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Electrochemical impedance spectroscopy (EIS) i®lyidsed in
the study of aqueous and solid state electrochemist
Information such as sample conductivity and elegreffects
can be studied by varying the frequency. Despitersive use
of EIS, two issues regarding the measurement aedpretation
warrant discussion. They concern the high frequandwyctive
load and the use of constant phase element (CiPHgfa fitting.
The experimental work was conducted on polycryisill
gadolinia-doped ceria. In this work, subtractingdémpedance
is shown to be an effective way to recover senutdar behavior
at high frequency, representative of grain boundsdfgcts. The
present work shows that in many instances for isidgapretation,
pure capacitance may be used in the equivalentitGinstead of
the often used CPE. The significance is that fittican be
achieved using one parameter rather than two nded€PE.

I ntroduction

Electrochemical Impedance Spectroscopy (EIS) echrtigue which measures the response of a
sample under an AC stimulus in which the frequeiscyaried over a wide range. EIS has very
wide applicability, and has been used for the staflyonic conductors, dielectric materials,
semiconductors, solar cells, fuel cells, battesied corrosion.

With the improvement in equipment over the yeaosr ftypes of techniques have been used to
measure the impedance. They are: AC bridge, Ligsagmalysis, phase-sensitive detection and
Fourier analysis. The most widely used technigwelires the use of a single frequency input (at
a time) followed by Fourier analysis. The genemgbraach involves the application of a single
frequency input and the measurement of the correipg current (1) flow through and potential
drop (V) across the sample. From the measuremdrdaraf V, as well as the phase difference, the
real and the imaginary parts of the impedance eaddbermined over a range of frequencies. In
1969, Bauerle investigated transport through y8tébilized zirconia (YSZ) samples with
various applied electrodes and in several atmosghersing electrochemical admittance
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spectroscopy, which is truly a landmark paper ie ghudy of solid state ionics (1). Bauerle
showed that the data could be fitted to semi-ciratethe admittance plane. These semi-circles at
high frequencies correspond to grain interiors amdin boundaries (1). He adopted pure
resistance and pure capacitance to describe thiwadent circuit at high frequencies which
accurately reproduced the measured spectra. Ewa, gshe use of EIS has become commonplace

().

The resolution of grain and grain-boundary efferggally requires a high frequency input, often
exceeding 100 kHz. It is well known that at higleduencies, there can be a significant
contribution from an inductive load, the originwhich lies in the lead wires used to connect to
the sample and other parts of the instrumentafidve effect of inductive load reflects as an
imaginary part of the impedance below the x-axigmthe real part is plotted on the x-axis and
negative of the imaginary part is plotted on theifpee y-axis. Thus, the capacitive effects appear
above the x-axis and inductive effects below thaxis. Many studies have shown that it is
essential to subtract the effects of the leadsrbedata can be adequately interpreted (2-4). In
many recent studies, however, the approach usethdes to ignore the part of the impedance
that lies below the x-axis and fit the remainingtipm above the x-axis (which is generally not
semi-circular) using a CPE (5-9). The use of a @Pierally leads to a better fit to the data than
using a capacitor. This of course is not surprigiaditting with a CPE requires two parameters
unlike a capacitor, which requires only one par@mé3,9). However, the use of a CPE often
makes it difficult to offer a unique physical inpeetation as the fitting itself may lack uniqueness
In this work, we investigate GDC samples with tlhgeotive being the determination of grain and
grain boundary ion transport properties. While mstugies in the past have emphasized the need
to remove the inductive contribution (2-4), the taual use of procedures in which the inductive
part is cutoff suggests revisiting this issue wdagdruitful.

Experimental Approach

Gd,Os-doped Ceria (GDC) powders were die-pressed intetpeand sintered in air at 1400°C. Pt
paste was applied on both sides of the pelletsfangellets were fired at 800°C. The thickness of
the pellet was 1.4 mm. Samples with two differdat®ode geometries (sizes) were used in this
study; one set of samples with electrodes 15.8 mdiameter and the other with electrodes 4.8
mm in diameter. Inset in Fig. 1 shows schematiab®two types of samples used.

Impedance spectra were obtained on the samples over a range of temperatures between
400°C and 678C in 25 degree intervals. All impedance measuresnamre conducted using
Solartron 1260 Frequency Response Analyzer. Impmdapectra over the same range were also
obtained without the sample by connecting the wamllwires to each other. This gave inductive-
resistive contribution of the lead wires and traitg) setup. Fig. 1 shows an example of how the
impedance was measured and interpreted. The condsyy equivalent circuits are shown as
insets. The measured impedance of the whole setlyding the sample is shown in Fig. 1a. Fig.
1b shows an enlarged part of the high frequencyomnegf Fig. 1a. Impedance of the setup
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without the sample with the leads shorted is giveRig. 1c. The lead impedance (Fig. 1c) was
then subtracted from the measured sample imped&igela). The difference, which should be
the sample impedance, without the effects of ttelde is plotted in Fig. 1d. Finally, high
frequency portion of the impedance from Fig. 1glstted in Fig. 1e. The data points in Fig. le
are then fitted using a semicircle. As seen in HEig,. the data can be fitted very well with a
semicircle, which is representative of transporbss grain boundaries. Also important to note is
that the data point corresponding to the highegtiam frequency (10Hz) appears above the x-
axis suggesting that the lead inductive-resistifeces have been removed.

Results and Discussion

Impedance data obtained over a temperature range 406C to 675C before subtracting the
lead impedance are plotted in Fig. 2a and Fig.T2le. low frequency regime, as is well known,
represents the electrode effects. In this papey @ high frequency effects were investigated.
At low temperature (below 525°C) the effects of kbad impedance are not apparent (although
still present) as the entire measured data overaihge of frequencies lie above the x-axis. The
near semicircular feature of the high frequencyadzin be seen in Fig. 2a. For temperatures
550°C and above (Fig. 2b), the high frequency regimgeaps as a depressed semicircle. At the
measurement temperatures of €&@&nd 678C, the high frequency arc is not even observed.
Also, lead inductive effects are clearly seen ghar temperatures, as evidenced by part of the
measured impedance data lying below the x-axis.l@hg impedance comprising inductive and
resistive contributions was found to be nearly petedent of temperature, unlike the sample
impedance which rapidly decreases with increagngperature. As such, the effects of the leads
relative to the sample become more significanigtiér temperatures.

Fig. 2c and Fig. 2d show the same data, respegtireh Fig. 2a and Fig. 2b, but from which the
lead impedance have been subtracted. Thus, dégyir2c and Fig. 2d represent the sample
impedance without any lead effects. All high fregeearcs now appear perfectly semicircular.
Also, no data points lie below the x-axis cleathypwing that the effects of the leads have been
subtracted out. Also note that even at the highesisurement temperature of 8Z5the high
frequency semicircular arc is clearly visible. F2g and Fig. 2f respectively show the measured
data at 650 and 678C, in which the plots include measurements with aitdout lead effects.

As clearly seen, the semicircle representing gresistance, grain boundary resistance, and grain
boundary capacitance can be clearly resolved dmedeid impedance is subtracted, unlike the
raw measured data in which no high frequency aansbe seen.

In all cases, the semicircles were extrapolateithéox-axis. The high frequency intercept of the
semicircle corresponds to the area specific gragistanceR,;, and the low frequency intercept

25



ECS Transactions, 50 (27) 23-33 (2013)

corresponds to the area specific grain + grain Bagnresistance, namelg,+Ry;, (1). The

corresponding Arrhenius plots, nameliy(R?g) vs.g andln(%) vs.@ are shown in Fig. 3.

In Fig. 3a and Fig. 3b raw data are shown on Atitleeplots. The data exhibit linear behavior on
Arrhenius plots up to a temperature of ~8D0Above this temperature, the high frequency src i
not resolved clearly in the impedance spectra. Tdfiects as apparent deviation from the linear
behavior on Arrhenius plots and the correspondmgrés ~20Qcnt. Fig. 3c and Fig. 3d show
the same data by subtracting the lead impedanaelifidar behavior on Arrhenius plots is now
observed up to a temperature of ®@nd the corresponding error level is reduced2t®ent.
The data shown in Fig. 3a through Fig. 3d were inbthon a sample with large platinum
electrode area (15.8 mm diameter) and with platitesds. Similar data were also obtained with
large platinum electrodes but with silver leadse Teason for using silver was to further reduce
the lead resistance. These data after subtrattsntpid impedance are shown in Fig. 3e and Fig.
3f. In this case also the linear behavior is obsenwp to ~60%C. However, the error level was ~6
Qcn? indicating little further improvement occurred hging silver leads. Finally, Fig. 3g and
Fig. 3h show data obtained using small platinunctedeles (4.8 mm) and with silver leads, after
subtracting out the lead impedance. The linear \iehés now observed up to ~67% and the
error level is further reduced to €lcn?. The present results thus indicate that by a lsieita
choice of sample geometry and subtracting the iegudance, the high frequency arc can be
fitted well to a semicircle consistent with the d@stion of the grain boundary effects using a
resistor and a capacitor, as originally shown budske in his landmark paper (1). It should be
further possible to choose samples with appropge@metry and suitable leads to increase its
resistance relative to the lead impedance and éttenlinear regime of Arrhenius plots to even
higher temperatures.

The data from Figs. 3a, 3c, 3e and 3g can be fitted

Q
Ry = RgTexp(—# 1)
for the grain resistance wiRkf as the pre-exponent (units QtnrK™) andQ, as the activation
energy. Similarly, data from Fig. 3b, 3d, 3f andcaim be fitted to

Q
Rgp = Rngexp(—Rin (2)

for the grain boundary resistance witfy, as the pre-exponent (units@ENTK™) andQgy, as the
activation energy. The corresponding activatiorrgies are listed in Table 1. The data obtained
with small electrodes and silver wires correspamdhie largest linear range on the Arrhenius
plots. The corresponding measured activation eeergreQ, = 0.69 eV andQ,, = 1.11 eV.
These values are typical of reported data on ¢&€ip
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From the high frequency semicircle, the grain b@umpdcapacitance can be obtained from the
maximum in —ImZ{). This is given by

Cgb = L (3)

WmRgp

wherew,, is the angular frequency at which —ImyJ(is a maximum. Fig. 4a shows the raw
impedance data obtained at B0®n a sample in which some data points are belewxaxis. In
Fig. 4b, the inductive effects (below the x-axig) autoff and the high frequency portion is fitted
with a CPE, a procedure used in some of the repatiedies. It is clear that the arc cannot be
fitted with semi-circle. Fig. 4c shows the sameadas$ in Fig. 4a but after subtracting the lead
impedance. The high frequency portion of the afittesd using a semicircle in Fig. 4d. As clearly
seen in Fig. 4d, the data can very accuratelydfitieing a capacitor and does not require a CPE.
The obtained fit with a CPE in Fig. 4b, in whichrtpaf the impedance below the x-axis was
simply cutoff does not correspond to the sampleci@mce only, but also includes the effects of
the leads. Thus, the corresponding parameterseofCfPE cannot be uniquely assigned to the
sample. In addition, note that arc intercept on thaxis with CPE fitting by cutting off
impedance below the x-axis (Fig. 4b) extends betwee’ Qcnt and ~27Qcn?. However, when
the lead impedance is subtracted out, the interoépghe semicircle on the x-axis (Fig. 4d)
extends between ~3@cnf? and ~20.5Qcn¥. These intercepts in Fig. 4d can be identified
respectively withR; andR,; + Ry, unlike the intercepts in Fig. 4b.

The area specifi€y, determined using data obtained with Pt and Ag deatth large Pt
electrodes and Ag leads with small Pt electrodes pdotted in Fig. 5 vs. the measurement
temperature. Data obtained with large electrodesvséin increase with increasing temperature
above about 60C. This, however, is an artifact of measurementliich significant errors occur

in resolving the spectra for the aforementionedaaa. The data obtained with small electrodes,
however, show that the measured grain boundarycdapae is essentially independent of
temperature over the range of temperatures data weétained. This is consistent with
expectations in that the grain boundary capacitaackkely determined by grain boundary
structure and chemistry (11-14), which is virtualipzen in at low temperatures over which
measurements were made.

Summary

In this work, EIS measurements were made on GDC-shaped samples with Pt electrodes of
two different sizes; 4.8 mm in diameter and 15.8 diameter. Measurements were made over a
range of temperatures between #D@&Nd 678C in 25 degree intervals. The lead/instrument
impedance was separately measured by shortingetdnd Wwires without the sample. Above
~500°C, the high frequency spectra of the samples apgearbe flattened semicircles. At 660
and 675C, no high frequency arcs were observed. Also,ifsigmt portion of the measured
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impedance at frequencies was below the x-axis stami with contribution from the lead
inductance. When the lead impedance was subtréciedthe measured total (sample + lead)
impedance, high frequency semicircular arcs cowdrdcovered at the highest measurement
temperature of 67&. Also, the arcs could be fitted accurately witsemicircle in each case,
consistent with the corresponding equivalent ctrbeing a resistor and a capacitor in parallel.
From the measurements, after subtracting the lepeédance, the grain resistangg, the grain
boundary resistancéy;,, and the grain boundary capacitangg,, could be resolved. The grain
resistance and the grain boundary resistance éstiibthermally activated behavior with the
corresponding activation energies@f = 0.69 eV andQ,, = 1.11 eV, respectively. The grain
boundary capacitance was essentially independetdgngferature. The present work highlights
the importance of subtracting the lead impedane4).(Dnce the lead impedance is subtracted
out, the high frequency arc could be accuratetgdiwith a capacitor (one parameter) and it was
not necessary to use a CPE (which requires twoditiarameters).
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Figure 1: Experimental approach used for impedance measumteand data interpretation. a)
Measured impedance of the whole setup, includireg gample and the lead impedance; b)
Enlarged view of the high frequency region in ajMyasured lead impedance by shorting the
leads without a sample; d) Sample impedance olataiyesubtracting the lead impedance (c)
from the measured sample-setup impedance (a);la)ded view of the dashed part in (d). These
data are fitted to a semicircle. From the semiejr¢he grain resistance, the grain boundary
resistance and the grain boundary capacitanceeaddy obtained.
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Figure 2: a) and b) are the as-measured impedance ploteda@ample including the setup from
400°C to 675°C; c) and d) are the correspondingethapce plots after subtracting the lead
impedance over the same temperature range; e))aaiipare the plots with and without the
leads effects at 650 and 678C, respectively. Note that once the lead effeatssabtracted out,
the high frequency arcs appear and that they anesecular in shape.
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Figure 3: Arrhenius plots corresponding Ilm(R?g) vs.lo% (a,c,e Q) anlh(RTib vs.@(b, d, f,

h) whereRis the grain resistance aRg,is the grain boundary resistance. (a) and (b) spoed

to intercepts obtained on large Pt electrode arlddels without subtracting the lead impedance.
(c) and (d) correspond to intercepts obtained udatg from (a) and (b) but after subtracting the
lead impedance. (e) and (f) correspond to intesceptained with large Pt electrodes and silver
leads after subtracting the lead impedance. (g) (Apatorrespond to intercepts obtained with
small Pt electrodes and Ag leads after subtra¢tiadead impedance.
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Figure 4. Comparison between inductance subtraetimhinductive cut-off, as well as between
capacitance-fitting and CPE-fitting. a) The higkduency regime of the measured impedance
with large Pt electrodes at 6@ b) The high frequency arc from (a) after cuttiffydata below
the x-axis. The arc is not semicircular and wdseditas a CPE. ¢) The high frequency arc from (a)
after subtracting the lead impedance. d) The higlguency arc from (c). The arc could be
accurately fitted as a semicircle.
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Figure 5. Area Specific Grain Boundary CapacitanCg,, obtained by fitting to the high

frequency semicircle. Pt_L corresponds to the samth large electrodes and measured using
Pt leads; Ag_L corresponds to the sample with |&gelectrodes and measured using Ag leads;
Ag_S corresponds to the sample with small Pt eddes and measured using Ag leads.

Table-1 Activation energies

Qg (eV) ng (eV)
Raw 0.67 1.05
L-Pt 0.73 1.01
L-Ag 0.7 1.03
S-Ag 0.69 1.11
Literature 0.78
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