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ABSTRACT: With the advancement of nanoscience, silver/silver chloride (Ag/AgCl)
electrodes have become widely utilized in microscale and nanoscale fluidic experiments,
because of their stability. However, our findings reveal that the dissolution of AgCl from
the electrode in Cl−-rich solutions can lead to significant silver contamination, through
the formation of silver complexes, AgCln 1

n[ ]+ . We demonstrate the electrodeposition
of silver particles on graphene in KCl aqueous solution, with AgCl dissolution from the
electrode as the sole source of silver. This unexpected electrodeposition process offers a
more plausible interpretation of the recently reported “ionic flow-induced current in
graphene.” That is, the measured electronic current in graphene is due to the
electrodeposition of silver, challenging the previously claimed “ionic Coulomb drag”.
More caution is called for when using Ag/AgCl electrodes in microfluidic, and especially nanofluidic, systems because AgCl
dissolution should not be neglected.
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The Ag/AgCl electrode is one of the most reliable
reference electrodes used in electrochemistry, known

for its stable electrode potential, low polarization, and
reversible redox reactions.1 In recent years, the Ag/AgCl
electrode has repeatedly demonstrated its versatility in the
advancing fields of two-dimensional (2D) membranes,
biosequencing, nanofluidics, and their intersections. The
research highlights encompass graphene,2−4 nanopores,5−11

nanochannels,12,13 biosensors,14−17 and ionic Coulomb
drag.18,19 The Ag/AgCl electrode is considered optimal in
these cases because of its local solid-to-solid electrode
reactions and low solubility product constant (Ksp),20 and
the contamination introduced to the experimental system was
believed to be minimal. Therefore, the dissolution of AgCl in
these systems, particularly involving Cl− ions, has been
overlooked so far in most studies. Using an electrochemical
cell consisting of Ag/AgCl and monolayer graphene electrodes
in the KCl aqueous solution, we report the direct observation
of silver electrodeposition on graphene. As the sole source of
silver in this system, the Ag/AgCl electrode induced significant
and unexpected silver contamination. The electrodeposition of
silver becomes even more important during our investigation
of the “ionic Coulomb drag” phenomenon, where the
electronic current in graphene is induced as a result of the
silver electrodeposition, rather than the purported Coulomb
interactions. Our findings serve as a reminder for future studies
involving small-volume, ion-sensitive systems with exposed
Ag/AgCl electrodes, as unintentional silver contamination
could interfere with the intended experiments.

Using a two-electrode electrochemical cell (Figure 1a), we
demonstrate the electrodeposition of silver on monolayer
graphene, characterized by optical microscopy, energy-
dispersive X-ray spectroscopy (EDX), and Raman spectrosco-
py. Figure 1b shows the graphene device, shaped in a Hall bar
geometry similar to a typical GrFET sensor commonly used in
other studies. A lab-made Ag/AgCl electrode (see Methods)
was used to electrodeposit silver in a 1 M KCl solution with a
constant bias voltage of 200 mV for 4 h. During the process,
the gold contacts were exposed to the aqueous solution, with
graphene connected to the circuit via the gold contact on the
left. Figure 1b shows the optical micrograph of the same device
made of chemical vapor deposited (CVD) graphene before and
after electrodeposition (see also Figure S5a and b, the optical
images of a mechanically exfoliated graphene device before and
after silver electrodeposition). Black particles are seen on both
graphene and gold contacts in the latter, showing significant
deposition. Figure 1c shows the scanning electron microscopy
(SEM) image of the region marked by the red square of Figure
1b. EDX analysis, shown in Figure 1d (mapping see
supplementary Figure S1), demonstrates profound Ag peaks,
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confirming that the deposited particles contain silver. Silver is
known to be thermodynamically unstable and readily oxidizes
under ambient conditions. For silver nanoparticles, this
oxidation occurs even more rapidly.21 Therefore, the deposited
particles during the measurement are highly likely to have
already undergone oxidation, forming a mixture of silver
compounds. Additionally, to rule out potential defects in our
lab-made electrodes, commercially available Ag/AgCl electro-
des were also used in later experiments, and a similar
electrodeposition was observed, see Figure S4.

We also conducted Raman spectroscopy to characterize the
silver-deposited graphene. Figure 1e shows the Raman spectra
collected over two positions on the device, A and B, with and
without silver particles, as marked in Figure 1c. The silver

particle greatly amplifies the Raman signal of graphene, causing
a more significant background, stronger G and D bands, and a
slight shift in the D band from 1336 cm−1 to 1367 cm−1. This
amplification can be explained by the localized surface plasmon
resonance (LSPR) of metal particles, which is also the
fundamental working principle of the surface enhanced
Raman scattering (SERS) technique.22 To map the landscape
of deposited silver, we highlight a band at 233 cm−1, which has
been observed in many silver compounds.23−28 Although
studies usually associate this band with the Ag−Cl25,26,28 or
Ag−O26,27 vibration, our observation aligns more with the Ag0

plasmonic resonance,23 with more details shown in the
Supporting Information. Figure 1f presents an integrated
intensity map of the Raman band centered at 233 cm−1 to

Figure 1. Characterization of the device after electrodeposition. (a) Schematic of the electrodeposition setup. An exposed Ag/AgCl electrode works
as the counter electrode, and a monolayer CVD graphene flake works as the working electrode. (b) Optical images of the graphene device before
(top) and after (bottom) the electrodeposition. Gold contacts were exposed to the solution during the experiment. Scale bar 25 μm. (c) SEM
image of the area marked by the red square in (b). Scale bar 5 μm. (d) EDX spectrum collected in the area marked by the green square in (c). (e)
Raman spectra of graphene with silver particles (A) and pristine graphene (B), collected on the spots marked by A and B in (c). The peaks marked
by the asterisk are from SiO2/Si substrate. (f) Raman intensity map of the peak at 233 cm−1 which shows the distribution of silver across the
sample.

Figure 2. Electrodeposition process using a three-electrode electrochemical cell. (a) Schematic of the experimental setup for gating graphene and
performing cyclic voltammetry. The setup consists of an Ag/AgCl counter electrode, a reference electrode and a graphene working electrode,
forming a three-electrode electrochemical cell. Graphene resistance is monitored by applying a drain current of 100 nA at 30 Hz. VG is the gate
voltage, and VD is the drain voltage. (b) Cyclic voltammogram and (c) graphene gating effect plotted against the gate potential (graphene potential
vs reference electrode). Red and blue arrows indicate the direction of the potential sweep. Asterisks in (b) mark the oxidation and reduction peaks.
The shaded yellow region highlights the reduction reaction of dissolved air in the solution at the graphene surface.
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reflect the silver distribution across the graphene sample after
electrodeposition. It reveals that, unlike the uniform silver layer
deposited on gold, the silver deposited on graphene aggregates
into discrete small islands, consistent with the SEM images in
Figure 1c. Our observations demonstrate the extent to which
an Ag/AgCl electrode can contaminate an experimental system
by introducing undesired silver-containing compounds to the
solution and surfaces.

The electrodeposition of silver on graphene requires the
dissolution of silver ions into the solution. To understand the
excessive dissolution of AgCl in our system, we note that the
common ion effect assumes that AgCl dissolves only to its
constituent ions Ag+ and Cl− with an equilibrium of Ksp =
[Ag+][Cl−], where Ksp = 1.8 × 10−10 is the solubility product of
AgCl at 25 °C20 and square brackets represent the
concentration in mol/L. Using this formula, Ag+ introduced
by AgCl dissolution is approximately 1.8 × 10−10 M in 1 M
KCl solution, which can be safely disregarded in most systems.
However, the dissolution of AgCl in Cl−-rich solutions that
exceeds what is expected from the common ion effect has been
known in the study of AgCl electrode degradation.29,30 Instead
of forming Ag+ and Cl− directly, AgCl forms AgCln 1

n[ ]+
complexes in the presence of Cl−, increasing its solubility. This
complex formation process is more pronounced in solutions
with higher Cl− concentrations. In a 3 M KCl solution, the
solubility of AgCl is reported to reach approximately 2.4 ×
10−3 M31 at room temperature, 7 orders of magnitude higher
than the prediction of the common ion effect alone.

We also conducted cyclic voltammetry (CV) to investigate
the electrodeposition of silver on graphene using a three-
electrode electrochemical cell, measured in 1 M KCl solution
at a scan rate of 200 mV/min, as shown in Figure 2a. In this
setup, a large, millimeter-sized CVD graphene served as the
working electrode (see Figure S3a for the optical image of
graphene after measurements). A patterned PDMS film was
applied to protect the gold contacts from the electrolyte,
ensuring that electrochemical reactions occurred exclusively on
graphene. The exposed graphene area was approximately 6
mm2. The reference electrode was an Ag/AgCl wire immersed

in an isolated 3.4 M KCl solution, connected to the rest of the
system through a leak-free junction manufactured by
Innovative Instruments, Inc. This specialized junction prevents
the passage of ions, effectively eliminating cross-contamination.
A Keithley 2614 source meter was used to apply a voltage
between graphene and the exposed Ag/AgCl counter
electrode, and the potential difference between graphene and
the reference electrode was monitored using a Keithley 2182A
nanovoltmeter. This setup not only allows us to monitor the
electrochemical process but also allows for the simultaneous
gating of graphene. To evaluate the gate effect, a drain current
of 100 nA at 30 Hz was applied, and the changes in graphene
resistance were measured using an SR860 lock-in amplifier.

Figure 2b represents the cyclic voltammogram of the
electrodeposition processes. The voltammogram shows one
reduction peak and one oxidation peak, corresponding to the
redox reaction of silver. These features indicate reaction
dynamics similar to those previously reported for silver
electrodeposition on HOPG,32 ITO-coated glass,33 and
platinum34 using AgNO3 solutions. In our system, the absence
of NO3

‑ means that silver can only be oxidized to AgCl, a
compound of low solubility compared to AgNO3. Since silver
ions in the solution originate primarily from the dissolution of
the exposed Ag/AgCl electrode, any silver lost in the solution
due to electrodeposition is rapidly replenished by the
continuous dissolution of the Ag/AgCl electrode in the KCl
solution. During this process, a sheer increase in the cathodic
current is observed at negative potentials below −0.3 V
(marked as the shaded yellow region). This can be partially
attributed to the electrodeposition current. However, the
reduction of oxygen from the dissolved air in an aqueous
solution on the graphene surface could also contribute largely
to this increase, as previously reported.35 This reaction
effectively enlarges the existing defects in graphene, aligning
well with our observations, as CVD graphene samples
consistently lose their integrity after prolonged CV scans
(Figure S3a). The applied potential not only drives the
electrochemical reaction but also gates graphene through the
electrical double layer. This gating effect is demonstrated in

Figure 3. Electron current in graphene induced by silver electrodeposition. (a) Ionic current, Iion (upper panel), generated between two Ag/AgCl
electrodes with ±0.6 V driving voltage and a drag-like electronic current, Igr (lower panel), induced in graphene. Regions colored in red and blue
mark the driving voltage with opposite polarity. (b) Illustration of the current generation in graphene via electrodeposition of silver in our system.
Vdrive and Vgr are the drive voltage of the ion flow in the KCl solution and the voltage induced in graphene, respectively. The electrochemical
reactions on two Ag/AgCl electrodes are AgCl(s) + e− → Ag(s) + Cl−(aq) and Ag(s) + Cl−(aq) → AgCl(s) + e−. The electrochemistry in the
system can generate a graphene current with a reversed sign to the ionic current based on the electrodeposition of silver (not Coulomb drag).
Arrows in green and red indicate the flow of Cl− and K+ ions. Arrows in gray/blue represent the formation and deposition of AgCln 1

n[ ]+ .
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Figure 2c, where the graphene resistance reaches a maximum
at around 0.11 V, corresponding to the charge neutrality point
of graphene. However, noticeable shoulders in the curves
suggest strong inhomogeneity of the sample, as a result of the
possible damage to graphene during continuous measure-
ments. In the context of gating graphene, the current in Figure
2b can also be interpreted as the gate “leakage current”, which
should ideally be zero. Therefore, in liquid gating systems, it is
recommended to employ a lock-in technique to minimize the
interference of the DC leakage current with the drain current
measurements.

We have shown that in a system with concentrated Cl−, the
dissolution of AgCl rapidly introduces AgCln 1

n[ ]+ complexes
into the solution, making silver contamination a significant
issue. Silver contaminants may further interfere with the
intended measurements, which, if overlooked, may lead to
misinterpretation of experimental results. To highlight its
impact, we report the silver contamination issues encountered
during our investigation of “ionic Coulomb drag”. This is one
of the phenomena where ionic flow across the graphene surface
has been reported to generate electricity.36−43 Despite ongoing
efforts to unravel the underlying physics, considerable debate
remains regarding the electricity geneartion mechanism. Ionic
Coulomb drag refers to the momentum transfer from moving
ions in a solution to electrons in a nearby solid, such as
graphene, through Coulomb interactions. Several recent
studies18,44,45 have reported the observation of this effect in
microfluidic systems, underlining its potential for energy
harvesting and sensing applications.

Different experimental configurations were used to inves-
tigate this phenomenon. Figure 3b shows one measurement
configuration. In this setup, a millimeter-sized CVD graphene
was positioned between two Ag/AgCl electrodes in a liquid
channel filled with 1 M KCl solution. An ionic flow was
generated by applying a voltage bias across a pair of Ag/AgCl
electrodes. At each electrode, the Ag(s) + Cl−↔AgCl(s) + e−

reaction locally generates or consumes silver ions (depending
on bias polarity), causing Cl− to migrate between two
electrodes, accompanied by a corresponding K+ flow.46,47 In
our experiments, ± 0.6 V voltage was applied between two Ag/
AgCl electrodes using one channel of a Keithley 2614 source
meter, and the current generated in graphene was measured
using the second channel of the source meter.

This measurement setup closely followed the methodology
of an earlier study[18], and indeed, we observed similar signals.
The upper panel of Figure 3a shows the ionic current
generated in the solution, while the lower panel shows the
electronic current induced in graphene in response to the ionic
current. With a μA-level ionic current, a sign-reversed nA-level
electronic current is observed in graphene. The observed
characteristics, particularly the sign-reversed electronic current,
are consistent with the previously proposed "ionic Coulomb
drag" explanation. However, after repeating the same experi-
ments on dozens of similar graphene devices, we observed
significant variations in the measured results, both in
magnitude and sign-reversal behaviour. In fact, in half of the
tested devices, the measured electronic current became sign-
aligned with the ionic current (Figure S6). Such randomness
makes the “ionic Coulomb drag” untenable and an alternative
interpretation is needed.

In the experiment, although the Ag/AgCl electrodes and
graphene are electrically isolated, they remain coupled through

the electrodeposition process, allowing ions and electrons to
interchange. Importantly, the source meter connected to
graphene can act as an electron source or sink even without
applying a voltage, supplying electrons necessary for silver
electrodeposition. Hence, we propose that the electronic
current detected in graphene is solely due to silver deposition
rather than Coulomb drag! See Figure S3b for the optical
micrograph of the graphene device after measurements, with
profound silver-containing particles deposited on graphene.
Figure 3b illustrates this mechanism: AgCl dissolves in the KCl
solution, forming silver complexes AgCln 1

n[ ]+ . Under an
applied voltage between the Ag/AgCl electrodes, generating an
electronic current. If the deposition were perfectly even (which
is unlikely), the currents would cancel out, and no net current
would appear. In reality, the deposition is always uneven, so we
detect a current. The strength and direction of this current
depend on how much silver is deposited and where it starts.
Variations in current magnitude and sign arise from differences
in deposition extent and location on graphene, explaining the
observed inconsistencies across multiple devices (cf. 3a and
Figure S6 in the Supporting Information). Thus, the
generation of electronic current in graphene depends
exclusively on silver redox reactions, independent of direct
ionic interactions with graphene.

More generally, silver contamination also impacts other
experimental systems in nanoscience. Take graphene in
solution as an example. Ag/AgCl electrode is often used as a
liquid gate electrode for graphene transistors for sensing
purposes. For graphene sensors which operate based on the
doping of graphene, the unintended silver deposition may
serve as additional dopants, compromising their sensitivity and
detection accuracy. Fortunately, in these cases, the issue can be
avoided by replacing the Ag/AgCl electrode with less soluble
materials like platinum (Pt), or by applying only positive
potentials on the graphene. In practice, Ag/AgCl electrode
dissolution may still be considered negligible in systems such
as ionic transport through nanopores and nanochannels, where
the concentration of silver ions remains significantly lower than
that of the primary ionic species. However, in systems where
Ag/AgCl electrode pair is used to drive ionic current, such as
the “ionic Coulomb drag” experiment, it is challenging to fully
remove silver contamination. An alternative method for driving
the ionic flow may be required, for example, osmotic flow
driven by a concentration gradient. Another way is to measure
only the open-circuit voltage across graphene throughout the
experiment using a voltmeter with sufficiently high input
resistance, as this can effectively reduce the electrochemical
reactions.

In summary, we demonstrate that the dissolution of AgCl in
Cl−-rich aqueous systems can introduce serious contamination,
which, if overlooked, could lead to misinterpretation of
experimental results in such systems. Ag/AgCl electrodes,
despite their frequent usage in nanoscience, could cause
significant complications to the system. Care should be taken
when applying Ag/AgCl electrodes in ion-sensitive environ-
ments, especially with high Cl− concentrations. Ag/AgCl
electrodes should be isolated appropriately using low-leak or
leak-free junctions, even when used only as reference
electrodes.
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