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Atheoretical analysis is presented that allawsitu measurements of the physical properties of a composite electrode, namely, the
electronic conductivity, the ionic conductivity, the exchange-current density, and the double-layer capacitance. Use is made of the
current-voltage responses of the composite electrode to dc and ac polarizations under three different experimental configurations.
This analysis allows the physical properties to be obtained even when the various resistances in the céemposiigic,
electronic, and charge-transferre of comparable values.
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Composite electrodes, composed of a mixture of electronically Theory
and ionically conducting materials, are key components in a range
of electrochemical deviceg.g, Li-ion batteries and fuel cellsThe
development of optimum composite electrodes for a particular ap
plication is hampered by a lack of understanding of how cell assem
bly, processing conditions, additivés.g, binders, surfactantsand
operation affect the performance of the electrode. Thereforsitu
measurements are needed to correlate changes in the electrode to
physical properties. For example, Shibugtal® investigated the
electronic conductivity of a composite cathode in a lithium battery,
and Saatet al? the ionic and electronic conductivities of Nafion/
carbon composites. Shibuyst al! used an interdigitated array of
electrodes to measure the electronic conductivity QE€bIO, while
simultaneously intercalatingpr deintercalating lithium into it. In
their analysis, the measured curreitthat flowed between the ad-
jacent electrodes in the array and the potential differeNGethat

The three configurations considered are shown schematically in
Fig. 1. The shaded region denotes the composite electrode of thick-
nessL, composed of a mixture of ionically and electronically con-
‘ducting phases. In configuration I, the reference electrode is placed
in the electrolyte at a point near the face of the composite working
clatlgctrode(i.e., at x = 0) and the other side of the composite is
sUpported by a metallic current collect@e., atx = L). In configu-
ration Il, the composite is bound by current collectors on either side,
while in configuration lll, it is bound by two reference electrodes. In
all three configurations, a current,flows between points A and B,
while the resulting potential differencd/, is measured between
points C and D. Configurations Il and Ill, respectively, represent the
conventional two- and four-probe conductivity methods.

The following analysis(dc and ag applies porous electrode
theory, which treats the composite electrode as a superposition of
"wo continua or phasesOne phase represents a purely ionically

IL
7 \ [ I—C> D Configuration I
A B
whereL was the distance between the two electrodes. The applica- i o B
tion of Eg. 1 to composite electrodes assumes that there is no inter- A, B — Current Collectors
action between the ionic and electronic phases. In other words, C, D — Reference Electrodes
charge-transfer or ionic resistance must be the dominant resistance
for o to be determined from a single data point. For situations when C D

this condition does not hold, the technique used by Shilatya ! Configuration II

would yield only a combination of ionic, electronic, and charge- A B

transfer resistances, not just the electronic resistance of the solid

phase. In order to decouple the various resistances, a more complett )
set of data(e.g, different experimental configurations, full imped- ¢ =3y i Porous Composite
ance spectruinmust be analyzed to accurately determine the ionic, Electrode

electronic, and charge-transfer resistances.

In this work, we examine three different configurations of opera-
tion of the composite and analyze their dynamic response under
conditions of dc and ac polarization. The results confirm that one
resistance can be obtained from a single data point only when the
other resistances dominate. When the various resistances are com
parable, we provide a method to decouple the various resistances 0 x5 L
from sets of experimental dc or ac polarization data.

o

<.J Configuration ITI
D |B

Figure 1. Schematic of a composite electrode under three different configu-

rations labeled |, II, and Ill. The electrolyte fills the unshaded area between

* Electrochemical Society Student Member. the current collectors as well as the pores in the composite. In all three

** Electrochemical Society Active Member. configurations, current flows between points A and B, while the resulting
2 E-mail: weidner@engr.sc.edu potential difference is measured between points C and D.
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conducting solution and the other a purely electronically conducting
solid. The dc analysis is applicable for those times after a small step

Journal of The Electrochemical Socigtys0 (8) E371-E376(2003

b1 — =0

(9]

change in either the current or the potential difference, when con-

DC response—Equations 2-9 are solved analytically by the

centration variations are negligible. Thus, in the steady-state regionsiethod of separation of variabfe obtain the transient potential
discussed in this paper, the times are not long enough for any apdrops,V¥, between points C and Bee Fig. 1in the three configu-
preciable mass-transfer effect to occur. Similarly, the ac analysigations, following a small step change in the applied current. These
applies for those frequencies, when concentration variation are negsolutions are identical to those of the transient currents following a
ligible. Thus, in the low-frequency regions discussed in this paper,small step change in the applied potentials. Therefore, the solutions

the frequencies are not low enough for any appreciable massare expressed as dimensionless resistariRess oV¥/1XL, which

transfer effect to occur. Further, invariant physical properties,are
namely, the solid-phase electronic conductivitythe solution phase
ionic conductivityk, the interfacial exchange-current densigy and

%

the double-layer capacitand® are assumed. Additional assump- Rk= RK + Ry D, CKe (m'n?+ v [10]
tions are noted where appropriate. m=0
For all three configurations, Ohm’s law applies in each phase of
the composite electrode, giving where
_ do -1)" - (2 + klo
i, = —gd—xl [2] ck = 2[( ()m2w2(+ e )] [A¥sinhv + BXcoshw
and - Bk(_l)m] [11]
dd, exceptCS is half the value calculated from EfL1], and
I, = —K H [3] .
Ro=7—7—""— 12
Further, the application of charge balance inside the electrode leads ¢ 1+ (klo) [12]
to the following relationships
a(k + o)
92 by — v = ———(ionf) [13]
o a;bzl =aC (¢lat b2) + aignf(dr — b2) (4] kg
t
and T= [14]
L%aC 1 1 )
9%, Wy —dy) o klo
k= = "aC————— — aionf(és = ¢7) [5]
Al 1 |(x/o) + coshv | 1 1
The first term on the right side of Eq. 4 and 5 is due to double-layer (ko) v sinhv (ko) [15]
charging and the second term is the linearized form of the kinetic
expression for the faradaic reaction. Therefore, this analysis holds 1 — coshv
for small perturbations in the current or potential. Al = _(—) B = — [16]
Egs. 4 and 5 form the governing equations for the potential in all v sinhv
three configurations. However, the three configurations differ in the
boundary conditions depending on which phase carries current at the " 1 (1 - coshv "
boundaries. In configuration 1, all the current is carried by the ionic = (/o) sinhy = (</o)v [17]
phase ak = 0 and by the electronic phaseat= L, leading to
; 0. i 0 di | The steady-state dimensionless resistarks, are given by
at x=0,i;,=0 andi, =
(6] .
at x=1L,i;=1andi,=0 2 + E+—coshv
R, = Rg| 1+ . 18
In configuration 11, all the current is carried by the electronic phase ¢ v sinhv [18]
at both boundaries, leading to
. . R":Rgl—Zfl_.ﬂ [19]
at X—O, Il_l andI2—0 * o v sinhv
[7]
at X:L, i1=|andi2=0 " o 1_COShI)
R, = Rg|l - 2|—|| ———— [20]
is K v sinhv

while in configuration I, all the current
phase at both boundaries, leading to

carried by the ionic

The initial condition for all the three configurations is set as

for the three configurations, respectively. Newrhamd Ong and
Newmanr present analytical solutions for the steady-state and tran-
sient resistances for configuration |. The solutions for configuration
| have been repeatedly used by numerous researchers and are pre-
sented here for the sake of continuity.

For short times, Eq. 10 is linearized and a ploRfvs.t yields
a straight line. Following Ong and Newma, dimensionless short-

at x=0,i;,=0 andi, =

(8]

at x=1L, i;,=0 andi, = |
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time time-interceptﬂ‘:) is defined as that point on theaxis where
the short-time straight lindR* vs. 7 intersectsRY . For the three
configurations, this intercept is given by

2,

>, CK(mPm? + v?)
m=0

TG [21]

AC response—In order to obtain the frequency responses of the

ocieth50 (8) E371-E376(2003 E373

where

b [31]

aCo(k + o)
LA ——— 7
2Kko

Further, asw — o, the terms inside the square brackets in Eq.
28-30 tend to unity, anﬁrk andZik approachR, and 0, respectively.
Impedance models have been developed by Meral,’
Doyle et al,” and Guoet al® for a Li-ion battery, and by Srinivasan
and Weidnet and Motupallyet al° for the capacitive response of

three configurations, Eq. 4 and 5 are transformed from the timeyp, glectrochemical system. Meyetsal® included lithium diffusion

domain(t) into the Laplace domaifs) to give

9%, — _
o0~ aCsby — &) + aionf(b ~ 42 (22
and
9%d, - .
K2 = —aCody — by) — aignf(dby — dy) [23]

Equations 22 and 23 are similar to the steady-state forms of Eq
4 and 5. Further, after substitutitg= jw and definingvc as

a(k + o
vAC:L

) . ,
T(Ionf + Cowj)

[24]

the governing equations and boundary conditions for ac polarizatio

in the frequency domain are identical to those of dc polarization at

steady state. Consequently, Eq. 18-20 give the dimensionless impe
ance £X) in the corresponding configurations, withc of Eq. 24

used in place of. Thus, the dimensionless impedances are given by

inside the solid electrode particles and derived analytical solutions
for the imgedance response of a porous electrode. Detyé’ and

Guo et al® numerically evaluated the impedance response of a Li-
ion battery considering mass-transfer limitations in both solid and
solution phases. Srinivasan and Weidrgeveloped analytical solu-
tions for both constant current and impedance responses of an elec-
trochemical capacitor while Motupallgt al*° modeled the capaci-

tive response due to Hdiffusion through NiOOH. However, the
configurations considered by these authors correspond only to con-
figuration | of this study.

Results and Discussion

Figure 2 shows the dimensionless transient dc resistance of the
composite for the three configurations simulated using Eq. 10, with
k/o = 1.25 andv = 10. At 7 = 0, the double-layer capacitance

hort circuits, resulting in negligible charge transfer across the inter-
ace, and consequentlg“ = R,,. As 7 increases, the impedance
lue to double-layer capacitance increases and a greater fraction of
he current goes to charge transfer, resulting in a time-varying dc
resistance. At long times, the double-layer capacitance tends to open
circuit andRk — RX . This steady-state resistance dependsion
andv, as indicated by Eq. 18-20. However, the qualitative shapes of

(o) K
2+ P (,_) coshw the transient resistances are independent of these parameters.
Z'=Rg| 1+ - [25] Figure 3a shows Nyquist plots of the composite for the three
Vac Sinhvac configurations simulated using Eq. 25-27, witioc = 1.25 and
v = 10. In each of the three configurations, the Nyquist plots are
A P 2(5)(1 - costhc) [26] characterized by a high-frequency real intercept equaRga a
@ o)\ vacsinhvac high-frequency straight line of unit slogeee Eq. 28-30 for the real
components in this regignand a low-frequency real intercept equal
o\ (1 — coshvuc to RX . As mentioned in the dc case, the value of the low-frequency
Z" = Ry|1 — 2(— (—) [27]
k)| vacSinhve
0.58 r . .
for the three configurations, respectively. Sijceccurs under the
square root irvac, the separation of the impedances into real and , 056/ R" Configuration IT i
imaginary parts results in lengthy expressions and are therefore not =
given here. However, a variety of commercial softwaiesg, Mat- g ; / ]
lab and Mapl¢ can be used to separate the real and imaginary parts g 0.54¢ R, !
easily. In this work, we used Matlab to evaluate and plot the real and %= //’——f
. f . . L - /4
imaginary parts for a range of frequencies to obtain Nyquist imped- K 0.52 R, 5
ance spectra. " m
For all the configurations at low frequenciés., asw — 0), 8 o0t
vac approaches, and consequenthz* approache®" . For all the .5
configurations at high frequencies, the real and imaginary parts of § 0.48} 1
the impedances differ only byr, (e, Z= R, — Z* and E
— dZ¥dZk = 1), with the real components given by R 046 ]
K o R,
Z=|1+ me® -+ —||Ra [28] 0445 001 0.02 0.03 0.04 0.05
Dimensionless Time, T
no_ 4 Figure 2. Dimensionless transient resistance of the composite in the three
Zi =1+ b(k/o) tanf(b) |Rq [29] configurations simulated using Eg. 10, withe = 1.25 andv = 10. At the
instant the circuit is closed, the dimensionless resistances are edqral, to
/ which is the same as the high-frequency real intercept in the Nyquist plot
Z" =1+ 4(x/a) tanf(b)}RQ [30] shown in Fig. 3. The long-time asymptotd¥; , are the same as the low-
b frequency intercepts in the Nyquist plot of Fig. 3.
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v=1
aiynf (x +0)
Ko

0.4¢ (b)

v=L

Configuration I

N o3t
! Figure 4. R plottedvs. v for different values ofx/c). The ordinate is the
ratio of the total resistance of the composite to its electronic resistance, for
0.2r configuration IR}, asymptotes t&R,, asv — .
0.1r
practical situations, this criterion is not met. For example, the total
8 resistance in the case of hydrogen oxidation on a Nafion/Pt-carbon
0’8,4 0.5 0.6 0.7 0.8 0.9 1.0 composite should be dominated by ionic resistance because of the
yA fast charge-transfer kinetics on Pt and the high electronic conductiv-
r ity of the composite. Using parameters given by Sasital?

Figure 3. (a) Nyquist plots for the three configurations simulated using Eq. (k=1 S/_m ando = 6.25 3S/n) and by Springeret al."* (L = 5

25-27, withk/o = 1.25 andv = 10. All the curves are characterized by a KM andaip = 8 X 10° Aim®), k/ = 0.16 andv = 3. Therefore,

high-frequency straight line of slope 1 that tends Ry, (0) asw — «, and  from Fig. 4(or Eq. 18 R, ~ 3, which means thdL/V’, underpre-

a low-frequency intercept equal RS . The high-frequency real intercept dicts o by about a factor of 3.0.

(Rq) and the low-frequency interceptﬁ{i) are the same as the dc resis- For even slower reactions,is smaller and the total resistance is

tances at = 0 andr — o, respectively, shown in Fig. 2b) Nyquist plots even larger than the electronic resistance. In the limit when kinetic

for configuration | as a function of for k/c=1.25. Configurations Il and  resistance dominate@.e, v — 0), R — =, as seen in Fig. 4.

Il have the same qualitative shape as shown in a, but configuration | tends t¢4owever, taking the limit of Eq. 18 as — 0 and rewriting it in

infinity asv — 0. dimensional form gives/V!, = Laionf. That is, the reaction rate
distribution inside the composite is uniform aingl can be deter-
mined directly’ Thus, whenv is very small kinetic resistance domi-

intercept(i.e, R¥) is a function ofx/c andv. In addition, the quali-  nates, and when s very large ohmic resistance dominates. In other

tative shapes of the Nyquist plots of configurations Il and Ill do not words, the quantityL /V', gives, respectively, eithek(+ o) or io.

change withw. For intermediate values af, the current-voltage response is influ-

In contrast, Fig. 3b shows that the shape of the Nyquist plot ofenced by both kinetic and ohmic resistances and all three parameters

configuration | varies significantly with. The real interceptR, must be determined simultaneously.

approaches infinity a8 — 0. At v = 0, the Nyquist plot does not

come back toward the real axis at all. Rather, it behaves as a purel

capacitive system, whose impedance tends to infinity as shown b)%

an_lv\\/gssen iggt\é\:gfg%i?d g/lgtnudpzllg:eet ?rl]'e wo limRs andR¢ they assumed that the right side of Eq. 19 is equal to unity for all

: y ) .g. ’ § Ko values of(k/c) andv. This assumption, however, holds only when
Ry is a function of one dimensionless parametés, while R isa  jonic or charge-transfer resistance dominates. Figure 5 shows the
function of two dimensionless parametersand (/o). The param-  gimensionless resistand@! plotted vs. v for different values of
etery, as defined in Eq. 13' is the ratio of the Oh”.“c resistance of the k/c). The ordinate in Fig. 5 is the ratio of the total resistance of the
composite electrode to its charge-transfer resistance. The deper&

; omposite to its electronic resistance. When charge-transfer resis-
dence of the total steady-stater low-frequency resistance of the P 9
composite electrod®® , onv and(x/o), and the validity of Eq. 1 in

tance is large relative to ohmic resistange., v — 0) R! ap-
- : . : roaches unity, and therefore, the total resistance of the composite is
determining the charge-transport properties are discussed in the folz
lowing paragraphs for the three configurations.

Configuration Il—As mentioned before, it has been proposed by
hibuyaet al,! and in Ref. 12-14, that configuration Il can be used
0 estimate the electronic conductivityvia Eqg. 1. In other words,

qual to its electronic resistance. Howeverpdacreases, the total
resistance of the composite is a combination of its ionic, electronic,
Configuration I—Figure 4 shows the dimensionless resistance and kinetic resistances. As— , the total resistance of the com-
R (see Eq. 18 plotted vs. v for different values of (k/a). posite is equal to its ohmic resistance siiRleasymptotes t&R, .
The ordinate in Fig. 4 is the ratio of the total resistance of the For the hydrogen oxidation example considered in the previous sec-
composite to its electronic resistance. When ionic resistance domition (i.e., with k/c = 0.16 andv ~ 3) R! is close to unity, as can
nates (/c — 0 andv — =), the current completely bypasses the be seen from Fig. 5 or Eq. 19. However, in the case of Shibuya
ionic phase and the total resistance of the composite electrode ist all (L = 10 um, o ~ 107* S/m from Fig. 2 of Ref. 1and using
equal to its electronic resistanéee., R\, — 1). However, for many  the parameters given by Doy al.’ (a= 1P m™%, i, = 1 A/m?,
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10° Ko=10",10 |
x/oc=1,1
~
=8
= i
/o =10, 10°
S w0 ]
N’
)
% «/o=107% 102
2 ¥l =10 107
107} 1
10" 10° 10' 10° 10°
.y aiynf (x +o)
Ko

Figure 5. R [or (x/a)R"] is plottedvs.v for different values ofx/c). The

ocieyb0 (8) E371-E376(2003 E375

can be used. Further, the limits and intercepts provide quick and
valuable insight into the interaction between the parameters. In the
following lines, we apply the analysis presented in this paper to
describe the estimation of parameters using experimental informa-
tion on only the limits and intercepts obtained from the three con-
figurations. Here, the dc experiments are treated as taking an applied
current as the input and giving a voltage as the response. However,
the same analysis is applicable when voltage is taken as the input
and current as the response. The following intercepts and limits are
used to extract the parameters:

(i) The high-frequency intercept obtained from ac impedance, or
the initial voltage following a step change in the applied dc current.

(i) The low-frequency intercept obtained from ac impedance, or
the steady-state voltage following a step change in the applied dc
current.

(iii) The frequency dependence of the impedance at high fre-
quencies(i.e., the straight-line portion of the Nyquist cupveb-
tained from ac impedance, or the short-time time-intercef} of
the voltage following a step change in the applied dc current.

The intercept described in itertl), obtained from any of the
three configurations, yields the same information: a combination of
k and o, as also seen from Eq. 12 and Fig. 2 and 3. Thus, by

ordinate is the ratio of the total resistance of the composite in configurationmeasuring the voltage response at the instant of stepping the current

Il (or Ill) to its electronic(or ionic) resistance. When charge-transfer resis-
tance is low,i.e, whenv — «, R [or (x/0)R"] asymptotes toR, [or
(k/o)Rgq], while asv — 0 it asymptotes to unity.

k = 0.5 S/m) we gek/oc = 5000 andv ~ 6. Therefore, from Fig.
5 (or Eq. 19 R! ~ 0.33, which means that./V'! overpredicts the
electronic conductivity of LiCo@ by about a factor of 3.0.

Configuration lll—Analogous to configuration Il, Fig. 5 also
showsR" (k/o) as a function of for different values ofx/c). The
ordinate, in this case, is the ratio of the total resistance of the com
posite to its ionic resistance. As in configuration Il, when charge-

transfer resistance becomes very smak., v — ) R!" (/o)
asymptotes tdR,, (k/o), and asv — 0, R"' (k/o) asymptotes to
unity. In other words, in configuration 11l the ratie./V" gives the

ionic conductivity when charge-transfer resistance dominates. For

the case of Shibuyat al? (i.e, k/oc = 5000 andv ~ 6) Fig. 5 or
Eq. 20 gives a value foR!" (x/o) close to unity. However, for the
hydrogen oxidation casé.e, k/c = 0.16 andv ~ 3) R" («/0o)
~ 0.66, which means that./V!"" overpredicts the ionic conductiv-
ity by about a factor of 1.5.

Parameter estimatiar-In the previous section, it was shown

in the case of dc or at high frequencies in the case of ac gives the
quantityk + o, in all three configurations. The intercepts described
in item (ii) obtained from the three configurations yield three differ-
ent combinations ok, o, andiy, as also seen from Eq. 18-20 and
Fig. 2 and 3. Thus, information from the intercept in itéin ob-
tained from any one of the configuratioti®., Eq. 12, and from the
intercepts in item(ii) obtained from any two of the configurations
(i.e, any two of Eq. 18-2pD can be used to determine the three
unknownsk, o, andiy. With the knowledge ok, o, andig, the
double-layer capacitand€) could be determined by applying the
limiting expression in itentiii) to data from any one of the configu-
rations, as also seen from Eq. 21. Tiedemann and Ne e
Used the short-time response of configuration | in determining the
double-layer capacitances of porous Pb and Pke@ctrodes in
H,S0;,.

Conclusion

The behavior of a porous composite electrode under three differ-
ent configurations is analyzed for determining the physical proper-
ties o, k, ig, andC. Porous electrode theory is used to obtain ana-
lytical solutions to the current-voltage response of the three
configurations to dc and ac perturbations. These solutions can be
used in conjunction with experimental data on either the entire ac
impedance spectra or the entire transient dc resistances to obtain the
four physical properties. To complement the parameter estimation

that except for some limiting conditions the dc resistance or the adiSing the entire ac impedance spectoa the entire transient dc

impedance of a composite electrode is a combinatiom,of, i,

andC. Therefore, these parameters must be obtained from a set dr > ) J
data rather than a single data point. For example, these parametef§ses show that in configuration I,

resistances the limits and intercepts derived here for high and low
equenciegor for short and long timgsan be used. These limiting
the ratio/V!, gives either

can be obtained by fitting the analytical expressions derived here tdx + o) whenv is large and, whenv is small. For intermediate
the entire ac impedance spectrum or to the entire transient dc resisaalues ofv, IL/V!, gives only a combination af, k, andi,. Simi-
tance, measured on any one of the configurations. Which configuratarly, in configuration Il(or 1), IL/V" (or IL/VY) givesa (or k)

tion is chosen depends on how sensitive its response is to the pgmly wheno > k (or k > &), or whenv is small. When these
rameter of interest. When the effect of one unknown parameter orgonditions are not valid, one must combine data obtained from dc or

the impedancdor transient resistang®f a configuration is much

greater than another parameter, then that configuration cannot bg

ac polarization experiments, conducted on more than one of the
ree configurations, to evaluate the physical properties. In addition

used to determine the latter parameter with confidence. One has tg, ; andi,, the analysis allows determination of the double-layer

use alternative configurations, wherein the response is dominated bé’apacitance(C) from either shorttime dc polarization or high-
the parameter of interest. Since one often does not know the relativgequency ac polarization data.

importance of the parameteaspriori, it is prudent to determine the

parameters from the responses of multiple configurations. Such use
of multiple configurations to determine different parameters has

been taken up by Saa al? and Shibuyzet al?

To complement the parameter estimation using the entire ac im
pedance spectrurtor the entire transient dc resistancthe limits
and intercepts at high and low frequencies short and long times
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List of Symbols

specific surface area, Th

dimensionless quantity as defined in Eq. 31
coefficient, as defined in Eq. 15-17
coefficient, as defined in Eq. 15-17
double-layer capacitance, Ffm

coefficient, as defined in Eq. 11

F/RT, 38.944 V!

Faraday’s constant, 96,487 C/equiv
electronic current density, A/

ionic current density, Alfh

exchange current density, Afm

total current density for configuratidg A/m?
v—1

thickness of the composite electrode, m
number of electron transfers in the reaction, equiv/mol
any variableP in Laplace domain

gas constant, 8.314 J/mol/K

dimensionless resistance for configuratkmrvkll kL
dimensionless resistance[ 1/+ (k/o)]
Laplace domain variable,"$

time, s

temperature, K

voltage for configuratiork, V

space coordinate, m

dimensionless impedance for configuration
imaginary part ofz*

real part ofz*

potential in the electronic phase, V
potential in the ionic phase, V
ionic conductivity of the compositeé) ™! m™*

o electronic conductivity of the composit® 1 m™1

v,vac dimensionless parametefsee Eq. 13 and 24

7 dimensionless time, as defined in Eq. 14
Tc dimensionless short-time time-intercept, as defined in Eq. 21
o frequency, st

Superscript

k configuration k, where k= 1, I, or Il

Subscript

« steady state or low-frequency limit
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