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a b s t r a c t

The ring electrode of an RRDE setup is commonly used to detect redox active species produced at the disk
electrode. It is especially useful when some side processes occur at the disk (e.g. passivation film growth)
along with a main electrochemical reaction of interest, which produces a soluble redox-active specie.
Unfortunately, the detected ring current signal is a delayed and smeared-out representation of the disk
faradaic process so that fast changes of its magnitude cannot be studied. The deconvolution approach is a
mathematical data processing procedure that enables reconstruction of the disk signal with a hypo-
thetically infinite accuracy. There are, however, practical limitations arising mainly from inevitable
presence of noise in the measured ring current used for the reconstruction. In this paper the deconvo-
lution approach is discussed in details and its applicability is investigated basing on a series of experi-
ments with a model system. A procedure to filter out spurious artifacts from the reconstructed disk
signal is proposed and tested.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

A rotating ring-disk electrode (RRDE) invented by Frumkin and
Nekrasov [1] enables detection of a product of the electrochemical
reaction occurring at the disk by facilitating a reverse electro-
chemical reaction at the ring. It is especially useful whenmore than
one processes occur at the disk. In such a case there are two con-
tributions to the disc current. First is associated with the generation
of a main reaction product, which is emitted into the solution.
Another contribution comes from the other side processes such as a
passivation film growth or production of a specie that cannot be
detected at the ring. The disk current fraction associated with the
main process can be easily determined by simple dividing the ring
current by the RRDE collection efficiency parameter. The result can
be then subtracted from the total disk current yielding the side
processes contribution.

RRDE is widely used for solving a variety of research problems
al Energy Storage, Skolkovo
cow, 143026 Russia.
ergeev).
such as metal and alloy plating [2,3] and stripping [4,5], metal
underpotential deposition [6], oxidation of soluble molecules [7,8],
electrochemical water splitting [9e11], reduction of oxygen
[12e15] and sulfur [16].

Although most commonly the RRDE technique is applied for the
steady state problems (as mentioned above), additional useful in-
formation can be extracted from chronoamperometric response.
For example, the chronoamperometric measurements were carried
out to investigate underpotential deposition of metals [17,18]. In
this works, however, the characteristic time of the studied elec-
trochemical processes is much longer than the RRDE transit time
[19], i.e. the time gap between the start of the product emission
from the disk into the solution and the moment, when the product
reaches the ring. In the case of quickly changing electrochemical
processes at the disk (characteristic time is comparable to RRDE
transit time) the current transient at the ring does not represent
correctly the time-dependent fraction of the disk current associ-
ated with the main electrochemical process of interest thus mani-
festing limited time resolution of the RRDE measurements.

One of the examples, in which the time resolution is quite
critical, is the RRDE investigations of oxygen redox in aprotic media,
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e.g. in the Li-air battery research. At the Li-air cathode two elec-
trochemical process seem to occur simultaneously: first is oxygen
reduction to superoxide species (O2 þ e� þ Liþ/ LiO2) [20e23]
and, second, LiO2 reduction to Li2O2 (LiO2 þ e� þ Liþ/ Li2O2Y)
[24e26]. The first reduction produces a flux of soluble LiO2 that can
be detected by electrooxidation at the ring. Unfortunately, the
second reduction partially consumes the product of the first elec-
trochemical reaction and results in growth of a passivating Li2O2
film. Upon forming the first molecular layers of the Li2O2 film (i.e.
upon transition from a bare electrode surface to a Li2O2 surface), the
ratio between the two electrochemical processes can shift drasti-
cally while the ring current may not reflect correctly such a quick
change. That is supported by the experimental
сhronoamperometric transients obtained by Torres et al. [27]
Instead of monotonous increase until reaching its maximum value
(as one would expect in absence of side processes at the disk), the
measured ring current exhibits a prominent peak and in some cases
decays to zero in spite the disk current is still significant. The peak
can be as narrow as 1.5 s (half-height width), which is comparable
with the RRDE transit time.

Another vast area, in which RRDE time resolution might be
insufficient, is the metal corrosion studies. During an anodic pro-
cess, the generated metal ions can react with the media causing a
passivating film growth, e.g. a layer of iron oxides and hydroxides
passivating the iron surface [28,29]. The very onset of the film
growth takes a short time and cannot be detected bymeasuring the
ring current. Using a split RRDE Strehblow et al. [30] showed that
during anodization of copper disk Cuþ and CuO2

2� evolve in solution
along with formation of CuO and Cu2O film on copper surface. It
was found that due to the high oxide growth rate at initial step of
anodization, narrow (FWHM about 1 s) peak is observed on the ring
current response, which corresponds to formation of the soluble
Cuþ species.

When investigating adsorption/desorption of redox-active spe-
cies at the disk electrode one also might face limited time resolu-
tion as the characteristic time of such processes can be as short as
0.1e0.5 s (see e.g. Ref. [31]). For such cases it was suggested to ac-
count for the transit time in order to estimate the total amount of
an adsorbed specie [32].

The most quantitatively accurate way to reconstruct the time-
dependent fraction of the disk current associated with the main
process of interest employs the deconvolution approach that
originates from the signal processing theory. In the framework of
the deconvolution approach an RRDE is considered as a linear
system that transforms an input signal (i.e. a molar flux of the
electrochemically active product from the disk) into the output
signal (i.e. a ring molar flux proportional to the ring current). To
solve the inverse problem of reconstructing the input signal the
method relies on the impulse response function (IRF) of the system
that is essentially a ‘rule’, by which an input signal is transformed
into the output signal. The IRF would depend on the RRDE geom-
etry as well as on the solution properties. The deconvolution
approach allows one to reconstruct the main fraction of the disk
current (associated with an emission of the redox-active product)
as a function of time with hypothetically unlimited time resolution.
As a basic idea such an approach for RRDE data analysis was firstly
considered in Ref. [33], however, the suggested procedures didn't
take the noise filtering issue into account while it turned out to be
crucial for practical application and, in fact, limits the real-life time
resolution that can be achieved.We believe that the lack of practical
considerations might be the reason why the deconvolution tech-
nique was not widely appreciated by the community and, to the
best of our knowledge, this original approach is still not actively
used.
Here, we consider the problems one would face trying to
employ the deconvolution approach, and demonstrate the appli-
cation of this tool using the model experiments. A simple redox
couple (ferricyanide/ferrocyanide) was chosen for evaluation of the
reconstruction results accuracy. First of all, we proposed a pro-
cedure to eliminate spurious artifacts from the reconstructed disk
current, which arise from the noise inevitably present in the
experimentally measured ring current. The practical time resolu-
tion limit was estimated and shown to be dependent on the noise in
the experimental data. Finally, we investigate transferability of the
measured IRF between solutions with different properties. We also
present a work-flow plan for application of the deconvolution
approach to a chronoamperometric RRDE measurement.

2. Theory

2.1. Introduction of the concept

The deconvolution approach is based on the use of an impulse
response function of an RRDE apparatus. Let us think of an abstract
system that transforms an input signal xðtÞ into the output signal
yðtÞ. If the system is linear and time-invariant, such transformation
can be represented as a convolution:

yðtÞ ¼ xðtÞ*hðtÞ ¼
ðþ∞

�∞

hðtÞxðt � tÞdt; (1)

where hðtÞ is the system's IRF, that is a system's output in response
to the input of Dirac delta function dðtÞ. According to the convolu-
tion theorem the above integration (1) can be carried out in fre-
quency domain by simple multiplication of the Fourier transforms
(denoted by ‘hat’ accent )̂:

byðf Þ ¼ bxðf Þbhðf Þ (2)

The latter allows us to solve a reverse problem, i.e. to find the
input xðtÞ if the output yðtÞ and the IRF hðtÞ are known:

xðtÞ ¼ F�1

(byðf Þbhðf Þ
)

(3a)

where F�1 denotes an inverse Fourier transform.
More details can be found in the signal processing literature, e.g.

in Ref. [34].
This theory is applicable to an RRDE as Faradaic currents,

diffusion and convection fluxes are linear in respect to the redox
specie concentration. Rotation speed, temperature and other
external conditions must be kept constant to maintain time
invariance.

2.2. Typical application case

We start with a general description of the electrochemical sys-
tem illustrated in Fig.1: let's assume that the specie A reduces at the
disk producing a flux jdðtÞ of soluble A� outgoing from the disk into
the solution bulk. This process is considered to be main process of
our interest and accounts for the Id mainðtÞ component of the disk
current. Oxidation of A at the ring produces the ring current pro-
portional to the flux jrðtÞ toward the ring surface.

The side reaction produces the specie B that cannot be detected
at the ring either because it does not undergo electrochemical
oxidation under the selected ring potential or because it stays at the
disk surface in the form of a passivating layer. Multiple side pro-
cesses can proceed as well, and all their contribution to the disk



Fig. 1. A schematic representation of the considered electrochemical reactions in an
RRDE setup.
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current is included in the Id sideðtÞ.
Disk: main reaction: Aþ e�/ A�; side reaction: B0þ e�/ B;
IdðtÞ ¼ Id mainðtÞþ Id sideðtÞ; Id mainðtÞ ¼ jdðtÞF, where F is the

Faraday constant.
Ring: A�/Aþ e�; IrðtÞ ¼ jrðtÞF .
When applying the deconvolution approach Id mainðtÞ (or jdðtÞ)

should be considered as an input signal xðtÞ, while IrðtÞ (or jrðtÞ) e
as an output signal yðtÞ. Thus, the disk main reaction current can be
reconstructed as:

Id mainðtÞ ¼ F�1

(bIr ðf Þbhðf Þ
)

(3b)
2.3. IRF calculation and correction

Before applying the deconvolution approach the IRF of the
investigated system should be calculated. It can be done by solving
another reverse problemwith the help of the equation similar to eq.
(3b):

hðtÞ ¼
�����F�1

(bIr ðf ÞbIdðf Þ
)����� (4)

Although the IRF must be a real function, due to unavoidable
addition of noise to the measured IdðtÞ and IrðtÞ the result of the
inverse Fourier transform most probably will be a complex signal.
Therefore, we recommend to use the current absolute value.

The test signal IdðtÞ used for the purpose of determining the IRF
should be as broad in frequency domain as possible (i.e. the signal
and/or it's time derivative should contain short high amplitude
pulses). A suitable and easily implemented disk test signal is one
generated by potential step technique, as presented in Fig. 2A. (One
can try to implement even shorter pulse by swiftly switching the
disk potential on and off, but resetting the potential may induce
artifacts in both disk and ring signals, so that applicability of such
technique would depend on the particular experimental equip-
ment used). The ring current response to the disk potential step
signal is provided in Fig. 2B. The typical RRDE's impulse response
functions hðtÞ calculated according to eq. (4) are presented in
Fig. 2C.

Unfortunately, the IRF cannot be measured directly for complex
systems as it would be affected by side processes at the disk (e.g.
passivation film growth), which are to be studied. Therefore, the
system should be changed to eliminate the side process. Depending
on the situation it can be done by replacing electrode material, by
changing electrolyte composition, using another redox-active
specie, or by simply measuring IRF at the disk potential values,
such that the side process intensity is negligible. For example, in
case of Li-O2 system, one can measure IRF using only background
electrolytewithout Liþ cations, thus avoiding Li2O2 formation at the
disk as a side reaction during oxygen reduction. It should be kept in
mind, however, that the oxygen superoxide diffusion coefficient
would depend on electrolyte composition due to possible associa-
tion with cations.

If the solution composition is changed, the measured IRF should
be corrected for the difference in kinematic viscosity n and diffusion
coefficient D of the redox specie. Luckily, as shown in Ref. [35],
RRDE transients for different values of u, n and D match each other

when plotted against the dimensionless time tuðD=nÞ1=3. The IRF is
essentially a time derivative of the transient, therefore, upon
changing the parameters (u, n or D) it should be rescaled along both
axis: abscissa (time) and ordinate (amplitude). Thus, if h1ðtÞ is
measured at u1 for a solutionwith n1 and D1 then the IRF at u2 for a
solution with n2 and D2 can be calculated as:

h2ðtÞ ¼ h1

 
t$
u2

u1
$

ffiffiffiffiffiffiffiffiffiffiffi
n1D2

n2D1

3

s !
$
u2

u1
$

ffiffiffiffiffiffiffiffiffiffiffi
n1D2

n2D1

3

s
(5)

A cubic root dependence decreases sensitivity of the rescaling
procedure toward the error of n and D values. The impact of such
error on the accuracy of the disk flux reconstruction will be dis-
cussed later.

The IRF also can be calculated bymeans of computer simulation.
Original contribution to RRDE numerical simulation was made by
Prater and Bard [36]. Since then a lot of efforts were made [37] to
develop more sophisticated and precise numerical models, which
take, for example, finite cell dimensions into account. Nevertheless,
even simple 2D models are able to predict collection efficiency
within 1% accuracy. And, indeed, robustness of all models depends
on the accuracy of the input parameters such as redox specie
diffusion coefficient (just as the IRF rescaling procedure described
above).

2.4. Noise filtering

An RRDE essentially acts as a low-pass filter, i.e. high-frequency
components of input disk signal jdðtÞ are severely suppressed in the
output ring signal jrðtÞ. This property also manifests in exponential

decay of IRF's Fourier transform bhðf Þ. The higher the frequency, the
smaller the output signal amplitude. In experiments noise inevi-
tably contributes to the output signal. Even if overall noise level is
quite low, at high frequencies it overcomes the evanescent true
signal. When applying the deconvolution approach to reconstruct
the disk signal the high-frequency components are restored by
significant amplification. Mathematically (see eq. (3a),(3b)) it is

done by dividing byðf Þ by bhðf Þ, which approaches zero at high fre-
quencies. In practice the high-frequency noise components are
amplified so that they conceal the true signal (even strong low-
frequency components) and make the reconstructed disk signal
indistinguishable fromwhite noise (see Fig. S6). This effect seems to
be the major issue for applying deconvolution approach.

Fortunately, the high-frequency noise can be filtered out. So the
question the cut-off frequency fcut becomes crucial. Obviously, the
higher the fcut the stronger the noise. However, if the cut-off fre-
quency is low, the reconstructed disk signal will lack the sharp
(high frequency) details of the original disk signal. To correctly



Fig. 2. Currents ((A) e at the disk, (B) e at the ring) measured in response to disk potential step from OCP 0.375 V to �0.5 V vs Ag/AgCl in 5mM K3[Fe(CN)6]. The disk current in the
pure KCl (without K3[Fe(CN)6]) solution corresponding to double layer charging process is also presented in (A). (C): Impulse response functions of an RRDE in 5mM K3[Fe(CN)6]
calculated according to eq. (4).
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choose the fcut we suggest plotting the spectral density of ring
signal along with the estimated noise spectral density. That makes
it easy to determine at which frequency noise starts to exceed the
true signal. Assuming random nature of the noise, its spectral
density can be estimated by averaging Ir nðtÞ (the measured ring
signal that consist of the true ring signal IrðtÞ and the noise
component InðtÞ) over a set of experiments. Upon averaging abso-
lute value of the noise Fourier transform should decrease according
to:���D bInðf ÞE��� ¼ D��� bInðf Þ���E. ffiffiffiffiffi

M
p

; (6a)

where M is a number of data sets (experiments) to average over.
Thus, average noise amplitude for a certain frequency f can be
estimated as:D��� bInðf Þ���E ¼

D���dIr nðf Þ �dIr nðf Þ
���E� ffiffiffiffiffi

M
p .� ffiffiffiffiffi

M
p

� 1
��

(6b)

After that the estimated noise spectral density

Pnðf Þ ¼
����hbInðf Þi����2=T can be plotted along with the averaged ring

signal spectral density Pr nðf Þ ¼
���hdIr nðf Þi

���2=T to estimate the fcut , at

which a desired signal to noise ratio (SNR) is reached. The
minimum characteristic time of a process, that can be studied with
the help of the deconvolution approach can be estimated as Tc ¼ 1=
fcut and therefore, depends on the nosiness of the signal and the
number of experimental data sets M to average over. According to
our tests even 3 data sets provide a reasonable noise estimation,
while there is no need in more than 10 data sets at all.

Finally, before attempting to apply the procedures suggested
here we encourage the readers to pay attention to a purely tech-
nical but crucial issue regarding implied periodicity of discrete
signals that is discussed in the Supplementary materials (section
“Discreteness and periodicity”).
3. Experimental

The experimental measurements were performed using RRDE-
3A (ALS Co., Ltd) rotator setup and SP-300 (BioLogic Science In-
strument SAS) bipotentiostat. Glassy carbon disk (d¼ 4mm) sur-
rounded by a Pt ring (d1¼5mm, d2¼ 7mm) (ALS Co., Ltd) was used
as an electrode. It was polished by 0.6 mm silica and ultrasonicated
in water prior to experiment. A three-electrode one-compartment
electrochemical cell with Pt wire as counter electrode and Ag/AgCl
(sat. KCl) (ALS Co., Ltd) as reference electrode was used. 5mM
K3[Fe(CN)6] (pure) solution in 1M KCl supporting electrolyte was
prepared using deionized water (Millipore, resistivity >10
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MOhm,cm). KCl (pure, Ruskhim) was preliminary purified by
recrystallization. Prior to the measurements the cell was purged by
Ar (ultrapure, 99.999%) for 40min. In the course of measurement,
the cell was further purged by inert gas. The double-layer charge
was estimated from the measurements in 1M solution of KCl
without ferrycianide. The sampling interval of the measured cur-
rents did not exceed Dt¼ 1ms.

4. Results and discussion

To calculate the IRF we carried out a series of experiments (u
¼ 400, 800, 1200 rpm) under potential step condition at the disk
(from OCP, which was 0.375 V, to �0.5 V vs. Ag/AgCl) resulting in a
sharp disk current peak that decays to the steady state value
(Fig. 2A). The data were processed according to eq. (4) yielding the
IRFs presented in Fig. 2C. High frequency oscillations are observed
in the calculated IRFs. Such oscillations are inherited from the ring
current signals shown in Fig. 2B. The oscillation frequencies are
equal to the corresponding electrode rotation frequencies (rotation
speed values used), therefore we attribute this artifact to the im-
perfections of the electrode geometry that introduce hydrodynamic
perturbations affecting the ring current. The presence of such noise
components turned out to be one of the major limitation for the
time resolution of RRDE approach. The relations between the three
calculated IRFs are in good agreement with eq. (5) for scaling in
respect to rotation speed (see Fig. S5).

It is worth noticing, that the IRF calculation requires accounting
for the electric doubly layer charging (dlc). The dlc component can
be evaluated by applying the same disk potential conditions in the
absence of electroactive specie. The disk currentmeasured in such a
way (in our case in KCl solutionwithout Fe(CN)63� ions) is compared
to the originally observed disk currents (KCl þ Fe(CN)63�) in Fig. 2A.
The dlc component was subtracted from the total disk current
before calculating the IRF. The difference between the dlc-corrected
IRFs and uncorrected ones turned out be negligible due to insig-
nificance of the dlc component. Nevertheless, this condition should
be checked and efforts should be taken to mitigate dlc.

To investigate the applicability of the deconvolution approach, a
series of short rectangular pulses was used as a test disk current.
The input disk current and the resulted ring current for a single
rotation speed are presented in Fig. 3, while the data for other
rotation speeds can be found in the Supplementary information
(Fig. S1 and S2). The ring current rescaled to compensate for the
collection efficiency (Ncol ¼ 0.415, calculated from steady state
current values presented in Fig. 2A and B) is also plotted in Fig. 3.
Nevertheless, the amplitude of the scaled ring signal is still almost 2
times smaller than the amplitude of the original disk signal as the
Fig. 3. Experimental results at 400 rpm rotation speed: disk current (black), ring current (
(green). Ring potential is 0.5 V vs. Ag/AgCl. (For interpretation of the references to colour i
duration of the rectangular pulses (and delays in-between them) is
close to the RRDE transient time. Thus, at the ring the pulses are
smeared and averaged. Besides that, the whole series of pulses (the
envelope of it) is distorted, falsely asymmetric and shifted. All that
is manifestation of insufficient time resolution of the RRDE (for this
particular input signal). In contrast to that the disk current recon-
structed by means of the deconvolution procedure is depicted in
Fig. 3 demonstrates all the meaningful features of the original disk
signal: a symmetric series of sharp-fronted pulses with full
amplitude and near-zero current in-between the pulses. It indicates
that the deconvolution approach enables significant enhancement
of the RRDE apparatus time-resolution. The possibility of even
more precise reconstruction is limited by inevitable presence of
noise in the ring signal.

In order to achieve the presented result the reconstructed signal
Id recðtÞwas filtered by discarding signal components at frequencies

higher than fcut ¼ 3.3 Hz ( dId recðf > fcutÞ :¼ 0). Additionally, we
suggest to smooth Id recðtÞ by running average filter with the win-
dow width Tave ¼ 1=fcut , as it helps to get rid of the artifacts arose
from cutting of high-frequency components of the true signal.
Filtering is crucial, as the time domain representation of the
unfiltered reconstructed signal is completely overwhelmed with
the noise (see Fig. S6). Though the comparison of its power spectral
density (Fig. 4A) to the powers spectral density of the true disk
signal shows that the low-frequency components are correctly
reconstructed (such comparison is possible, as in case of the chosen
simple system there is only one redox process and the double layer
charging is negligible). The particular value of fcut was determined
by comparison the spectral density of the ring signal averaged over
M¼ 10 experiments to the noise spectral density estimated ac-
cording to eq. (6b) (see Fig. 4B). The suggested way of choosing the
cutoff frequency does not refer to the unknown (in general case)
main fraction of the disk current and indeed resulted in best
coincidence between the reconstructed disc signal and the true
one. The noise power spectral density depends on the conditions of
the particular measurement, so that refining the experimental
protocol can increase the necessary value of the cutoff frequency
and enhance the time resolution even further. Although a strong
noise intensity peak is observed at the frequency of the electrode
rotation (the same is true for u ¼ 800 and 1200 rpm, see the
Supplementary materials). Therefore, in practice the electrode
rotation frequency u will probably limit the fcut .

A conventional way to improve RRDE time resolution is the
increasing of the rotation speed, as it linearly decreases transient
time (though the characteristic time of the studied process may
decrease as well). In the framework of the deconvolution approach
higher rotation speed also yields higher necessary cutoff frequency.
blue), scaled ring current (-Ir/Ncol) (red) and reconstructed (and filtered) disk current
n this figure legend, the reader is referred to the Web version of this article.)



Fig. 4. (A): Power spectral densities of the true disk current (black) and the reconstructed disk current (blue) at 400 rpm rotation speed. (B): Power spectral densities of the
averaged ring signal (black) at 400 rpm rotation speed and the estimated noise signal (red). The cutoff and electrode rotation frequencies are marked. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Mean square error of the reconstructed disk signal as a function of the diffusion
coefficient value (related to the true value) used for the reconstruction. Green line e

reconstruction by means of the deconvolution approach; blue line e estimation by
scaling and shifting the ring signal. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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The experiments and reconstruction procedure were repeated for
u¼ 400, 800 and 1200 rpm (see the Supplementary materials), and
the estimated cutoff frequencies fcut turned out to be 3.3, 6.4 and
15.1 Hz, respectively. Thus, increasing rotation speed seems to be a
viable strategy, though at high u the signal may become too noisy
(in our experiments it occurred at 1800 rpm).

We further investigate the impact of diffusion coefficient D
value error on the disk signal reconstruction accuracy. We only
consider D assuming kinematic viscosity n to be known exactly,
though all of the following discussion is true for the ratio D=n. We
assign the impulse response function measured at 400 rpm as a
reference IRF href ðtÞ corresponding to a reference (true) diffusion
coefficient value Dref . Then the IRF was recalculated using eq. (4)
and a range of diffusion coefficient values. Such distorted IRFs
referred to as hcorðtÞ were used to reconstruct disk signal. The
square root of mean square error was used as a measure a recon-

struction accuracy (√MSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR ðItruediskðtÞ � Ireconstructdisk ðtÞÞ2dt=T

q
)).

The resulted √MSE values are plotted in Fig. 5 against diffusion
coefficient values used to correct IRF.

To evaluate efficiency of deconvolution approach we compare it
to the ring signal shift approach [19,32], in which disk signal can be
estimated simply by shifting back the delayed ring signal and
scaling it in order to allow for the collection efficiency Ncol:

jd shiftðtÞ ¼ jr
�
t � tshift

�.
Ncol (6)

where tshift is an estimated disk-to-ring delay. A reasonable guess
for the tshift is the transit time [19].

ttransit ¼ 43:1ðn=DÞ1=3ðlnr2=r1Þ2=3
.
ufin rpmg (7)

where r1 is disk radius, r2 is inner ring radius.
According to our calculation the best result in terms of mean
square error (√MSE) is achieved for tshift ¼ 1:25ttransit, or tshift ¼
1:20tpeak, where tpeak is the time at which IRF reaches its
maximum. The shift time tshift also depends on the diffusion co-
efficient value. The √MSE calculated for the ring signal shift
approach is presented in Fig. 5 as a function of D value used to
estimate tshift . It should be noted, that the data plotted in Fig. 5 for
both approaches are independent of rotation speed u. The decon-
volution approach significantly outperforms the ring signal shift
approach if the IRF is accurately corrected for the diffusion coeffi-
cient value (√MSE for the deconvolution approach does not go to
zero at D ¼ Dref due to noise). Unfortunately, it loses its efficiency if
the estimated D is about 2 times under-/overestimated. Neverthe-
less, the acceptable error window is wide enough to apply
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deconvolution approach in practice.
5. Conclusions

In this paper we discussed practical issues of the deconvolution
approach application for reconstructing the disk current associated
with the redox specie flux outgoing from the disk as a function of
time. The suggested reconstruction procedure is summarized
below:

1) Calculating an IRF according to eq. (4). That includes measuring
the ring signal in response to a disk potential step. The solution
composition and/or the disk potential should be chosen to
eliminate side reactions. The ring potential should be set to
guarantee a diffusion limited condition.

2) Correcting the IRF according to eq. (5) if the solution composi-
tion in the system of interest differs from the solution compo-
sition used for measuring the IRF.

3) Performing the measurements of interest with the side reaction
taking place. Any current/potential signal (including time
dependent function) can be applied at the disk. The ring po-
tential should be set to guarantee diffusion limited condition.
The ring current should decay to zero at the end of the mea-
surement (i.e. disk current should be zero before finishing the
measurement) in order to avoid discontinuities upon periodical
replication. The experiment should be repeated several times
(3e10 is recommended).

4) Estimating the noise power spectral density using eq. (6b)
(Pnðf Þ ¼ ��hbInðf Þi��2=T) and plotting it along with the power
spectral density of the averaged ring signal (Prðf Þ ¼ ��hbIr ðf Þi��2=T)
in order to find the cut-off frequency fcut at which Pnðf Þ is still
significantly weaker.

5) Reconstructing disc current component Id mainðtÞ associated
with generation of the reduced (oxidized) dissolved form of the
redox-active specie according to eq. (3b).

6) Filtering out high frequency components (f > fcut) of the recon-
structed disc current. That can be done by truncating Fourier
transform of the signal ( dId mainðf > fcutÞ :¼ 0) and additionally
applying a running average filter with the window width Tave ¼
1=fcut .

7) The contribution of the side processes into the overall current
can be then found by extracting the reconstructed Id mainðtÞ
from the total disk current: Id sideðtÞ ¼ IdðtÞ� Id mainðtÞ.

It was shown that the error of the diffusion coefficient D and
viscosity n values affects the validity of the IRF corrected for the
solution composition change or calculated by means of a computer
simulation. According to the calculations, the deconvolution
approach retains its efficiency if the under-/overestimation of the
D=n ratio does not exceed 2 folds.

Noise influence on the reconstruction result was also analyzed.
Filtering out high frequency components was suggested to get rid of
spurious artifacts that arise from the noise present in the ring
signal. The maximum cutoff frequency, which determines the time
resolution of the reconstruction procedure, was shown to depend
on the noise spectral density. Finally, a technique was proposed to
estimate the noise spectral density through averaging over several
experimental data sets. According to the calculations based on the
white Gaussian noise model even 2 experiments is enough to
roughly estimate the cutoff frequency.

The data and analysis reported in the paper indicate that the
deconvolution approach is viable way to significantly enhance
RRDE experiment time resolution and has reasonable demands in
terms of D=n ratio error and noise level.
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