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Abstract

It is widely recognized that the presence of residual moisture has significant detrimental effects on the performance of lithium ion batteries.
Studies have shown that the positive active material can be a major source of moisture contributors to the overall cell moisture. The aim of the
present study is to understand the factors affecting moisture uptake by the doped-lithium nickel cobalt oxide material from the casting solvent,
acetone, and the ambient environment. As-is and the air-dried powders under various conditions (300◦C for 24 h, 500◦C for 8 h, and 500◦C
f y (47 ppm)
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or 24 h) were exposed to ambient and humid air for various lengths of time. Similarly, all these powders were exposed to extra dr
nd wet (5789 ppm) acetone. Karl Fisher measurements at 160◦C and 290◦C show that humidity levels (80–85% relative humidity ver
0–25%) and the exposure times are the critical factors. Acetone wetness and the length of exposure in it do not contribute sign

he moisture uptake by the active material. Cathode powder drying helps in minimizing the amount of moisture uptake from the en
2005 Elsevier B.V. All rights reserved.
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. Introduction

Presence of moisture is widely known to have significant
etrimental effects on the battery performance for capacity,
ower, cycle life, and calendar life in lithium ion battery tech-
ology. Various reaction mechanisms have been proposed to
xplain the effects of moisture on the electrolyte, negative
lectrode, positive electrode, and overall cell chemistry. For

he electrolyte, it is commonly accepted that the moisture re-
cts with lithium salts, e.g. LiPF6, currently used in commer-
ial lithium ion batteries, according to the following reaction
1]:

iPF6 + H2O → 2HF + LiF + POF3

HF generated from the above reaction, possibly reacts
ith the lithium metal oxide cathode as per the following
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reaction:

LiMO2 + xHF → Li1−xMO2 + xLiF + x
2H2

It is commonly accepted now that Mn dissolution
lithium manganese oxide especially at elevated temper
is induced by acids generated through temperature-enh
electrolyte decomposition, or by water contamination of
cell components either present in the electrolyte/cell com
nents or introduced during the manufacturing/assembly
process, and finally due to the secondary chemical reac
occurring at the LiMn2O4/electrolyte interface[2–4].

Electrolyte manufacturers have recognized this chall
in manufacturing electrolyte solutions to minimize the c
tamination levels to improve the battery quality[5]. Studies
on contamination levels, influence of packaging, high t
perature storage, and handling have been carried out
tails. A complete understanding of the SEI layer forma
on the negative electrode such as carbon based materia
in lithium-ion batteries, continues to be a challenging is
Effect of different amounts of water, as well as oxygen
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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the electrolyte on the SEI layer formation on the graphite
surface has been studied[6]. It was concluded that the pres-
ence of water increases the irreversible capacity loss in the
first cycle due to water reduction. In later studies, it is further
demonstrated that an effective and a better quality SEI layer
is formed on the carbon surface when water contamination
is avoided. The improved SEI layer helps in achieving high
specific capacity (∼360 Ah kg−1 of carbon), satisfactory cy-
cle life of the graphite electrodes (1000 deep cycles), and an
irreversible capacity loss of <7% during the first cycle us-
ing 1 M LiPF6 in EC/DMC electrolyte[7]. In an attempt to
understand the reduction products of ethylene carbonate, a
widely used co-solvent in electrolytes for lithium-ion batter-
ies, an electrochemical–chemical sequence of reactions has
been suggested[8]. Electrochemical reduction of water to
form hydroxides, and hydroxide addition to form ethylene
oxide and lithium bicarbonate are some of the possible prod-
ucts of these reactions.

Our previous study has shown that depending upon the
composition of the positive active material like lithium man-
ganese oxide, lithium cobalt oxide, or doped lithium nickel
cobalt oxide; the positive active material can be one of the
major contributors to the overall moisture in the cell[9]. It
was concluded that the final cell moisture content is strongly
affected by the processing of films used to fabricate the cells.
To minimize the moisture exposure, the commercial lithium-
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290◦C. As-is and three dried powders were exposed to the
ambient conditions (25–30% relative humidity at 70± 2◦F)
and humid conditions where relative humidity was main-
tained at 80–85% at 80± 2◦F. All four powders were ex-
posed to the above-mentioned two conditions for 3 h, 6 h,
and 24 h time period. For the acetone exposure experiment,
ACS grade acetone containing 5789 ppm moisture and ex-
tra dry acetone obtained from ACROS ORGANICS contain-
ing 47 ppm moisture were used. All four powders were ex-
posed in dry and wet acetone for 6 h, 24 h, 48 h, and 192 h
in a sample vial. After the exposure time, acetone was de-
canted off and the powder in the sample vial was subjected
to drying at 60◦C for about 16 h, and then put under vac-
uum at the same temperature for additional 6 h to make
sure that all the acetone has been removed before doing the
moisture measurements. Each data point is average of two
measurements.

3. Results and discussion

3.1. Effect of ambient conditions on the moisture uptake

Various time intervals for the exposure were chosen con-
sidering the practical aspect that in a manufacturing environ-
m r as
s t for
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1 ph-
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t as-is

F ed
s

on and/or lithium-ion polymer makers use dry room w
ontrolled temperature and humidity to fabricate films
ssemble the cells.

The most common film fabrication method, either dire
n a metal foil or as a freestanding film is solvent cas
ypically the active material, along with a polymer bin
nd conductive carbon, is suspended in an organic solv
ake slurry. Acetone, due to its low cost, ease of hand
nd less toxic nature is also used to cast both electrode
owever, there is always a concern that the positive a
aterial could absorb/adsorb moisture from the acetone

equently increasing the moisture in the film and the cell
fter the cell has been subjected to some drying process
ositive active material can also pick up moisture from
nvironment depending upon the temperature and hum
f the ambient conditions. Doped-lithium nickel oxide ma
ials are known to be hydrophilic in nature due the pres
f excess, unreacted lithium salts on their surface. The
urpose of this study is to understand the factors and fu

o quantify the amount of moisture uptake from the cas
olvent, i.e. acetone (dry and wet) and from the ambien
onditions under varying temperature and humidity leve

. Experimental

Doped-LiNi0.8Co0.2O2 was dried in air using three diffe
nt conditions: 300◦C for 24 h, 500◦C for 8 h, and 500◦C for
4 h[10]. Karl Fisher titration method was used to meas

he moisture for two heating temperatures up to 160◦C and
ent, it will be highly desirable to use a dried powde
oon as possible and not let it sit in a humid environmen
ore than 24 h.Fig. 1 shows the Karl Fisher measureme
t 160◦C for as-is and dried powders under ambient and
id conditions. It is believed that the measurements do
60◦C represent the loosely/weakly bound water or the
sisorbed water and measurements done at 290◦C represen
total of weakly and strongly bound water or the comb

ion of physisorbed and chemisorbed water. The data
hat the dried powders absorb/adsorb less moisture than

ig. 1. Moisture measurements at 160◦C for humid and ambient air expos
amples.
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Fig. 2. Moisture measurements at 160◦C for humid air exposed samples
only.

material from ambient and humid air. In a humid air environ-
ment, most of the moisture uptake happens during the first
3 h time period. Though the moisture levels are highest for all
four powders after 6 h exposure, there appears some decrease
of moisture when exposed for longer time up to 24 h. This
phenomenon is still not well understood. It is possible that
some chemical reactions involving CO2 and other compo-
nents in the air can react with the cathode surface impurities
to cause this decrease in moisture. All the dried powders show
moisture levels in the range of 6000–7500 ppm as compared
to about 10,000 ppm for the as-is material.

Fig. 2shows the expanded graph for the ambient air only
exposed samples. Majority of the moisture pick up occurs
up to 6 h exposure and it is fairly constant up to 24 h expo-
sure, at least for the dried powder. Clearly, 24 h dried powders
either at 300◦C or 500◦C show less moisture after 24 h expo-
sure (about 425 ppm) than 8 h dried powders at 500◦C (about
515 ppm). So the longer drying time is more important than
the drying temperature.

Fig. 3displays the Karl Fisher analysis done at 290◦C for
as-is and three dried powders. Upon exposure to ambient air,
the moisture of the dried samples levels off around 1000 ppm
after 24 h exposure as compared to about 2500 ppm for the un-
dried material. These 290◦C Karl Fisher moisture levels are
about double those from the 160◦C measurement as shown
in Fig. 2 for the respective powders after the same exposure
t 24 h)
o only
t und
w rary,
h con-
t ame
a
i take
i

Fig. 3. Moisture measurements at 290◦C for humid and ambient air exposed
samples.

3.2. Effect of wet and dry acetone on moisture uptake

ACS grade acetone from Fisher Scientific (considered to
be wet acetone) and extra dry acetone from ACROS ORGAN-
ICS showed 5789 ppm and 47 ppm moisture levels respec-
tively based on the 160◦C Karl Fisher measurement, where
the acetone was directly injected into the titration solution of
the instrument. Four different exposure times, 6 h, 24 h, 48 h,
and 192 h (8 days) were selected to study the effects of time
on the moisture uptake. Considering the practical aspect of
casting films, it is highly desirable to use slurry as soon as
possible (within 24–48 h) and not let it be stored for more
than 8 days. Fast usage of the slurry to cast films can poten-
tially have a direct impact on the turn around time for the
equipments involved, improved efficiency of the operation,
and therefore, lower battery cost.

F ed
s

ime period (24 h). This suggests that longer exposure (
f powder under ambient air conditions contributes not

o loosely bound water but also equally to the strongly bo
ater on the positive active material powder. On the cont
umid air exposed samples for 24 h show the moisture

ent in the range of 7000–9000 ppm, which is about the s
s the moisture analysis at 160◦C as shown inFig. 1indicat-

ng that in a humid environment, most of the moisture up
s loosely bound.
ig. 4. Moisture measurements at 160◦C for dry and wet acetone expos
amples.
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Fig. 5. Moisture measurements at 290◦C for dry and wet acetone exposed
samples.

Fig. 4shows the moisture analysis at 160◦C for the pow-
ders after these were exposed to dry and wet acetone. In
general, dried or undried powders do not pick up any sig-
nificant amount of moisture from either dry or wet acetone,
even up to 8 days of exposure. In almost all the cases, the
moisture levels increase to two to three times as compared to
their respective moisture content at the 0 h exposure level or
the fresh sample. Just like the ambient conditions, moisture
adsorbtion/absorbtion by the dried powders is less than the
as-is sample. It is also important to note that the drying time
and temperature are not very critical factors. Loosely bound
moisture uptake from acetone can be minimized as long as
there is some drying of cathode powder at least to 300◦C for
24 h.

Fig. 5 shows the moisture content at 290◦C Karl Fisher
for all the powders. At the end of 192 h (8 days) exposure,
the moisture content at this temperature is almost four times
higher than 160◦C Karl Fisher measurements for the respec-
tive powders as shown inFig. 4. This observation suggests

that there is some water from acetone, which binds tightly
on the active material. Among the dried samples, even at this
higher analysis temperature, drying time and temperature are
not very important factors.

4. Conclusions

A strong interaction between the doped-lithium nickel
cobalt oxide positive material and the moisture from the pro-
cessing media and the processing environment was found.
Humidity levels and the exposure times in the ambient envi-
ronment are the critical factors in controlling the material’s
contamination due to moisture. However, some degree of
drying the doped-lithium nickel cobalt oxide material may
significantly reduce the amount of moisture uptake from the
environment. Furthermore, acetone wetness and length of ex-
posure of the active material in it does not contribute signifi-
cantly to moisture uptake.
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