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ABSTRACT: Measurement of small currents is often impeded by a
suboptimal signal-to-noise ratio, largely due to background noise.
This background noise significantly constrains the range of catalysts
accessible for interrogation via micro- and nanoscale electro-
chemistry. In response, this work reveals how background noise
scales in the presence of induced Faradaic reactions. We measured
noise under a series of electrochemical conditions and discovered
that the induced noise from a Faradaic reaction scales directly with
current. Complementary electrochemical impedance spectroscopy
measurements demonstrated that diffusional resistance dictates the
noise of Faradaic reactions, independent of the electrochemical
mechanism. The noise source is thermal in origin and propagates in
a predictable trend, which is inversely proportional to the equivalent
diffusional resistance of the analyte. The universality of the observed phenomenon allows for better deconvolution of measured
charge from background noise, thus assisting in achieving higher resolution and measurement precision, which is a key in micro- and
nanoscale electrochemical measurements.
KEYWORDS: microelectrode, Faradaic reaction, electrochemical noise, diffusion, shot noise, thermal noise

■ INTRODUCTION
Micro- and nanoscale electrochemistry requires low-noise
instrumentation to measure small currents on the scale of
picoamps or femtoamps.1−5 While picoamp currents are
readily resolved in corrosion,6,7 biosensors,8 and nanoparticle
catalysis,3 smaller currents are masked by background
electrochemical noise.9,10 Specifically, there are few instances11

where single molecular catalysts and individual enzymes are
measurable with electrochemical methods. In most cases, the
inherent heterogeneity in size and activity of these systems is
obscured by low signal-to-noise ratios.12−16 A better under-
standing of electrochemical noise can help deconvolute the
signal from the noise, extending detection limits and
broadening the range of measurable catalysts, especially those
limited by sluggish kinetics rather than diffusion.
Five common noise sources need to be considered in any

electrochemical measurement: mechanical, electromagnetic,
flicker, thermal, and shot noise.17 Electromagnetic noise, also
considered as electromagnetic interference, is caused by
incident electromagnetic waves, often originating from
electrical mains and thus inducing 50 or 60 Hz noise
(depending on the local mains frequency). By using nested
Faraday cages, electromagnetic noise is minimized to the
extent that it does not affect measurements.18 Mechanical
noise originates from physical vibrations during a measure-

ment, for example, while using a rotating disk electrode.
However, mechanical noise is substantially attenuated when
using a properly insulated stationary electrode, as in this work.
Flicker noise, also coined pink noise or 1/f noise, is an
additional low frequency noise source that aptly scales
inversely with frequency.19,20 In this work, flicker noise is
not considered since we have no detectable 1/f trends. Because
of these reasons, hereafter we consider shot and thermal noise,
which are unavoidable in any electrochemical system.21,22

Shot noise stems from random fluctuations in the number of
electrons passing through the electrode due to the discrete
charge of electrons.23,24 Shot noise is described by eq 1, where
σi is the root-mean square (RMS) current noise, qe is the
charge of an electron, i is the measured current, and f is the
bandwidth of the measurement, the maximum observable
frequency.25,26 This predicts that baseline current noise will
scale proportionally with the square root of current.
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= q if2i e (1)

Thermal noise, also called Johnson−Nyquist noise, arises
from vibrations of charge carriers in conductors, and is
classically described by eq 2 where σT is the RMS current
noise, kB is the Boltzmann constant, T is the temperature of the
cell, and R is the resistance through which current is
passed.27,28

= k Tf
R

4
T

B

(2)

The differences in how shot noise and thermal noise scale
make it straightforward to distinguish between them in a
simple system like a resistor. Thermal noise depends on the
resistor’s impedance, while shot noise depends on the current.
By varying the potential over a sufficiently wide range, the
relative contributions of shot and thermal noise to the total
current noise can be determined.
Previous work shows that noise at an electrode surface doing

no catalysis is thermal in origin,29−31 while shot noise has been
suggested as the limiting factor in single-entity measure-
ments.10 Further works have characterized shot noise in redox
monolayers32 as well as derived theoretical results for
electrolyte effects on measured noise.33 In this study, we
quantify and categorize noise in the presence of an induced
Faradaic reaction, similar to background reactions caused by
dissolved atmospheric species or any undesired redox reaction
occurring at an electrode surface. Since a working electrode is
not perfectly inert, it will undergo some Faradaic processes that
contribute to the background current in a real electrochemical
cell. By coupling chronoamperometric measurements with
impedimetric measurements, we demonstrate that the
dominant source of noise amid background reactions at the
microscale is thermal in origin and dictated by the diffusional
resistance of the redox probe. However, the measured noise
resulting from this resistance does not trend with the inverse
square root of resistance as predicted by the Johnson−Nyquist
equation; rather the noise is inversely proportional to the
equivalent diffusional resistance.

■ EXPERIMENTAL SECTION
Instrumentation and Equipment. Common redox

probes were used as a model system to mimic the presence
of a background reaction. [Ru(NH3)6Cl3] (Sigma-Aldrich,
98%), 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO, Oak-
wood Chemicals, 99%), maltose (Sigma-Aldrich, ≥99%), KCl
(Sigma-Aldrich, 99.0-100.5%), sodium bicarbonate (Fisher
Chemical, 99.7-100.3%), and sodium carbonate (Fisher
Chemical, 99.9%) were purchased and used as received.
[Ru(NH3)6Cl3] solutions were prepared with aqueous 1 M
[KCl] as supporting electrolyte, unless stated otherwise, and
sparged with Ar gas. TEMPO solutions were prepared in 50
mM sodium carbonate−sodium bicarbonate buffer solution at
pH = 10.25.34

All measurements were recorded on a Biologic SP-300 with
an ultra-low current probe. A 50 kHz 4-pole analog low-pass
filter was applied, and the systems were recorded on a
bandwidth of 8 as defined by the manufacturer (160 kHz unity
gain). The potentiostat employs a 25 kHz sampling rate which
was further averaged to a final reported frequency of 1 kHz.
The frequency averaging has the expected relation of square
root of f with noise (Figure S1). Due to an initial sampling rate

at a high frequency of 25 kHz, the effect of aliasing on the
measured current noise is mitigated (see note following Figure
S1). The working electrode is a 5.5 μm radius carbon fiber
ultramicroelectrode purchased from BASI. All wet electro-
chemistry experiments were run in a three-electrode
configuration. A platinum wire was used as the counter
electrode and a saturated calomel electrode was used as the
reference electrode. Both the counter and the reference
electrode were purchased from CH Instruments. All electrodes
are placed into a single glass vial with no dividers. The carbon
fiber working electrode was polished before every set of
experiments and between each individual TEMPO measure-
ment.
Determination of Noise in Resistors. Root-mean-square

noise at the varying resistors was calculated via eqs 4 and 5
from measured chronoamperometry experiments. Resistors
used were measured via electrochemical impedance spectros-
copy to be 0.67, 1.03, 2.23, 8.15, and 10.50 MΩ. A 100 nA
current range and a bandwidth of 8, as defined by the
manufacturer, were used in the measurement to be comparable
to the chemical measurements. The potentiostat was used in
the three-electrode configuration with the reference electrode
connection connected with the counter electrode connections.
Potential dependent measurements were taken at the 1.03 MΩ
while varying potential from 1 mV to 145 mV in a 2 min
measurement, while resistance dependent measurements were
taken across all resistors at 100 mV in a 2 min measurement.
Determination of Noise in Chemical Systems. A 10 nA

current range was used to record all the TEMPO data, while
the [Ru(NH3)6Cl3] data was measured in the 100 nA current
range. The differences in the current range are due to the
concentration ranges used in the experiments. TEMPO has a
limited concentration range due to low solubility in aqueous
solution, thus TEMPO was measured in a concentration range
from 0−10 mM. Meanwhile [Ru(NH3)6Cl3] has higher
solubilities in aqueous solutions, so [Ru(NH3)6Cl3] was
measured from 0−100 mM.
Root-mean-square noise was calculated via eqs 4 and 5 from

measured chronoamperometry experiments. Chronoampero-
grams were measured at the potential in the diffusion-limited,
steady-state current regime of each redox probe to limit the
effect of voltage noise (sampled for 2 min). Initial cyclic
voltammograms (CVs) of each redox probe (150 mV/s) were
taken to determine where the potential in the diffusion-limited,
steady-state current regime occurred (0.8 V vs SCE for
TEMPO and -0.7 V vs SCE for [Ru(NH3)6Cl3]).
Electrochemical Impedance Spectroscopy. Potentio-

static Electrochemical Impedance Spectroscopy (EIS) meas-
urements were recorded at the formal redox potentials for each
redox probe (0.5 V vs SCE for TEMPO, -0.2 V vs SCE for
[Ru(NH3)6Cl3]). A 10 mV sinusoidal perturbation was applied
with a frequency range from 100 kHz to 100 mHz.

■ RESULTS
Potentiostatic Influences on Current Noise in

Resistors. Before doing any chemical measurements, we
recorded current noise across various resistors. According to
the Johnson−Nyquist eq (eq 2), the measured current noise
should scale inversely with the square root of resistance and be
independent of current. On the other hand, shot noise (eq 1)
predicts a measured noise that scales proportionally with the
square root of the current. However, shot noise is expected to
be less than predicted by eq 1 in a simple macroscopic resistive
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circuit, as well as in circuits where negative feedback acts to
quiet shot noise.35,36 As an initial verification, we measured
noise across a constant resistance and varied potential, finding
that the measured noise does not change (Figure 1a), a result
in line with the predicted Johnson-Nyquist behavior and with
the expected minimal shot noise. However, when measuring at
a constant potential and varying the resistor, the noise seemed
to scale linearly with increasing current (decreasing resistance)
(Figure 1b), an unexpected result from the predicted square
root trend in eq 2. This linear phenomenon cannot be
explained by thermal or shot noise characteristics inherent to
the resistor alone as they both scale with a square root trend
independently.
The measured current noise results from the combination of

two sources: the intrinsic noise of the resistors and the noise
induced by potentiostatic voltage fluctuations. For the latter,
an ideal potentiostat precisely regulates the reference potential,
yet in practice, the reference potential will exhibit some noise
superimposed on the desired potential. To determine the effect
of the potential fluctuations on the measured noise at the
resistors, we considered both the measurement circuit of the
potentiostat and an equivalent circuit for controlling the
potential of the working electrode. The equivalent circuit
consists of one RC loop that allows a derivation of noise from
this circuit (eq 3, Tables S1−S2). The derivation of this
equation assumes that the two noise sources act independently
and thus can be superimposed (see Derivation of Equation 3 in
the SI). In this equation, R is the measured resistance, C is the
stray capacitance (Figure 1c, black), and ψ is a white noise
voltage source with a constant power spectral density.37

Further, Req and Ceq are the equivalent impedances of the
potentiostat regulation circuitry (Figure 1c, blue), while Rm
and Cm are the equivalent impedances of the measurement
circuit (Figure 1c, orange). To determine the impedance of the

resistance and stray capacitance (Figure 1c, black), we can fit
the Nyquist plots in Figure 1d to the equivalent RC circuit
(Table S1). The equivalent impedances of the measurement
and regulation equivalent circuits are estimated for a
commercial potentiostat (Table S2).38,39 eq 3 then describes
the expected RMS current noise at varying resistances. This
equation is a ratio of quadratic expressions in R (see Table S2
for the parameters used and further calculation), which
becomes linear with respect to the current (inverse of R) in
the regime we are observing. Fitting of eq 3 to our
experimental data produces a high linear correlation (R2 =
0.995, dashed line in Figure 1b). We conclude that the
unexpected linear correlation between the current noise and
the total current measured is caused by the equivalent
regulation circuit and the thermal noise stemming from the
resistor itself.

=

+ + +

+ + + + +

k T

R R R C R R RC R R R C

1 1

( ) ( ) ( )
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where

= + + =
+ +
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CC C

CC CC C C
: :eq m

m eq

eq m m eq

Electrochemical Noise during Heterogeneous Redox
Reactions. After understanding the potentiostat’s effect on
noise, we investigated our initial question of how current noise
scales with a background Faradaic reaction at a microelectrode.
To measure changes in current noise driven by Faradaic
reactions, we used Tetramethylpiperidine N-Oxyl (TEMPO)

Figure 1. Noise at a resistor is dictated by intrinsic thermal noise and potential fluctuations in the regulation circuit within a potentiostat. (a) RMS
current noise at the 1.03 MΩ resistor while varying the applied potential from 1−145 mV. (b) RMS current noise at varying resistors, with a
constant applied potential, plotted against the derived eq (eq 3, VApp = 0.1 V, RRes = 0.67, 1.03, 2.23, 8.15, 10.50 MΩ, R2 = 0.998). (c) The
equivalent circuit of the resistor (black) and its connections to the potentiostat, the regulation circuit (blue) and the working electrode connection
(orange), without considering the counter electrode connection. (d) Recorded impedance spectra at resistors of varying resistances (0.67, 1.03,
2.23, 8.15, 10.50 MΩ). Solid lines are fit to an impedance accounting for the regulation noise equivalent circuit, the stray capacitance from the
potentiostat, and the resistor itself.
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and Hexaammineruthenium(III) chloride ([Ru(NH3)6Cl3]) as
the redox probes because they have well-known electro-
chemical behavior. [Ru(NH3)6Cl3] (D[Ru(NHd3)d6Cld3] = (7.41 ±
0.36) × 10−6 cm2/s, Figure S2, Table S3)40 is an outer-sphere
electrochemical redox probe,41,42 while TEMPO (DTEMPO =
(8.08 ± 0.08) × 10−6 cm2/s, Figure S2, Table S4)43 has a more
complex proton-coupled electrochemical mechanism.34 As a
first verification for the validity of our measurements, our
measured diffusion coefficients are comparable to literatures.
The variety in electrochemical mechanisms may allow for the
following results to be generalizable to any background
Faradaic reaction with freely diffusing redox probes. By
increasing the concentration of the redox probe in solution,
the flux of the redox probe towards the electrode surface will
increase. An increased flux leads to an increase in the induced
current, and thus the induced current noise will increase which
can be measured via chronoamperometry. Potentials in the
diffusion-limited, steady-state current regime of each redox
probe were chosen for the chronoamperometry experiments to
ensure that fluctuations in the applied potential were negligible
in the measurement of current and current noise. Cyclic
voltammograms of each redox probe (Figure 2a) showed that
the formal potential of [Ru(NH3)6Cl3] was -0.205 V vs SCE
and that the formal potential of TEMPO was 0.503 V vs SCE,
which were similar to literature values.44,45 The applied
potentials in the diffusion-limited, steady-state current regime
were more than 300 mV away from the formal potentials,
guaranteeing that the measurement is within the diffusion-
limited regime.
Next, we measured chronoamperograms at the potentials in

the diffusion-limited, steady-state current regime to calculate
noise. We first verified that the noise in the measured
chronoamperograms was random with no outliers (Figure 2b).
To calculate the RMS current noise from the chronoampero-
gram, the power spectral density (PSD) of the chronoampero-
gram is calculated first using Welch’s method (eq 4). The
Welch method was used to determine noise in order to
account for any nonlinearity contributions that the time-
domain definition of RMS noise may not have accounted for.
Time domain data is partitioned into equal length segments,
discrete Fourier transformed, squared, and averaged to
calculate the PSD. A simplified view of Welch’s discrete
method is shown in eq 4, where Pk is the kth modified
periodogram and K is the total number of periodograms, which
is analogous to calculating the PSD of continuous data.46−48

The DC component of the measurement was eliminated by
sampling the PSD above 1 Hz. The lack of signal seen around
60 Hz in the PSD shows that electromagnetic noise is
minimized via the experimental setup, verifying that the noise
is not dominated by an electromagnetic phenomenon.18

Further, we observed that the noise is relatively frequency-
independent (varying by less than two orders of magnitude,
Figure 2c), as expected for shot or thermal noise.25,27,28 Finally,
root-mean-square noise was calculated by integrating the PSD
(eq 5).29,46 Values for the RMS noise obtained this way align
well with those measured directly from chronoamperograms in
the time domain (Figure S3).

=
=

( )
K

P f
f t t

f
PSD

1
( )

( )e d

2k

K

k

j t

1

2

(4)

= f fPSD( )RMS (5)

We measured chronoamperograms across a range of redox
probe concentrations to test the scaling relationship between
noise and current. TEMPO is limited to a narrow
concentration range (0−10 mM) because of low solubility in
aqueous solutions. This low solubility limits the measurable
range of currents (Figure 3b, blue), but within this range, we
found that noise scales linearly with current. This linear scaling
holds true when switching to a redox probe with higher
solubility, [Ru(NH3)6Cl3] (0−100 mM, Figure 3a, red). We
note that the electrochemical current noise is invariant of
electrolyte concentration (Figure S4). At first glance, this is not
surprising since the measurement of a resistor’s noise also
scales linearly with current. In the case of the resistors, this
deviation was attributed to potential fluctuations of the voltage
control circuit−however, in the diffusion-limited, steady-state
regime of this electrochemical measurement, current is
independent of potential, thus the potential fluctuations should
not affect the current noise. Further, to evaluate the baseline
noise and how the noise propagates, we fit the data to a linear
model. The y-intercepts of the linear fits characterize the
baseline noise from the potentiostat. In both cases, the baseline
noise is on the order of 1 pA. Interestingly, the slope of each
probe is statistically different, which could be caused by
differences in the redox probes’ diffusion coefficients or
exchange current densities. In addition, when the temperature

Figure 2. Noise in the diffusion-limited, steady-state current regime of an induced Faradaic reaction is frequency independent, indicating its source
to be fundamentally shot or thermal noise. (a) Cyclic voltammograms of [Ru(NH3)6Cl3] (red, 5 mM [Ru(NH3)6Cl3], 1 M [KCl], sparged with Ar
gas) and TEMPO (blue, 5 mM TEMPO, 50 mM sodium carbonate−sodium bicarbonate buffer) (150 mV/s). The observed redox couple in blue
at 0.503 V vs SCE corresponds to the TEMPO/TEMPO+ couple. (b) Chronoamperograms at potentials in the diffusion-limited, steady-state
current regime (-0.7 V vs SCE for 10 mM [Ru(NH3)6Cl3], 10 mM [KCl], sparged with N2 gas; 0.8 V vs SCE for 5 mM TEMPO, 50 mM sodium
carbonate−sodium bicarbonate buffer, 1000 Hz sampling frequency) of both species allowing for the (c) calculated power spectral densities (PSD,
10 mM [Ru(NH3)6Cl3], 10 mM [KCl], sparged with N2 gas; 10 mM TEMPO, 50 mM sodium carbonate−sodium bicarbonate buffer).
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of the system is raised by ΔT = 35 K, the current noise is
increased by 5% (Figure S5, T1 = 298 K, T2 = 333 K). The
thermal noise described in eq 2 predicts that the noise will vary
by about 6%, in line with our experimental observation.
However, under aqueous conditions, using temperature as a
direct parameter for deciphering the origins of noise is limited
to only a narrow range of temperatures and can cause further
complications. For example, by raising the temperature further
in an aqueous solution, the analyte concentration will change
due to evaporation, as well as changing viscosity and diffusion
coefficients. Similarly, temperature and concentration gradients
can lead to natural convection at the electrode surface, a
phenomenon that has been shown to have potentially large
effects on the measured current in systems with larger
ultramicroelectrodes (radii larger than about 10 μm).
However, in this work, the small dimensions of the
ultramicroelectrode (with a radius of 5.5 μm), combined
with the relatively short measurement time, negate the
influence of natural convection on the measured noise.49,50

Nonetheless, shot noise requires the measured current noise to
scale with the square root of current (eq 1) and the lack of this
trend suggests that our noise is not dictated by shot noise.
Faradaic Noise during an Electrocatalytic Reaction

(EC′). As we observed an unexpected result of the RMS
current noise scaling linearly with Faradaic current, we next
switched the reaction mechanism from a strictly electro-
chemical mechanism to a chemically amplified electrocatalytic
system (EC′) to further validate if this result is generalizable.
An EC′ mechanism introduces a chemical species, maltose in
this work, which increases the observed current.51,52 This
increased current can be directly observed in cyclic
voltammetry experiments with 5 mM TEMPO (Figure 4a).
Specifically, maltose locally reduces TEMPO+, increasing the
flux of TEMPO to the surface, resulting in current
amplification (Figure 4b inset).34,44 As the concentration of
maltose increases, the measured current from the oxidation of
TEMPO increases before plateauing at high maltose
concentrations.53 However, the measured noise in these

conditions stayed constant at increasing maltose concen-
trations (Figure 4b). This trend becomes apparent when
plotting the amplified system’s noise against the fit of the
TEMPO alone system from Figure 3b (blue, dashed line in
Figure 4b). The noise observed at every data point in the
TEMPO-maltose system (green) is significantly lower than the
noise expected from the fitted TEMPO alone system (blue)
across all maltose concentrations. Moreover, no clear trend is
observed between noise and the theoretical predictions for
current, where current scales with the square root of the
mediator concentration for an EC′ reaction (Figure S6).44,53
To validate this phenomenon is not limited to the lower
bounds of our measured currents, we repeated the experiment
at higher currents by increasing the concentration of TEMPO
(Figure S7). In this case, the measured noise remains
significantly lower than that predicted by the TEMPO alone
system and seems independent of the measured steady state
current. This result eliminates shot noise as the dominant
source of noise and suggests that a thermal phenomenon is
dictating the measured noise during the induced Faradaic
reactions.
Electrochemical Impedance Reveals the Dominant

Noise Source Is Diffusional Resistance. Our empirical
results exceed the combined contributions of classical shot and
thermal noise (eqs 1 and 2, Figure S8). To further understand
these deviations, we sought to determine the equivalent circuit
component in our electrochemical cell which dictates the
current noise. Here, we remind the reader that in an
electrochemical system, the equivalent impedances are no
longer purely real as in eq 2. Specifically, a microelectrode
undergoing a Faradaic reaction contains multiple imaginary
impedances: one arising from the double layer and the other
from the behavior of redox probe diffusion (Figure S9 (a) inset
for the common circuit diagram of a microelectrode).54−57

This common microelectrode circuit diagram accounts for:
RSol, the solution resistance; RCT, the charge transfer resistance;
CDL, the double layer capacitance; RDif f, a diffusional resistance;
QDif f, a constant phase element representing the Warburg
impedance. Further, additional stray capacitance may be
generated from the potentiostat.58,59 We propose that the

Figure 3. Faradaic noise scales linearly with current at a micro-
electrode regardless of redox probe. (a) RMS current noise (pA) vs
current (nA) of [Ru(NH3)6Cl3] (red, 0−100 mM [Ru(NH3)6Cl3], 10
mM [KCl]) across a wide range of currents showing linearity. (b)
Comparing the RMS current noise (pA) vs current (nA) of two redox
probes, [Ru(NH3)6Cl3] (red, 0−10 mM [Ru(NH3)6Cl3], 10 mM
[KCl], sparged with Ar gas) and TEMPO (blue, 0−10 mM TEMPO,
50 mM sodium carbonate−sodium bicarbonate buffer), showing
linearity for both probes. (Data fit to y = mx + b; [Ru(NH3)6Cl3] fit
line parameters: |m| = (4.67 ± 0.070) × 10−4, b = 0.58 ± 0.62 pA, R2
= 0.999. TEMPO fit line parameters: m = (6.63 ± 0.89) × 10−4, b =
0.99 ± 0.66 pA, R2 = 0.917).

Figure 4. Noise stays constant while the absolute current increases
during an electrocatalytic coupled reaction. (a) TEMPO CVs with
increasing maltose concentration (5 mM TEMPO, 0−50 mM
maltose, 50 mM sodium carbonate−sodium bicarbonate buffer).
(b) RMS noise (pA) vs current (nA) for the maltose amplified
TEMPO system (5 mM TEMPO, 0−50 mM maltose, 50 mM sodium
carbonate−sodium bicarbonate buffer). The star is 0 mM maltose,
and the green points correspond to 10−50 mM maltose. The data is
plotted against the linear fit for the TEMPO without maltose system
(dashed, blue line) along with the original TEMPO data without
maltose (blue). The mechanism scheme is shown with the inset.
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presence of these elements will cause the noise through the
electrochemical cell to propagate similarly to noise through a
series RC circuit. A capacitor in parallel with the resistor acts as
a low-pass filter, leading to the so-called “kTC” noise.60 Rather
than flat across the frequency spectrum, kTC noise has a
bandwidth Δf = 1/(2πRC) determined by the RC loop. In the
common microelectrode circuit, this effect arises both in the
parallel QDiff/RDif f (since QDif f has a capacitive effect) as well as
the parallel CDL/RCT (inset in Figure S9 (a)). Regardless of
which of the kTC noises dominates, the net effect will be a
measured current across Rsol and/or RCT with an RMS value
that is proportional to k T C/( )DLB and/or k T C/( )DiffB and
inversely proportional to Rsol and/or RCT, respectively. The key
observation here is that the thermal noise is generated by a
resistor in parallel with a capacitor that masks the dependence
of the noise on the resistance of that resistor. However, if we
measure the current across a second resistor in series with such
an RC loop, we will observe noise that is inversely proportional
to the resistance of that resistor (purely by Ohm’s law). The
RC-circuit modified Johnson-Nyquist noise eq (eq 6) predicts
no dependence on the frequency of the measurement, an
inverse square root dependence on the capacitance of our cell,
and an inversely linear dependence on the resistance.61,62

= k T
CR2T
B

2 (6)

We directly tested this relationship by measuring the
impedance using electrochemical impedance spectroscopy
(EIS). While the impedance spectrum of a microelectrode
usually contains two arcs, we only observe one in our
measurements. This is because the first arc, corresponding to
the charge transfer and the double layer, is small and should
appear at very high frequency due to fast charge transfer
kinetics.56,63−65 We can recover this feature by lowering the
analyte concentration, thus lowering the electron transfer rate
(Figure S9, Tables S5−S7). The modified circuit (Figure 5a
inset) instead accounts for: RSol, the solution resistance; RDif f, a
diffusional resistance; QDif f, a constant phase element
representing the Warburg impedance. This model accounts
for linear diffusion on short time scales (Warburg) and a
diffusional equilibrium, which behaves as a resistance,
occurring at longer time scales.66 The measured solution
resistances are negligible in comparison to RDif f thus the
solution resistances have minimal impact on the equivalent
circuit fitting and the origins of the source of noise. Further,
the measured noise does not depend on the concentration of
electrolyte used, validating that the capacitive noise predicted
by eq 6 from the double layer is minimal (Figure S4). The
impedances for QDif f are relatively large compared to that of the
stray capacitance of the potentiostat showing that this is an
electrochemical phenomenon (Figure 1d, Table S1), which is
not dictated by the potentiostat circuitry.
We measured impedance spectra across a range of

[Ru(NH3)6Cl3], TEMPO, and TEMPO-Maltose concentra-
tions to test the relationship between resistance and noise. At
low redox probe concentrations (Figures 5a and 5b), higher
impedances are observed as there are less species in solution
diffusing leading to an increased resistance, or impedance, to
diffusion. As the redox probe concentration is increased, there
is more mass transport to the electrode surface, and the
impedance decreases. Consistent with the previous results
from the EC′ system, as the current is increased with maltose

concentration, the impedance stays relatively constant as the
maltose concentration increases (Figure 5c). When plotting
noise versus resistance for all three data sets combined, a
strong fit to 1/RDif f (eq 6) is observed (Figure 5d, R2 = 0.997).
This high correlation to the diffusional resistance indicates that
noise at a microelectrode is thermal in nature, and specifically
dictated by diffusional processes.

■ CONCLUSION
Understanding the origin and magnitude of electrochemical
noise is a critical aspect of electrochemistry, particularly for
resolving lower detection limits in biosensors, nano-electro-
chemistry, and corrosion at conductive surfaces. This study
advances prior investigations into electrochemical noise by
elucidating its propagation during induced Faradaic reactions.
Induced Faradaic reactions provide a more realistic depiction
of an electrochemical cell where any dissolved atmospheric
species or surface contaminations lead to background Faradaic
currents. Using power spectral density and impedimetric
measurements, we have determined that Faradaic noise is
primarily governed by the diffusional resistance of the system
and scales linearly with the concentration of redox active
species. This linear response deviates from what is predicted in
shot noise and Johnson-Nyquist theory because of the
presence of imaginary impedances in the electrochemical cell.
These imaginary impedances cause the noise to propagate via a

Figure 5. Diffusional resistance dictates the noise during background
Faradaic reactions at the microscale, independent of the electro-
chemical mechanism. (a) Nyquist plot of varying concentrations of
[Ru(NH3)6Cl3] along with the equivalent circuit (10, 20, 40, 80, and
100 mM [Ru(NH3)6Cl3]; 1 M [KCl]; sparged with Ar gas). The
experiment was repeated in (b) with the TEMPO alone system (5, 8,
and 10 mM TEMPO; 50 mM sodium carbonate−sodium bicarbonate
buffer) and in (c) with an electrocatalytic (EC′) mechanism using
TEMPO/Maltose system (5 mM TEMPO; 10, 20, 30, 40, and 50
mM maltose; 50 mM sodium carbonate−sodium bicarbonate buffer).
(d) The noise is shown to increase as the diffusional resistance
decreases and stays constant as the diffusional resistance stays
constant. The fit parameters for diffusional resistance (MΩ) were
plotted against the RMS noise (pA) in (d). (Data fit to y = m/x +b;
Fit line parameters: m = 58.6 ± 1.0 μV, b = 1.48 ± 0.48 pA, R2 =
0.997). All EIS measurements were performed with an applied
frequency range of 100 kHz to 100 mHz.
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similar phenomenon as kTC noise which is observed in RC
circuits. Using the results developed in this work, we offer
insights into the background noise generated by impurities to
inform future studies. This insight holds for oxidative,
reductive, and chemically coupled electrochemical reactions.
Further, the RMS current noise reaches a plateau at higher
diffusional resistances. We anticipate that this work will assist
in better deconvolution of signals to background noise under
realistic conditions, and by that, achieve lower detection limits
of electronic signals, which is crucial across various subfields of
electrochemistry.
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