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New method for measuring the differential capacity in electrochemistry
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Electrical behavior of the ideally polarizable metal—solution interface is similar to a RC series
circuit. The dc polarizationg, of the interface is potentiostatically controlled and differential
capacity,C, measurements are carried out with a linear variatiorE ofersus time. A precise
measurement method &f is described in the case where the time constant of the circuit is rather
high (=102 s). The principle of this method is to impose on the interface an ac current
perturbation,l ,, and to measure the ac potential resporsg, A system composed of a low
bandwidth potentiostat{1 Hz) and a galvanostat controls the dc potenkaland produces the ac
current,l,. In- and out-of-phase components of the ac potential resp@seare analyzed by
means of a lock-in amplifier. An ohmic drop compensation technique with suppression of the
residual common mode is used to improve the determination dg}}€0°). Using a dummy cell,
comparison between the new method and the classic potentiostatic technique is carried out. Results
show that it is possible to measutewith a relative error less than 1% in a frequency range up to

2 kHz whereas with the classic potentiostatic technique the frequency range is limited to around 100
Hz. © 1998 American Institute of PhysidS0034-67488)02807-X]

I. INTRODUCTION On the other hand, differential capacity measurement is
generally relatively imprecise which introduces errors in the

Studies of the interfacial region between the electroder determination. The measured capacity values vary with the

and the solution are of fundamental interest because the erequency of the interfacial perturbation ac tensigy), used

ementary steps of electrochemical processes take place @md depend on the experimental conditions. In a previous

this region. article! the source of the frequency dispersior®has been
Given the simple case of an ideally polarized metal-discussed. It has been shown that the classic potentiostatic

solution interface, in the defined potential range, there is nénethod used fo€ measurement could be at the origin of the

charge transfer due to faradic reactions between the metpain errors. With this method, in normal experimental con-

and the solution. The accumulation of electrical charges oflitions, frequencies higher than 100 Hz cannot be used.

the metal and ionic charges in the solution lead to the forThese low frequencies are not sufficient to eliminate parasitic

mation of the electrochemical double layer. The electricaPh€nomena such as slow residual faradic reactions which

behavior of the metal—solution interface is analogous to £0uld lead to some measurement dispersions.

capacitor. Using the Gouy—Chapman theory, the potential of 1 1€ aim of the present work is to present a new method

zero charge(pzo! of the interface is determined from the for c_JllfferentlaI cap._acny measurement which allows the use

differential capacity-potential curve§(E). This approach of higher frequencies.

has been used to study the influence of the metal crystalline

anisotropy on the pzc at single-crystal surfaces of gafuti

silver® The knowledge of the surface charge density on thd!- METHODS FOR THE MEASUREMENT OF

electrode versus the potential is essential in studies of polaP'FFERENTlAL CAPACITY

ized metal-solution interfacés® By integrating the The starting point of the measurement of the differential
capacity-potential curves, the charge-potential cure¢g), capacity is the determination of the impedareof the
are obtained. The integration constant is determined from thgetal—solution interfackUsing classic electrical model of
pzc. The precision on the determinationcofs linked to the  an ideally polarized metal—solution interface, where a resis-
precision of the pzc determination and to the precision of theance R, , and a capacityC, are in series, the impedanég,
differential capacity measurement. of the interfacial region between the working electrode,
On the C(E) curves, the pzc corresponds to the mini- (WE), and the reference electrod®E), for the dc potential,
mum of C. Its amplitude increases with the electrolyte dilu- E, is given by the equation:
tion. With a dilute electrolyte, the minimum is very well
marked and the precision of the pzc determination is good. Z=Rg+ —,
On gold and silver electrodes, the pzc determination of dif- JCw
ferent orientation is achieved with a precisiondflO mV.  whereR, is the electrolyte resistanc€, the differential ca-
The pzc determination does not introduce a major error irpacity of the double layer, ana@ the angular frequency of
the o determination. the ac perturbation.

()
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A. Brief overview of classic potentiostatic Sinusoidal Triangular
measurement Volt. Generator Volt. Generator

With solid electrodes, a reproducible surface state can b
achieved only by using polarization cycles with a linear
variation of the dc potentiak. C(E) measurements are car-
ried out during the polarization sweep.

The principle of the potentiostatic methogig. 1) is to
superpose to the dc potenti&, provided by a triangular
voltage generator a perturbation ac tensiey, provided by

SIG. 2. Diagram of a galvanostatic feedback device for measuring the dif-
ferential capacity using ac current perturbation technique.

proximately 5< 103 Hz. TheE(t) function of the dc poten-
tial is a symmetric “saw tooth” varying betwees,,, and
Emin- The Fourier transform is

a sinusoidal voltage generator. The differential capacity is 1 /22
obtained from the measurement by a lock-in amplifier of the  Ep(t) =|Emax— Eminl > + E o cosnot | +Eyin,
response ac current, , flowing in the potentiostatic circuit. ! @

In a recent articlewe showed that the error of the mea-
surement increases both with the time constant of the potewheren is an odd positive integer. According to this relation
tiostatic circuit and the frequency. In normal measuremengt t=0, which corresponds to the slope change, andnfor
conditions, the time constant is around £, the poten- =99 the difference betwedfyr(t) andE(t) is less than 2%.
tiostat bandwidth is 1 MHz. So the highest available fre-In these conditions a potentiostat with a low cut off fre-
quency is about of 100 Hz. In conclusion, we suggest in thigluency ¢0.1 Hz) can correctly control the dc potentill,
article that theC measurement at frequency100 Hz could ~ imposed to the interface.
be possible if the effect of the potentiostatic control of dc  If an ac current|,,, with a frequency of 10 Hz, value
potential,E, over the measurement is eliminated. For that thel00 times higher than the bandwidth of the potentiostat, goes

potentiostatic control of dc potentia, and the interfacial ~through the interface, the ac tensids,, induced by this
ac perturbation must be dissociated. perturbation will not be corrected by the potentiostatic con-

trol. For eachE value imposed by the potentiostat the mea-

surement of in- and out-of-phase components of the pertur-

bation current] ,, and induced tensiori,, gives the true
The principle is that differential capacity measurementsyalue of the differential capacity.

are carried out using an ac perturbation of the interface with-  Thus it is possible to have a dc potential control without

out any intervention of the control system on the dc potenany perturbation of the differential capacity measurement.

tial, E. Thus the characteristics of the potentiostat must sat-

isfy two antagonistic conditions. The potentiostatic controlm_ EXPERIMENTAL SYSTEM

system must have:

B. Improved method

One problem in the design of the experimental system is

(1) a sufficient fast time response to control the dc potentlal,[0 impose simultaneously the dc polarizati@, and the ac

E, when it varies linearly with time with a sweep rate of .
about 10 mV L perturbation current,, .

_ . . Figure 2 shows the principle of the method. The dc po-
(2) a sufficiently low time response to have no reactions,_ .. . .
S tential, E, of the working electrode is imposed by a reduced
when the frequency of the ac perturbation is higher tha

10 Hz rl)andwidth potentiostatB,~1 Hz) driving the galvanostat.
' The ac perturbation current,,, generated by the ac voltage
These conditions will define the bandwidth of the poten-generator through the resistanég, is imposed to the cell
tiostat. circuit by the mean of the galvanostat.
In a classic experiment, the dc potential sweep rate is A detailed diagram of the system measurement is shown
typically 10 mV s'%, the potential range is arodr2 V so the  in Fig. 3. The ac tension respongg, , to the ac perturbation
fundamental frequency of the potentiostatic control is ap-current,l,, is measured between the working electrode WE
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Relation (5) assumes that, in the studied frequency
prapeeieeny range, the differential amplifier used for compensatibiy.
 Amplifier | 3) is ideal, i.e., its common mode rejection is infinite.

For a real differential amplifier, the possible frequency
range depends on the variations of its common mode rejec-
tion. The knowledge of this parameter leads to the determi-
nation of the frequency range where measurement could be
carried out with precision better than 1%.

For an ideal differential amplifier, the input tensiobg
=E_,(0°)+]jE_(90°) andE,=E_(0°) give an ideal output

High Pass GRI, T LedeinT tensionEi=jEw(90°).
Band Filter "L Amplifier For a nonideal differential amplifier, identical input ten-
sionsE;=E,=E_(0°) give the common mode output ten-

_ _ _ , _sionE.. A classic variation law o, is
FIG. 3. Complementary diagram of Fig. 2: device for measuring the differ-

ential capacity with ohmic drop compensation. (1+joTh
Emc=Eo(0°) TG
mc

and a special ac reference electrode, RF( independent of  whereT,,. is the time constant an@,,. is the common mode
the dc reference electrode, RE)( The current],, and the  rejection gain.

tension,E,, are analyzed using two lock-in amplifiers. The For a real amplifier, input tension€E;=E_(0°)
phase of each lock-in is adjusted on thg0°) component.  +jE _(90°) andE,=E_(0°) give the measured output ten-
In these condition$l ,| is equal to the in-phase component sjon:
l,(0°) and thecomponents ofE, are proportional to the ,
components of the impedancg, which corresponds to the E —E+E. —i o oy (It j0Tmo

: o m=Ei+tEmc=]E,(90°)+E,(0°) Y
electrical circuitR,C located between WE and RE(). Gme
From relation(1), by identification with theE,, components,
the resistanceRR., and the differential capacity;, can be

Differential
RI, Amplifier
G=1

Differential
Amplifier

Potentiometer

(6)

By definition the error function®, of the differential
capacity measurement is equal to the ratio between the mea-

determined: sured capacityC,,, and the true capacity:
o Eu(0°) Cn E
Z(0°)= ¥ =Re, 3 d)—?—E—m. ®
. E, (00 1 , Relations(7) and(8) lead to
A @ 1 o
B E,(0°) 1+joTn
Generally, the differential capacity of the interface is 1+

less than 10QwF and the electrolyte resistance is around 200 JEu(909)  Gme

Q. For a frequency range between 100 and 1000 Hz, the By substitutingk,(0°) andE,(90°) from Eqgs.(3) and
capacitance1l/Cw| is much smaller thaR.. The in-phase (4) into Eq.(9), we obtain

componentE (0°) which characterize the ohmic drop is

then greater than the out-of-phase compong&ni90°) b= > ! . (10)
which characterize the differential capacity. Obviously to -2 TTmc+ joT
have a precise measurementef(90°) without any satura- Gme Gme
gzrr]\s(;ftetge lock-in amplifier the ohmic drop must be com- whereT=R.C is the interface time constant.
: . . . Expression(10) can be written

The compensation technique used is based on the one P (10
proposed by Gabrielt al® It consists of adding &, (Fig. B 1
3) a tension in phase opposition with a module equal to the o= w)\? o' (1)
ohmic dropE_(0°). This tension is obtained from the ten- 1—(w—) +)2z o

m m

sion created by, flowing throughR by mean of a potenti-
ometer (0<k<1), an impedance adapter, and a differentialwhere B,,;= G¢/Tp is the common mode rejection band-
amplifier. WhenkGRI, =Rl ,=E,(0°), the ohmic drop  width, z=(TBy)*42G,, is the damping factor, andy,
compensation is complete. =(Bmc/T) 2 is the limiting angular frequency.

In the potential range where the electrode is ideally po-  For the amplifier used, values of parameters aré;,d/
larized,E,,(0°) is constant and proportional to the resistance~ 1800 Hz andG,,c~10"=80 dB. In these conditions, con-
R.. After the ohmic drop compensation, the lock-in input sidering an interface time constaft- 102 s, the limiting

tension should be theoretically equal to frequency value isf,,~4500 Hz and the damping factor
value isz~=10 2. Expression(11) can be written in a sim-
E,—kGRI,=jE_(90°). (5)  plified form:
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FIG. 4. Curve of the error functio®=C,/C vs the reduced frequency FIG. 6. Curves of the error functioh =C,,/C vs frequency: - - theoretical
f/f,, for the differential capacity measurements with ohmic drop compen-curve from Eq.(12). O experimental values with ohmic drop correction,

sation[Eq. (12)]. —@— experimental values with ohmic drop correction and offset compen-
sation.
1 1 .
o= 5= iz (12 (1) Potentiostat:
1— (i) 1— (_) current capability: +10 mA; compliance voltage:
O fm +10V; loop unity gain bandwidth:<1 Hz; current

L . . : 1 VImA.
The error function is below 1% if the frequency is below @) rGagI?/ZnostartT']

0.1f,, that means up to 450 Hz. Figure 4 shows the variation current capability= 10 mA; bandwidth:=>100 kHz.
of the error functiond® versus reduced frequendyf .
This frequency does not correspond to the highest usable For testing this new method, a dummy cell is used. This
frequency. From Eq(7), the output tension&g(90°) and one is schematically represented by the series electrical cir-
Eg(0°) of thelock-in are cuit in Fig. 5. Ry is the resistance of the electrolyte between
the counter electrode, CE and the reference electrode

R o o @Tme RE(E,). The resistance values us&kl=500() and R,
Es(90%)=E,(90%)+E,(0%) Gpe | 19 —2000 correspond to classic values for a real electrochemi-
cal cell.
E,(0°) The curves in Fig. 6 show the error functioh, versus
Es(0°)= G ~0. (149 the frequency,f, in the case of a calibrated capaci®

=30 uF. The dotted line represents the theoretical curve ob-
Relation(13) shows that to geE,(90°) the stray term tained from Eq(12) and the open circles correspond to mea-
E.(0°). @Tme/Gme Which depends on the common mode sured values with ohmic drop correction without offset com-
rejection must be subtracted from the output tensiorPensation. There is an excellent agreement between
E<(90°). At each frequency the determination of the straytheoretical and experimental values. The error function is
term requires the measurement of the ohmic diRp, by ~ below 1% up to 450 Hz. The solid circles correspond to
mean of the compensation potentiomefeig. 3). After that ~ measured values with the ohmic drop compensation and the
the electrochemical cell is replaced by a resistance equal @uppression of the effect of the common mode rejection, the
R.. The measured tensidf(90°) corresponds to the stray curve shows that the error function is below 1% up to 2000
term E_(0°)oT/Gne. This term is subtracted from
E<(90°) by shifting the “zero” of E¢(90°) using the offset
of the lock-in amplifier.

10 e —

IV. EXPERIMENTAL RESULTS

Potentiostat and galvanostéig. 2) are built with an
operational amplifier “OP-15". Their characteristics are:

C RE(E,)

t—«:!—i—*:——ﬂ—T O10 100 1000

E
R, R. C f/Hz

FIG. 5. Equivalent circuit of a dummy cell for the case where the metal-FIG. 7. Curves of the relative erra&xC,,/C for measured capacit¢,, vs
solution interface is ideally polarized. frequency for different calibrated capaci
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R T T the differential capacity can be measured when the dc polar-
30¢ C=30F ¥ T ization, E, and the interfacial perturbation ac currehj, is
; imposed by a galvanostat associated with a low bandwidth
O 25¢ 7 potentiostat B, <1 Hz).

g Contrary to the potentiostatic method, in this new
ﬁ) 20t T method the measurement precision does not depend on the
e characteristics of the control feedback circuit. The original

L5+ i ; feature of the method is to allow both a direct measurement

,f 1 of the perturbation ac current,,, and of the response ac
10se ag o—e 8 potential,E,,, of the interface, between the working elec-
r— 1(')0 — ---1-(-)'00 trode, WE, and a rgference electrode, EEX With this
new method, capacity measurement precision depends only

£/ Hz on the measurement circuit performances as can be seen in
FIG. 8. Curves of the error functio=C,/C vs frequency: -A—- po-  Fig. 6. The frequency limit depends only on the common
te”-“OStatiIC feedtbﬁt‘_c"f Coé‘;fo'kusm% T‘C potential Pe”‘:fbationb tte_Ch”tiqUﬁ'mode rejection of the differential amplifier used in the ohmic
nique. galvanostatic teedback control using ac current perturpation tec drOp Compensation.

The superiority of this galvanostatic method versus the
classic potentiostatic method is clearly seen in Fig. 8. With
the ohmic drop compensation and the suppression of the ef-
The curves in Fig. 7 represent the relative errorfect of the common mode rejection the error function is less

AC,,/C,, for measured capacity,,, versus frequency for than 1% up to 2000 Hz while with the classic potentiostatic

five calibrated capacitieg: 10, 20, 30, 40, and 50F. These _method using ohmic drop correction the limiting frequency
curves show that the relative error does not exceed 0.1% fdp 100 Hz.
any C at frequencies up to 100 Hz. Between 100 and 2000
Hz, the relative error progressively increases with the fre-
quency and the capacity. Nevertheless, the relative error is
always less than 1%.
The comparison between this galvanostatic techniquelJ- O'M. Bockris_, B. E. Conway, and E. Yeag&@pmprehensive Treatise
and the classic potentiostatic techni&dfe shown in Fig. 8. ng Eéi‘;téﬂfhﬁmggfop'?nmNpegs\g?]rsk ;Sgp;ﬂ' ;2’(‘))('1%28;'
The curves represent the error functidn=C,/C versus  3g_ vaette, J. Electroanal. Cherti78 179 (1984.
frequency for each method witlR,=200() and C 4J. P. Badiali, M. L. Rosinberg, and J. Goodisman, J. Electroanal. Chem.
=30uF. These curves show clearly that this new method 130 31(1981.

; 5S. Amokrane and J. P. Badiali, J. Electroanal. Ch266, 21 (1989.
0 s
allows measurements with an error below 1% up to 2000 HZGF. Chao, M. Costa, J. Lecoeur, and J. P. Bellier, Electrochim. 34t820

Hz. The suppression of the effect of the common mode re
jection strongly increases the available frequency range.

whereas the potentiostatic method is limited to 100 Hz. (1989.
’C. Koehler, J. Lecoeur, and J. P. Bellier, J. Electroanal. Ct898. 29
V. DISCUSSION (1995.

8R. E. White, J. O'M. Bockris, B. E. Conway, and E. Yeag@omprehen-
For an electrochemical interface which can be simulated sive Treatise of Electrochemisttlenum, New York, 1984 Vol. 8, p. 3.
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