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We performed experimental studies to determine electronic properties of multilayered LiftaB@des in order to quantify
reductions in LiFeP@matrix resistivity and/or contact resistances between matrices and current collectors by addition of carbon
black and graphite. In order to extract these layerwise and interlayer properties, we extended the Schumann-Gardner approach to
analysis of a four-point probe experiment and solved the resulting coupled nonlinear equations numerically. We studied five
cathodes with varying amount8-12 wt %9 and typegcarbon black, graphijeof conductive additives. LiFeP{particles within

the electrodes were precoated with carbon before mixing with additives and binder. Experimental results showed reductions of
~62% in electrical resistivities of LiFePQnatrix with addition of carbon black from 3 to 10 wt %; addition of graphite additives
produced only small reductions. For concentrations above 6 wt % of conductive additives, homogeneous electronic resistivities
were observed. Contact resistances at interfaces between LjFaR@®x and carbon coating of current collector and between
carbon coating and current collector were similar in all cases, indicating consistency in manufacturing. Future work will focus on
combining models for capacitive loss with models for conductive properties, along with experimental verifications.
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The low-cost, low environmental impact, and high theoretical Though solutions for percolation have recently been reported in a
specific capacity of LiFePgpbased composites have made them ex- wide range of systems, including 2D and 3D systems of ellipses and
tremely attractive materials for positive electrodes in Li-ion cells. ellipsoids:®** generalized solutions for polydisperse systems are
The bulk electronic conductivity of LiFePQOhowever, is reportedly  available for only certain special ca§€s§5 Empirically it has
quite low, ranging from 10°to 107 S cni’’;! this electronic/ionic  been shown that the use of the second approaeh,addition of
resistance has been blamed for losses in its relatively high capacitgarbon black mixed with LiFePQparticles, provides cathode pow-

(170 mAh/g during high-rate dischardge’ ders of sufficient electronic conductivity for carbon additives of 2-
The constituents of the LiFeR@lectrode include LiFePgpar- 30 wt %>>'**" However, the process of adding carbon black of

ticles, conductive additives, binder, and the metallic current collec-sufficiently uniform distribution in the matrix is costly, because it is

tor. Commonly, electrodes comprise at least two layees, com- both time- and energy-consumiﬁ%Further, addition of binder can

posite active material and current collegtoincreasingly, though, — produce additional segregation, which must be monitdfed.
current collectors are being surface-treated to reduce interfacial re- Thus, the third approach of adding carbon coatings to LiFePO
sistance between metallic current collectors and active materiaparticles presently appears attracttGeChen and Dahif produced
Iayers,5'6 this effectively increases the total number of layers within an LiFePQ/C composite by addition of sugar to LiFep@articles
the current collector in terms of analysis of the contribution to con- before heating, resulting in a 3.5 wt % carbon coating of particles.
ductivity of each layer. In order to understand the role of each con-This composite showed comparable rate performance to 15 wt %
stituent and to further optimize electrode overall performance, acarbon additives reported by Huaeg al? Improvements in both
technique to extract individual layer’s conductivity is needed. Herematrix conductivity and in functional performance of composite
we extend our prior techniqidor analysis of conductivity of mul-  cathodes have both been demonstrated by this general approach.
tiphase layers containing conductive additives to extract layerwisdmprovement in electronic conductivity in composite cathodes has
conductivities and interfacial resistances. With this technique, webeen demonstrated via addition of 30 wt % carbon-included, spray-
ultimately aim to optimize electrode performance via proper designpyrolyzed, pelletized LiFePf from an original conductivity of
of conductive additives and surface treatments. 100s entt to 0.1 S cmt?® Ravet and co-workerswhich com-
To date, three basic approaches have been used to improve thgared the electroactivity of natural and synthetic LiFgR@es, and
high-rate performance of LiFeRQincluding (i) doping of LiFePQ demonstrated>82% of theoretical capacit{l70 mAh g1), vs. be-
with conductive metal$? (ii) use of carbon additives to a LIFeRO  low <80% for untreated ores, could be achieved by 1wt % of
matrix?® and (jii) surface coating of LiFePQparticles with thin  carbon coating around both nature and synthetic LiFe&tes. They
layers of carbort:*® Doping has produced improvements in conduc- further showed that the cycle ability of both nature and synthetic
tivity, of bulk LiFePQ,, of 1072 S cni? with doping 1.0 atom %  LiFePQ, ores improved with carbon coating. Huang and co-workers
Nb vs. 107101070 S cn!! without dopant; moreover, addition of ~similarly demonstrated~90% theoretical capacity in composite
metallic particles(e.g, Nb, of density 8.6 g/cﬁ’rl) drives up the  cathodes containing a 15 wt % carbon coating of LiFgp@articles,
overall electrode mass of these systems more than addition of camt C/2 with good stability.
bon (2.25 g/cmd, per Ref. 11 Conversely, Chung and co-workémsbserved that at high firing
Chen and Dahif have pointed out that volumetric energy den- temperaturg >800°Q the fraction of the F&° phase increases, as
sity and gravimetric energy density drop from 2.05 to 1.6 Wi jcm  does the electronic conductivity of the undoped LiFgPThey pos-
and from 0.57 to 0.48 Wh/g, respectively, with addition of 15 wt % tulated that the use of carbon coating to increased conductivity was
carbon additive. Thus, the addition of lower density carbons meritsa result of a solid-state doping effect. Regardless of mechanism,
investigation to identify the best ratios of geometries and densitieshigher firing temperatures appear to be another possible avenue to-
of conductive particles, because they both affect percolation onsetward improvement of LiFePQconductivity.
Though both four-poiﬁtand two-poinJ[ probe techniques have
been used to measured electronic conductivity of LiFgRCbulk
* Electrochemical Society Active Member. or pellet form, no analytical solutions enabling extraction of layer-
2 E-mail: amsastry@umich.edu wise resistivities(conductivities and interfacial resistances from
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Figure 2. A schematic of arN-layered material for the theoretical model

Figure 1. The four-point-probe setup. developed

nondestructive surface measurements, to the authors’ knowledge, . .

have been published to date for multilayer laminates such as elec-

trodes. Becgluse both heat-treatrﬁeandycompression are com- Vi(r.2) = f AN Jo(hr)e™d + f Bi(MJo(r)etdn  [2]

monly used to post-process cathodes, use of bulk conductivities, or 0 0

conductivities of pelletized LiFePf is questionable: electronic where functionsy(\) andB;(\) can be obtained with application of

conductivity of LiFePQ matrix in real electrodes is required to appropriate boundary conditions. There aMet®undary conditions

identify optimal carbon loading types and densities. required to findN sets ofA;(\) andB;(\) for anN-layered electrode.
Here, we extend the traditional four-point probe technique t0These conditions are described in the following paragraphs, and

allow extraction of electronic resistivity of each layer and interfacial inyolve, 1. total current input, 2. finite voltage step change, 3. con-

resistance at each interface from measured voltages with differendtant current at the boundary, and 4. current flow from the probe.

sets of probe spacing, extending our earlier work on the _3‘46 ct. 1. The total current input from the cylindrical shape of probe
We used this approach to determinesitu electronic conductivity of  \ith radiusa at the probe-first layer interfade = 0) is

LiFePQ, matrices with varying amounts and types of carbon addi-

tives. Following the Schumann-Gardh&f® approach, the voltage , 1 V4 (r,z=0) AN - BN
measured at the surface of the electrode was derived as a function of () =~ o oz = N—————
probe spacing, input current, electrical properties, and thicknesses of P 0 P
the sublayers. Hence, the electrical properties of each sublayer could the function of current intensity(r) is known, the relationship

]JO()\r)dA [3]

be extracted from an assumed voltage function. betweenA;(\) and B;(\) can be obtained via Hankel transform
. pairs as
Experimental
A solution for layer-wise resistivities, and interfacial resistance in g\ = rf () Jo(Ar)dr
a two-layer sheet, using data from an in-line, four-point probe o

technique is first briefly outlined. Derivations of voltage functions
for multilayered structures are then derived. The numerical approach o
used to extract the electrical propertiessistivity and contact resis- f(r) = f
tance of each sublayefrom the measured sets of voltage and cur-

rent, is also presented, followed by a section detailing our experi-
mental approach.

Ag(M)Jo(Ar)dh (4]
0

Various assumptions concerning the current distribution through
the probe input to theN-layered system have been miti# as
illustrated in Fig. 3; their effects on results have previously been
compared extensiveﬁ?. The mathematical forms of several key as-
sumptions are given as follows, withdesignating the total current
input from the probe: Equipotential beneath the pfdbe

Solutions for current and voltage distributions in the four-probe
experiment—The model inline four-point-probe seti?is illus-
trated in Fig. 1; a single probe delivering currémtto anN-layered
structure is shown in Fig. 2. Each layer is assumed to be homoge
neous and isotropic with respect to resistivitg., measured resis-

tivity is assumed constant and independent of direction of applied B lﬂvl(r,z) B ﬁ if /| <aandz=0 s
current within any layer. Further, no sources of current are assumed oz mavas — r (5]
to be present within any layer. Collectively, these assumptions allow 0 if ] >aandz=0

solution for voltage within any layei,e., V; for the ith layer, via
Laplace’s equation. In cylindrical coordinates, we have

PV(r,2); 14Vi(r,2) PV(r,2)
a2 a2 0 4] p1 0z

which can be solved by separation of variables. . stributic?
Solutions of Eq. 1 are linear combinations of Bessel functions of Dirac delta current distributi

Uniform current distributioft

| .
_1(r,2) i ey if | <aandz=0 6]

0 ifjrf>aandz=0

the first and second kind; in the present case, we can express a 1 V,(r,2) I
solution in terms of Bessel functions of the first kind only, because -— = 2—6(r -a) [7]
the finite value of the voltage function requires that the coefficient of pL 9z mr

the Bessel function of the second kind be zero. Solutions for theln our work, we adopt the Schumann-GardﬁéPassumption of Eq.
second term are obtainable in terms &t? and €%, Solution of 7, though the differences among results from the three models are
Laplace’s equation for each layer can thus be expressed as only ~10%232% Our rationale is twofold. First, using this expres-
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2. At the interfacez = h;, there is a finite voltage step at the
interface between two adjacent layers, which is determined by elec-
trical contact resistanc®,. Then the boundary conditions at the

0.7

g': intermediate layers, such as the interface ofitheand the(i + 1)
04 -th adjacent layers satisfy
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Figure 3. Three possible current distributions, includifig equipotential .
under a probe, as in Eq. 6i) uniform current intensity, as in Eq. 7, afid) X(=1,23,..N-1) [13]

Dirac delta as in Eq. 8, an@v)A Gaussian-type heat source, used in Ref. 25. 3. At the interfacez = h;, the current density is the same across

the boundary as

lﬁvi(r,z)
Pi 0z

1 Nin(r,2)

sion enforces constant voltage under the probe. Second, the current z=h Piey 02 z=h

is restricted to fall between th%aorobe radii. _ X(i=1,2,3,..N-1) [14]
In related work, Li and Zharfg analyzed the temperature profile )

of multilayered anisotropic material heated via laser beam, an ana- 4. No current flows from the electrode~= hy, i.e., we assume

log to the present study. In their paper, the heat source profile had Ehe specimen is tested on an insulated boundary, per

Gaussian spatial profilevith radiusa), of

_ iav,\,(r,z)

lay(l - R)P r2 jr) =
Qu(r,zt) = 5—0‘1( 2 ) EXi—g -z + jwt) +30 [8] PN 02
T

=0 [15]
2=hy

The details of derivation have been discussed previc?uﬂ)e pa-
wherea; denotes the optical absorption coefficient of the first layer rameters6;(A) and ¢;(\) (asi=1,2, ... N) can be determined
andR is the reflectivity at the surface of the first layer. The normal- based on the boundary conditions Eq. 11 and 13-15. They can be
ized laser heat source profile at the surface of anisotropic material aéxpressed in terms of matrix form as
time t = 0 is shown by Fig. Jiv), which has a maximum intensity
at the center of the profile due to fast dissipation of heat at the outer
radii. The Dirac delta is a good model for current profile for a [1,- 1][
perfect conductor as in Fig. @ii), due to no potential difference
within probe radii. For a good conductor, Eg. 5 is a reasonable
model because of small potential difference within the probe.

If Eq. 5 is adopted to describe current intensity, the relationship [1,- e-thN][eN(x) ] =0 [17]
betweenA;(\) andB;(\) at Eq. 3 can be calculated using a Hankel ' Un(N)
transform via Eq. 4, as

em} _, (16]

P2(N)

* Ipy sin(a)) (AR, + pi + piet)  EORG + pi = pisy)
AN = BN = py f r0dndr = P (o) [ei()\) ] ) 2 20
0 b EPNR = pi + piwa)  (C AR+ pi + piaa)

It is then advantageous for simplification of subsequent calculations 2031 201

to redefine functiong\(\) andB;(\) from Eq. 2 in terms ob;(\) 0i11(N)
andys;(N) for simplification as Bia (V) [18]
Lo, sin(@n) If we defined a matriXM; as
AN = By = (0300 = U= [10) | -
T (R +pi +pi)  €OR + pi — pirt)
2pis ' 2pis
where Mi=| . ip| ! i Pisa [19]
€ '()\Rc ~ pi + Pi1) (- AR, +pi + Pi+1)
6:0) = (V) =1 [11] 2pis1 ' 2pis1

Similarly, we can write the voltage function of each sublayer at Eq.and plugging Eqg. 18 recursively back into itself starting fréim
4 in terms6;(\) andys;(N) as = 1), we find, with combination of Eq. 17
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x[1,-1 [] Mi[e-zlmN ]eN(x) -1 [20]
i=1

With the relationship of Eq. 19, this equation can be reduced to
N-1

1
[1-1] H Mi|:e‘2’\hN :|9N()\) =1
i=1

and6y(\) can be obtained, as

1

On(N) = [21]

N-1 1
[1,_1] Hi:l Mi e_z)‘hN]

Combining Eq. 21 with Eq. 19, we find thai(\) andy;;(\) can be
expressed as

- 1
ot 2 ]

01(\) =
- 1
(1,-1] Hi’ill Mi[e—thN]
- 1
(0.1 1" m, e_mN]
Un(n) = [22]
- 1
[1,-1] H:ill Mi[e—thN]
Also, 6; andys; for the intermediate layer are
_ 1
[1,0] S:ka(x)L.mN]
Bi(\) =
- 1
[1,-1] H,ille()\)[e-sz]
N-1 1
1]l Mk()‘)[e—th,\,]
Pi(\) = (23]

- 1
(-0 [T Mkm[ —sz}

e

Finally, the N 6;(\) andys;(\) are found via solution of Eq. 23.

Using superposition, the voltage functions between the inner two
probes for anN-layered specimen, for an inline four-point probe

shown in Fig. 1, can be expressed as

AV((S,,2) = Vi(S1,2) - Vi(§, + $,,2) + Vi($3,2) - Vi(§ + $,2)
[24]

(Xak-1 + Moy + Xoprd)
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Because the probes are in contact with specimen at the surface of
the first layer(z = 0), the voltage function of the first layer by com-
bining Eq. 22 and 24 is what we need to extract the electronic
properties of each layer, from

V=0 = [Vi(S1,0) = Vi(S; + $,,0) + Vi(S;,0) = Vo(S; + S;,0)]
N-1 1
) ;if N-1 1
7\{[1,— Il Mi[ e ]}

0
e

{Jo(\S))

= JL2\ (S + )] + J(AS) = J[2N(S; + Sy) [isin(ha)dh
[25]

whereM; is defined in Eq. 19.

Numerical solutions for resistivities and contact resistances
from experimental currents and voltages in the four-probe
experiment—As shown by Eq. 25, there aré&N2- 1 unknowns(N
electronic resistivities an®l — 1 contact resistances at each inter-
face for anN-layered specimen as seen in Fig. 2, if no electrical
properties within arN-layered specimen are knoymith experi-
mentally measured input currerit, probe radiusa, thickness of
each layerh;, measured voltagey/, and probe spacindg§. Thus,
2N - 1 equations are required to determirié¢ 2 1 unknowns. The
strategy adopted here is to change the probe spading 2 times to
obtain 2N - 1 different measured voltages, and then solve Eq. 25
numerically with the corresponding probe spacing sets and mea-
sured voltages, as illustrated in Fig. 4.

Solution forn parameters using independent, nonlinear equa-
tions can generally be solved via Newton's metfid@&riefly, vari-
ablesx; (i=1,2, ... n) are expressed as a ten$dix), as

Fi(x)
Fa(x)
F(x) = . =0 wherex =[X;,X =+ X, [26]
Fn(X)
In the case of multilayered electrodg, is defined as
Fi(X) - Vi|z:0 _ Vimeasured
N-1 1
[ Tl 2|
maJ, N1 1
x{[l,— all,_, Mk[e_mN]
Jo(ASp) = Jo[2M(S1,) + Sz,)]
X|: 0 S(l,|) Ol Sl,l) S(Z,|) sin()\a)d)\
+ Jo(AS3) — Jo[2N(Sgz,) + Sz.)]
-V measured [27]
1

where

M1 + Ny ~ Xoisd)

2Xok+1
M (x) =

~2\h
€ (= Xpiq + Moy + Xos)

2Xo+1
(Xok-1 = MNXoi + Xois1)

2Xok+1

)

2Xo41
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measure thickness of each layer.

measure current input and output from outer
two probes; measure 2(N-1) voltage values
between inner two probes, using with
different probe spacings.

Guess 2(N-1) initial parameters, including
resistivities and contact resistances
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Figure 4. Flow chart of experimental approach and data reduction.

and S, stands for thgth probe spacing at thigh set,j is ranged
from 1 to 3, buti is ranged from 1 to depending on how many

unknowns

The odd terms in tensorare resistivities, and the even terms are
contact resistances. Unknown variabbes compriseN electronic
resistivities andN — 1 contact resistances in &hlayered specimen.
The algorithm of prediction of error of thg + 1)-th step can be
expressed in terms of the error of tith step,V2F and inverse of
Jacobeard(x') tensor as

el = (x*! — 1) = — J(X) W2 (x 1) (el)?

Ther comprises the roots df(x). Also, the(j + 1)-th step ofxi*!
can be determined by expandifgx) in terms of Taylor series and

X = [X1,Xg, ...

neglecting higher order terms as

axt = = IO IR (X))

XL =X+ §x

error,

(k=1--N)

Newton’s method
(convergence algorithm)

If any error, > 1e-6

If all errors, < 1e-6

p;and R/ (where i=1...N-1)

requiresn? + n function evaluations for each step; this includgs
elements of Jacobian matrid(x'), andn elements ofF(x!) deter-
mined from Eq. 25. Further, it is frequently difficult to obtain the
Jacobian analytically as shown by Eg. 30; in such cases, computa-
tional intensiveness is even greater, because the Jacobian must be
found numerically,e.g, via forward finite difference estimation,
with suitably small trial forward steps. Here, we carried out both
analytical and numerical estimations of the Jacobian tensor, finding
the differences in our results to be small. Results reported here are
thus based on the analytical approximation of Eq. 30.

The second major disadvantage of Newton’s method is its ten-
dency to diverge for insufficiently accurate seeds. Specifically, if the
iterative procedure of Eqg. 30 approaches a horizontal asymptote or a
local extreme, the prediction offsedx' of Eq. 30 could produce
wandering. As seen in Eq. 29, the erraf?, converges quadratically
if seeds are close to roots; it diverges quadratically if seeds are far
from the roots. Following a commonly used method to guarantee
global convergenc&?’ §x was factorized by a factos as in Eq.

31. The factors is determined to assure the increment minimizing

f(x) = |%F(Xj) - F(x)|, other than of increase full step to assure

The roots ofF(x) can be obtained by calculation of Eq. 29 itera- CONVergences as

tively until convergence is obtained.

. L
The central advantage of Newton's method is its quadratic con- ' = = ()R [31]

vergence, for sufficiently accurate initial seeds, as illustrated in Eq.

29. This approach has two major disadvantages, which we address Xt =X + sd5x

presently, for the application at hand. First, function evaluation as in

Eq. 30 can be time-consuming, because a system efjuations

where 0< s < 1.
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The approach adopted héteds described as follows. During em—
each iteration, the full Newton step is taken at first, as in Eq. 29. Helgich
However, we check orf with the full increment. If the prediction -0.1000 mv _,0.100 mAmp
incrementdx', leads to an increase iy we backtrack with factos I
as in Eqg. 31 until we have an acceptable step; this method is guar r p—
anteed to find an acceptable step. The criterion to $ifal Eq. 31 voltage, AV ) ' ’

thus assures thdtdecreases, and satisfies
f(xI™h) < f(}) + 10% . V. (xI*? - X)) [32]

The reason we use Eg. 32 in_steadf()iifl) < f(x) is that a
sequence of steps might satisfxi*!) < f(xI), but reduced too

& current, |

|
¥

four-probe station
33-43mm

composite LiFePO,

slowly, relative to step lengths. If the full Newton step fails to satisfy — A 7 S1g 23 g : (00)
the criterion in Eq. 32, thes is determined from adjustable height i
R; carbon coating
. . 3
.= Vi) - 3x! (23] - P

C[f(dh) - f(X) — V f(X) - ox1]

If the value ofs determined from Eq. 33 still does not satisfy Eq. 32,
the subsequent backtracking factar, is determined as follows.
First, a new functiong, is defined as

Al foil
(Ps)

72-85 mm ———p
88-107 mm

Figure 5. Schematic test apparatus used in the measurement of electronic

g(s) = ¢S + ds + [VF(x)) - dxi]s + () [34] conductivities and contact resistances and approximate dimension of speci-
) men. The dotted line€l)-(4) represent possible locations of probes for vari-
wherec andd are determined by ous probe settings.
r 1
[C] 1| s s [os)-90-590)
dl si-% s s g(s2) — 9(0) - s,g'(0)
s conductivities(p; and p,) and contact resistance(ﬁté and Rg at
[35] interfaces of(1, 2) and (2, 3) layers, as shown in Fig. 5. This is a

reduction of the R — (M + 1) = 2°3 — (1 + 1) = 4 equations theo-
retically required;(ty,t,,t3), p3, and different sets ofS;,S,,S;) val-
ues were thus assumed.

These assumptions included the resistivity of the Al foil current
collectors, ofps = 3.0 1) cm and a negligible conductivity of the
fourth layer,i.e., p4 = infinity. The latter assumption was made be-
cause of the negligible current flow in the fourth layer, which in turn
. . results from the much lower conductivity in the carbon laglayer
and is selected in the rangfay = 0.5, andspip = 0.15;. 4) than the Al foil layer(layer 3. Togeth)ér, these assumpst}io%s ef-

A$ stated garller, ZN._ (M. + 1) measurements are rgquwed for fectively reduced the four-layered structure into a three-layered
solution, obtained by using different sets of probe spacing and meag

; X Structure, for purposes of analysis.
sured voltages, wherd is the number of layers and is the num- purp y

The s; ands, are the previous and second-most recent values of
respectively. The nevg to assure a minimum of Eq. 34 is found
from

_ —d+ \Jd? - 3cg'(0)
- 3c

s [36]

ber of | f K lectroni ductivities. Th X tal Limitations of measurement locations relative to sample size
€r o fayers ol known €electronic conductiviies. the expenmental,yare previously suggested by Schrddeo assure precision in four-

probe experiments. These limitations were followed here: distances
from the edge probegrobe 1 or 4 to the nonconducting edge, and

technique for obtaining these data follows.

Experimental approack—The four-layered laminated LiFeRO

cathodes consisted of active material: a carbon-coated LifePodistances from the each probe center to a nonconducting edge were
(PhosTech, Canaglaacetylene black(AB) and/or graphite(G) kept at least three times larger than the largest probe spacing from
bonded with polyinyl difiuoride) (PVdP), and cast onto a three- the specimen edge. _
layered carbon-coated Al current collector as in Fig. 5. The LiFgPO  Our measurements at each location were taken for four
powder was coated with 1-2wt% carbon during synthesis.different probe settings (2.8,2.8,2.8 mm (5.6,2.8,2.8 mm
LiFePQ, cathodes were prepared at Hydro-Quémb@JREQ) (2.8,5.6,2.8 mm and (2.8,5.6,5.6 mm on the cathode surface.
Compositions are listed in Table I; all cathodes were pressed afteffhus, a total of four different voltages were measured at each loca-
air-drying, and all measurements reflect post-pressing dimensiongion with four different probe settingss;,S,,S;) as described previ-
Volume fraction (vf %) of each constituent listed in Table | was ously. Four sets of data, at four different locatidag (2), (3), and
calculated based on mass of densities of LiFgR®6 g/cni*d), (4) as indicated in Fig. 5[of four different spacing settings
PVdF (1.76 g/cni*}), carbon and graphité2.25 g/cnit?. (S1,S,,S;) eacH were taken at each electrode. Hence, total of 16

The inline four-point-probe setup of Fig. 1 was used on thesevoltages were measured; four for each location.
cathodes as illustrated by Fig. 5. During testing, each specimen was The measured voltages taken at each location were averaged and
placed on a flat, insulating, Plexiglass stage, as shown. A small inpuénalyzed according to the technique outlined previously, to extract
current was delivered through one outer probe and withdrawn fromelectronic properties. The same procedure was repeated for the re-
an inner probe. A Digatron charge/discharge unit was used to delivemaining three sets of voltages, to obtain variability in electronic
and withdraw current, and an HP-34401A multimeter was used toconductivity and contact resistance. A flow chart of the procedure
measure voltage drops between the second and ¢hmirgtn) two used is shown in Fig. 4.
probes.

Generally, the number of different sets of probe spacing required
is 2N - (M + 1), whereN is the number of the layer within the Table Il summarizes our findings on resistivities and contact re-
multilayered electrode, anl is the number of layers of known sistances for the five electrodes studied. We divide our comments
electronic resistivity. In our four-layered structure, four independentinto three parts(i) effect of carbon andii) graphite additives, re-
sets of probe spacingS;,S,,S;) were used to determine electronic Spectively, on resistivities and contact resistances (iéineffects of

Results
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Table 1. List of constituents of composite LiFePQ cathode materials.

Composite Composite Carbon
Carbon LiFePO, Total LiFePO, coating Al foil
LiFePQO, PVdF black Graphite  Length length Width thickness thickness thickness thickness Density
Electrode
wt vf wt vf wt vf wt vf
wumber (5] [vt) (s6) () (o) () (6] (36) oom  @om  om m em o @m @m (o)
1 85 26 12 7 3 14 - - 100.8 76.68 46.73 52 34 2 14 171
2 82 24 12 7 6 2.8 - - 96 72.16 44.54 52 34 2 14 1.49
3 78 17 12 5 10 3.6 - - 95.8 71.98 33.33 50 32 2 14 1.28
4 79 24 12 7 3 15 6 3.0 106.5 75.85 41.21 58 40 2 14 1.52
5 7% 22 12 7 6 2.8 6 2.8 90 72.4 43.25 51 33 2 14 141
»)
|<——— length ! -

composite LiFePO, thickness
A

Al foil thickness

carbon

width ~ coating
thickness =¢—

i A

|<- composite LiFePO, length ->|

carbon coatings on interfacial resistances. Results are reported i0.85 to 1.21Q0 cn? as carbon black content increased from
Fig. 6. 3 to 6 wt %(1.5-2.8 vf %.

Effect of amount of carbon additives on resistivities/contact . . o )
resistance—Figure 6a reports resistivities of LiFeR@atrix for all _ Effect of graphite additives on resistivity/contact resistanee
electrodes studied. For electrodes 1-3 which only have carbon blackigure 6a shows that resistivities of LiFep@atrix of electrodes
additive, the average of electronic resistivity decreased froml and 4 increased from 176 to 38Bcm as the graphite content
176 to 4602 cm as the carbon content increased from 3 to 6 wt % increased from 0 to 6 wt %0-3 vf %). But resistivities of elec-
(1.4-2.8 vf %9, but increased from 46 to 6@ cm as the carbon trodes 2 and 5 decreased from 67 to3®m as the graphite
content increased from 6 to 10 wt ¢2.8-3.6 vf %. The variation ~ contents increased from 0 to 6 wt ¥-2.8 vf %). The standard
of electronic resistivity decreased within electrode as the carborfléviation of electronic resistivity of LiFePmatrix of electrodes 1
contents increased. Similarly, for electrodes 4 and 5 that have botf@nd 4 increased from 122 to 238 .cm, while the standard deviation
carbon black and graphite additives, the electronic resistivies deOf electronic resistivity of electrodes 2 and 5 decreased 32-
creased from 353 to 5@ cm as the carbon black content increased 10 {2 cm.
from 3 to 6 wt %(1.5 to 2.8 vf %. Figure 6b showed that contact resistance at the interftmee

Figure 6b shows that contact resistance at the interftesfirst first _interface} of composite LiFeP@ active material and ce_lrbon
interface of LiFePO, matrix and carbon coating of current collector €0ating of current collector layers of electrodes 1 and 4, which have
layers of electrodes 1-3, which have carbon black conductive addi3 Wt % carbon  black conductive additives, decreased from
tives only, decreased from 1.62 to 0.97cr? and then increased to  1.62 t0 0.85Q2 cm? as the graphite contents increased from
1.840 cn? as the carbon contents increased from 3 to 10 wt % 0 to 6 wt %(0-3 vf %). But the contact resistance of the first inter-
(1.4-3.6 vf 99. The standard deviation of contact resistance at theface of electrodes 2 and 5, which both have 6 wt % of carbon black
first interface decreased from 1.09 to 0@7cn? and slightly in-  additives, increased from 0.77 to 1.2lcn¥ as the graphite addi-
creased to 0.78) cn? as the carbon black content increased. How- tive contents increased from 0 to 6 wt $0-2.8 vf %). The stan-
ever, the contact resistance at the first interface of electrodes 4 and gard deviation of contact resistance at the first interface of electrodes
which have both carbon black and graphite additives, increased fromd and 4 decreased from 1.09 to 0.22cn? as the graphite contents

Table Il. Measured electronic resistivities and resistances for each layer of the multilayered LiFePfQcathodes studied.

Composite Contact resistance at Carbon layer Contact resistance at
LiFePQ, (2 cm) 1st interface(Q) cr?) (Q cm) 2nd interface( Q) cn?)
Standard Standard Standard Standard
Mean deviation Mean deviation Mean deviation Mean deviation
1 1.76 X 107 1.22X 107 1.62x 10 1.09 9.47x 1078 2.48x 1078 2.44 2.57x 10t
2 457X 10 3.29x 10 7.68% 1071 2.34% 107t 1.14 X 102 7.38%x 1078 1.50 1.68x 107t
3 6.69 X 10 3.91x 10 1.84 7.24%x 10t 9.72x 1073 6.24x 1073 3.08 1.57
4 3.53X 107 2.38X 107 8.45x 107t 7.06x 107t 414% 1072 3.11x 1072 3.33 6.53x 10t
5 5.90 x 10 1.00x 10 1.21 6.23x 10t 8.96x 1078 3.95x 1078 2.56 1.91x 10t
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Figure 6. Bar charts of mean and standard deviati¢hdo) of (a) electrical resistivity of composite LiFeRCactive materials(b) contact resistances at
interfaces of composite LiFeR@nd the carbon coatings on Al current collectdrs,electronic resistivities of carbon coatings on current collectors,(énd
contact resistances at interfaces of carbon coating and Al foil current collectors.

increased. However, the contact resistance at the first interface distivity of composite LiFeP@active material of electrode 4 sig-

electrodes 2 and 5 increased from 0.23 to @B2n¥ as the graph-  nificantly deviated from that of the other electrodes. This electrode

ite additive contents increased from 0 to 6 wt(%2.8 vf %). exhibited both high mean and standard deviati@®b3 and
238 cm) compared to values for the other electrodes studied

Effects of additives on interlayer _propertiesFigure 6¢C 46-173Q cm, and 10-122) cm, respectively Carbon black con-
shows that the top layers of double-sided carbon-coated curre nts were identical for electrodes 1 and %5 vf %) and 2 and 5

collector (Al foil ) had approximately equal values for all electrodes (2.8 vf %). Comparison of conductivity for these electrodes thus

(~10,000.£) cm), except electrode #41,400u(} cm). showed that carbon black additives had little effect on conductivity,

on dﬁ%gﬁ:&Tjg?\‘llv":;m;;hteocolgtﬁt g?ﬂztag}g?sfgégtigﬁfns_ecg&e dbut graphite additives had a clear effect. Electrode 4, with 3 vf %,
! p lay u ! and electrode 5, with 2.8 vf % graphite, each were of much higher

cifzcgj ge;:]chglrle;}o;eiggd;nsetal current. collectéhl foil) was resistivity than the other electrodes. Thus, addition of graphite actu-
) : ally appeared to reduce overall conductivity in the materials studied.
Also, the increasing amount of graphite contémblume fraction

Discussion aspect has less effect on improving LiFeR@atrix conductivity, as
shown in Fig. 6a.
Effect of amount of carbon black additives on resistivities Per Table |, electrodes 3-5 had similar weight percentages of
The decrease in standard deviation of electronic resistivity ofliFePQ, and PvdF; both constituents comprised about 90 wt % of
LiFePQ, matrix of electrodes 1-3, from 122 to 39 cm, with in-  the composite LiFePOmatrix in these electrodes. Their resistivities

creasing carbon black content is indicative of homogeneity in pack-were also similar(~63 Q2 cm), except electrode 4 that has resis-
ing of percolated carbon black particles. Given the difficulty in es- tjyity of 353 () cm. We expected electrode 4 to exhibit lower re-
timation of volume fractions and final particle shapes in thesesistivity than electrode 1, because it contained a smaller fraction of
pressed structures, this is useful information in verifying that par-insulating LiFePQ particles and the same fractions of PVdF and
ticle fractions are significantly above those required for percolation.carhon black, but instead, this electrode exhibited the highest value
Effect of amount of graphite additives on resistivitieThe ef- among all electrodes: its resistivities exceeded those of other elec-

fects of graphite conductive additives cannot be satisfactorilyfodes(electrodes 3 and)Dy a factor of 4. Also, the contact resis-
assessed from our resultSable Il and Fig. 65 because the re- tance of the first interface of electrode 4 had a low mean value and
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large standard deviation, but the contact resistance of the seconfrce microscopy(AFM) images to quantify local alterations in
interface of electrode 4 had the highest average value measureelectronic conductivity of carbons. Collectively, these results sug-
among electrodes 3 to 5. Furthermore, the resistivity of carbon coatgest that surface treatments of particles, particle size distributions,
ing at the second layer for electrode 4 has the highest value amongnd analysis and measurements of conductivity must be made in
all electrodes. concert to improve LiFePQsystems. Additionally, the risk of frac-

One possible reason for these results is that for electrode 4ture of larger particles under the compression is generally greater,
pressing during manufacturing lead to electrode fracture and atand work here suggests that dramatic increases in both layer-wise
tendant high resistivity of the composite LiFepP®natrix. As resistivities and contact resistances may result from such structural
shown previously® excessive compression of electrodes can failures.

result in particle breakage within them, which cancels out the po- L o ,
tential benefit of increasing contact among particles and cur- _Numerical issues—The modified Newton's method used here to
solve the nonlinear equations of Eq. 25, with increment reduction as

rent collectors. Here the compressed active material matrix of elec: . L
trode 4 may have become excessively intermingled with the carborP€" Ed- 31, required good initial guesses for each parameter sought.
his proved to be a time-consuming step in reducing experimental

coating of the current collector, resulting in the low observed contact ata

resistance at the first interface but high resistivity of the carbon . T . .
layer 9 y Electronic resistivities of each layer in the multilayered electrode
: were required to be in decreasing order starting from the electrode

For electrodes 2 and 5, average resistivities of LiFgR@trix . . o
increased slightly from 46 to 59 cm, but the standard deviation surface where the four-point probes were plagem, the resistivity
' of a layer needed to be equal to or larger than that for the layer

decreased from 33 to 10 cm, as the graphite particle content in- elow it). If the electronic resistivity of a layer were much larger

creased from 0 to 10 wt %. It thus seems that graphite does no . . .
improve the electronic conductivity as effectively as carbon black han the one above it, calculated contact resistance at the interface

but can produce homogeneous layers. This may be due to the d"l_)etween the two layers was high, indicating that no current reached

. . - .~ __the next layer. Thus, if the electronic resistivities of multilayered
ferent morphologies of graphite particles and carbon black particles . :
as discussed previously in Ref. 18. electrode were not in decreasing order, the number of layers needed

More generally, the standard deviation of resistivities measurecfg gres Eﬁgﬁncec?s'itgoliiE:gge:ﬁea’ltrtige fﬁgcggfbeosn Ségg't?: hirlemh:;gl four
in the LiFePQ matrix layers decreased as conductive additive con- y P ; . 9. AL
tent increased above 6 wt %, as demonstrated by data from ele current collector, and second carbon coating as shown in Figif
: 0, as trated by She resistivity of the second carbon coating at the fourth layer was
trodes 2, 3, and 5. This may again be an indication that the perco:

: ) ISR much larger than the Al metal current collector at the third layer. The
ll?cglt?lnc;hr[:insnh%llgcflﬁraﬁgn;rlggﬁ/ife additive is higher than 6 wt % for number of layers was thus reduced to three, as discussed previously.

Effects of additives on interlayer propertiesThe nearly uni-
form resistivities of carbon layers in all electrodes
(~10000Q2 cm), except electrode 4, verifies the uniformity of Extension of the Schumann-Gardner approach to measure the
carbon produced for, and deposited within, these layers. electronic properties of multilayered electrodes was successfully

Because contact resistance is inversely proportional to contacmade, and data from an inline four-point-probe technique were used
area, it serves as an indication of state of contact between particle® determine resistivities of LiFeROmatrix and carbon coatings
and current collector. Generally, the contact resistances at interfacesn current collectors, and contact resistances at each interface in
between the LiFePfcomposite layers and the upper carbon coating the cathodes studied. Overall, we found that carbon black additives
of current collector(first interface were within the same range, improved electronic resistivity of LiFeP{Oto greater extent than
of ~1.250 cn?. Similarly, contact resistances at the interface graphite additives.
of the upper carbon coating layer and Al metal current collector Based on results here, we suggest that addition 8fvf % car-
(second interfageof the electrodes studied, were within the same bon black significantly improves electronic conductivity of LiFePO
range, of~2.580) cnm?. The slightly higher contact resistances of composite cathodes. Addition of graphite additives was shown to be
electrode 3 for the first and second interfaces indicate possiblef less benefit in improving electronic conductivity of these cath-
compression-induced failures of particles; this hypothesis is consisodes. Consistent resistivities of contact resistances at interfaces with
tent with the slightly increased resistivity of LiFeR@natrix ob- carbon coatings among the electrodes studied suggests that the
served in this case, even though the carbon content was highemanufacturing approach used to make them is consistent.

Similarly high contact resistance of the second interface of electrode Our general approach may ultimately prove useful in determin-
4 could be due to fracture of the particles. Otherwise, results weréng the optimal thicknesses of conductive coating around LiRePO
fairly consistent. particles, or optimal fractions of conductive additives for improved
. . . . . . electronic conductivity of LiFeP©matrix, with acceptable volu-

Selection of particle sizesParticle size directly affects electro- metric and gravimetric energy density. One possible element of fu-

chemical performance; larger particle sizes of LiFgP®@r ex- 1o work may be to combine the experimental technique developed
ample, result in longer ion diffusion times in cathodes. Thus, smaller,

. . - o h ) with mathematical models for the thin electrotfe® to simulta-
particles with high specific surface area have potentially higher,qqs)y igentify percolation thresholds for different morphologies of
achievable capacity. Goodenough and I\_/Ianlvaﬁ?]l':_lave suggested  .onqyctive additives, and also predict the effect of particle morphol-
the optlmgl cathode performgnce is achievable with unlformly smallogy and type on capacity. Verification of electrochemical perfor-
sizes of LiFePQ particles; this has also begln substantiated by Ya- ance of these cells will also be part of future work.
mada and co-worke?$ and Takahashet al3! for carbon-coated
LiFePQ, particles. However, smaller particles have larger surface
areas, and thus more carbon additive is required to improve conduc-
tivity, which sacrifices energy density. Indeed, Chen and Bahn Acknowledgments
have pointed out that increases of carbon additive, from
0 to 15 wt %, reduce volumetric energy density by 22% and gravi-
metric energy density by 15%.

Modification of surface chemistry of LiFeRQarticles requires
heating, which in turn alters the conductivity of carbon additites.
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