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Abstract

A variant of ac impedance spectroscopy is applied to monitor and control electrochemical cells and appliances without need for reference
values and knowledge of control points in advance. Electrolyzers, fuels cells, energy stores, sensors and electrochemical reactors are steered
to an optimum operating state by continuous evaluation of capacitance and the derivatives thereof. Dry and humid electrode–electrolyte
interfaces are distinguished with the aid of the low-frequency impedance. The problem is solved in order to determine electrolyte con-
centrations unambiguously from electrolyte resistance, although the conductivity of the solution has a maximum and changes nonlinearly
with the concentration.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Electrolyzers for hydrogen and oxygen production, fuel
cells, batteries, supercapacitors, solar cells, and electro-
chemical sensors form more or less sensible components of
modern energy stores, propulsion systems and other tech-
nical aggregates[1–3]. Electrochemical devices open up
promising applications. There have been trials to combine
alkaline water electrolysis, solar modules and fuel cells in re-
generative energy storage systems. Water electrolysis is well
on the way to provide the oxygen supply for the astronauts
in future space stations and in long-distance air-liners[4–7].
Electrolytically produced hydrogen offers to reduce harm-
ful exhaust gases of internal combustion engines. All these
applications require a self-regulating electrolyzer, which
works reliably and safely without human manipulations.

Fuel cells for the mass markets must also be adapted to
maintenance-free long-time operation. At best, in the labo-
ratory scale all single cells of a stack might be monitored
by help of a process guiding system. Future automotive sys-
tems require fuel cells, which are automatically controlled
depending on the load demand. The driver of an electric car
is not able to pay attention to single cell voltages, current,
gas supply, water management and other critical parameters
during a long-distance trip. Present fuel cells in test vehicles
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are damaged irreversibly during a highway race. There is ur-
gent need for a method to pilot electrochemical aggregates
through critical operating states.

For a hundred years, electric conductivity has been
employed to characterize electrochemical cells. Recent
patents[8] illustrate how the humidity of the solid polymer
membrane in a fuel cell can be checked by means of the
electrolyte resistance at a given frequency (1–20 kHz). A
required amount of water is added until the membrane resis-
tance reaches a given reference value nearby its minimum.
Then the fuel cell is supposed to provide its maximum cur-
rent. But there is no experimental certainty that the electro-
chemical system really works at its optimum operating point.

Our approach considers besides the electrolyte also the
electrode reactions and the mass transport in the electro-
chemical device. The proposed method allows to monitor
and control all the regular and critical operating states of the
technical system. Reference values and control points are
not required in advance. The impedance is measured again
and again, and changes between current and preceding spec-
tra are numerically determined by help of equivalent parallel
capacitance[9], which is the real part of complex capaci-
tanceC

¯
. This is calculated from the frequency response of

ac impedanceZ = ReZ + i Im Z or admittanceY = 1/Z
by Eq. (1).

C(ω) = ReC
¯

= Im Y

ω
= −ImZ

ω|Z|2 = −ImZ

ω[(ReZ)2 + (ImZ)2]
(1)
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Nomenclature

C capacitance (in F)
Cdl double layer capacitance (in F)
Cel capacitance of electrolyte

space or membrane
f frequency (in Hz)
R = Re Z resistance, real part of impedance (in�)
Rct charge transfer resistance (in�)
Rel electrolyte resistance (in�)
Roo resistance of cables and contacts
X = Im Z reactance, imaginary part of

impedance (in�)
Y = 1/Z admittance (in�−1)
Z(�) impedance (in�)
Zd mass transport impedance (in�)
ω = 2πf circular frequency (in s−1)

It is not correct to write capacitance simply byC =
−(ω ImZ)−1, which would imply that the electrochem-
ical cell behaves like aRC-series combination, whereby
the polarization resistance is neglected.Eq. (1) fits for any
equivalent circuit.

Nearby every electrochemical system shows an impedance
spectrum in the complex plane which consists of three
regions [9–11]. Simply speaking, every phase boundary
causes its own arc in the complex plane. This is shown in the
general equivalent circuit for most electrochemical systems
in Fig. 1. Note the mathematical convention of impedance
in the Figures, which show the negative imaginary parts on
the negative imaginary axis.
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Fig. 1. General equivalent circuit of an electrochemical system (a) and simplified frequency response of impedance and capacitance (b). Note the
mathematical convention of impedance.

1. The high frequency arc characterizes the electrolyte. In
highly conducting solutions only the point of intersection
with the real axis is visible and called the electrolyte
resistanceRel.

2. The complex plane plot at medium frequencies reflects
the electrode reactions, especially the charge transfer at
the electrode–electrolyte interface.

3. The low-frequency arc mostly shows the influence of
mass transport at the interface between electrode, elec-
trolyte and gas phase and is described by a mass trans-
port impedanceZd. This can be modeled by a Nernst
impedance (with finite thickness of diffusion layer), a
Warburg impedance (with infinite diffusion layer) or a
Randles equivalent circuit[10,11].

The electrolyte resistance is determined as the intersection
point with the real axis in the complex plane according to
Eq. (2). It may contain the resistance of cablesRoo (see
Fig. 1).

Rel = lim
ω→∞ ReZ(ω) (2)

The capacitance approaches the value of the double layer
capacitance at very high frequencies. If the electrolyte re-
sistance is more or less exactly known, double layer capac-
itance is given byEq. (3).

Cdl = lim
ω→∞

−ImZ

ω[(ReZ − Rel)2 + (ImZ)2]
(3)

Different from the impedance imaginary parts in the com-
plex plane, capacitances include the frequency information
and can be interpreted as a measure of electrode activity,
surface coverage, and the state-of-charge of an energy store.
Moreover, the separation of impedance in discrete regions
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allows us to determine whether the electrode–electrolyte in-
terface is dry or humid. We use the electrolyte resistance
as a measure for the electrolyte concentration and the water
content of electrolyte spaces or solid polymer membranes
respectively. Examples are illustrated in the following. The
optimum operating state of the electrochemical system un-
der test is reached at the highest capacitance and lowest re-
sistance. To find out the optimum operating state aC–R plot
is employed in the following as shown inFig. 4. Impercep-
tible changes become obvious when the derivatives of ca-
pacitance and resistance are evaluated, a method which we
call derivative impedance spectroscopy (DIS) [10].

2. Experimental

A Solartron 1250 frequency response analyzer was used
to record the impedance spectra of various electrochemical
devices under regular and critical operating conditions. De-
pending on whether the electrochemical system behaves as
a current source or a current sink, a small ac current pertur-
bation is modulated above the dc current of an electronic
load or power source respectively which is connected to
the electrochemical device. We call this the galvanostatic
experiment. To a passive element or an electrochemical
system at its open circuit potential, the frequency re-
sponse analyzer can directly be connected. In the case that
the electrochemical device is investigated under different
voltages, a small ac voltage is modulated (potentiostatic
experiment).

Instead of a frequency response analyzer, impedance mea-
surements succeed using ac bridges, lock-in amplifiers or
Fourier transform techniques. For technical applications in
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Fig. 2. Flow chart of the new monitoring method with analysis of the graphical type of the impedance spectrum and the chronological changes of
capacitance and resistance.

the mass markets, a low-cost circuitry working at two up to
ten discrete frequencies is sufficient.

The novel principle of data analysis, which marks out the
proposed monitoring method, is shown in the flow chart in
Fig. 2. Focusing on the low-frequency arc, the graphical type
of the impedance spectrum is determined. The linear region
at low-frequencies is typical for a diffusion impedance or
the so-called Warburg behavior and characterizes a humid
electrode–electrolyte interface (typeA

¯
), whereas a semicir-

cular region (typeB
¯
) gives a hint at a dry interface. The type

of spectrum allows to determine whether the measured elec-
trolyte resistance belongs to a dry or a wet operating state,
and whether the related electrolyte concentration lies above
or below the maximum of conductivity. In a second step,
electrolyte resistance and capacitance are calculated accord-
ing to the aboveEqs. (1) and (2). The diagram of capacitance
versus resistance depicts clearly the best operating point in
the direction of the left edge above. When capacitance and
resistance depart from this empirically given optimum, an
output quantity such as current or water feed in the electro-
chemical device has to be changed.

3. Results and discussion

3.1. Water electrolysis

An electrolyzer with fixed alkaline electrolyte[5–7] con-
sists of a series combination of bipolar single cells, each
consisting of oxygen space, anode, electrolyte, cathode, hy-
drogen space and a metallic separator between the gas spaces
of adjacent cells. The electrolyte, a concentrated potassium
hydroxide solution, is fixed in the pores of an oxidic matrix
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material. The decisive problem for the long-time electrol-
ysis is to control the water feed, so that the matrix never
dries out and dangerous oxyhydrogen gas is never formed.
On the other hand, the mass flow of water, which is pro-
vided to the electrolyte by permeation through a membrane,
must not be too high. Otherwise, the electrolyte spaces and
the porous electrodes are flooded and corrosive hydroxide
solution penetrates into the gas spaces. Most difficult is the
initial phase, when the electrolyzer is run to the final oper-
ating point and system pressure, whereby temperature and
current are changed in short intervals of time. Moreover,
during continuous electrolysis there are not any operating
points durable for ever, as even slow fluctuations of temper-
ature cause dramatical changes of water feed after a delay of
some hours. The incessant demand of oxygen and hydrogen
by astronauts or other users requires consecutive changes of
current. There is need for a detailed insight into the elec-
trolyzer, despite changing electrolyte concentrations and the
inevitable degradation of the electrodes.

3.1.1. Diagnostic criteria for the water management
Fig. 3 illuminates the changes of impedance when the

water content in the electrolyte spaces and porous elec-
trodes passes from a dry operation state through the opti-
mum to a wet state. This may happen within half an hour
in the real system. The impedance in the complex plane
consists of two arcs. The high-frequency arc2

¯
describes

the rate-determining step of charge transfer. The point of
intersection with the real axis marks the electrolyte resis-
tance1

¯
. Dry and humid operation states can be separated by

means of the low-frequency diffusion arc in the impedance
spectrum. Two cases can be distinguished:

• At a wet electrode–electrolyte interface, the Warburg
impedance3

¯
occurs, which is caused by a water film act-

ing as diffusion barrier for the gas deposition. To avoid
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Fig. 3. Complex plane plots of impedance (mathematical convention) at an electrolyzer with fixed alkaline electrolyte, which show a humid and a dry
electrode–electrolyte interface.

the danger of flooding the electrolyte spaces, the current
has to be increased and the water feed to be reduced
immediately.

• At a dry electrode–electrolyte interface a low-frequency
circular arc4

¯
occurs. To avoid the danger that the elec-

trolyte spaces dry out and oxyhydrogen gas forms, the
current has to be reduced immediately.

The best operating state is given by spectrum2
¯
, as ex-

plained below.

3.1.2. Optimum operating state
Most evidently, the diagram of capacitance versus resis-

tance (Fig. 4) shows regular and critical operation states
during long-time electrolysis. The optimum operating state
is reached at the highest capacitance and the lowest elec-
trolyte resistance2

¯
. Then the electrode reactions are highly

efficient, the waste heat is minimal and the water content
of the electrolyte spaces is best. In real time operation, the
electrolyzer swings slowly between a more dry and a more
humid operation state. At continuous electrolysis, cell cur-
rent and water feed are reduced or increased until the capac-
itance reaches its maximum. In the initial state of electroly-
sis, especially after a system breakdown or an extraordinary
demand of oxygen, all operating parameters (pressure, tem-
perature, current, etc.) are carefully changed in the one direc-
tion so that the capacitance climbs and the resistance falls.
This principle, which does not require any operation points
known in advance, is shown inFig. 7. Vice versa,whenever
capacitance falls and resistance climbs, the electrochemical
system runs into a critical state. In the example inFig. 7,
an explosive oxyhydrogen mixture was formed within 3 h
of electrolysis at 30 A and insufficient water feed. As the
changes of capacitance and resistance are mostly small, the
critical point at 5.5 h is detected too late in a post mortem
analysis. Contrary to that, the method inFig. 2 allows an
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online analysis and provides the best operating state at the
lowest resistance and highest capacitance (at 2.5 h). Any de-
viation from this point during some minutes of operation
at constant temperature and pressure signals that a current
change is urgently necessary. With this monitoring method
the electrolyzer swings around the optimum operating point,
which is determined again and again, so that the optimum
may change itself very slowly.

3.1.3. Analysis of critical operating states
The impedance spectrum gives hints at the effectiveness of

the electrode reactions, the electrolyte concentration, mass
transport, and surface coverage with absorbed hydrogen and
oxygen. Changes of the capacitance in theC(R)-plot are
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¯

and its first1
¯

and second derivative2
¯

with respect to frequency (b) and shown versus the real part of impedance (a).

quantified by differences�C(ω) at fixed values of resistance
or frequency. Advanced algorithms such as pattern recog-
nition or fuzzy logic can be used for a trend analysis. In
Fig. 5, capacitance and its first1

¯
and second derivative2

¯with respect to frequency are shown. Derivative impedance
spectroscopy emphasizes any chronological changes of ca-
pacitance and resistance in different time domains so that
“hidden” polarizations can be detected earlier than in the
complex plane.

3.1.4. Electrolyte concentration
Most aqueous solutions show a maximum of conductivity

at a certain concentration, and to a certain electrolyte resis-
tance belong two arbitrary concentrations. This is shown for
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potassium hydroxide inFig. 6. We solve the problem thanks
to the low-frequency region3

¯
or 4

¯
in Fig. 3, by determin-

ing whether the electrolyte resistance1
¯

measured belongs
to a dry or a humid operating state. From literature[12], we
know that the minimum electrolyte resistanceRmin occurs in
32.6% KOH at 80◦C, which corresponds to the maximum
of conductivity. In the following the ratio of resistances is
considered, and the knowledge of the cell constantK or spe-
cific resistances are not required (but could be calculated if
desired).

The change of water content in the electrolyte spaces is
given byEq. (4).

χ = R − Rmin

Rmin
and Rmin = K × 0.733� cm (4)

The mass fraction of potassium hydroxide in the solution
with respect to the maximum of conductivity at 32.6% KOH
reads:

w = 32.6%× (1 − |χ|) for χ < 32.6%

w = 32.6%× (1 + |χ|) for χ > 32.6%
(5)

To calculate the molar concentration, the densityρ of the
solution is required, which can be estimated as 1310 g/l. The
molar massM equals 56.11 g/mol.

c = ρw

M
(1 ± |χ|) ≈ 7.6 mol/l (1 ± |χ|) (6)

Impedances measured at other temperatures than 80◦C
(353 K) are corrected by use of an Arrhenius relation logR =
A/T+B. During the initial phase of electrolysis (seeFig. 7),
the coefficientsA andB are empirically determined using a
least-squares fit line in a diagram of electrolyte resistance
(log R) versus1/T. ThenEq. (7)holds.

R80 = [R(T)]C, whereinC = A + B/353 K

A + B/T
(7)

As the electrolyzer is automatically steered into the opti-
mum operating state with the aid of capacitance, the filling
concentration of the electrolyte and problems to calculate it
play no longer any role. Finally, concentrations can be de-
termined with the aid of the minimum electrolyte resistance
given empirically during the initial state of long-time elec-
trolysis (seeFigs. 3 and 4). Thus, impedance spectroscopy
qualifies for routine control of electrochemical cells, includ-
ing the determination of electrolyte concentrations and the
analysis of water management.

3.2. State-of-charge of a double-layer capacitor

As short-time energy stores with high power densities,
so-called double-layer capacitors or supercapacitors have
been described[13,14]. So far, the state-of-charge of capac-
itors, batteries and other energy stores has been determined
by integrating the current versus time according toEq. (8),
which requires considerable effort. The measurement of ca-
pacitance provides the results in much shorter time by use
of Eq. (1). Vice versa,Eq. (8) is useful to calculate electric
charge after capacitance was measured at a low-frequency
(where Q is electric charge,U the voltage,I the current,
andt the time).

C = Q

�U
whereinQ =

∫
I(t)dt (8)

The state-of-charge of the energy store is given byEq. (9).
As in a real supercapacitor capacitance depends on voltage,
the state-of-charge does only approximately equal the ratio
of the terminal voltagesU/U0.

α = Q(U)

Q(Umax)
= C(U)

C(Umax)
(9)

It is shown inFig. 8for a commercial supercapacitor how
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the state-of-charge influences the frequency response of ca-
pacitance. Both capacitance and stored energy depend on
voltage. For the voltages applied, electric charge calculated
by integration of current with respect to time ranges between
7.8 A (at 0.75 V) and 35.9 A (at 2.5 V), and strongly depends
on the leakage current which has to be corrected. The capac-
itances calculated usingEq. (8)equal 10.3, 11.5, 11.7, and
13.4 F respectively, whereby the error due to the correction
of the leakage currents equals up to 7%. The impedance mea-
surement delivers directly the capacitances 10.5, 11.4, 11.7,
and 12.1 F, and the state-of-charge values 87, 94, 97, and
100%., whithout need for determining leakage currents and
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other mathematical efforts. The error of routine impedance
measurements equals approximately 1%. Thus, impedance
spectroscopy qualifies for routine measurements of capacity
and state-of-charge of double-layer capacitors and similar
energy stores.

The diagram of capacitance versus resistance (Fig. 8)
presents the performance data of a capacitor more clearly
than the complex plane or Bode plot. Capacitance accord-
ing to Eq. (8) changes its sign at a certain high frequency
near the electrolyte resistance from positive (capacitive be-
havior) to negative (inductive behavior, for example in spiral
wound devices). So, electrolyte resistance or equivalent se-
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ries resistance (ESR), minimum and maximum capacitance,
and the transition to inductive behavior at high frequencies
are obvious in a single diagram. The frequency response of
capacitance reflects among other things the amount of sur-
face area accessible to the electrolyte. Capacitance at high
frequencies shows the “outer” electrode surface, which may
depend on grain boundaries and other interparticle phenom-
ena. Capacitance at low-frequencies shows the “inner” elec-
trode surface, which is primarily determined by the pore
size distribution and the speed of ion transport through the
porous electrode (details are shown in[11,13–15]). This
way, the measurement of capacitance and analysis of the
C–R diagram supports the characterization of new materials
and the monitoring of supercapacitors in practical applica-
tions. Again, the chronological changes of capacitance and
resistance are investigated in order to determine whether for
example a hybrid system of fuel cell and capacitor works
at its optimum at high capacitance and low resistance (see
3.4). Vice versa, slowly decreasing capacitance and increas-
ing resistance show the deterioration and estimated life time
of the system.

3.3. Deterioration of technical electrodes

The proposed method is excellently qualified to judge the
aging and useful life of electrodes. Technical electrosynthe-
sis requires long-time stable electrocatalysts such as plat-
inum metal oxides[16] for alkali chloride electrolysis, and
lead dioxide[17] for ozone production. Lead dioxide coated
on titanium supports and so-called DSA electrodes deterio-
rate during electrolysis at high current densities; this is due
to the growth of a poorly conducting interlayer between elec-
trocatalyst and support material. In the course of continuous
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electrolysis, a second arc forms at highest frequencies in the
complex plane.

In Fig. 9, three electrodes show roughly the same
impedance spectrum at high frequencies. At first sight, the
diagram of capacitance versus resistance reveals that the
electrodeA1 with the highest capacitance is most active;
A2 shows a lower activity (capacitance), and the electrode
B with the highest resistance is not useful at high current
densities due to the interlayer resistance of about 0.25�,
which causes an enormous waste heat.

Some capacitance and resistance values gathered at a fixed
frequency during a long-time experiment are sufficient to
extrapolate the useful life of the electrode. The change of
resistance�R/R reflects the growth of the interlayer, the
change of capacitance�C/C the decline of electrochemical
activity.

3.4. Control of fuel cells

The proposed method works with fuel cells just in the
same way as described for electrolysis. All ambient and sys-
tem parameters are changed carefully in the one direction
that the capacitance never declines, especially after unex-
pected events or temporary peak power operation. Beyond
this recipe, the type of impedance spectrum gives valuable
hints at water management, gas supply and mass transport.

3.4.1. PEM fuel cells
The qualitative impedance at low-temperature polymer

electrolyte fuel cells has been intensively studied[18–20].
In the complex plane, the high-frequency arc above 1 kHz
describes the PEM membrane. The electrolyte resistance
depends on the membrane thicknessd and reciprocal



P. Kurzweil, H.-J. Fischle / Journal of Power Sources 127 (2004) 331–340 339

temperature1/T, but not on current. The water content of
the membrane can be estimated analogous toSection 3.1.4.

The geometric capacitance as a measure for the effective
interface area between membrane and electrode can be esti-
mated by the electrolyte resistance and the frequencyfm at
the minimum of the membrane arc in the complex plane ac-
cording toEq. (10)or can be extrapolated from capacitance
versus resistance or frequency (seeFig. 1).

Cel = Rel

2πfm
(10)

The arc at medium frequencies describes the activity
of the electrocatalyst (charge transfer process). As the hy-
drogen electrode works as a quasi reference electrode, the
impedance is determined by the cathodic oxygen reduction.
The better the electrocatalyst for the oxygen reduction the
smaller is the second arc.

The low-frequency section of the impedance spectrum
shows the limiting mass transport which is connected with
the rate-determining electrode reaction, especially the dif-
fusion of reactant gases and product water. At a wet inter-
face between membrane, electrode and gas phase, the above
mentioned diffusion impedance occurs, because a thin wa-
ter film hinders the access of hydrogen and oxygen to the
electrocatalyst. At a dry interface, a low-frequency semicir-
cle appears. The problems of flooding and drying out are
the same as described above for the electrolysis. The opti-
mum operating state shows a maximum capacitance and a
low resistance.

3.4.2. Solid oxide fuel cells
The high-frequency semicircle in the complex plane in

Fig. 10 describes the solid oxide[11,21], typically zirco-
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Fig. 10. Regular and critical operating states of a solid oxide fuel cell (20 cells, 17 V, 1000◦C) appear more clearly in the capacitance plot versus
resistance than in the complex plane (small picture). Different water content of the fuel gas hydrogen (curve2

¯
→ 3

¯
at 300 mA/cm2) and change of

current (curve1
¯
: 100 mA/cm2; 2

¯
: 300 mA/cm2).

nium oxide stabilized with yttrium oxide. At medium fre-
quencies, the electrode reaction (charge transfer) is observed.
The low-frequency semicircle reveals the gas supply. The
C–R plot in Fig. 10shows a good operating state1

¯
at high

capacitance and low resistance. A disadvantageous change
of system parameters, such as a insufficient hydrogen sup-
ply, brings about the “bad” curve3

¯
. Thus, impedance spec-

troscopy qualifies for monitoring all types of fuel cells with-
out great effort.

3.5. Detecting chemical substances

The proposed method can be applied to electrochemi-
cal sensors. Capacitance reflects the dielectric properties of
ionic conducting layers[22,23]. Water absorbed or produced
by a chemical reaction changes the resistance, and capac-
itance shows the adsorption and desorption of the target
molecules on the electrode surface.

Fig. 11shows the frequency response of impedance and
capacitance of a zeolite-based interdigital capacitor, which
was tested as a sensor for butane gas. At the platinum
catalyst in the zeolite layer, hydrocarbons are converted
into carbon dioxide and water. The plot of capacitance
versus resistance or frequency proves that 250◦C is the
best operating temperature, and that the absorption and
conversion of butane deteriorates both the resistive and
the capacitive properties of the sensor. The measuring fre-
quency for the detection of the hydrocarbon conversion
should lie below 50 Hz. Product water can be observed
above 1 kHz, and shows a slight increase of capacitance
and conductivity. Thus, impedance spectroscopy qualifies
as a simple monitoring method even for electrochemical
sensors.
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Fig. 11. Complex plane plots (a) and frequency response of capacitance versus resistance (b) of an electrochemical sensor[22] at different temperatures
in air and 1000 ppm butane (dashed line).

4. Conclusion

The proposed monitoring method has proved to be a
simple method to control various electrochemical devices.
The optimum operating point is found by help of aC–R
diagram at the highest possible capacitance and the lowest
resistance. Dry and wet electrode–electrolyte interfaces are
distinguished by means of the low-frequency semicircu-
lar or linear impedance respectively. With this, electrolyte
concentrations can be directly determined from electrolyte
resistances, whereby the minimum value is empirically de-
termined during the initial operating phase of the device
(when capacitance reaches its maximum). Furthermore,
the frequency response of capacitance and impedance
describe water management, gas supply and other pa-
rameters influencing the performance of electrochemical
aggregates.
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