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Abstract
The electrochemical noise of a polymer membrane hydrogen-air fuel cell operating at different load currents was measured in
serial experiments. Spectral power densities of the noise are shown to be divided into three regions. At frequencies greater than 3–
10 Hz, the spectrum dependence has a constant slope of − 2 in the bilogarithmic coordinates. At frequencies 0.3–5 Hz, there is a
horizontal plateau in which length is determined by the value of a load. At frequencies less than 0.3 Hz, the dependence of
spectral power density has a slope of − 2. Medium-frequency plateau and high-frequency slope of spectral power densities of the
noise were approximated by model RC circuits. The values of Faradic resistance and double-layer capacitance connected in
parallel were obtained from the electrochemical impedance data. At load voltages higher 0.5 V, the height of the plateau was
shown to be proportional to the 2.68 power of the load current value.
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Introduction

The method based on measurement and analysis of electro-
chemical noise can be placed in one line with other electro-
chemical methods such as electrochemical impedance and cy-
clic voltammetry. Today, it is utilized mostly in corrosion
measurements [1–6]. However, the method of electrochemical
noise is not widely and systematically applied for other elec-
trochemical tasks due to its complexity as in the experimental
procedure and requirements to hardware and in the analysis
and interpretation of experimental data.

In our opinion [7] and according to other scientists [8], the
electrochemical noise method can give the most interesting
and essential results if applied for the diagnostics of chemical
power sources state of health and estimation of its remaining
service life. The first electrochemical noise measurement for
chemical power sources has been carried out at the beginning
of the second half of the twentieth century [9]. There are
several publications on the investigation of fuel cells [7,

10–18] and other batteries [8, 19–22]. It should be mentioned
that most authors of these works do not give the answer to the
question about the nature of electrochemical noise origin.
There are almost no publications except the theoretical ones
concerning the precise description of electrochemical noise. In
our opinion, most authors do not pay sufficient attention to
experimental hardware. Therefore, it is often difficult to inter-
pret its influence on the experiment and obtained data.

Systematical and comprehensive experimental studies of
electrochemical noise with the analysis of its nature were held
by V.A. Tyagai [23–25]. However, his works, fundamental for
the most part, were not concerned the chemical power sources.
There are also a lot of publications on the investigation of
electrochemical noise by modern scientists [2–4]. In the main,
these works are devoted to the corrosion measurements.
Recently, a series of works on the theoretical analysis of elec-
trochemical noise caused by thermal fluctuations [26, 27] and
the fractal nature of diffusion in the near-electrode layer [28]
was published by B.M. Grafov. Besides, he suggested a meth-
od of noise analysis with Chebyshev polynomial approxima-
tion (BChebyshev spectrum^) [29–31].

The method of electrochemical noise is not so widely used
compared to other electrochemical techniques due to a num-
ber of technical restrictions. It is the strong requirements to the
experimental setup and hardware that hinder the application of
the method. For example, low amplitude of electrochemical
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noise is the reason for the utilization of high-resolution hard-
ware with a low-level self noise [32]; all the components
should be thoroughly shielded and grounded.

At the study of a stable electrochemical system when a
direct current does not flow, the result of electrochemical noise
measurements can be presented as the frequency dependence
of real component of the impedance. The method of spectral
power density is used in this case, and the power density is
converted to the equivalent noise resistance according to the
Nyquist equation [33]:

R ¼ Sv=4kbT ð1Þ
where Sv is a spectral power density of the voltage noise, kb is
a Boltzmann constant, T is an absolute temperature, and R is
an equivalent noise resistance.

The spectrum of imagine impedance component can be
obtained from the frequency dependence of the real imped-
ance component by means of the Kramers-Kronig relation
[34]. Thus, the same information as in the electrochemical
impedance method can be obtained. The interpretation of re-
sults in the case when direct current flows through the elec-
trochemical system is more complex. According to the high
number of publications devoted to corrosion studies, there is
an amount of experimental data and particular experience of
its processing is available. In the case of chemical power
sources, the publications do not possess systematical character
and the amount of experimental data is low. Moreover, these
works only state that electrochemical noise can be applied for
diagnostics of chemical power sources.

The goal of the present study is to establish the nature of
electrochemical noise for a fuel cell. A hydrogen-air fuel cell
is considered as it is virtually the only chemical power source
that can operate in near steady-state conditions when the direct
current flows in it.

Experimental

The measurements were carried out in the test fuel cell
(Electrochem Co.) with working area of 1 cm2 at 23 °С. The
components of membrane electrode assembly were as fol-
lows: Nafion® NRE-212 membrane, the catalyst 48.49% Pt/
C with Pt load of 0.996 mg/cm2 (Inenergy Co.), and gas dif-
fusion layer Н23С8 (Freudenberg & Co.). Pure hydrogen was
utilized as the fuel, air served as the oxidizer. The operation
was running in the regime of constant excess flow (15 l per
hour) of fuel and oxidizer at 100% humidity. The excess flows
were chosen to eliminate their influence on experiment and to
minimize the change of oxygen concentration during air
pulling through the channels of a fuel cell, as its operation
regime is greatly affected by these concentration deviations
[16–18]. For example, there could be unpredictable

fluctuations of oxygen concentration near the three-phase in-
terface, which is essentially an extra source of an electrochem-
ical noise. This peculiarity was severely studied in [18].

We have utilized a special-purpose setup for a gas prepara-
tion. It included an air pump, a generator of pure hydrogen, a
multi-step system of gas humidification and damping of their
flows. Besides, all of the elements were shielded and ground-
ed thoroughly. A specialized device NM-4 (Elins, Russia) was
utilized as measurement hardware. It was modified addition-
ally for operation with low impedance objects. At frequencies
above 50 Hz, it possessed a 1.3-nV/Hz0.5 level of self-noise,
which is equivalent to the thermal noise of a 100-Ω resistor.
The rate of data acquisition was 500 points per second; a data
array consisted of 30,000 points. To eliminate the direct cur-
rent component, the input was equipped with a passive high
pass RC-filter (cutoff frequency is of 0.01 Hz) based on high-
quality electronic components. Device gain was set to 100 that
resulted in a ± 24 mV input range. A setup was tested with
high precision constant resistors, for which the registered
noise was converted into the thermal noise according to the
Nyquist equation.

A scheme of hardware for electrochemical noise measure-
ment is presented in the Fig. 1. The input filter was made of 16
ceramic capacitors Murata GRM32ER60J107ME20L,
100 μF, 6.3 V assembled in parallel by means of suspended
mount to prevent piezoelectric effect. The filter resistor RF was
Yageo thin film 0.1% 15 ppm precision resistor 1/6 W, 10 K
MFP-12BTC52. The resistors of the same type were utilized
as a load; resistors of 1 kΩwere connected in parallel to obtain
333 Ω load. C2-23 2 W 5% 100 Ω metal oxide resistors were
used as 100Ω load and three ones in parallel as 33Ω load. Ten
Ω load and the ones of a lower resistance were combined from
SQP-5 5 W 5% wire resistors in such way that power dissi-
pated on every resistor did not exceed 1/20 of its nominal
power. When load resistor was connected to a fuel cell, the
drop of a load voltage was observed. Therefore, not to saturate
high gain amplifier A1, RF resistor was shorted for a few
seconds by 1Ω resistor to let the CF capacitor charge (the filter
was set fast to the voltages that would not saturate amplifier
A1). Then, 1 Ω shorting resistor was removed and a fuel cell
reached steady-state condition.

At the stage of processing of measured data, the spectral
power density of the measurement device self-noise was
subtracted from the spectral power density of the object noise.
The hardware self-noise was measured on every device turn-
on and warming-up.

The electrochemical noise measurements were conducted
in series at a variation of the load (see Table 1). Prior to noise
measurement for every load, a fuel cell was operated during
1 h to approach a near steady-state condition. After electro-
chemical noise measurement step, a voltage drop on load re-
sistor was measured by V7-78/1 digital voltmeter (Protech
Co.). Then, the load current was calculated according to the
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Ohm law. Thereafter, an electrochemical impedance was mea-
sured at load voltage achieved for every load resistor.

Figure 2 shows typical electrochemical noise measured for
several loads. The data denotes initial signal without applica-
tion of any detrending procedure, i.e. without subtraction of a
slowly drifting Bconstant^ component of the measured volt-
age. The absolute values are shifted to some extent to improve
the representation of curves. As it can be seen, the amplitude
of electrochemical noise becomes greater with the increase in
the load. Besides, a self-noise of the device is also presented in
the figure. Visually self-noise is more linear, the trend is weak,
and the amplitude is smaller.

A P-40X potentiostat (Elins Co.) with the FRA-24M fre-
quency response analyzer modulewas applied in electrochem-
ical impedance measurements. They were carried out in a
potentiostatic regime. The amplitude of AC signal was
5 mV. Prior to electrochemical impedance measurement, a
fuel cell was polarized at load voltage during 1 h to approach
a near steady-state condition. The Nyquist plots of impedance
are presented in the Fig. 3.

As can be seen from the Fig. 3 and its inset, the impedance
spectra for plots 6 and 7 contains a high-frequency arc corre-
sponding to charge transfer resistance and double-layer capac-
itance. At low frequencies, it transforms into a circle with
linear initial section which corresponds to the diffusion mass
transport in porous electrode. Fitting confirms this interpreta-
tion [35]. The curve 8 in the Fig. 3 demonstrates an increase in
total impedance and in charge transfer resistance, in particular,

at high load current. This phenomenon was observed earlier in
our work [36] and in [17, 37].

Data processing and analysis of results

From the obtained data arrays of electrochemical noise, fre-
quency dependencies of spectral power densities were calcu-
lated. The latter were transformed into equivalent noise resis-
tance according to the Nyquist Eq. (1) to improve the repre-
sentation of the data and compare it with the real component
of the impedance obtained by the impedance spectroscopy
method.

Before spectral power density calculation, an array of noise
data consisting of 250,000 points was divided into 10 seg-
ments of 25,000 points. Linear trend removal procedure using
first-order polynomial fitting was applied to every segment
independently. Then, a spectral power density was calculated
for every segment and then ten resulting spectral power den-
sities were averaged to obtain final power spectrum presented
in the Fig. 4. Discrete Fourier transform was used for spectral
power density calculation. Lowest frequency point of every

Table 1 The values of a
fuel cell operation
voltage and current for
every load resistor

R (Ω) E (V) I (A)

333 0.824 0.0025

100 0.794 0.0079

33 0.748 0.0227

10 0.69 0.069

3.2 0.62 0.194

1 0.5 0.5

0.27 0.287 1.063 Fig. 2 Electrochemical noise measured at different constant fuel cell
loads, Ω: 2—333, 3—33, 4—3.3, 5—0.27. 1—noise of the device

Fig. 1 A scheme of hardware for electrochemical noise measurement.
FC—fuel cell under test, RL—load resistor, CF—filter capacitor, RF—
filter resistor, A1—ECN amplifier with gain 100, ADC—analog to

digital converter, CPU—ARM3-based microcontroller for IO
operations and control, USB—galvanically isolated USB interface and
power unit
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curve was removed since it was affected by detrending proce-
dure and input analog filter. All computation algorithms were
carefully tested and approved by measurements of precision
resistor thermal noise in the course of hardware and software
validation [38, 39].

Frequency dependencies of equivalent noise resistance at
different load currents are presented in the Fig. 4 in logarith-
mic coordinates. The spectra of the real component of imped-
ance and a self-noise of the device are presented for
comparison.

As it can be seen from the figure, at frequencies higher than
1–10 Hz (depending on the operation voltage), the obtained
frequency dependencies are straight lines with a slope close to
2. For example, at the maximum load voltage of 0.287 V, the
slope equals to 2 at frequencies more than 1 Hz. With the
increase in load current, there is a near parallel shift of fre-
quency dependencies into the region of higher values of
equivalent noise resistance.

In the region of medium frequencies from 0.3 to 5 Hz, the
majority of curves are deviating from the linear ones (in

Fig. 4 The spectra of equivalent
noise resistance of a fuel cell at
different load voltages (upper
curves) and the corresponding
real components of
electrochemical impedance
(lower curves of the same color),
V: 1—0.794, 2—0.748, 3—0.69,
4—0.62, 5—0.5, 6—0.287. 7—a
self-noise of the device with the
short-circuited input filter. The
curves (1–6) of equivalent noise
resistance were obtained after
subtraction of the device noise (7)

Fig. 3 The Nyquist plots of an
impedance at different load
voltages, V: 1—0.98 (open circuit
potential), 2—0.824, 3—0.794,
4—0.748, 5—0.69, 6—0.62, 7—
0.5, 8—0.287. Inset shows
Nyquist plots 6 and 7 in more
details
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logarithmic coordinates) with the decrease in slope and ap-
proaching a small plateau. Meanwhile, with the increase in
the load, this deviation shifts to the lower frequencies. The
most pronounced plateau is observed for curve 3 at medium
load. The less pronounced plateau is the feature of curves 2
and 4. For curve 5, it is even less, and dependencies 1 and 6
have a slightly visible distortion. The same behavior is typical
for corrosion systems. In these systems, a slope of − 2 is ob-
served at high frequencies, and a horizontal plateau represents
itself at low frequencies, but the second low-frequency slope
at low frequencies is not observed [3, 5, 40].

At frequencies less than 0.1 Hz, there is a deviation from
the linear low-frequency slope of 2. This deviation is caused
by the influence of the device input filter with cutoff frequency
of 0.01 Hz. For the maximum load of a fuel cell (curve 3 in the
Fig. 3), the slope of spectral power density is 2.11 in the
frequency region of 0.15 to 0.86 Hz. The same slope is ob-
served for a 100Ω load (curve 1 in the Fig. 3) in the frequency
region of 0.1 to 1.1 Hz.

Detailed information about slopes of equivalent noise re-
sistance spectra is presented in the Table 2. Themid-frequency
plateau and low-frequency slope were difficult to determine
with good accuracy at 0.824 V load. That is why data for this
load are not shown in the table. Besides, the mid-frequency
plateau was difficult to isolate at the strongest 0.287 V load.
For this load, only high- and low-frequency slopes are repre-
sented. At high frequencies, the curves corresponding to 0.824
and 0.794 V are bounded by the plateau of device noise.
Consequently, these high-frequency bounds are lower than
the ones for other curves, namely these bounds are 27 and
102 Hz, respectively.

A linear dependence of spectral power density on frequency
was observed in [14], but its slope was close to 1.3 at medium
frequencies and increased up to 2.9 at frequencies higher than
0.5 Hz. In [12], there was also a linear frequency dependence of
spectral power density of voltage noise with the slope of 2.5–3.
Besides, at the frequency of 2Hz, therewas a linear plateau at any
fuel cell load. The difference in the slope from our observations is
probably connected with the peculiarities of the hardware used by

the authors of the work [14]; moreover, the fuel and oxidizer were
taken in stoichiometric quantities, not the excess ones as in the
present study. Moreover, the difference may be caused by the
usage of pure oxygen, not air. It should be mentioned that in
one of the latest works on the discussed subject [13], the slope
of spectral power density of voltage noise of an operating fuel cell
also equals to 2. In theworks [13, 15] performed by two groups in
collaboration, there was also a deviation from the linear depen-
dencies of noise spectral power density. In our previous work [7],
the slopes of the spectral power density of a fuel cell were close to
2 down to frequencies about 1 mHz, which was attained by the
utilization of hardware with direct high-sensitivity measurement
circuit without any input filters [32].

It should be noted that frequency dependencies of the real
impedance component not only possess a different slope and
shape but also have several orders of magnitude lower level at
all load voltages. First of all, it argues for a considerable ex-
cess noise in the system. Second, the nature of this noise
differs significantly from the thermal one. Besides, it is not
related to a traditional shot noise, because the latter does not
reveal such frequency dependence [41]. On the other hand, in
many systems, there is such phenomenon as flicker-noise.
Ordinary flicker-noise has the characteristic slope of − 1,
which corresponds to the diffusion nature of dissipation of
random inhomogeneities. However, large slopes up to − 2
are possible in the case of Levi’s diffusion [42].

Electrochemical noise is most often identified as a thermal
noise of Faradic resistance of electrochemical reaction. It is
usually shunted by an electric double-layer capacitance with a
model noise source [5, 6]. Appropriate circuits with a gener-
ator of noise current—b and noise voltage—c are presented in
the Fig. 5. This model corresponds to a thermal noise incor-
porated into an equivalent circuit of a double layer according
to an equivalent generator theorem [43]. In that case, the fre-
quency characteristic of the electrochemical system is de-
scribed by the parallel RC circuit:

i2n ¼ U 2
0⋅

1
�
R2

F
þ ωCð Þ2

� �
ð2Þ

Table 2 The values of slopes of
equivalent noise resistance
spectra and corresponding
frequency ranges for different
loads of a fuel cell

E (V) High-
frequency
slope

High-frequency
range (Hz)

Mid-
frequency
slope

Mid-frequency
range (Hz)

Low-
frequency
slope

Low-frequency
range (Hz)

0.824 − 1.92 27–0.05 – – – –

0.794 − 1.88 102–2.20 − 1.51 2.20–0.5 − 2.20 0.5–0.05

0.748 − 1.87 209–4.57 − 0.78 4.57–0.9 − 2.35 0.9–0.05

0.69 − 1.64 209–5.22 − 0.032 5.22–0.9 − 2.00 0.9–0.05

0.62 − 1.63 209–16.2 − 0.99 16.2–2.09 − 1.86 2.09–0.05

0.5 − 1.54 209–19.9 − 2.12 19.9–6.31 − 2.18 6.31–0.15

0.287 − 2.06 209–12.1 – – − 2.12 12.1–0.15
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In logarithmic coordinates, a frequency dependence of
noise power for such a model looks like the following:

log in2
� � ¼ 2⋅log U 0ð Þ þ log 1

�
R F

2 þ ωCð Þ2
� �

ð3Þ

Equation (2) is divided into two ranges of frequencies.
If ωC > > 1/RF, then:

log in2
� � ¼ 2⋅log U 0ð Þ þ 2⋅log ωCð Þ ð4Þ

If ωC < < 1/RF, then:

in ¼ U 0

RF
; log in2

� � ¼ 2⋅log U 0ð Þ−2⋅log RFð Þ ð5Þ

Thus, at low frequency, the spectrum is independent of
frequency (approaches a plateau).

To test this model with obtained frequency dependencies of
spectral power density, the values of Faradic resistance and
double-layer capacitance were calculated from the electrochem-
ical impedance data. The results are presented in Table 3. The
calculationwas performed bymeans of the analysis of equivalent
circuits. An equivalent circuit a is presented in the Fig. 5. In the
last column of Table 3, the time constants of RC circuits obtained
from the calculated values of double-layer capacitance and
Faradic resistance are presented. Below the frequencies corre-
sponding to them, there is a deviation of frequency characteristic
from the linear slope of− 2with the approaching to the horizontal

frequency dependence (5).Above the corresponding frequencies,
the slope of spectral power density of this RC circuit frequency
characteristic equals to − 2 (4) as at high frequencies for the
examined system.

For every load voltage, the calculated values of double-
layer capacitance and Faradic resistance were used for approx-
imation of noise spectral power densities. The calculated
curves approximating equivalent noise resistances are present-
ed in the Fig. 6. The values of capacitance and resistance were
selected to satisfy the time constant of RC circuit consisted of
double-layer capacitance and Faradic resistance for every load
voltage. The bottom curve in the Fig. 5, which corresponds to
the lowest load at 0.824 V, approaches a horizontal plateau in
the region of frequencies higher than 40 Hz. It is caused by the
hardware limitations, i.e. by the self-noise of the device. In
fact, after subtraction of the self-noise, spectral power density
is still limited by the hardware and does not approach its
logical end, i.e. a thermal noise of the real component of the
equivalent circuit. To a lesser degree, the same phenomenon is
observed at high frequencies for spectral power density at a
load of 0.794 V.

As it can be seen from the Table 3, the frequencies at which
the deviation from the linear slope of − 2 and the approach to
the horizontal line must take place are in the examined fre-
quency region. However, there is no transition to the horizon-
tal low-frequency slope at frequencies below 0.3–3 Hz (de-
pending on the curve number). This feature argues that the
slope of − 2 at frequencies lower than 0.3–3 Hz is caused by
other factors than at frequencies higher than 10 Hz.

It should be mentioned that the problem of correct mathe-
matical model selection for a precise description of electro-
chemical noise is connected with the limits of working fre-
quencies. The wider frequency region is used for noise mea-
surement, the more comprehensive description of the system
is available. This feature makes the method of electrochemical
noise similar to the electrochemical impedance for which the
frequency region is the primary factor that determines the
results of the measurement [36, 44].

To summarize the discussion of frequency dependencies of
the equivalent noise resistance, let us consider the operation of
a fuel cell at 0.69 V. The appropriate spectrum is presented in

Fig. 5 a An equivalent circuit of a fuel cell. Rel is a resistance of the
electrolyte; Re is a resistance of distributed interface with corresponding
distributed capacitanceCe. RF is a Faradic resistance,Cdl is a double-layer

capacitance for the cathode, and W is a diffusion impedance of oxygen
transport to the three-phase interface. b, c Equivalent circuits with current
and voltage noise sources

Table 3 The values of Faradic resistance, double-layer capacitance, and
cutoff frequency of parallel RC circuit calculated from the equivalent
circuit analysis

E (V) RF ( Ω) Cdl (F) f (Hz) τ (s)

0.824 8.53 0.05 0.37 2.7

0.794 2.025 0.052 1.51 0.662

0.748 0.687 0.055 4.21 0.237

0.69 0.309 0.078 6.60 0.151

0.62 0.157 0.08 12.7 0.079

0.5 0.1479 0.061 17.6 0.0567

0.287 0.338 0.059 7.98 0.125
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the Fig. 7. The approximation by RC circuit has been per-
formed at frequencies higher than 0.9 Hz, and additional linear
approximation has been performed in the region of low fre-
quencies from 0.1 to 0.9 Hz. The low-frequency straight line
has the slope of 2.03. In addition to two slopes discussed
above and a plateau between them, there is a maximum on
the curve at 4.8 Hz. Similar effects were studied by modeling
and analysis of frequency dependencies of single and distrib-
uted in time splashes in corrosion systems [45, 46]. The pres-
ence of these resonances evidence that in noisy system there is
no random time distribution but splashes with some charac-
teristic time which generates the noise. We have already ob-
served analogous resonances at sufficiently low frequencies
during the study of the noise of a fuel cell operating without a

load [7]. These resonances were reproduced in two sequential
experiments carried after fuel cell relaxation for 12 h. The
hardware was validated too by recording its noise with shorted
input. These experiments were repeated to verify the nature of
spectral power densities.

A little drop of spectral power density at frequencies higher
than the frequency of the maximum is also predicted by cal-
culations in [45]. To a lesser degree, a similar phenomenon is
observed for curve 4 (brown) in the Fig. 6. Characteristic
transients which probably determine the nature of noise spec-
tral power density can be observed for the lowest load on the
noise signal itself in the Fig. 2. A typical shape (abrupt front
and exponential decay) of these transients was modeled math-
ematically in [45].

Fig. 6 Approximation (solid
black lines) of spectral power
densities by the parallel RC
circuits with time constants
determined from the impedance
data (Table 2) at different load
voltages, V: 1—0.824, 2—0.794,
3—0.748, 4—0.62, 5—0.5, 6—
0.287

Fig. 7 Spectral power density of
noise at load voltage of 0.69 V—
1. Its approximation in the region
of medium and high frequencies
(AB)—2 and in the region of low
frequencies (C)—3. The slope of
the curve in 0.1–0.9 Hz region is
− 2.03
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To investigate the Bamplitude^ dependence of the regis-
tered noise, frequency dependencies of spectral power densi-
ties of an electrochemical noise of current were calculated, and
their dependency on the load current was plotted. In
bilogarithmic coordinates, the dependency appeared to be
quite linear in the region of the high-frequency linear slope
of − 2 (region C). Thus, for example, the result of linear ap-
proximation at 210 Hz in the Blogarithm of spectral power
density of the current–logarithm of direct current^ coordinates
is a slope of 4.0133 with standard deviation of 0.9893 (Fig. 8).
This tendency was observed for every processed frequency up
to 10 Hz, but at low frequencies, there were a little deviation at
maximum load currents. As it were in the case of frequency
dependencies, the amplitude dependencies calculated for dif-
ferent frequencies are parallel to each other (Fig. 8). A little
deviation from linear dependence at low currents is due to the
self-noise of the device. The value of the slope of amplitude
dependence indicates that the values of the spectral power
density of electrochemical noise of current are proportional
to the fourth power of the load direct current of a fuel cell
for the same frequency in the considered frequency region.

The dependence of equivalent resistor values used for noise
spectral power density approximation (Fig. 6) with RC cir-
cuits on the values of load current is presented in the Fig. 9.
Contrary to the Fig. 8, in which noise corresponds to high
frequencies greater than 10 Hz, the data in the Fig. 9 describes
the height of medium-frequency plateau in the 0.3–5 Hz fre-
quency region. As it is seen, there is a linear part at low loads;
it consists of five points and can be approximated by the line
with a slope of 2.68. In our opinion, the analysis of amplitude
dependencies at lower frequencies is not worthwhile. The dif-
ference in amplitude dependencies at low (< 0.3 Hz) and high

(> 10 Hz) frequencies, as well as the results of the analysis of
frequency dependencies (Fig. 6), is a sign of different noise
natures at these frequencies.

The noise at low frequencies can be explained by the spe-
cific features of formation of a new phase and removal of the
reaction product. Some ideas that problems and features of
water management can affect electrochemical noise were
mentioned in [15]. We assume that fluctuations can be the
result of removal of the reaction product, i.e., water. Water
droplets can locally shield a three-phase boundary. This
shielding is limited in time by the processes of formation
and growth of water droplets. The nature of noise in this sit-
uation can probably be explained in the same way as
generation-recombination noise [47], which demonstrates −
2 slope of the frequency dependence in the frequency range,
which in our case might depend on the growth time of the
water droplets. It seems to us that the period of water droplet
growth can be assumed to be equivalent to the charge lifetime
period in the theory of generation-recombination noise.
During the period of water droplet growth, a certain region
of three-phase boundary at the cathode is shielded. This means
that a certain charge is not transferred through this boundary
during the period of water droplet growth as compared with a
situation when the boundary is not shielded. This virtual
charge is equivalent to the charge value, which is used in the
theory of generation-recombination of noise. Modeling of
electrochemical noise of formation of new phases was inves-
tigated using similar ideas in [48].Modeling these situations is
one of the interests of our future work.

The establishment of the relation of impedance data with
the electrochemical noise is of a great interest. At frequencies
greater than 200 Hz, the main contribution in impedance is

Fig. 8 Spectral power densities of
current noise depended on the
load current for two high
frequencies: 34 and 210 Hz
(Bamplitude dependence^)
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done by the distributed properties of high porosity electrode–
electrolyte interface based on the carbon support [44, 49–51].
This frequency region is unavailable in our noise experiment.

At low frequencies, the nature of impedance and
spectral power density spectra is determined by common
elements of the equivalent circuit, which are double-
layer capacitance and Faradic resistance. At frequencies
less than 0.3 Hz before the influence of sub low-
frequency inductance-like feature [17, 50], the nature
of impedance spectrum is determined by diffusion phe-
nomenon, which is the case for an explanation of the
nature of noise. However, there are principal differ-
ences. As frequency approaches zero, the impedance
approaches a finite value on the real axis. At the same
time, spectral power density continues to grow even at
the minimal frequency in the experiment. This phenom-
enon is observed in the majority of works on this the-
matic [7, 13–15]. And there is still no exact explanation
of this phenomenon, but only an assumption about
diffusion.

Amedium-frequency plateau in the 0.3 to 10Hz region that
is a typical separator between high-frequency kinetic RC cir-
cuit of double-layer capacitance and Faradic resistance and a
low-frequency diffusion contribution observed preferentially
in 0.7 to 0.5 V voltage region. That is in the region of mixed
kinetics, where an electrochemical reaction of oxygen redac-
tion at the cathode of a fuel cell is limited both by the electron
transfer stage and by oxygen diffusion. At the Nyquist plots of
impedance, the transition from the half circle formed by
double-layer capacitance and Faradic resistance to the low-
frequency diffusion features is known to occur with smaller
or bigger separation for different loads [16, 17, 36, 37, 44,
49–52]. It can be observed visually on the Nyquist plots of

an impedance or mathematically as the results of equivalent
circuit approximations.

Conclusions

The electrochemical noise of a polymer membrane hydrogen-
air fuel cell operating at different load currents was measured
in serial experiments.

Spectral power densities of the noise were calculated for dif-
ferent loads. Their frequency dependencies are shown to be di-
vided into three regions. At frequencies greater than 3–10 Hz,
there is a constant slope of − 2. At frequencies 0.3–5 Hz, there is
a horizontal plateau which length is determined by the value of a
load. The most probable reason for this phenomenon is a
shunting of the source of electrochemical noise that is a Faradic
resistance with a double-layer capacitance. At frequencies less
than 0.3Hz, the dependence of spectral power density has a slope
of − 2 again. The most probable explanation of this slope is a
diffusion of oxygen and water.

The dependencies of the spectral power density of electro-
chemical noise of current of a fuel cell on the value of load
current were obtained for frequencies up to 10 Hz. They ap-
peared to be proportional to the fourth power of load current of
a fuel cell.

From the electrochemical impedance data, the values of
time constants were obtained for Faradic resistance and
double-layer capacitance connected in parallel. These values
were used for the approximation of medium-frequency pla-
teau and high-frequency slope of spectral power densities of
the noise by model RC circuits. At load voltages higher than
0.5 V, the height of the plateau was shown to be proportional
to the 2.68 power of the load current value.

Fig. 9 The logarithm of the low-
frequency plateau height on RC
circuit approximations of the
spectral power density of current
noise depended on the logarithm
of direct current. The
approximation of five bottom
points gives a slope of 2.68 at
0.9986 reliability
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