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Specially designed five-electrode cells contained two types of mixed ionic-electronic conddtEa) lithium-insertion anodes.

These were graphite or SgAl 3Ti; 701 of(POy) 5 tin composite oxiddTCO) bonded powders sandwiched between nickel mesh
current collectors as working lithium-ion anodes, with Li foils on both sides as reference electrodes, outside of which were two
further Li foils, or a Li foil and an electrode identical to the graphite anode, as counter electrodes. The cells were used to
investigate the influence of the counter and reference electrodes on the impedance of the working electrode. The impedance of the
graphite anode measured using a Li foil counter electrode was higher than that using the graphite counter electrode. This was
because the low electrochemical reaction kinetic rate on the Li counter electrode influenced the electric field and potential
distribution in the intervening electrolyte, resulting in an unstable reference electrode potential. Using the only one Li foil as the
counter electrode with the reference electrode on the opposite side can reduce the influence of the counte(sglectitsde
impedance. The transmissive impedance and ionic impedances of both types of MIEC anodes were also studied.
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Electrochemical impedance spectroscoRiS) is a more power- Experimental
ful technique for lithium-ion electrode kinetic analysis than microp-
erturbation methods such as small amplitude cyclic voltammetry,
potential intermittent titratior(PIT), and galvanostatic intermittent
titration (GIT). This is because it can give the individual impedance
for each reaction process, including that of the electrolyte, the pas
sivation layer, charge-transfer, and Li diffusion, provided that the

individual time constants are separable. Conventional threey,qoion) The glass was prepared in a modification of the method
electrode electrochemical cells with metallic Li reference and goq by F@ Lithium mixed phosphate glasses were prepared from
counter electrodes are most frequently used for such measuremem.;,ppropriate mixed reagent-grade SROAI(OH)5, TiO,, and

I_n three-electrode EIS, _the potentiostat applies and measures potep\l-|_|4|_|2|;,o4 powders in an alumina crucible in an electric furnace.
tials between the working electrod®VE) and the reference elec-  The patch was initially kept at 700°C for 1.0 h to release volatile
trode (RE), and the counter electrod€E) serves to collect the  proqycts, then heated to 1500°C for 2.0 h. The melt was poured onto
induced current. The WE impedance should therefore be indepeny stainless steel plate and pressed with a second plate. This was
dent of CE behavior. In practice, the Li counter electroaled the  followed by heat-treatment at 960°C for 6.0 h. Composite graphite
shape and position of the REnay have a significant influence on and TCO powder electrodes were sandwiched between two nickel
the impedance of the WE in the three-electrode configuration. Thisscreen current collectors and were prepared as in previous work
is because the usual way of protecting a RE from local potentialfrom a mixture of 85 wt % active materiéta. 50 mg)with 7 wt %
distributions,i.e., via a Luggin capillary, is not generally used in carbon black and 8 wt % palyinylidene fluoride (PVDF) binder in

such cells due to constructional difficulties. Ong and Yafuawind ~ 1-methyl-2-pyrrolidinone solvent. After drying overnight at 110°C,
that the impedance of graphite WE measured with an identicalthe 2.0 cm geometric area, 0.8 mm thick electrodes were pressed to
graphite CE is more reliable than that measured with a Li foil CE. the configuration shown previously. To simulate the real condi-
They believed that after several charge-discharge cycles, the surfadéns of a Li-ion cell, the Ni sandwiched $§Alg 3Ti1 701.05POs)3

of the Li counter electrode is severely modified by the formation of €lectrode was wrapped in a Celgard 2400 separator and then com-
a solid electrolyte interphasSEl) film, which influences the WE ~ Pressed between two PTFE holders with small holes to allow pen-
current! If this is so, then the SEI film formed on graphite electrode €tration of electrolyte. Electrochemical measurements were con-
identical with the working anode, and used as a counter electrode ifucted in the five-electrode PTFE cell shown in Fig. 1. The surface

i ) . . .. area of Li CE(s)was much larger than that of the Li RE&. The
?neo(tj\goEtlelsectrode configuration, should also influence the graphltegjlraphite electrode used as a second CE was identical with the graph-

To verify this influence, two special five-electrode cells were ite WE. All potentials are givgng.the Li/Li* reference electrqde in
constructed. These had »(@i)-R,(Li)-G, »Ry(Li)-Cy(Li) and the Iel.e(.:trolyte used, 1.0 M lithium hexafluorophosphate (E)R&

) ' ~H2 2 SR I a 4:1:3:2 by volume ethylene carbondtC)-propylene carbonate
Co(Li)-Ra(Li)-G1 7Ry (Li)-C1(Gs) configuration, in which two (pc)_gimethylcarbonateDMC)-ethyl methyl carbonate(EMC)
lithium  foils [Cy(Li), C4(Li)] or one lithium and one graphite mixture (high-purity lithium battery grade, Mitsubishi Chemical
electrode identical to the WEC,(Li), C;(G3)] were external  Co.). Electrochemical cells were assembled in an argon-filled glove
parallel CEs, and the inner two lithium foils were REs. In another box. Discharge(lithium intercalation and charge(lithium extrac-
cell, the tin composite oxide (TCO) of composition  tion) characteristics were measured betwee®.0 and+1.5V at
Sy Al aTi; 701 o POy) 3 was used as the WE. The impedances of constant current using an ArbifCollege Station, TX automatic
graphite and TCO electrodes were compared by using different CEpattery cycler, and the voltage differences across both sides of
and RE geometries. Sy Al 3Ti1 /01 o POy) 3 electrode were used to monitor their rela-

tive conductivity change.
The graphite WHconnected to the identical ;GCE together in
* Electrochemical Society Active Member. Ca(Li)-Ry(Li)-Gy Ry (Li)-C4(Gs) cell] was discharged/charged
Z E-mail: cswang@tamu.edu on both sides for four cycles at 25°C, then cycled four times at

Electrode and cell preparatior-Johnson-Matthey JM 287
graphite powde(particle diamca. 15 pm, Brunauer-Emmett-Teller
(BET) area 13.5rhig 1) and the glass SnAlgsTi; 01 o POy)5
were used as intercalation anode materials. The latter was selected
because of the high ionic conductivity ofl4Al, 5Ti; APOy)5 ce-
ramic (2 X 102 Scm'1), which is formed after first dischardei
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Figure 1. Schematic diagram of cell with porous ion grapHite TCO)anode. The transmission line equivalent circuit for Li ion insertion/extraction into active
electrode is also showrR,, R, Rwr, andRgc: Electronic resistance of active particle, ionic electrolyte resistance in porosity, reference to WE ionic
resistance, and reference to CE ionic resistaRge, Ry,, Raum,» andR;: Active particle-to-current collector, particle-to-particle, SEI film, and charge-transfer
resistancesC; andC,,: Particle-to-current collector and particle-to-particle contact capacita@ggsandQg : Constant phase elements for the film and for
the double layerZ,, : Finite Warburg element for lithium in electrode; CC,, R;, and R: Li foils used as CEs 1 and 2, and REs 1 and 2: Graphite
electrode used as alternative counter electrode, identicaj jov@rking electrode. G, G,, T;, and T,: Sides 1 and 2 of graphite and TCO electrodes.

—30°C, four times at-60°C, and given a final cycle at 25°C. After electrode. The gLi)-R,(Li)-G; »-R;(Li)-C,(G3) cell may be con-

2.0 h of relaxation following the initial three discharge to 0.0 V at sidered to be two three-electrode cells,, G, > R;(Li)-C1(G3) and
25°C and after the sixth discharge to 0.0 V-aB0°C, special EIS G, ,R,(Li)-C,(Li) or as a four-electrode cell with graphite;@nd
protocols were performed on the WE. The second and thirteenth j foil C, as the counter electrode and another small Li foi} (R
discharge-charge cycles were performed using GIT. or Ry) as the reference electrode. Figure 2 shows the impedance of

EIS measurement.—In each case, this was taken over the 65 kHRiS cell measured after the third discharge to 0.0 V, followed by
to 0.01 Hz frequency range at a potentiostatic signal amplitude of 5short circuiting(i.e., connecting &,, Gz, C;) overnight. For the
mV, using a Solartron FRA 1250 frequency response analyzer and &G »)-R;(Li)-C,(Gj3) cell, the impedances of the two graphite elec-
Solatron model 1286 electrochemical interface. Measurements wertsodes were superposable, which confirmed that these two graphite
performed after electrodes were left on open circuit for 2.0 h for electrodes were indeed identid#lig. 2a).
potential stabilization. For clarity, the electrode impedance is given  Moreover, the sum of the two half-cell impedancess (g c,
asZWichk, whereW,;, R;, andCy are the WE, the RE), and CE(s), ZG3R1612) was the same as the tW0'9|ECtr0d£bl(263) imped-
respectively. Subscripts i, j, and k each may be 1, 2, and 1,2. Fohnce measurement, which confirmed that the EIS measurement was
example, G, indicates that_bo_th sides of the graph_lte WE were (gjiaple. Similarly, in the G, R,(Li)-C,(Li) cell, the sum imped-
connected together, andlvg:mFﬂcates that_the two I__| CEs were  gnce of graphite () and Li electrodes€,) with R, as the RE
connected together, e ), 1S the graphite anode impedance as (ZG1szCz + ZC2R2C’12) was almost the same as the two-electrode

m_e:sgred o?y connectin% itslcaﬂd G sigesctggethder as thge LNE' impedance Zs_ ). An interesting fact was that the impedance of
with €, and G connected together as the CE, and usingaR the the WE (G, measured using a Li foil (§ counter electrode was

e e e o e, ot 4 mUch g han hl messtred using e detcal porocs grahie
h CE with éE the i d fth hit d (G3).CE (Flg. 2c), even though the validity of impedance had been

toget_ eras with Ras RE, the impe ance of the grapnité anode . nfiymed via the two three-electrode cells. A reasonable explana-

Gy is expressed aZg, g (c,c,)- The impedance of the tWo- oy for this difference is now given.

electrode cell with no reference electréglas given asZy, ¢, where In impedance measurement of the WE in a three-electrode cell,

W, andC, are the WE and CEZg_, is the impedance when the the voltage signal is acquired from the potential difference between
123

graphite counter electrode was used, with both sides of the workin he WE and RE, while the current is'applied petween the CE and
anode connected. E. When the overall electrochemical reaction kinetics of the

counter electrode process is similar in rate to that of the V¢E,the
case of the identical porous graphite counter electrode, the potential
difference with a 5 mV amplitude superposed sine wave between the
The influence of the CE on the impedance of the-WEo inves-  WE and RE during EIS measurement is similar to that between the
tigate the influence of the CE on the graphite anode EIS, the elecRE and CE. Therefore, the electric field and local potential of the
trode configuration §(Li)-R,(Li)-G; »R;(Li)-C1(G3) was used  RE located at the midpoint between the WE and CE remained stable
for EIS measuremenffig. 1). Unlike the cell used by Ong and during EIS measurement. However, when the overall electrochemi-
Yang,l a small-area Li foil was inserted between two identical cal reaction kinetics of the CE are much less rapid than those of the
graphite working (G,) and counter electrodes ¢as a reference  WE, i.e., the Li foil case shown in Fig. 2b, the potential difference

Results and Discussion
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for 2.0 h after the third discharge to 0.0 V; £ Indicting C, and G are
@ connected together as CEs; £ As Fig. 2.

A
15

Re Z ()

Figure 2. Impedances of electrodes in five-electrode cell with configuration

C,(Li)-Ry(Li)-G1 Ry (Li)-C1(G3). EIS measured after short-circuiting

(connecting G2, G;, C, togetherjovernight, following the third discharge  norous graphite electrode. Therefore it is reasonable to believe that

to 0.0 V. Graphite counter electrodg @ identical with working anode (. decreasing the surface area of Li counter electrode also causes an

The impedance of working electrode is givenZagg c,, whereW;, R;, and apparent increase in the impedance of the porous graphite electrode.

Cy are, respectively, the WE, the Rifand CE(s). Subscripts i, j, and k each  To confirm this, the graphite CE was replaced by Li foil in a new

may be 1, 2, and 1,2. G indicates that both sides of the graphite WE were fjye-electrode configuration LLi)-R,(Li)-G; » Ry (Li)-C4(Li). In

connected together. ¢Gs) that G, is connected to Gas CEsZy¢, indicate  this cell, the two Li counter electrodes had different surface areas.

a impedance of the two-electrode cell with no REs is given. Figure 3 shows the impedances of the Li CEs and the graphite WE
in this cell. The overall reaction rate at the high-area CEWas
much larger than that at,GFig. 3a). As expected, the impedance of

e graphite WE G, measured using Cas the CE was smaller than

between the CE and RE is much greater than that between the Wg:at using G (Fig. 3b), confirming the hypothesis. Similarly, mea-

and CE. Hence, the electric field distribution in the electrolyte be- ) L
tween WE and CE changes during the measurement, in turn changUréments made using both Li foils {@nd G) further decreased

ing the local potential environment of the RE. The result is an over-the¢ WE impedancéFig. 3b).

potential change of the graphite WE, resulting in an apparently  The influence of the RE on the EIS of the W large potential
increased impedance. If this explanation is correct, measuremethange in the CE during EIS measurement influences the electric
using both CEs gand G should decrease the impedance of the G field and potential distributions in the electrolyte between the WE
WE compared to the value measured using one Li Cj (Because  and CE(s)and results in fluctuating Li RE potentials for unprotected

a major part of the current passes through the less polarize2Es REs. However, the potential change in the CE has a little influence
As expected, the diameter of the depressed semicircle measurezh the potential distribution in the electrolyte at the back side of the
using G and G together as the CE counter electrode is much WE. Therefore, an unprotected RE will give more stable potentials
smaller than that measured using a single Li foil alone, and is simi-if it is moved from between the WE and CE to the back of the WE.
lar to that obtained using a single graphite CE, (Gig. 2c). This ~ The impedances of graphite anodes measured using a Li RE in this
suggests that use of a graphite CE identical to the WE surfaces givé@cation are also shown in Fig. 2c¢ and 3c. As expected, in both cells
a more accurate impedance value. The reason for the smaller ele#he effect of the reaction rates at the Li foil CEs had little influence
trolyte resistance in the G impedance measured using two CEs ©On the impedances of the graphite WEs with this placement of the Li
compared with that using a single CE is that the partial current flowRE. The very small electrolyte resistance is due to the low electrical
between the second CE and the WE on the side opposite the REeld behind the WE.

reduces the effective electrolyte resistance. ) ) o
To obtain reliable impedance data for graphite anodes in three- The influence of eleCtI’0|yte field distribution on the Unprotected

electrode cells, the overall electrochemical reaction kinetic rate ati RE potential.—When the cell is dischargedr charged)using
the CE should be at least equal or greater than that of the WE. Tha®!T, the electric field and potential in the electrolyte changes and
the impedance of a graphite electrode measured using a Li foilnfluences a Li RE (R between the CE (§ and WE (G to a
counter electrode was higher than that using an identical porougreater extent than one on the other sidg)(R'he potential differ-
graphite counter electrode is due to the comparatively slow kineticsence between the two REs was directly measured during GIT mea-
at the lithium CE which result from the large surface area of thesurement. Figure 4 shows the potential of the ,GWE
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Figure 4. Potential of graphite WE (&), and voltage between,;Rand R
during G, , GIT measurement using,(Li) as CE and R as RE.(a) In cell
C,(Li)-Ry(Li)-Gy »Ry(Li)-C4(Li) after one previous discharge/charge
cycle. GIT discharge current profile, 3.0 mA/g for 1.0 h, followed by
2.0 h relaxation between each discharge(b) In cell
C,(Li)-Ry(Li)-G1 >Ry (Li)-C1(G3) cells with GIT charge profile of 4.5
mA/g for 2.0 h followed by 2.5 h relaxation after GIT discharge to 0.02 V
with 1.8 mA/g for 5.0 h followed by 2.5 h relaxation. Thirteenth cycle at
25°C, after cycling at 25°C for four cycles;30°C for four cycles, and 65°C
for four cycles. The potential of the{GCE (vs.R,) also shown in Fig. 4b for
comparison.

(vs. Ry) and voltage between REand RE during GIT
with  C,(Li) as counter and R as reference
electrodes in the £Li)-R,(Li)-G; »Ry(Li)-C4(Li) and
Cy(Li)-Ry(Li)-Gy >Ry (Li)-C4(G3) cells. The G(Li)-Ry(Li)-G;,
half-cell in Gy(Li)-Ry(Li)-G1 >Ry (Li)-C4(Li) cell configuration
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Figure 5. Impedances of electrolytes between REsaRd R using four-
probe measurement after 3rd discharge to 0.0 V at 25°C and after 6th dis-
charge to 0.0 V at—30°C. Electrolyte impedances calculated from Eq.
Zion = Zg,c, — Z6yR,Gy, — ZC,RyGyy also shown in Fig. 4 to check validity

of electrolyte impedance using four-probe method.

independent of its open-circuit potentialf., Fig. 4a and b). The
change in open circuit potential of the; €E vs. R, was less than

the R-R, voltage difference, because) (the distance between;G

and G, was two times greater than the distance betwegrafl

G, ,, and (i) the reaction kinetics at Swere higher than those of

R; . This result suggests that the field change may also cause a slight
change in the potential of |Rn the reverse direction to that of;,R
Figure 4 gives direct evidence of the effect of electrolyte field per-
turbation on the local potential of an unprotected reference
electrode.

Electronic and ionic conductivity measurements on graphite and
TCO electrodes.—Since the local potential of the unprotected Li RE
changes with changes in the field and potential distributions in the
electrolyte, REs Rand R may be used as sensors, and the Li ion
conductivity of the porous graphite electrode can be measured using
four-probe EIS measurement., by connecting the Solatron inter-
face terminals WE, RE RE;, and CEtothe € R,, R, and G
electrodes, respectivelfFig. 1). Since the voltages were acquired
from the two reference electrode REnd RE while a current was
applied between the CE and WE, the EIS measured using this four-
probe method are the Li-ion impedance of the electrolyte in the

was discharged under GIT conditions at a current of 3.0 mA/g forspace between the two REs., including the porous graphite elec-
1.0 h, with 2.0 h at open circuit between each discharge after therode. Another method of obtaining the impedance of the electrolyte

first complete discharge-charge cycle at 25F®y. 4a). GIT charg-
ing was applied in the £Li)-R,(Li)-G,, half-cell in the
C,(Li)-Ry(Li)-G Ry (Li)-C1(Gs) cell configuration during the fi-
nal cycle at 25°C at a current of 2.0 mA/g for 2.0 h, following 2.5 h

relaxation. The reason for this was after cycling at different tempera-

tures, the reaction kinetics of the, GWE were very slowij.e., high
overpotentials were experienced. At open circuit, the [Bo-
tential was 2 mV higher than that of ;R in the
C,(Li)-R5(Li)-G1 Ry (Li)-Cy(Li) cell. However, the voltage be-
tween R and R increased to around 5.0 mV when the GVE was
discharged using Li & reverting back to 2 mV when the GIT
discharge current was offig. 4a). The voltage difference between
R, and R increased with overpotential of the; GWE but was

between the REs Rand R in Fig. 1 is by subtraction of the im-
pedances of the £and G electrodes from that of the G5 cell,

i.8., Zion = Zg,c, = Z6,r,6,, — Zc,R,G,, Which allows a check on
both methods. Figure 5 shows the electrolyte impedance measured
using the four-probe method after the second discharge to 0.0 V at
25°C and after the sixth discharge to 0.0 V-a80°C. The electro-

lyte impedances calculated from this equation are also shown in Fig.
5. Those measured impedance using the four-probe technique show
two depressed semicircles, which may be attributed to the electro-
lyte impedance within the porous graphite electrode. The first semi-
circle in the high-frequency region may possibly represent the elec-
trolyte impedance in the larger interparticle porosity, and the second
in the low-frequency region may be due to the electrolyte impedance
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in small channels between larger porous areas. Two depressed senfiigure 7. Transmissive and ionic impedances of, §N 5Ti, 301 of POy) 3
circles were also reported by Cho and Liu using the four-probemeasured after 5.0 h relaxation following the 2nd and 6th discharge to 0.0 V.
technique to measure the electrolyte impedance of glass-polymefFhe transmissive impedance was measured by connectipgaREWE ter-
composite$. The resistance determined from the intersection of theminal of the Solatron interface together tg 3ide, and RE plus CE to T,
high-frequency line with the real axis in the complex impedance p|0t5|de. The ionic impedance was measured by using four-probe measurement.
is the total electrolyte’s resistance from the ® G, side plus the
electrolyte’s resistance from the,Ro G, side,i.e., the electrolyte
resistance outside of the graphite electrode-&0°C, the diameter
of the two depressed semicircles increased by a factor of 12.5 comeonductivity, the transmissive and ionic impedances of TCO after
pared with the 25°C, which is the same as the increase in electrolytéghe second and sixth discharge to 0.0 V were meas(fad 7).
resistance outside the graphite. This confirms that the two depresseadnlike graphite electrodes, the ionic impedance of the TCO elec-
semicircles of impedance result from the electrolyte’s impedancetrode shows one depressed semicircle. A possible reason for this is
within the porous graphite electrode. The impedance calculated byhat the ionic impedance of LiAl, sTi; APO,); matrix has over-
subtraction using the equation is very similar to that measured usingapped the two depressed semicircles of the porous structure, form-
the four-probe method, with the exception that only one depresseghg a new depressed semicircle. The transmission impedance of
semicircle is present. This difference is possibly due to the accumuTCO electrodes shows two depressed semicircles similar to those in
lated error in the three impedances used in the calculation. the SnQ electrode. An arc in the low-frequency regiéfig. 7) is
Electrodes consisting of a porous electronic conductor containinghgt seen because the final frequency u&Eal mHz) was insuffi-
liquid electrolyte may be considered as mixed ionic-electronic con-cjently low. For the graphite sandwich electrode, the resistance de-
ductor(MIEC), which can be modeled using an electrical transmis- termined from the intersection of the low-frequency line with the
sion line, see Fig. 1, which shows that in each transmission line unitea| axis in the transmissive impedance plot is its electronic resis-
the electronic impedance is parallel with the ionic impedance. Pretance. In Fig. 7, the electronic resistivity of the TCO electrode is
vious results show that the transmissive impedance of porous graphinuch higher than ionic resistivity, and it rapidly increases over four
ite electrodes measured by connecting the Riid WE terminals of  discharge-charge cycles by at least a factor of two. During this in-
the Solatron interface together to one sidg ) Gf the WE and RE terval, the electrolyte resistance within the porous electrode in-
plus CE to the other side ({6 shows a pure electronic resistance creases only slightly from around 17 to ZD Hence, the key to
(around 0.80) at 70 mV potentiaf, which remains at the same value improving the cyclability of the TCO electrode is to enhance its
at —30°C." Hence, the transmissive impedance of a porous graphiteelectronic conductivity by decreasing particle pulverization on cy-
electrode was largely attributed to ionic impedance, because the suling and by inhibiting the growth of Sn particles.
of the ionic impedances, including the electrolyte in the electrode,
the SEI film, Li diffusion, and a portion of the charge-transfer im- )
pedance, are much higher than the electronic impedance. Thus, the Conclusions
use of methods for enhancing the ionic conductivity of porous  The reliability of impedance and ionic conductivity of porous
graphite electrodes.g., by decreasing electrode thickness and in- graphite and TCO WEs were investigated using five-electrode cells
creasing percentage porosity, may increase their practical reactiofith two small Li foils as REs and two larger Li foils as CEs, or one
kinetics. Li foil and a graphite electrode identical to the WE. To obtain reli-
Unlike graphite, the TCO electrode changes from the poorable impedance data for graphite anodes in three-electrode cells, the
electronic conductor SnAlg3Ti; /0, 0§POy); to the MIEC overall electrochemical reaction kinetic rate at the CE should be at
Li; Al 3Tii APOy)3 + 1.95L,O + 1.3Sn during the first discharge least equal or greater than that of the WE. Moving the RE from a
process, and its electronic conductivity decreases with dischargeposition between the WE and CE to behind the WE, or using two
charge cycling due to the growth of Sn particles and pulverization.CEs at both sides of the WE can reduce the perturbation of the
The decrease in electronic conductivity during discharge-chargaeference potential due to the local electric field. Both of these in-
cycles is demonstrated by the increase of trans-electrode voltagerease the reliability of WE impedance measurement. However, the
difference in Fig. 6. The decreases in electronic conductivity alsouse of two CEs or use of the RE behind the WE does not allow the
result in high electrochemical polarization, giving a decreased ca-determination of the correct electrolyte resistance between the RE
pacity also shown in Fig. 6. To monitor the electronic and ionic and the WE from the impedance plot for the WE.
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