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Machine learning based on neural networks (NN) has been used
for information processing." However, some disadvantages of
NN are the high cost of computational resources and the long
training process. To overcome these limitations, physical
reservoir computing (PRC) was proposed.” In PRC, signals are
fed to PR devices that produce non-linear responses and short-
term memory for input history. The outputs of the PR devices
will be used as the input of the NN or a simpler network for the
machine learning process.

PRC is expected to cost less than conventional NN systems
because fewer layers of NNs are required. To date, PR devices
have been proposed using optical circuits,® dielectric relaxation
in ferroelectrics,* spin relaxation,” and solid-state redox reac-
tions.*” To produce the characteristics required for PR devices,
redox reactions in the liquid phase, that is, electrochemistry in
solutions, are useful because many non-linear phenomena
appear in simple electrochemical setups.®®

PR devices are also expected to be used as so-called edge
computing devices because they can convert input signals into
signals more suitable for machine learning in real time. For this
purpose, time responses of PR devices should match those of
the signals to be processed. The time response of PR by elec-
trochemistry can be tuned by various parameters such as choice
of reactions, concentration, temperature and hydrodynamics of
solution in electrochemical cell. This wide capability would
make electrochemistry as attractive and useful resource for PR
devices.

Several studies have reported the use of charging of electrical
double layers,* redox reactions in solutions,"**> and formation
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required for the PRC was realized for 3 bit pulse patterns by adjusting the formation/reduction ratio of
gold oxides, showing a wide potential of electrochemistry as resources of PR devices.

of complex network structures.'>'* However, the relationship
between electrochemical reactions and PR properties has not
been fully understood, even though it is essential for the
rational design of electrochemical PR devices.

In the earlier studies, the voltage was applied to the two
electrodes in solution. In this two-terminal configuration,
control and analysis of the redox reactions are unreliable
because the electrochemical potentials of the electrodes are not
controlled. To overcome this problem, a three-electrode
configuration was proposed,” and used as a standard tech-
nique for electrochemical measurements. In brief, the three-
electrode configuration uses working (WE), counter (CE), and
reference (RE) electrodes. The WE is where the electrochemical
reactions of interest take place, whereas the electrochemical
potential of the WE (Ey,) is controlled with respect to the RE
whose electrochemical potential is determined by the equilib-
rium of the redox reactions occurring on the surface of the RE.
Meanwhile, the potential difference between the WE and CE is
controlled such that the potential difference between the WE
and RE matches the desired value to cause the electrochemical
reactions. The potential regulation is conducted using a device
called potentiostat. With this configuration, the hysteresis in
the oxidation and reduction processes can be effectively used
because the electrical current (/) due to the oxidation and
reduction can be distinguished.

In this study, we demonstrate PRC using the electrochemical
formation and reduction of gold-oxide (herein referred to as Au
oxidation-reduction for the simplicity while the reaction consists
of several steps and multiple products) in aqueous solutions*®*’
with a standard three-electrode electrochemical setup. Au
oxidation-reduction is easily reproducible because the gold-
oxide remains on the surface of electrodes and characteristics
of reactions are relatively insensitive to the structure of elec-
trochemical cell and configuration of electrodes. These char-
acteristics makes Au oxidation-reduction a good model system.
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Short-term memory is realized and tuned by adjusting the
oxidation and reduction processes involved during the pulse
signal transduction. An image classification task is demon-
strated as an application example.

Au oxidation-reduction was conducted in HClO, aqueous
solutions using gold wires (1 mm in diameter and ca. 0.5 cm in
length immersed in the solution) as the WE and CE. A gold wire
covered with gold-oxide was used as the RE. The solution was
bubbled with N, to remove residual air before the experiment to
avoid side reactions owing to O, in the solutions.

Voltage waveforms were generated by a 16 bit-digital-to-
analog converter and fed into a potentiostat. The electrical
current signals were recorded using a 16 bit-analog-to-digital
converter. For image classification, a dataset from the Modi-
fied National Institute of Standards and Technology (MNIST)*®
was used as the learning and test data. To create the NN layer for
PRC, an open-source neural network library (Keras'®) was used.
Detailed information is provided in the ESL}

Fig. 1 shows a cyclic voltammogram (CV) of the gold elec-
trode in a 0.1 mM HCIO, solution at 300 mV s~ '. A positive
(cathodic) current corresponding to the formation of gold-oxide
on the electrode is observed at Ew > ca. —0.1 V when Ey is
started from the potential at which gold-oxide is completely
reduced. Meanwhile, a negative (anodic) current corresponding
to the reduction of gold-oxide remained on the electrode is
observed at ca. —0.1 V > Eyw > —0.5 V when Ey was scanned in
the negative direction after the formation of gold-oxide.'*"”
These reactions are repeatable by the cyclic sweep of Ey.

From Fig. 1, it can be deduced that the Ey and I have
a nonlinear relationship and hysteresis. The three-electrode
configuration enables us to distinguish electrical current due
to the formation of gold-oxide and reduction of it and use them
as independent signals.

To test shortterm memory, we measured the current
response of the voltage pulse signals for [001] and [101]. The
pulse signals, “1” and “0”, are represented as Ew = 0.3 V and
0.0 V, respectively. Under these conditions, gold-oxide forma-
tion begins at “1” whereas reduction begins at “0” when the
gold-oxide existed on the surface. Ey, was set to —0.4 V for 1 s
before and after the application of each pulse pattern to remove
the gold-oxide produced by the application of signals.

Fig. 2a and b show the pulse signals for [001] and [101],
respectively. Fig. 2c shows I transients for the both signals.
Sharp increments followed by smooth decays of I are observed
for the voltage steps at 0.2 s. In the decay region, I for [001] is
larger than that for [101]. This result indicates that [101] and
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Fig. 1 Cyclic voltammogram of a gold electrode in 0.1 mM HCIO,4
aqueous solution taken at 300 mV s~ %,
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Fig. 2 3 bit-pulse inputs for (a) [001] and (b) [101]. (c) Current tran-
sients for [001] (black) and [101] (red, dotted line).

[001] can be distinguished from the decay of I in the final pulse,
suggesting that the decay of I may contain information for 3 bit.

The initial sharp increase of I was attributed to the rear-
rangement of ions at the interface caused by the electric field,
i.e., formation of electrical double layer. The following decay of I
is attributed to formation of gold-oxide because this decay was
not observed when Au oxidation-reduction was not involved in
the pulse potentials (Fig. S1 in ESIT).

While the formation process of gold-oxide contains several
steps,'®"” the current decay during the pulse volage representing
“1” can be explained as follows: the formation of gold-oxide is
suppressed on the surface where the gold oxide was already
formed because replacement of gold atoms is required for the
further formation of gold-oxide. As the gold-oxide formation
proceeds, area of bare-gold surface, hence, the oxidation
current is decreased.

The difference in the decays of I between [001] and [101] can
be qualitatively explained as follows: When [101] is applied,
gold-oxide is formed at the initial input of “1”. The gold-oxide is
partially reduced in the subsequent input, “0”. Therefore, at the
final input, “1”, gold-oxide is formed on the surface which has
already been partially covered with gold-oxide. This results in
a lower I than that for [001] in which gold-oxide is formed on
a bare gold surface. The gold-oxide left on the surface is
essential to produce the difference in the decays of I as no
difference was observed when the gold-oxide was completely
reduced at [0] as shown in Fig. S2 in ESL.T

We examined if recognition of all 3 bit patterns is possible
from the decay of I. The average current from 0.26 s to 0.29 s is
used as an output of the PR (I,,,). Fig. 3 shows the average I, of
50 measurements for all 3 bit patterns normalized by I, for
[001] (Iop1) where Au oxidation took place on the bare-gold
surface resulting in the largest value. More detailed statistical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Average of /o for 3 bit patterns.

information is shown in ESL.} It was observed that all 3 bit
patterns result in different I,,. This result indicates I,y
contains information for 3 bits, which is considered as the
short-term memory.

The positive (negative) value was observed for the patterns
ended with “1” (“0”), indicating the oxidation (reduction)
process dominates the signal, except “000” where no reaction
took place. The dependence of I, for the 3 bit patterns depends
on the pulse voltage are shown in Fig. S4 and S5 in ESLf
showing ability to tune the response.

We conducted an image classification task using the current
transient observed according to a previously reported proce-
dure.'***** The details are provided in the ESI.} In brief, images
of handwritten numbers taken from the MNIST database were
converted into a one-dimensional binary array, that is, a pulse
train. The pulse train was then applied to the electrochemical
cell every three pulses and I, was measured. The I, was then
fed to the input nodes of the NN layer. Supervised learning was
conducted using I, obtained from the 1000 image sets in the
training data sets and classification was tested using I, ob-
tained from 201 data sets which are not used in the learning
process. See ESIT for more details. The experiment was carried
out in a 1.0 M HCIO, solution, in which a faster current tran-
sient was obtained (Fig. S6 in ESIT). Before the experiment, Au
oxidation-reduction was repeated until the CV traces became
identical so that changes in the roughness of the electrode
owing to Au oxidation-reduction would not affect I,,.. Before the
pulse input, the Ey, was set to —0.4 V for 0.1 s to reduce gold-
oxides on the WE generated by pulse.

Fig. 4 shows one of the results of image classification task.
The column (“Predicted label”) represents the count of the digit
predicted by the classification. The row (“True label”) represents
the true digit written in the image.

For example, when the true digit written in the images is “4”,
the count for the correct classification (18) is found at (4,4). The
counts for the wrong classification (6 in total) are found at (4,0),
(4,2), (4,6), (4,8) and (4,9). The accuracy of the classification is
evaluated by ratio of count for correct classification to the total
number of images tested.

From this matrix, we concluded that image classification
task was successful because the highest counts were obtained at
the true values for all the numbers tested with the total accuracy
of 76% which is obtained from the average of 10 entire learning
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Fig. 4 A summary of one the results of image classification task.

process to eliminate the variability for each learning process.
The accuracy would be affected by the fluctuation of I, due to
the instability of the environment such as temperature and
vibrations and subtle dissolution of gold and gold-oxide in the
huge number of reaction cycles’” and would be improved by
optimizing the conditions for the reactions.

Conclusions

We demonstrated PRC based on the electrochemical formation
and reduction of gold-oxides. The PR properties were achieved
and tuned through appropriate electrochemical reactions using
a three-electrode electrochemical setup. This result indicates
that electrochemistry with three-electrode setup has huge
potential for studies of PR devices.
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