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Abstract

In this work a significant improvement of the performance of LiFePO, (LFP) composite cathodes, in particular at high rates
(up to 12C), is demonstrated by the use of carbon-coated aluminum current collectors. The coating procedure is novel,
and allows for application of a thin carbon layer without the use of solvent and binder. The presence of the thin carbon
coating is verified by collecting the Raman spectra. The spectra are dominated by the D-band, indicating a low the degree
of graphitization and a high amount of disordered carbon in the sample. LFP cathodes with an area capacity of 1.7 mAh/
cm? show an excellent rate capability of 89% upon cycling at 5C. A dramatic reduction of the contact resistance towards
the active cathode material has been verified for the coated current collectors. It is furthermore shown that the electro-
chemical impedance spectra for cathodes applied on uncoated current collectors is dominated by the contact resistance,
while the charge transfer resistance dominates the spectrum for cathodes applied to the carbon-coated current collector.

Article Highlights

e Anovel carbon coating is applied to aluminum current
collectors without the use of solvents and binders

e The rate performance of LiFePO, cathodes is consider-
ably improved when the active material is coated onto
the carbon-coated collectors

e The contact resistance between the active cathode
material and the current collector is almost eliminated
by the use of the carbon coating
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1 Introduction

LiFePO, (LFP) is a well-established, low cost cathode
material for Li-ion batteries [1], and a frequently used
material for high-power applications. The material has a
stable 3D olivine structure, known for it's high cycle life.
Other advantages include a high theoretical capacity of

168 mA/g, high thermal stability and abundant elements
of low toxicity. Lithium intercalation/deintercalation in LFP
occurs in a single plateau slightly above 3.4V, which is also
the reason for the somewhat lower energy density of these
Li-ion batteries. One drawback of the material is the low
ionic and electronic conductivity (< 107° S/cm). For satis-
factory performance, the particle size should be small, and
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intimate contact with the conductive carbon is required.
Carbon coating of the LFP powder is common in order to
improve the electronic conduction paths through the elec-
trode. Similarly, processing parameters, like calendering,
are important for the performance of these cathodes [2].

In addition to good contact between particles, mini-
mizing the contact resistance between the LFP/carbon
conductive additive cathode and the current collector is
important for the cycling performance. lllig et al. [3] dem-
onstrated that a significant fraction of the overall polariza-
tion resistance could be attributed to the contact resist-
ance at the interface between the cathode and the current
collector, in particular at high state of charge (SOC). The
contact resistance was responsible for around 50% of the
total polarization at 50% SOC, and dominating at 100%
SOC. In the study of Busson et al. [4], it was verified that
with the use of carbon-coated aluminum collector (coat-
ing of 100 nm sized carbon particles via an ink solution
with binder), combined with carbon-coated LFP, elimi-
nated the need for addition of carbon conductive addi-
tives in the electrodes.

The use of carbon-coatings on current collectors has
been reported to lower the contact resistance, and thus
considerably improve the performance for a range of
electrodes for various electrochemical energy storage
systems. These include activated carbon electrodes, used
in supercapacitors [5, 6], as well as for cathode materials
for Li-ion batteries, like LiNiy sMn, :O, [7] and LiMn,0, [8],
and for sulphur cathodes in Li-sulphur batteries [9]. The
application of the carbon coatings has been performed
by coating of slurries containing a carbon powder [5, 7], or
slurries containing carbon black and fine graphite in vari-
ous ratios [9]. Alternatively, the carbon coating has been
applied by thermal cracking of CH, at 600 °C in a chemical
vapor deposition (CVD) process [6].

Shim et al. [10] demonstrated cells with excellent per-
formance by using carbon-coated Al-foil current collec-
tors (proprietary technique of Hydro-Québec) to develop
low-cost lithium ion batteries with carbon coated LFP and
natural graphite. However, in this work neither the effect of
the carbon-coated collector, nor the method for applica-
tion of the carbon coating, are shown. Striebel et al. [11]
demonstrated improved rate performance, more stable
cycling and a lower area-specific resistance (ASI) of LFP on
carbon-coated current collectors compared to uncoated
current collectors, when cycled in full cells with a graph-
ite anode. The carbon coating was obtained by casting of
the carbon black onto the foil with a PVDF binder. Similar
findings were reported by Swain et al. [12] with a com-
mercial carbon-coated current-collector (MTI-corporation,
with acrylate binder). Wu et al. also demonstrated signifi-
cantly improved rate performance and improved cycling
stability for LFP cathodes deposited onto an etched and
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carbon-coated aluminum current collector [13]. The car-
bon coating was obtained by cracking of CH, (600 °C) on
etched foils. The improvements were explained in terms of
a combined effect of reduction of the insulating aluminum
oxide layer on the current collector by the etching, and the
improved adhesion at the interface between LFP particles
and the carbon-coating of the Al-foil.

Here, we demonstrate the significant reduction of
contact resistance in LFP cathodes, fabricated from car-
bon-coated LFP powder, by the use of carbon-coated
aluminum current collectors. The contact resistance is
measured both in a 4-probe set-up, as well as indirectly
by impedance spectroscopy, and the effect on the rate
performance of LFP cathodes is reported. In contrast to
previously reported carbon coated current collectors [4,
5,7,9, 11-13], the low cost carbon coating in this work
was applied without the use of binders and solvents.
Thus, introduction of non-active materials, and potentially
degrading materials, are avoided in the cells. In the fol-
lowing sections, we start by providing the details for the
experimental work (Sect. 2). In the next section, experi-
mental results are presented, starting with the characteri-
zation of the carbon-coated foils (Sect. 3.1), ex-situ meas-
urements of contact resistance comparing the coated and
pristine aluminum foils (Sect. 3.2), and last a comparison
the electrochemical performance of LFP cathodes applied
onto coated or pristine foils, including also electrochemi-
cal impedance spectra (Sect. 3.3). Finally, the main findings
are summarized in the conclusions (Sect. 4).

2 Experimental

Aluminium foil current collectors (25 pum from Gelon Lib,
China) were used either as delivered, or in carbon-coated
state. The carbon coating is solvent free (proprietary tech-
nology of Morrow Batteries). These foils are referred to as
the coated current collectors in the text.

Raman spectra were recorded with a Jobin Yvon Horiba
Labram using a He-Ne laser (632:5 nm) with a beam diam-
eter of 100 um of the coated current collectors. The follow-
ing correlation as given in Ref. [14], was applied to deter-
mine the in-plane crystallite size, L, of the carbon coating

T
Ly(nm) = 260 <2> (M

B \g

where E; is the laser excitation energy in the unit of eV.

A slurry composed of active material (86 wt% car-
bon-coated lithium iron phosphate, LiFePO,, Clariant
Life Power®P2), binder (7 wt% polyvinylidene fluo-
ride, Kynar) and conductive additives (7 wt% carbon
black, Timcal Super P®) was prepared by mixing the
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constituents together with n-methyl-2-pyrrolidone
(NMP Sigma-Aldrich).

The slurry was tape casted onto the coated and
uncoated current collectors with a doctor blade (active
material mass loading was around 10 mg/cm? on both
aluminium foils) before the electrode sheet was dried in
two steps, first on the tape casting bed at 60 °C for two
hours and then in vacuum at 80 °C overnight.

Electrode sheets were pressed at 5 tons with a 5:5 cm
punch die, before cut to appropriate disc sizes, 14 mm
or 16 mm in diameter for coin cells and 16 mm in diam-
eter for the 3-electrode cell used for electrochemical
impedance spectroscopy (EIS). The electrode discs
were additionally dried in vacuum (80 °C) upon intro-
duction into an argon-filled glove box (0, <0.1 ppm,
H,0 <0.1 ppm).The thickness of the pressed electrodes
was around 40 (£ 2) um, which gives an average porosity
of around 20%, based on the density of the materials.

Rate capability of the electrodes were studied in half-
cell configuration in 2032-type coin cells with a lithium
foil (0.75 mm, Sigma-Aldrich) counter electrode and a
Celgard®2400 separator. The electrolyte was 1 M Lithium
Hexafluorophosphate (LiFP;) in 1:1 mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC), based on
weight. Electrodes extracted from A123 commercial LFP
cells were used as reference, and are referred to as “com-
mercial electrodes” in the text.

The cells were cycled in a Maccor 4200 test system at
room temperature. All half-cells were charged (delithi-
ated) and discharged in the voltage window of 2.5-4.0V
in a CCCV procedure, with constant current correspond-
ing to 1C, 2C, 3C, 4C, 5C, 10C, 12C, 15C, 18C and 20C.

The interfacial contact resistance was determined
using an in-house four-point contact test rig designed
to measure through-sheet resistance [15]. A current of
2 A (Xantrex XDL 56-4P DC power supply) was used, and
the contact resistance was determined from the meas-
ured voltage (Keithley 2000 multimeter) at different
pressures.

Electrochemical Impedance Spectroscopy (EIS) meas-
urements were conducted in Hohsen HS-3E cell, with
a glass fiber separator (Whatman Grade GF/A Glass
Microfiber Filter), by use of a VMP-300 from Biologic
Science Instruments. The amplitude was 5 mV, in the
frequency range of 500 kHz to 10 mHz. Initially, all cells
were cycled three times and left to rest at a predeter-
mined 50% SOC. The cells were then disassembled and
the cathodes were extracted and reassembled in a sym-
metrical cell configuration. The impedance data were
further analyzed with MATLABs toolbox DRT-TOOLS to
reveal distribution of relaxation times (DRT) based on
Tikhonov regularization [16].

3 Results and discussion
3.1 Characterization of the carbon coating

The carbon coating applied on the current collectors
is thin, and not visible in SEM. For the verification of
the presence and the structure of the carbon coating,
Raman spectroscopy is considered a viable technique.
The Raman spectrum obtained for the coated aluminum
collector is shown in Fig. 1. The spectrum shows a notice-
able D-band, associated with vibrational modes present
at defects and edge planes of the carbon (~1330/cm),
less prominent G-band, resulting from the sp2 bonds
(~1595/cm) and a weak 2D band (~2658/cm). In addi-
tion, a D’-band (~1607/cm) is present on the shoulder of
the G-band. The D’-bands observed is most likely reflect-
ing modes at the edge planes of hexagonal carbon lay-
ers. The 2D band is a second-order overtone resulting
from different interlayer interactions. The dominating
D-peak reveals a low the degree of graphitization and a
high amount of disordered carbon in the sample. Raman
spectroscopy is a well-known technique for determina-
tion of the average in-plane crystallite size of graphite,
L,. 1t was first demonstrated by Tuinstra and Koenig [17]
that the ratio of the D and G band intensities (Ip/l¢) is
inversely proportional to L,. The correlation has been
developed further for nanographite [14], taking into
account also effects of excitation energy, as given by
Eqg. (1). For the carbon coating applied to our samples,
this results in a value of L, of 16 nm.

Raman intensity (a.u)
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Fig. 1 Raman spectrum obtained for the carbon-coated aluminum
current collector
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Fig.2 Through-sheet resistance of dry, sandwiched electrodes with
and without coating, and a commercial LFP cathode, as a function
of pressure

3.2 Assessment of the contact resistance

The measured contact resistance as a function of applied
pressure of LFP cathode made from coated and uncoated
current collectors, as well as one commercial electrode is
shown in Fig. 2. The decreasing contact resistance with
increasing pressure is expected, and related to the com-
pressibility and elastic behavior of the porous electrode.
As seen from Fig. 2, there is a dramatic reduction of the
contact resistance for the carbon-coated electrode.

3.3 Electrochemical performance of LFP cathodes

Figure 3a) shows the results of the rate performance
tests of coated and uncoated current collectors, con-
ducted in a half cell configuration. As seen from Fig. 3a),
electrodes deposited on coated current collectors have
the ability to maintain 89% of the initial discharge capac-
ity at the high rate of 5C, which is significantly higher
than the capacity obtained for the cathodes on uncoated
foils. While the LFP cathode on uncoated foils fail to
deliver any capacity at 10C and above, the LFP on coated
foils can deliver a capacity of around 80 mAh/g at the
high rate of 12C. These results are superior to previously
reported results. Striebel et al. [11], for instance, reported
capacities of 140, 130 and 20 vs. 160, 130 and 110 mAh/g,
for LFP electrodes (area specific capacity of around 0.83
mAh/cm?) on uncoated and coated foils cycled in half
cell configuration at 1C, 2C and 5C, respectively. Wu et al.
[13] studied electrodes of low loading (2.5 mg/cm?), and
reported 100 and 70 vs. 120 and 110 mAh/g for LFP elec-
trodes on uncoated and coated foils, cycled in half cell
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Fig.3 a Discharge capacities of LFP cathodes with carbon-coated
current collector, and uncoated current collector, measured at dif-
ferent C-rates in the voltage window 2.5-4 V. b Discharge capacities
of LFP cathodes with carbon-coated current collector measured at
different C-rates in the voltage window 2.5-4 V at a temperature of
60 °C

configuration at 1C and 5C. The LFP powder used for this
specific study was not carbon coated. In the study of
Busson et al. [4], the experimental matrix was expanded
to include also effects of wt% carbon conductive addi-
tives in the cathodes of carbon-coated LFP (1.7 mAh/
cm?). Their results from full-cell experiments showed that
with a sufficiently high content of carbon black, the cells
delivered very similar capacities for coated and uncoated
aluminum foils (around 120 mAh/g with respect to the
LFP active material), but with a reduced polarization for
the coated foils. For electrodes with a reduced content
of the carbon black, the effect of carbon coating on the
aluminum current collector was significant.
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Figure 3b) shows the discharge capacities obtained
for LFP on coated aluminium foils at C-rates up to 10C,
at a temperature of 60 °C. The good performance at the
elevated temperature is taken as an indication of a rea-
sonably durable coating. In order to investigate possible
side reactions occurring on the carbon-coated foils, cyclic
voltammetry was conducted at a low rate (0.1 mV/s) in
the voltage range 3-4 V. The current densities observed
are below 5 pA/cm? in this voltage range, and no peaks
are observed (for comparison, the currents observed on
pristine Al foils were below 1 pA/cm?).

The EIS data are shown in Nyquist representation for
the LFP cathodes on uncoated Al-foil in Fig. 4a). The cor-
responding Nyquist plot for the LFP cathode in coated Al-
foil is shown in Fig. 4b), while the distribution of relaxation
times (DRT), known to be more sensitive to identification

a 350 ; ; . . T .

300 -
m  Uncoated Al
250 -

200 B

150 B

-Z,,, [Ohm]

100 [ ] u 4

]
50 ] ] _

LY

T T T T
0 50 100 150 200 250 300 350
Zqe [OhM]

200 B

150

G(f) [Ohm]

I

|

|

I

100 4 |
|

50 4 I\i ;
\

04-./

T T T T T T T T
10% 102 10" 10° 10" 102 10® 10* 105 10°
Frequency [Hz]

of individual processes, determined in accordance with
Schmidt et al. [18], is shown in Fig. 4c). In line with the rate
performance results shown in Fig. 3, a significant decrease
of the electrode resistance for the electrode on the coated
foil is observed in Fig. 4b). In fact, the apparent electrode
resistance obtained with the uncoated foil has a significant
contribution from the interfacial contact resistance, which
is also consistent with the DC contact resistance meas-
urements shown in Fig. 2, and in agreement with results
reported in Illig et al. [3], where at 50% SOC, the electrode
resistance of LFP electrodes was similar in magnitude as
the interfacial contact resistance to the current collector.

For the distribution of relaxation times (DRT), two dis-
tinct peaks at 0.01 Hzand 1500 Hz are visible for uncoated
electrodes (stippled line), while the coated electrode pro-
duce only one peak at 0.01 Hz (the diffusion impedance
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Fig.4 Electrochemical impedance spectra of a symmetrical cell of LFP cathodes at 50% SOC, on a uncoated foils. b coated foils, and c the
distribution of relaxation times, G(f), derived from the impedance spectra of cells with coated and uncoated electrodes
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dominating at the lowest frequencies is not included in
the analysis). Since the electrodes are practically identi-
cal, except for the coated/uncoated current collector, it is
believed that the origin of the 1500 Hz-peak comes from
the increased resistance between the active material and
current collector. The low frequency peak most likely orig-
inates from the charge transfer between the electrolyte
and the active material, which will be present for elec-
trodes regardless of the coating on the current collectors,
as has also been pointed out in other works [3, 18].

4 Conclusion

In this study, a novel, binder-free carbon coating has been
demonstrated for aluminum current collectors for Li-ion
battery cathodes, and verified to significantly reduce the
interfacial contact resistance in combination with cathode
fabricated from carbon-coated LFP. Excellent rate perfor-
mance was demonstrated with the cathodes made with
this current collector, with a capacity retention of 89% at
5C. Similarly, a significant reduction of the electrode resist-
ance was verified by electrochemical impedance spectros-
copy. With the uncoated current collectors, the impedance
response was dominated by the interfacial contact, while
effects of the interfacial contact resistance were practi-
cally eliminated with the carbon-coated current collectors.
Overall, the results show great promise for improving the
performance of LFP cathodes, provided that the coating
procedure can be upscaled for industrial applications. The
coated current collectors should also be verified in combi-
nation with other active materials, like activated carbon,
other Li-ion cathode materials, or sulphur in the future.
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