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ABSTRACT

The influence of suspension dispersion technique on electrochemical performance of electrodes for
lithium-ion batteries is investigated. Anatase TiO, with particle diameters of 20 nm is used as a model
material and is dispersed with carbon black aggregates within an organic solution. Electrode structure
is analyzed by scanning electron microscopy (SEM) and the electrochemical performance investigated
by electrochemical impedance spectroscopy (EIS) and rate capability experiments. SEM investigations
indicate that a conventional mixing technique with a turbo-stirrer disperses the TiO, and carbon black
agglomerates of nanoparticles within an order of 1 wm and not within the primary particle size order
lower than 100 nm. EIS experiments show that dispersing the TiO,/carbon black suspensions with a
commercial surfactant prior to electrode formation reduces specific impedance and charge transfer
resistance of the electrodes. These electrodes are seen to have higher galvanostatic contributions than
for electrodes dispersed without the surfactant. Improved break down of the TiO, agglomerates occurs
with more rigorous dispersion techniques and leads to improved electrochemical performance of the
electrodes. Dispersion technique is argued to be a critical process in producing high performance

electrodes with nanoparticles as active material.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Methods of optimizing electrodes for lithium-ion batteries
include processing conditions, composite electrode morphology,
and binder selection [1-3]. Pre-dispersion of carbon black prior
to slurry preparation has been seen to reduce internal resistance
and improve electrochemical performance of cathode materials
[4,5]. Furthermore, if the carbon black is agglomerated and not
uniformly distributed in an electrode, then a bi-modal distribu-
tion of local resistances is obtained [6]. Dry carbon black forms
agglomerates of nano-sized particles, so pre-dispersion in a liquid
slurry prior to electrode formation improves the interparticle con-
tact between active materials. Ensuring interparticle contact has
been identified as one of the challenges for use of nanoparticles as
active material in lithium-ion batteries [7]. Nanoparticles are often
mixed into a slurry from a dry powder state. Van der Waals forces
draw individual nanoparticles together to form clumped aggre-
gates and are a challenge to break down so that the nanoparticles
can be intermixed with carbon. To overcome this disadvantage,
electrical contact between particle/particle and particle/current
collector should be ensured by establishing an electrically conduc-
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tive network of carbon. This would promote full functionalization
of nanoparticles for lithium-ion batteries.

TiO, has shown promise as a negative material in lithium-ion
batteries [7-12]. It is safe and well suited for rapid charging and
discharging. One drawback to the energy density is that lithium-
ion insertion and extraction into and out of the material occur
around 1.6 and 2.1V vs. Li/Li*, respectively, which is relatively high
for a negative material. While this is a drawback for commercial
use in high energy devices, it is an advantage for use of TiO, as a
model material to investigate electrode engineering as no signif-
icant side reactions are expected with the electrolyte within this
voltage range.

The structure of anatase TiO, during lithium-ion insertion
is characterized by a phase transition from a tetragonal to an
orthorhombic structure [13]. Bulk anatase TiO, has a theoretical
specific charge of 168 Ahkg~1, for lithium-ion insertion into the
material, this corresponds to x=0.5 for the reaction:

TiO; +x(Lit +e~) — LixTiO,

In this work, TiO, nanoparticles are dispersed in suspensions
with carbon black by different mechanisms. These suspensions
are mixed into a slurry and prepared into composite electrodes.
The electrochemical impedance spectroscopy and rate capabil-
ity of these electrodes are measured and compared to develop
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insight on the role of dispersion technique on electrochemical
performance.

2. Experimental

Dry powder of anatase TiO, (Tronox A-K-1, Kerr-McGee Pig-
ments) with diameters of about 20 nm (SEM) and a specific surface
area (SSA) of 90m2 g1 is used as the active material (AM). Car-
bon black (CB, Super P, TIMCAL SA) with an SSA of 62m?g~! was
used as an electrically conductive additive and 10 wt.% polyvinyli-
dene fluoride binder (PVDF SOLEF 1015, Solvay) dissolved in
N-methylpyrrolidinone (NMP, Fluka).

Analysis by scanning electron microscopy (SEM) was performed
with a Zeiss Gemini 1530 (Fig. 1) and also with a Supra Zeiss VP55
(Fig. 2) both operated at 1kV.

A CB-based model electrode composing of an AM:CB:PVDF mass
ratio of 1:8:1 is prepared solely to see if the TiO, agglomerates are
broken down following the conventional mixing method (Fig. 1).

In this work, agglomerates refer to particles held together by
weak, physical van der Waals forces, while aggregates refer to par-
ticles held together by stronger chemical or sintering bonds. In
literature these are sometimes referred to as soft and hard agglom-
erates [14], respectively. The CB is seen in Fig. 2 to be composed of
aggregates of primary particles physically connected to one another
by sintered necks and these aggregates are clumped together into
agglomerates. The TiO, nanoparticles appear to be non-aggregated

Fig. 1. SEM of a carbon black-based (80 wt.%) model electrode with TiO, (10 wt.%)
and PVDF (10 wt.%). This is an example of an electrode made from a poorly mixed
slurry stirred by a convention dispersion technique. Carbon black particles are
the darker-shaded branched aggregates and TiO, are the lighter-shaded clumped
agglomerates. (a) Prevailing areas of the electrode; (b) a large agglomerate of TiO,.

primary particles held together by van der Waals forces to form
agglomerates, as seen in Fig. 1b. In general, the forces holding
agglomerates together can be readily broken down by high energy
agitation when they are incorporated into a liquid. In contrast,
aggregates are held together by more stable bonds and cannot be
fragmented appreciably with intense agitation [15].

For electrochemical impedance spectroscopy (EIS) and rate
capability experiments, the electrodes contained a AM:CB:PVDF
mass ratio of 8:1:1. To demonstrate the importance of homogeneity,
three different slurries were prepared differently for three differ-
ent electrodes. The first slurry was stirred by hand for 2 min. The
other two slurries were well mixed by a turbo-stirrer (PT2100,
Kinematica) for 5 min at full power. One of these two slurries con-
tained a commercial surfactant, Triton X-100 (Sigma-Aldrich), and
it accounted for 0.7 wt.% of the electrode mass. The slurry is spread
by doctor-blade at a thickness of 250 wm onto an aluminum foil
and dried under vacuum at 110 °C overnight in order to remove the
solvent and form a composite electrode.

Electrodes with a diameter of 13 mm were punched out and
dried in a vacuum chamber at 120°C overnight. They were then
assembled in test cells similar to coin cells [16] where they func-
tion as working electrodes. Lithium metal (Aldrich, 99.9%) was
used as both counter and reference electrode. It was separated
from the working electrode by a 1 mm thick fiberglass separator
soaked in 500 pL of electrolyte (1M LiPFg in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 by mass, Ferro GmbH). Cells
were assembled in an argon-filled glove box with less than 1 ppm
of oxygen, nitrogen, and water contents.

EIS experiments were conducted with an electrochemical work-
station (IM6ex, Zahner-Elektrik GmbH). The cells for the EIS
experiments contained two uncycled electrodes in a symmetri-
cal arrangement with both TiO,-based electrodes coming from the
same electrode batch. The electrochemical impedance was mea-
sured at an affixed DC potential of 0V with an alternating current
in the frequency range of 100 kHz to 10 mHz with a signal amplitude
of 10mV.

Both cyclic voltammetry (CV) and galvanostatic measurements
were performed by a computer-controlled cell capture (CCCC)
system (Astrol Electronics AG, Oberrohrdorf, Switzerland) in a
potential window of 1-3V vs. Li/Li*. The CV measurements were
done at a potential scan rate of 0.1 mVs~!. For the rate capability
experiments, the electrodes were cycled galvanostatically in the
range of 1-3V vs. Li/Li* for varying specific currents proportional
to the mass of TiO,. In order to promote complete discharge/charge
at the respective potential limits, a potentiostatic step was included
until the specific current was 34 mAg-1.

Fig. 2. SEM of a TiO,-based (80wt.%) model electrode with carbon black (CB,
10wt.%) and PVDF (10 wt.%). This is an example of an electrode made from a poorly
mixed slurry stirred by a convention dispersion technique.
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3. Results and discussion

TiO; is a known semi-conductor [17] and the anatase TiO, pow-
der used in this work is measured to have an electrical resistivity of
about 250 k2m under a 5 kg weight in a disc-shaped, plastic mold
10 mm in diameter. This value indicates that electrical conductiv-
ity is likely a limiting step for the electrochemical performance,
which qualifies TiO, as a suitable model material for investigating
the importance of dispersion technique on electrochemical perfor-
mance.

To develop a qualitative overview of the ability of the conven-
tional stirring method in breaking down TiO, agglomerates, SEM
images were taken of the carbon-based electrode with 10 wt.% TiO,
(Fig. 1). In the image of Fig. 1a, lighter-shaded agglomerates of
TiO, nanoparticles are seen intermixed within a matrix of darker-
shaded carbon black aggregates. The TiO, agglomerate sizes are
in the order of 1 wm. This indicates that the conventional stirring
technique is insufficient to overcome the surface forces drawing
the TiO, nanoparticles of 20 nm diameters together. Furthermore,
a couple of TiO, agglomerates with sizes much greater than 1 wm
were noticed, with an example seen in Fig. 1b.

Fig. 2 shows an SEM image of a standard TiO,-based (80 wt.%)
model electrode. Here, the TiO, agglomerate size is harder to esti-
mate than in Fig. 1, but the quality of the mixing of carbon black
and TiO, is still possible to evaluate. In Fig. 2, agglomerates of
TiO, nanoparticles are mixed with agglomerates of carbon black
aggregates. Each material is agglomerated with itself, and mixing
of individual primary particles with the other material is not seen.
The observations of SEM images in Figs. 1 and 2 can be summa-
rized as follows: mixing of TiO, and carbon black occurs, but it
appears to occur at a scale in the order of 1 pm and not in the scale
of the primary particle sizes of both materials (less than 100 nm).
This is a strong indication that the conventional mixing process
can be improved and a motivation for development and analysis of
dispersion techniques.

To improve upon the conventional mixing technique, a com-
mercial surfactant (Triton X-100) was used to improve dispersion
of the suspensions of TiO, and carbon black. This has been seen to
disperse agglomerates of TiO, nanoparticles with particle diame-
ters of 0.23 wm in aqueous solutions to improve colloidal stability
and decrease agglomerate size [18]. Three model electrodes were
made for electrochemical evaluation, each from slurries dispersed
with different techniques. One slurry was hand-stirred, one turbo-
stirred, and another turbo-stirred with a pre-dispersion of the
TiO,/carbon black suspension with Triton X-100. These are the
three candidate electrodes used in this work to investigate the role
of the dispersion technique. Although many other techniques exist,
these three were selected as it was suspected that their influence
on the electrochemical performance would be significant.

Fig. 3 displays the Nyquist plots for the EIS experiments on the
TiO,-based electrodes. The semicircles in the medium to high fre-
quency range are seen in the inset of Fig. 3. The high frequency
ends of the curves confirm no significant difference in the ohmic
cell-electrolyte resistance, as expected. However, the electrode pre-
pared with the surfactant has a lower mass specific impedance in
the low frequency region, and therefore likely a higher surface area
in contact with the electrolyte as seen in the inset of Fig. 3. The
improved dispersion of TiO, nanoparticles with the carbon black
led to a decrease in the overall charge transfer resistance and a less
distorted semicircle in the high frequency region, thus indicating
the better contact between particles (lower electronic resistance
of the electrode) and also higher surface area in contact with the
electrolyte. The TiO,-based electrode made from the hand-stirred
slurry had the highest overall resistance to charge transfer and
also the strongest distortion in the high frequency semicircle, indi-
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Fig. 3. Nyquist plot of three electrodes. Mass is calculated for TiO, present in the
electrodes.

cating that the electronic resistance of the electrode is relatively
high and that there is lower surface area in contact with the elec-
trolyte. These effects are attributed to the poor dispersion of the
TiO, nanoparticles and carbon black. The turbo-stirred electrode
without surfactant has the same surface area in contact with the
electrolyte as the hand-stirred electrode, but the lower distortion
of the high frequency semicircle suggests better electronic contact
between the particles. EIS data suggest that a significant improve-
ment of the electrochemical performances should be observed
when a surfactant is appropriately used. Some improvement of the
electrochemical performances should be observed also by turbo-
stirring the slurry.

Cyclovoltammetry (figure not shown) of TiO, was measured to
have oxidative and reductive peaks at about 2.1 and 1.6V vs. Li/Li*,
respectively. Therefore, potential limits of 1 and 3V vs. Li/Li* were
selected to promote complete charge and discharge of the material
in the galvanostatic rate capability experiments.

Fig. 4 illustrates the results of the rate capability experiments
of the three TiO,-based electrodes. This highlights the importance
of the dispersion technique when the active material is com-
posed of non-aggregated nanoparticles clumped into agglomerates.
The sum of galvanostatic and potentiostatic discharge (lithium-
ion insertion) capacity is seen to be approximately the same for
each electrode in the discharge capacity bar graph in Fig. 4a. Con-
sideration of the galvanostatic contribution illustrates the effect
of electrode engineering: the better the dispersion technique, the
higher the galvanostatic contribution at C-rates greater than 1.
The sum of galvanostatic and potentiostatic contributions, how-
ever, remains constant, confirming that the total specific charge
which can be stored in each electrode is about the same. The
electrode dispersed with the surfactant has noticeably the highest
galvanostatic contribution and the most significant improvement
in performance is at 5 C-rate, as deduced from the EIS data. The
advantage of the turbo-stirred method over the hand-stirred dis-
persion is also apparent at C-rates greater than 1. Better dispersions
lead to better mixing of TiO, nanoparticles and carbon black aggre-
gates which could be due to break down of the agglomerates of both
materials to smaller sizes. Analysis of the charge (lithium-ion
extraction) capacity bar graph in Fig. 4b is in agreement with the
same observations of Fig. 4a: better dispersions lead to improved
electrochemical performance. Of interest is that the galvanostatic
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Fig. 4. Discharge [(a), Li-ion insertion] and charge [(b), Li-ion extraction] capacities
per unit mass of TiO, in composite electrodes. Cycling was performed between 1
and 3V for various C-rates, where 1C=168 mAg-!. Capacity at each C-rate is the
average of five cycles.

contribution in the charge capacity bar graph does not decline with
the C-rate as much as in the discharge capacity bar graph. These
experiments show that the kinetics of lithium-ion extraction is
more rapid than lithium-ion insertion into the TiO, structure.

It could be argued that the addition of a surface-active agent
has a detrimental effect on the interfacial resistance and stability,
however, this has not been noticed in this work. This effect is obvi-
ously not noticeable because the electrode contained only 0.7 wt.%
of Triton X-100, the voltage during cycling did not increase posi-
tive to 3V, and no significant decrease in charge capacity is seen in
the rate capability experiments illustrated in Fig. 4. Higher wt.% or
higher voltages or both could possibly lead to detrimental Li-Triton
X-100 interactions.

The results of the capacity cycling experiments are in agreement
with the electrochemical impedance spectroscopy results in Fig. 3
where better dispersions led to lower mass specific impedances.
Improved dispersion techniques of TiO, nanoparticles 20nm in
diameter and carbon black aggregates lead to a lower overall charge
transfer resistance and lower electronic resistance of the electrode,
and as a consequence, higher galvanostatic discharge and charge
capacities.

4. Conclusions

A need for increasing the electrode’s homogeneity by improv-
ing the conventional mixing technique was identified by the SEM
investigations. These investigations indicate that mixing of agglom-
erates of both TiO, nanoparticles and carbon black aggregates
occurs at an order of magnitude of 1 um, and not below 100 nm.
The importance of improved dispersion techniques is illustrated
by the electrochemical performances of the TiO,-based electrodes
prepared from TiO, and carbon black dispersed by different tech-
niques. The electrode prepared from a suspension with a surfactant
was seen to have a lower mass specific impedance and charge
transfer resistance and a higher galvanostatic charge/discharge
contribution than electrodes from suspensions stirred without the
surfactant. The improved dispersion likely led to an electrode with
a more homogeneous TiO,/carbon black distribution, leading to
improved electrical contact between smaller TiO, agglomerates
and the carbon black. These results present an important param-
eter for the commercialization of nanoparticles for high power
lithium-ion batteries. This work does not present an optimized
electrode, but demonstrates the importance of homogeneity if
nanoparticles are to be used effectively for lithium-ion batter-
ies.
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