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bstract

In situ synchrotron diffraction experiments were performed to study the behaviour of the cathode material LiNi0.8Co0.2O2 at high cycle numbers.
he battery-cell was cycled 140 times between 4.2 and 2.7 V. The initial cycle and several cycles at proceeded degradation of the cell were

nvestigated. In between the cell was cycled ex situ. The evolution of the lattice parameters during cycling was determined for the different stages

f degradation by means of Rietveld refinement. Comparing the initial cycle of the cell with the higher cycle numbers, the mechanism of lithium
nsertion/extraction does not change significantly. But, the range in which the lattice parameters change during one cycle becomes smaller. This
an be attributed to interface layer formation and to slightly less lithium exchange in the same voltage window.

2007 Elsevier B.V. All rights reserved.
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. Introduction

X-ray diffraction is a powerful method for materials char-
cterisation. It can provide useful chemical information like
hase composition, information on the particle morphology
ike crystallinity, particle shape and particle size and structural
nformation like lattice parameters, atomic positions, thermal
isplacement parameters, etc.

Our intention in the field of in situ diffraction was to get
igh quality diffraction data to be able to extract as much
nformation as possible on the above mentioned parameters
uring cycling. In a previous paper [1], we extracted lithium
early completely from the cathode material LiNi0.8Co0.2O2 and
resented microstructural investigations performed with in situ-
iffraction. Regarding the study of the degradation of a cathode
aterial, most experiments described in literature are performed

ost mortem. This leads to information concerning the proper-
ies of the cycled material. For this contribution, we have used
n situ-diffraction to detect also possible changes in the mech-
nism of lithium insertion/extraction due to the degradation of

he cathode material.

LiNi0.8Co0.2O2 is well known as a positive electrode material
or lithium batteries [2–9]. It crystallizes in the space group R-
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m. Assuming a perfectly ordered structure, alternating Li- and
i/Co-layers are separated by oxygen-layers. The material has a

heoretical capacity of 274 mAh/g. One crucial factor influenc-
ng the electrochemical behaviour of this material - and layered

aterials with the sum-formula LiMO2 (M = Ni, Co, Mn) in
eneral—is the amount of 3d-ions on the lithium slab, referred
o as cation disorder. The cation disorder is mainly influenced by
he synthesis temperature and by the nature of the ions present
n the 3d-metal-layer [9].

For this contribution we used our optimized synchrotron
iffraction in situ-cell described in [10] to investigate the
ehaviour of the cathode material LiNi0.8Co0.2O2 at high cycle
umbers. During cycles 1, 53–56 and 138–140 about 25 diffrac-
ion patterns were collected per cycle. The lattice parameters
ere refined by the Rietveld-method and their evolution is dis-

ussed in dependence on the charge/discharge state and the cycle
umber, respectively.

. Experimental

LiNi0.8Co0.2O2 was prepared by a modified Pechini-
ynthesis as described in detail elsewhere [1,9]. The final
nnealing temperature was 775 ◦C for 10 h. In order to char-

cterize the obtained powder, X-ray diffraction patterns where
ollected on a laboratory diffractometer (STOE StadiP) oper-
ting in transmission mode. The powder was found to be
ingle phase LiNi0.8Co0.2O2, crystallizing in the spacegroup R-

mailto:nikolowski@st.tu-darmstadt.de
dx.doi.org/10.1016/j.jpowsour.2007.06.090
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Fig. 2. X-ray diffraction patterns measured in situ during cycling of
LiNi0.8Co0.2O2. The cycles marked with a, b and c in Fig. 1 (cycles 1, 54
and 139, respectively) are shown. The chosen wavelength was λ = 0.500640 Å.
The 107, 018, 110 and 113 reflections are indicated; the reflection marked with
(
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m. The lattice parameters and the oxygen z-coordinate were
efined with the Rietveld-method using the WinPlotR software
ackage [11]. The refinement of the lattice parameters lead
o the following values: a = 2.86655(6)Å, c = 14.1715(5)Å and
oxygen = 0.25826(29). In order to take in account the cation dis-
rder, nickel was allowed to move from the 3b to the 3a-site,
ut the total amount of nickel was constrained. The percentage
f nickel ions situated on the lithium site was determined to be
pproximately 2.8% for the pristine material.

For the in situ-diffraction studies, the cathode material
iNi0.8Co0.2O2 was ground together with carbon black and
VDF and pressed into a pellet of 19.2 mg. The experi-
ents were carried out using a dedicated in situ-cell for

attery cycling described in [10] at beamline B2 [12] of the
amburger Synchrotronstrahlungslabor (HASYLAB@DESY,
ermany, http://www-hasylab.desy.de). Metallic lithium was
sed as anode, aluminum as current collector on the cathode
ide and a 1M solution of LiPF6 in EC:DMC = 2:1 (Ferro Corp.)
s electrolyte. A wavelength of λ = 0.5006 Å was selected by
doublecrystal Si(1 1 1) monochromator. For the data acqui-

ition the on-site readable imageplate detector OBI was used
13]. Full pattern Rietveld refinement of the structural parame-
ers for all in situ-diffraction patterns was performed using the

inPlotR software package [11]. The in situ-cell was cycled in
onstant-current mode between 4.2 and 2.7 V, controlled by a
MP multichannel potentiostat (Bio-Logic, Princeton Applied
esearch).

. Results and discussion

The charge and discharge capacities of the in situ-cell dur-
ng cycling are shown in Fig. 1. There are three sections in
hich in situ X-ray diffraction experiments were performed:

ycle 1, cycles 53–56 and cycles 138–140. Upon these experi-
ents the discharge capacities dropped from 161 mAh/g (cycle
) to 142 mAh/g (cycle 54) and finally to 124 mAh/g (cycle 139).
his corresponds to capacity retention of approximately 77%
fter 140 cycles. For all in situ cycles the same current rate of
/5 was used.

ig. 1. Charge and discharge capacities during cycling of the in situ-cell. The
ycles measured by in situ-XRD are labeled with a, b and c. The measured X-ray
iffraction patterns are shown in Fig. 2.
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*) is from aluminium used as current collector on the cathode side. The evolu-
ion of the 113-reflection during the first charging reflects the initial two-phase
ehaviour.

Between the in situ-diffraction experiments, the cell was
ycled ex situ. During these periods, the current rate was
ncreased in order to reach a higher cycle number in a reason-
ble time. Upon cycling, the rate capability of the cell decreased.
o keep the amount of lithium extracted/inserted approximately
onstant, the current rate was adjusted as it is noted in Fig. 1.

As representatives the diffraction patterns collected during
ycles 1, 54 and 139 are shown in Fig. 2 as waterfall-plots.
n each plot, from bottom to top the cell is first charged and
hen discharged. For sake of clarity only a small section of the
iffraction patterns is shown (18–22◦ in 2θ) while the whole pat-
ern was collected (5–45◦ in 2θ) and considered in the Rietveld
efinement. In this 2θ-window the indexed reflections are: 107,
18, 110 and 113. In addition, one aluminium reflection marked

ith an asterisk is visible in the figure. During the charge pro-

ess, the two reflections with a high l-value, e.g. the 107 and
18 reflections, move to lower 2θ-values, reflecting the expan-
ion of the c-axis. Whereas the two reflection with a low l-value,

http://www-hasylab.desy.de/
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The lattice parameters a and c, refined by full-pattern
Rietveld-analysis of the diffraction patterns measured during
cycling of the cell, as well as the unit-cell volume V are shown in
ig. 3. Charge and discharge curves of the in situ-cell. The points indicate the
eriods during which one diffraction pattern was measured. The points indicate
he end of the measuring time.

.g. the 110 and 113 reflection, move two a higher value of 2θ,
hich indicates a contraction of the a- and b-axis. During dis-

harge the reflections move back to their initial 2θ-positions.
his behaviour is consistent with previous reports [4,9,14–17].
he changes of the lattice parameters during the cycles will
e discussed in detail later in this paper using the parameters
etermined by Rietveld-refinement.

The dashed lines in Fig. 2 show the range in which the
eflection positions change during the charge/discharge pro-
ess. Comparing the three cycles, this range becomes slightly
arrower going from cycle 1 to cycle 54 and cycle 139.

The charge and discharge profiles of the cell during the in
itu-measurements are shown in Fig. 3. In Fig. 3 and for the fur-
her structural investigations, only cycles 1, 54–56 and 139–140
here evaluated. The symbols on the charge and discharge

urves indicate the exposure periods for each diffraction pattern.
In Fig. 4 the differential capacities for the cycles 1, 54 and 139

re shown. Since the cycling experiments were performed gal-
anostatically, electrochemical data points were collected either
fter the voltage changed by a given interval (dE = 5 mV) or after
certain time (dt = 300 s). The second condition was applied in
rder to collect data even when the voltage does not change,

.g. on a voltage-plateau. Due to these experimental conditions
Q, which is plotted in Fig. 4 as a function of the cell voltage
, shows the charge flown between two recorded data points

ig. 4. Derivatives of the cycles 1, 54 and 139 shown in Fig. 3. The decrease
nd shift of the oxidative and reductive peaks is indicated by the dotted lines.
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nd cannot be unambiguously associated to a given voltage
tep. Nevertheless, the plot is used to emphasize the changes
n the charge–discharge-curves shown in Fig. 3. Three oxidi-
ative peaks appear in Fig. 4 at approximately 3.6 and 3.8 V
nd a broad one at approximately 4.1 V. With increasing cycle
umber the area under the peaks (especially under the first one)
ecreases and the peaks shift to higher voltages. At the same
ime the peak intensities of the reductive peaks decrease and
hift to lower voltages. This behaviour indicates the increas-
ng polarisation (caused by an increase of the cell-resistance) at
igher cycle numbers. In comparison, the analogous peaks in two
V-experiments [4,18] show a decrease in peak-area but a sig-
ificantly lower shifting. So, the increase in polarisation seems
o be associated to the specific setup or the specific conditions
f cycling.
ig. 5. Development of (a) lattice constant a (the to phases H1 and H2 are
ndexed); (b) lattice constant c; and (c) unit cell volume V as a function of the
harge- or discharge capacities, respectively.
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ig. 5a–c. They are plotted for the cycles 1, 54–56 and 139–140
s functions of the charge and discharge capacities, respectively.
ote, that the cell was cycled in constant-current mode without

elaxation periods at the end of the cycles, so that the lattice
arameters could not be determined in all cases exactly at the
eginning and at the end of a charge or discharge process, respec-
ively (see Fig. 4 for the periods, in which the diffraction patterns
ere collected).
At the beginning of the first charge, the pristine Phase H1

onverts into a second phase H2. Both phases are isostructural
ut differ in their lattice parameters. This two phase-behaviour
as described in detail earlier for LixNi0.8Co0.2O2 [1,9,15–17],

s well as for LixCoO2 [19,20] and LiNiO2 [21], and is illus-
rated in the evolution of the 113-reflection during the first charge
n Fig. 2. The lattice parameters of H1 were refined for the
rst measured diffraction pattern and then constrained for the
econd and third pattern. Phase H2 was included in the refine-
ent in pattern three and was the dominant phase in pattern

our. At this point (xLi is approximately 0.8) the phase-ratio of
1:H2 is smaller than 0.2:0.8. Beginning with the fourth pattern

he extraction/insertion of lithium proceeds via a solid-solution
echanism.
Generally, the evolution of the lattice parameters for the first

harge shows a significant difference compared to the later ones.
uring the charge of cycle 1 parts of the charge capacity seem to
e consumed by formation or conditioning processes, resulting
n a capacity loss, which shifts the curve to higher capacity val-
es. During cycles 54–56 these processes are already completed
nd the positions of the curves for the charging in cycles 54–56
nd 139–140, respectively, are similar.

When lithium is extracted during the charge process, the
attice parameter c expands due to the increasing coulomb repul-
ion between the oxygen layers up to a lithium concentration of
pproximately xLi = 0.4 in LixNi0.8Co0.2O2 and then contracts
n further lithium extraction. This behaviour is most pronounced
n the first cycle, where the c-axis clearly shows a maximum at

charge capacity of approximately 160 mAh/g (Fig. 5b). For
he cycles 54–56, this maximum is shifted to smaller discharge
apacities: of approximately 120 mAh/g. For the last measured
ycles 139 and 140 the c-axis does not contract during charg-
ng at all. The lattice parameter c reaches its maximum at about
10 mAh/g. The maximal expansion during the first charge is
n good agreement with the results from Ronci et al. [16], who
eported, that the maximum in their experiment is at xLi = 0.35.
ince they charged the cell up to 4.5 V for cycles 1–3 and

hen steadily increased the upper cut-off voltage to 4.9 V during
ycles 4–7, these measurements are not directly comparable.
n the beginning of the discharge this behaviour is reversed.
hile the lattice parameter c for cycle 1 first expands, reaches a
aximum and then contracts, this maximum is less pronounced

or the cycles 54–56 and not present at all for the cycles 139
nd 140. If this maximum is directly linked to the extraction
f lithium up to a specific lithium-content (e.g. up to approx-

mately xLi = 0.4 in LixNi0.8Co0.2O2), the amount of lithium
emaining in the structure increases with increasing cycle num-
er. This behaviour may be due the mentioned increase of the
ell-resistance due to modifications on the interfaces leading

b
c
o
e
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o an effective voltage loss. So, at the final voltage of 4.2 V
ifferent amounts of lithium would remain in the host mate-
ial.

As to the final values of the unit cell volume V reached dur-
ng charging, nearly the same cell volume is reached in the first
ycle and in cycles 54–56 (Vcycle 1 and Vcycles 54–56 = 98.2 Å3)
ut in cycles 139-140 the cell volume contracts only to
cycles 139–140 = 98.5 Å3. This is in agreement with the contrac-

ion of the c-axis after the initial expansion which is not observed
or cycles 139–140, and the explanation, that the amount of resid-
al lithium increases as discussed above. During discharge, the
ell volumes in cycles 139–140 are larger compared to cycles 1
nd 54–56, as consequence of the former charge process, but all
ycles show a similar progression with respect to the discharge
apacity.

In our previous study [1] we reported the complete extraction
f lithium up to xLi is close to 0 in LixNi0.8Co0.2O2. After the
einsertion the lattice parameter a and c and the cell volume
lmost returned to their initial values. In this experiment the cell
olume before (100.48 Å3) and after one cycle (100.18 Å3) are
uite close, although not as close as in the former experiment.
his may be due to the higher C-rate (C/15 for the experiment

n [1] and C/5 for this experiment, respectively). In comparison
onci et al. [16] report a significant difference between the lattice
arameters a and c determined at the beginning and the end of
he first and the second cycle, although they used an even lower
-rate of C/72. But, as mentioned above, the cell was charged
p to a higher potential, and no information was given about the
volution of the values at the beginning and the end of cycles
easured after prolonged cycling.

. Conclusions

The minimum concentration xLi in LixNi0.8Co0.2O2 during
harge seems to be similar for cycles 1 and cycles 54–56, keeping
n mind, that during cycle 1 formation processes occur. After fur-
her cycling, the minimum amount of lithium seems to be larger.
his is deduced from the values at the end of the charging of

he lattice parameters and the unit cell volume which are differ-
nt for cycles 139–140 compared to cycle 1 and cycles 54–56.
he effect could be due to the higher polarization because of

he formation of surface films on prolonged cycling, but also
tructural changes (microstructure, cation distribution) can be
ssumed. On the discharge, the reasons for the decreasing deliv-
red capacities seem to be firstly, that lithium cannot be inserted
nto the host material to the same extent in the later cycles com-
ared to cycle 1. This is for example reflected by the value of
after the discharge for cycle 1 which is not reached in the

ater cycles. Secondly, that in the last measured cycles 139–140
ess lithium was extracted, as compared to cycles 1 and 54–56,
nd so less lithium could be reinserted, leading to the reduced
elivered capacities.

In situ X-ray diffraction was successfully used to study the

ehaviour of the cathode material LixNi0.8Co0.2O2 at different
ycle numbers. In addition to the conclusion, that the structure
f the material is maintained, it can be deduced from the in situ
xperiments that the mechanism of lithium extraction/insertion
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