphase
and paramagnetic centres of the electrode material. As the dipo-
lar interaction has a 1/r3 dependency (with r being the distance
between two interacting spins), it suggests an overall lower degree
of intimacy between part of the interphase and the surface of active
material, showing a global architectural difference after an elec-
trochemical cycle. The integrated intensity of the cycled sample
(Fig. 3a) being lower and the line shape being narrower, it can be
said that the proximity/intimacy of the detected surface layer to
the bulk particles has decreased. In the case of a higher integrated
intensity, the change in the line shape could have been assigned to
a simple stacking of additional surface species exhibiting weaker
interaction with the paramagnetic material.

Second, the 7Li MAS NMR signal is always more intense at the
end of discharge than at the end of the subsequent charge. Third,
considering the samples recovered at high potential, the integrated
intensity increases with the number of cycles. These results demon-
strate the formation of lithium-containing surface species at low
voltage and their partial removal at high voltage with an inherent
accumulation along the electrochemical cycling. It demonstrates in
particular that the interphase is a dynamic system which evolves
along the cycling process. The integrated intensity maximum at the
5th cycle will be discussed in the discussion part.

The evolution of the interface for LMN-1 is depicted in Fig. 4. First
of all, as observed for an air-stored sample (LMN-4), the intensity
of the NMR signal is always more intense for a sample stabilized
at the end of discharge compared to the end of charge, confirming
the process of formation of surface species at low voltage and their
partial destruction at high voltage. Then, this phenomenon does not

depend on the storage atmosphere of the electrode prior to cycling
but shows rather the influence of the potential on the interphase.

In the case of LMN-1, the NMR intensity after 1, 5 and 20
cycles (Fig. 4) evolves quite differently compared to air-stored
LMN-4 sample, since the maximum of intensity is noticed for
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Table 2
Quantitative analysis of XPS peaks observed for LMN-4 at the end of 1st, 5th, 20th discharge, and 2nd, 6th, 21st charge.

Binding energy Attributed species 1st red 2nd ox 5th red 6th ox 20th red 21st ox
2.5 V 4.5 V 2.5 V 4.5 V 2.5 V 4.5 V

C1s 284.6 eV ketjen-black 30% 17% 18% 20% 23% 20.5%
285.1 eV Polycarbonates Li alkyl carbonates 22% 29.5% 37.5% 34% 26.5% 25%
286.6 eV PVdF 9.5% 21% 10% 13% 13% 8.5%
289.3 eV Polycarbonates Li alkyl carbonates 3% 5.5% 5% 5% 4% 3%
290.5 eV PVdF 5% 3.5% 2.5% 3.5% 3.5% 4.5%

O1s 529.5 eV LiNi1/2Mn1/2O2 0.5% 1% 0.5% 1.5% 0.5% 1.5%
531.5 eV Polycarbonates Li alkyl carbonates 1% 4.5% 1% 2% 1.5% 2.5%
532.8 eV Polycarbonates Li alkyl carbonates 3% 4.5% 6% 5% 3.5% 2.5%
534.2 eV Polycarbonates Li alkyl carbonates 2.5% 5% 5.5% 4.5% 3.5% 2.5%

F1s 685.2 eV LiF 4% 1.5% 2% 0.5% 3% 1.5%
687.5 eV LixPFy , LixPOyFz , PVdF 13% 4% 8.5% 7.5% 10% 12%

P2p 134.5 eV LixPOyFz 0.5% 1% 0.5% 0.4% 0.4% 0.4%
136.5 eV LixPFy , 0% 0% 0% 0.1% 0.1% 0.1%

0.5%

4%
1.5%
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Mn2p 642.5 eV LiNi1/2Mn1/2O2

Li1s 56 eV LiF
58 eV LixPFy , LixPOyFz

he 7Li NMR spectrum corresponding to the reduced state (2.5 V)
f the electrode at the end of the first discharge. The intensity
hen decreases significantly for the subsequent oxidation. A further
lower decrease occurs at the 5th and 20th cycle for both 2.5 and
.5 V samples. The overall decrease in the integrated NMR intensity
uggests a progressive destruction of the interphase upon cycling
s opposed to the behavior of the air-stored sample.

.3. XPS studies

XPS measurements have been performed on LMN-1 and LMN-4
amples at the end of the first, fifth, twentieth discharge at 2.5 V
nd their respective subsequent charges at 4.5 V, in order to check
he composition of the interphase. Quantitative data obtained from
he analysis of the XPS peaks are given in Tables 2 and 3 for LMN-4
nd LMN-1, respectively. The C1s peak at 284.6 eV is mostly due to
he ketjen-black carbon of the composite electrode [26,42]. Charac-
eristic C1s peaks of PVdF can be observed at 286.6 and 290.5 eV as

ell as F1s peak at 687.5 eV. The latter can overlap binding energies

ssigned to LixPFy and LixPOyFz. Amounts of ketjen-black and PVdF
ere kept constant for all electrodes. The variation in percentage of

heir corresponding C1s and F1s contribution is attributed to their
ariable covering by other products. The O1s peak at 529.5 eV and

able 3
uantitative analysis of XPS peaks observed for LMN-1 at the end of 1st, 5th, 20th discharg

Binding energy Attributed species 1st re
2.5 V

C1s 284.6 eV Ketjen-black 15%
285.1 eV Polycarbonates Li alkyl carbonates 25.5%
286.6 eV PVdF 11.5%
289.3 eV Polycarbonates Li alkyl carbonates 4.5%
290.5 eV PVdF 4.5%

O1s 529.5 eV LiNi1/2Mn1/2O2 0.5%
531.5 eV Polycarbonates Li alkyl carbonates 2.5%
532.8 eV Polycarbonates Li alkyl carbonates 4%
534.2 eV Polycarbonates Li alkyl carbonates 2.5%

F1s 685.2 eV LiF 8.5%
687.5 eV LixPFy , LixPOyFz , PVdF 11.5%

P2p 134.5 eV LixPOyFz 0.5%
136.5 eV LixPFy , 0%

Mn2p 642.5 eV LiNi1/2Mn1/2O2 0.5%

Li1s 56 eV LiF 4.5%
58 eV LixPFy , LixPOyFz 4%
1% 0.25% 1% 0.5% 0.5%

1.5% 3.5% 1% 4% 3%
0% 1% 0% 2% 2%

the Mn2p peak at 642.5 eV correspond to the LiNi1/2Mn1/2O2 oxide.
Products identified in previous papers after a simple contact with
the electrolyte, such as LiF (F1s at 685.2 eV and Li1s at 56 eV [43]),
LixPFy (Li1s at 58 eV and P2p at 136.5 eV) and LixPOyFz (Li1s at 58 eV
and P2p at 134.5 eV) are revealed by their characteristic lithium,
phosphorus and fluorine peaks. Amounts of species included on
the surface of the active material clearly exhibit differences with
respect to the number of cycles and potential confirming that the
interphase evolves along the electrochemical cycling and therefore
is not a static system. The same inorganic species are involved in
the interphase along the electrochemical cycling with amounts of
LiF being always larger at the end of reduction for both materi-
als. C1s and O1s spectra display contributions at 285.1, 289.3 eV,
and 531.5, 532.8, 534.2 eV, respectively, indicating the presence of
organic species such as polycarbonates and lithium alkyl carbon-
ates already detected in previous studies [44–46].

Concerning LMN-4, during the first oxidation, the percentage
of carbon attributed to polycarbonates and alkyl carbonates (285.1

and 289.3 eV) increases. It indicates an increasing coverage of the
surface of the electrode by organic species. This result is confirmed
by the increase of the contribution of oxygen at (531.5, 532.8 and
534.2 eV). The decrease of the contribution from other elements
supports this trend.

e, and 2nd, 6th, 21st charge.

d 2nd ox 5th red 6th ox 20th red 21st ox
4.5 V 2.5 V 4.5 V 2.5 V 4.5 V

15% 14.5% 21.5% 21.5% 21%
30.5% 31% 29% 30% 30%
12% 14% 10% 10% 9%

4.5% 4.5% 4.5% 4% 3.5%
5% 4% 4.5% 5% 5%

2% 1% 2.5% 1% 3%
2.5% 2% 4% 5% 3.5%
5% 3.5% 3% 2.5% 4.5%
5% 3% 2.5% 2.5% 4%

4.5% 3.5% 2% 3% 3%
11.5% 11.5% 12% 10% 10.5%

0.5% 0.25% 0.3% 0.5% 0.5%
0% 0.25% 0.2% 0% 0%

1.25% 1% 1.5% 1% 1.5%

3% 2.5% 3% 3% 2%
0% 3% 0% 2% 0%



4 wer Sources 196 (2011) 4791–4800

(
6
b
i
s
a
t

f
5
o
t
e

b
t
p
o
m
f
b

l
p
a
a
i
i
i
a
u
w
t

3

a
s
a
t
o
e
c
1
c
c
l
m
d
t
p
c
d
c
[
o
l
d
d
e
s
c
w

796 N. Dupré et al. / Journal of Po

For the 5th reduction, contribution from C–C and C–H bonds
C1s at 285.1 eV) clearly increases, the fluorine signal (F1s at
85.2 eV) decreases and the contribution of the manganese
ecomes extremely low, reaching its minimum. It indicates a max-

mum in the covering of the electrode material by the interphase
pecies. The decrease in the percentage of fluorine and lithium
ssigned to LiF reflects then its covering by organic species rather
han a removal of lithiated inorganic species at the end of discharge.

Concerning the 6th oxidation, the decrease in the contributions
rom all interphase species (C1s at 285.1 eV, O1s at 532.8 and
34.2 eV, Li1s at 56 and 58 eV and F1s at 685.2 eV) to the benefit
f contributions from manganese, PVdF and carbon black is consis-
ent with a partial removal of the interphase in agreement with the
volution observed by NMR.

For the 20th cycle, the contribution of carbon due to polycar-
onates and alkyl carbonates (285.1 eV) has slightly decreased and
he percentage of Li attributed to LiF has globally increased com-
ared to the 5th cycle, consistent with a less substantial covering
f the surface by organic species making inorganic surface species
ore visible. The overall evolution of the detected amount of sur-

ace organic products follows a similar trend to what is observed
y NMR.

Concerning LMN-1, after the first reduction, larger amounts of
ithium assigned to LiF and LixPFy/LixPOyFz can be observed com-
ared to samples further cycled. The contribution of manganese is
lso the lowest at the end of the first reduction, consistent with
more substantial covering of the active material surface by the

nterphase at the early stage of the electrochemical cycling. The
nterphase Li contributions then decrease along the electrochem-
cal cycling. The 20th cycle shows no difference with the 5th cycle
nd a more monotonous evolution of the interphase composition
pon cycling can be deduced for LMN-1, which also is in agreement
ith the slow and progressive evolution observed using NMR for

he argon-stored sample.

.4. EIS studies

In order to gather information on the phenomena taking place
t the interface, we performed in situ electrochemical impedance
pectroscopy (EIS) measurements with three electrodes cells, at
mbient temperature. Fig. 5 displays the Nyquist plots for elec-
rodes stored in air (a) and in argon (b) stabilized at the end
f the 1st, 5th 20th discharges and their subsequent charges. For
ach tested electrode, the Nyquist diagram exhibits one semi-
ircle at high frequency from which a capacitance in the range
0–20 �F cm−2 can be calculated, depending on the sample. It
orresponds to the typical order of magnitude of double layer
apacitance. In order to rule out the hypothesis of a solid resistive
ayer (SEI) covering completely the electrode surface, measure-

ents have been done, at higher temperature (60 ◦C) [37]. A
ecrease in the resistance of the semi-circle and a stable capaci-
ance was clearly observed and lead us to assign the corresponding
henomenon to a charge transfer process. Consequently, this semi-
ircle is attributed to a charge transfer resistance in parallel with a
ouble layer capacitance. However, we cannot exclude a minimum
ontribution (non-measurable) of possible resistive surface layer
42]. In order to be as general as possible, the resistance measured
n the Nyquist plots will be called interfacial resistance in the fol-
owing. Concerning LMN-4, the resistance measured at the end of
ischarge passes through a clear maximum after 5 cycles before

ecreasing during further cycling. The resistance measured at the
nd of charge increases between the first and 5th cycle whereas no
ignificant evolution could be noticed between the 5th and the 20th

ycle. For LMN-1, a different behavior can be observed (Fig. 5b),
ith only a progressive increase of resistance measured at the end
Fig. 5. Nyquist diagrams for LMN-4 (a) and LMN-1 (b), at the end of 1st, 5th, 20th

discharge, d 2nd, 6th, 21st charge and after being pressed under 3 tons after the 20th

discharge.

of reduction from the first to the 20th cycle. As opposed to the case of
LMN-4 reaching stabilization after the 5th cycle, the resistance mea-
sured at the end of charge increases significantly between the 5th

and the 20th the cycle, indicating a growing deterioration of inter-
facial processes. This behavior is further analyzed in the discussion
part.

4. Discussion

4.1. Relationships between surface chemistry and electrochemical
behavior
Fig. 6 gathers and summarizes the main data already presented
in order to get some comparative overview of the very important
aspects of the interphase evolution.
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Fig. 6. Comparative overview of interphase evolution for LMN-4 and LMN-1, respectively, expressed as integrated intensities for XPS C1s (a and b), F1s (c and d), Mn2p3/2(e
and f) peaks, integrated 7Li NMR intensity normalized to the mass of sample and specific surface (g and h) and interfacial resistance (i and j), at the end of discharge (white
dots), at the end of charge (black dots). C1s contribution from PVDF (286.6 and 290.5 eV), pollution carbon and carbon black (284.6 eV) as well as and F1s peak at 687.5 eV
which includes contribution from PVdF have not been taken into account.
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For air-stored LMN-4 sample, the variation of the specific dis-
harge capacity with the cycle number shows a sharp decrease
p to the 5th cycle and then a slight increase (Fig. 1). Simultane-
usly, polarization (Fig. 2), surface 7Li NMR intensity in reduced
tate (Fig. 3 and Fig. 6g) and interfacial resistance in reduced state
Fig. 5 and Fig. 6i) display a sharp increase up to the 5th cycle
nd then a slower decrease for higher cycle numbers. Such clear
orrelation between the evolution of these different data upon
ycling has been already analyzed in our previous paper [37].
he correlation between surface phenomena (amount of interface
pecies calculated from surface Li NMR intensity and difficulty to
ross the interface, possibly due to a restrained accessible surface
ue to these interface species, deduced from interfacial resistance
etermined from EIS) and electrochemical bulk properties (total
apacity, and overall kinetics obtained from polarization) has been
mphasized, and lead us to conclude for a unique control by surface
henomena of the overall electrochemical behavior.

In the present paper, XPS data have been added, which
ive complementary information on the chemical nature of the
urface species involved. The nature of the species present
n the interphase does not change along the electrochemical
ycling. It can be observed that the opposite evolution of the
iNi1/2Mn1/2O2Mn2p3/2 and polymeric carbonates/Li alkyl carbon-
tes C1s contributions at the end of discharges is in agreement with
covering of the surface that is maximum for the 5th reduction

lthough the variations along the electrochemical cycles are not as
mportant compared to the NMR data (Fig. 6a and e). The evolution
f the amount of LiF (Fig. 6c) is in apparent contradiction with the
volution of lithiated species deduced from NMR data and shows
lso an opposite evolution compared to Mn2p3/2 and polymeric
arbonates/Li alkyl carbonates C1s contributions. It suggests that
rganic species cover also the inorganic lithiated and fluorinated
pecies. The interphase observed in our samples can be considered
s LiF, as well as other inorganic decomposition products coming
rom the decomposition of LiPF6, within an organic matrix made of
ecomposition products of electrolyte solvents.

The evolution of the interphase is different in the case of Ar-
tored LMN-1 sample. Contrasting with the behavior of air-stored
MN-4 sample, an important increase of the interfacial resistance
an be observed on the EIS spectra (Fig. 6i and j) upon cycling. The
volution of the interfacial resistance correlates well with the con-
inuous decrease of the specific capacity (Fig. 1) and the continuous
ncrease of the peak-to-peak polarization (Fig. 2). Such data show
eterioration of the overall kinetics.

Nevertheless, the slow decrease of the NMR integrated inten-
ity noticed from the 1st to the 20th cycle, does not seem at first
ight compatible with an interface degradation. The observed evo-
ution rather indicates a progressive removal of the surface lithiated
pecies. An overall decrease in the surface species is also sug-
ested by XPS as the percentage of visible manganese is slightly
igher after 20 cycles compared to the first cycle (Fig. 6f). In this
ase, the degradation of the electrochemical performance cannot be
inked directly to the evolution of the amount of interphase species
ince they show opposite variations. The increase in the apparent
nterfacial resistance has then to be ascribed to another process
han interface-related phenomena. The progressive disordering of
he transition metals in the bulk structure of the active material
pon cycling [47,48] cannot explain the difference of behavior as

t is most probably occurring in the bulk of LMN-1 and LMN-4,
ndependently of the active material surface history. A reasonable
nterpretation could be the deterioration of the composite elec-

rode coming from a contact loss between active material grains
nd carbon black electrical network due to mechanical constraints.
t is also possible that subtle changes in composition occur in
he interphase in a way that changes the ion transport properties
hrough the surface layer. In order to test the contact issue hypoth-
urces 196 (2011) 4791–4800

esis, additional EIS experiments have been done after 20 cycles in
the reduced state for both materials. Electrodes were removed from
the cell, pressed under 3 tons and put in a new cell with fresh elec-
trolyte. Very little effect can be seen in the case of LMN-4 (Fig. 5a)
as the overall resistance measured goes from 45 to 37 � after being
pressed. The same experiment in the case of LMN-1 had a more
drastic effect on the values of the resistance, decreasing from 160
to 120 � (Fig. 5b). These results show in particular that the LMN-1
electrode suffered from defective electronic contact between grains
or between active material grains and carbon black particles, as
opposed to the LMN-4 case and therefore, contributing to the signif-
icant increase of the overall observed resistance. This contribution
is not clearly observed or stays small in the case of LMN-4 although
its contribution cannot completely be ruled out. In short, the deteri-
oration upon cycling of Ar-stored LMN-1 performance is not due to
the building of some interphase, but is due on the contrary to other
phenomenon such as electric contact loss within the composite
electrode framework.

In summary, our results show that the same material has a dif-
ferent electrochemical behavior and a different interface evolution
as a function of the surface chemistry and/or amount of pris-
tine surface layer. It has been already observed by several authors
that surface modification has a strong consequence on the further
electrochemical behavior, and more specifically on the capacity
retention upon cycling [25,49–51]. In the present study, the origin
of such drastic difference in the electrochemical behavior lies in
the presence or absence of a pristine Li2CO3 layer leading to differ-
ent evolutions of surface chemistry after reaction with electrolyte
species upon immersion in the liquid electrolyte. Such behavior is
in agreement with the studies of Dahn et al. [52,53] on LiCoO2.

4.2. Relationships between amount of interphase and
performance

We discuss now the influence of the amount of interphase
(determined from 7Li NMR intensity at the end of discharge) on the
electrochemical performance. For LMN-4, the electrolyte-reacted
Li2CO3 layer leads to the building of a thick interphase at the end of
the 5th discharge (1000 a.u., see Fig. 6g), which is correlated to low
capacity (Fig. 1) and large polarization (Fig. 2). At further cycles,
the amount of interphase decreases (400 a.u.), the capacity slightly
increases, and the polarization partly decreases. For LMN-1 dur-
ing the first cycles (i.e. before any deterioration of the composite
electrode framework occurs), a much lower amount of interphase is
comparatively measured (100 a.u., see Fig. 6h), together with higher
capacity (Fig. 1) and lower polarization (Fig. 2). Such observations
lead us to conclude that a too high amount of surface species is
detrimental to the performance.

In the following we compare the amount of interphase, the
interfacial resistance and the performance evolution for both
compounds after 20 cycles. For LMN-4, a moderate amount of
interphase (400 a.u., see Fig. 6g and i) correlates with low inter-
facial resistance and stabilized capacity. For LMN-1, a very low
amount of interphase (100 a.u., see Fig. 6h and j) correlates with
high interfacial resistance coming from electrode degradation, and
still decreasing capacity. In the former case, a moderate amount of
interphase plays a beneficial role on the long term performance,
while in the latter case an insufficient amount of interphase is
detrimental to the performance stabilization. Thus, some minimum
amount of interphase (coming for instance from surface side reac-

tions with the electrolyte) seems to be needed and seems to play
the role of cement to help maintaining physical contact between
grains as no significant degradation of the electrical contact within
the electrode could be observed by EIS for the material stored in air
compared to that stored under argon atmosphere.
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In summary, the amount of interphase was proved to influence
rastically the electrochemical performance. A too large amount
r an insufficient amount of surface species is detrimental to the
erformance, while a moderate amount of interphase plays a ben-
ficial role on the long term performance. A minimum amount
f interphase seems to be required to play the role of cement or
inder to help maintaining electrode integrity upon volume varia-
ions occurring on cycling. These results emphasize the complexity
f the interphase structure and the fact that its evolution cannot be
escribed by a simple model.

. Conclusions

Different electrochemical behaviors were observed for
iNi0.5Mn0.5O2 samples depending of the atmosphere of stor-
ge (air versus argon) and independently of their synthesis route
nd specific surface areas. These behaviors can be linked to a dif-
erent type of pristine interphase and in particular to the presence
f initial Li2CO3 on the surface of air-stored samples, compared to
virgin surface of Ar-stored samples.

Samples stored in air exhibit a rapid specific capacity loss during
he first cycles and reach then stabilization from the 5th cycle on.
n the contrary, samples stored in argon display less stability and

how a progressive capacity loss along the 20 first cycles. Surface
volution along the electrochemical cycling, as probed by ex situ 7Li
AS NMR, EIS and XPS is also different depending on the storage

tmosphere of pristine samples. In addition, XPS results suggest
hat organic species have a tendency to cover lithiated inorganic
pecies formed on the surface of the grains of active material.

Careful comparison of surface phenomena (followed by Li NMR
ntensity, EIS interfacial resistance, and XPS) and electrochemical
ulk properties (total capacity, and overall kinetics obtained from
olarization) along cycling lead us to draw important conclusions
n the relationships between surface chemistry and electrochem-
cal behavior. For air-stored LiNi0.5Mn0.5O2 sample, the overall
lectrochemical behavior is fully driven by surface phenomena.
n the contrary, for Ar-stored LiNi0.5Mn0.5O2 sample, the perfor-
ance fading upon cycling is not due to interphase phenomena,

ut comes from other phenomenon such as electric contact loss
ithin the composite electrode framework. The low amount of sur-

ace species and their progressive removal along the continuous
ecrease of performances suggested that surface species is needed
o some extend to protect the electrode from degradation.

Finally, comparing quantitative surface evolution and perfor-
ance for the materials initially stored in air or in protected

tmosphere suggests that an appropriate amount of interphase
ould lead to a compromise between resistive and protective
roperties of the interphase and therefore between high specific
apacity and long term stability upon cycling. On the contrary, a
oo large amount or an insufficient amount of surface species is
etrimental to good cycling performance. Nevertheless, for these
aterials, the presence of a pristine surface layer leads to a perfor-
ance stabilization upon the first cycles and the exposure of the
aterial to atmosphere is clearly not detrimental.
Such highly important considerations on the relationships

etween surface chemistry, amount of interphase, electrochemical
ehavior and performance had never been highlighted before.
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