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ABSTRACT
Atomic force microscopy (AFM) that can be simultaneously performed with scanning tunneling microscopy (STM) using metallic tips
attached to self-sensing quartz cantilevers (qPlus sensors) has advanced the field of surface science by allowing for unprecedented spatial
resolution under ultrahigh vacuum conditions. Performing simultaneous AFM and STM with atomic resolution in an electrochemical cell
offers new possibilities to locally image both the vertical layering of the interfacial water and the lateral structure of the electrochemical inter-
faces. Here, a combined AFM/STM instrument realized with a qPlus sensor and a home-built potentiostat for electrochemical applications
is presented. We demonstrate its potential by simultaneously imaging graphite with atomic resolution in acidic electrolytes. Additionally, we
show its capability to precisely measure the interfacial solvent layering along the surface normal as a function of the applied potential.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0168329

I. INTRODUCTION

In electrochemistry there is a highly complex interplay between
the reactants, solvent molecules, and the electrode surface. There-
fore, it is necessary to systematically unravel these effects by employ-
ing fundamental model studies. The electrochemical interface is not
only governed by the nature of the electrode material but also by the
electrochemical double layer structure, which includes the distinct
structure of the electrolyte solution.1 Spatially-resolved imaging at
the atomic scale of these structures is therefore at the core of
both fundamental electrochemistry research and future application.
While the development of in situ characterization tools, such as
spectroscopy2–8 and scanning probe microscopy approaches,9–13 in
combination with theoretical simulations14–17 has strongly advanced
our knowledge of the interfacial structure, e.g., by revealing struc-
tural properties of the electrode surface and ion adsorbate layers,
the precise characterization of the local interfacial solvent struc-
ture as well as the water and ion densities remains extremely
challenging and largely inaccessible. In contrast to in situ applica-
tions mostly used to determine the electrode structure and mor-
phology in an electrochemical environment, AFM-based methods
have been employed to image the interface and in particular the
hydration structures, i.e., the layered arrangement of the inter-
facial water molecules formed at crystalline mineral surfaces, see

e.g., Refs. 18–23. Visualizing the interfacial organization and the
preferential alignment of water molecules and ions as well as the
surface structure at the electrochemical double layer under variable
potential control using combined AFM/STM is a new experimen-
tal approach to directly image the entire electrified solid/liquid
interface in a single measurement. Microscopes that allow for both
atomically-resolved atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) and seamless transitions in between,
have become easily realizable by using self-sensing quartz cantilevers
(qPlus sensors).24 Simultaneous AFM/STM experiments using the
qPlus sensor have strongly advanced high precision measurements
of surfaces under ultrahigh vacuum conditions,25,26 even reaching
unprecedented subatomic spatial resolution.24,27,28

The use of frequency-modulation AFM (FM-AFM) per-
formed with stiff qPlus sensors has led to significant advances
in measuring and interpreting high-resolution AFM images as
well as force-distance curves in both ambient22,24,29,30 and liquid
environments.31,32 It was further demonstrated that it is possible
to image soft biological samples in liquid using a qPlus setup and
atomic resolution on mica was achieved in a variety of liquids.30 The
stiffness of the sensors allows the use of very small amplitudes in
frequency-modulation detection mode, which consequently means
a high sensitivity to short-range forces is obtained,24 and that images
can be acquired with no or little downward force, thus prevent-
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ing unwanted destruction or deformation of the soft double-layer
structures. Exploitation of the advantages of the qPlus sensor and its
application to the field of electrochemistry enables the direct obser-
vation of the complex interfacial organization of solvent molecules at
electrochemical solid/liquid interfaces and the corresponding lateral
structure of the electrode under electrochemical conditions.

In this work, we present an electrochemical AFM/STM system
based on a qPlus sensor with a home-built potentiostat design that
makes use of an external electronic control unit. This electronic con-
trol unit acts as a power supply, analog output, analog-to-digital con-
verter, and function generator. For these external components, we
utilize the NanonisTM (SPECS Zurich GmBH, Switzerland) micro-
scope control system. We include a detailed description of the
experimental setup and discuss the requirements to perform simul-
taneous in situ EC-AFM/STM measurements with potential control
in an operating electrochemical cell. We present atomically resolved
simultaneous AFM and STM images of the electrode surface. Finally,
we show potential-dependent 2D frequency shift vs distance maps to
reveal the vertical and lateral interfacial solvent structure at a HOPG
interface in aqueous sulfuric acid (H2SO4) over a wide potential
range.

II. A QPLUS SENSOR SETUP FOR ELECTROCHEMICAL
MEASUREMENTS

To realize an electrochemical qPlus sensor-based setup, which
allows simultaneously AFM and STM measurements, a home-built
scanning probe microscope,30 was adapted with a home-built poten-
tiostat to allow for variable potential control (see Sec. III). As
illustrated in Fig. 1(a), our EC-AFM/STM setup consists of several
components, namely a qPlus sensor, a long and sharp tip and a
three-electrode electrochemical cell connected to a potentiostat.

A. Electrochemical cell
The three-electrode electrochemical cell [Figs. 1(a) and 1(b)]

is based on a typical in situ SPM cell and is made of Teflon. The
top part has small drill holes in it to fix both the counter elec-
trode (CE) and a quasi-reference electrode (RE), here e.g., Pt/Ir
wires. These electrodes are connected to the potentiostat as shown
in Fig. 2(a). The potential of the quasi-RE was determined to be
−0.8 V vs the standard hydrogen electrode (SHE) using the voltam-
metric response of a Au(111) single crystal in 0.1M H2SO4, which is
in excellent agreement with the potential of a Pt wire as determined
in literature.33

B. qPlus sensors and tip materials
For the electrochemical setup to simultaneously measure AFM

and STM in situ, a qPlus sensor of the third generation (Type S0.6)24

with a high stiffness factor k = 9400 N/m was used, which leads to
a resonance frequency of around 30 kHz with the attached tip. The
sensor has three gold electrodes for the AFM and STM signals [see
Fig. 1(a)]. The upper/lower and side electrodes serve for the differen-
tial detection of the deflection of the beam and are connected to the
AFM preamplifier.30 The center electrode is employed to bias the tip
for STM operation and is conductively connected to a metallic tip.
The application of a bias voltage as well as the measurement of the
tunneling current is achieved by a combination of a transimpedance

amplifier and a difference amplifier.30 As mentioned, the bias is
applied to the tip and thus the sample is grounded. In the electro-
chemical setup, however, the electrochemical electrode potential of
the sample can be varied with respect to a reference electrode (RE).
Therefore, the bias voltage is the difference of the potential applied
to the tip and to the sample:

Ubias = Etip − Esample (1)

Usually in an EC-SPM setup, the bias voltage is applied to the sam-
ple, which then requires the use of a so-called bipotentiostat, where
the tip potential can be varied independently of the working elec-
trode potential both with respect to the RE and the bias is given
analogously by Eq. (1).11

A relatively long tip, which can consist of a variety of differ-
ent tip materials, was glued onto the prong of the qPlus sensor.
While these long tips decrease both the quality factor and free res-
onance frequency of our qPlus sensors,34 they are found to not
strongly affect the normal force measurements.35 We recently con-
sidered both theoretically and experimentally the lateral motion
of our long tips and concluded that the lateral motion can be
neglected.34 Note that the length of the tip (here ∼3 mm, see also
Fig. S1) is dependent on the thickness of the top part of the elec-
trochemical cell, where it must be assured that the qPlus sensor
with its open gold electrodes24 does not contact the electrolyte solu-
tion. For simultaneous AFM/STM measurements the tip needs to
be metallic to be able to measure the tunneling current. Therefore,
in this study, electrochemically etched platinum-iridium (Pt/Ir) tips,
which are subsequently coated with Apiezon wax [Figs. S1(a) and
S1(b)], are employed, analogous to tips commonly-used for EC-STM
measurements.11 To confirm the general quality of the coating, an
exemplary z-spectroscopy measurement (tunneling current vs rel-
ative z-distance) is shown in Fig. S2, where a low leakage current
of <30 pA was obtained for a coated Pt/Ir tip at Etip = 0.35 VSHE.
While the tunneling current shows the expected short-range expo-
nential decay decreasing to the leakage current at a relative z value
of 0.5 nm, the simultaneously recorded ∆f spectrum has a much dif-
ferent distance dependence, showing a clear signal at distances over
1 nm. This difference unambiguously shows that this EC microscope
setup can measure two independent channels (tunneling current as
well as frequency shift). The qPlus sensor is highly flexible and can
be mounted with a variety of different tip materials. Since it has
been previously shown that silicon (Si) cantilevers are well suited for
the imaging of hydration structures,18 the qPlus sensors used in this
study were additionally equipped with a Si splinter that was extended
with a tungsten wire to reach the necessary length of around 3 mm
[see Fig. S1(c)] for only AFM measurements. Exemplary frequency
sweep curves for the same sensor in air and with the tip immersed in
solution are shown in Fig. 1(c) (amplitude vs frequency shift) and d
(phase vs frequency shift). Immersion of the tip leads to a decrease
in both resonance frequency (a few 100 Hz) and the Q value (from
around 3600 to 230).

C. Home-built potentiostat design
A potentiostat is essential for any EC-SPM setup. It allows the

interfacial potential of the working electrode, i.e., the sample that is
to be investigated, to be accurately controlled in a three-electrode
electrochemical cell. Here a simple electric circuit [adapted from
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FIG. 1. Schematic illustration (a) and photograph (b) of the electrochemical qPlus sensor-based AFM/STM setup with its three-electrode configuration electrochemical cell.
Frequency sweep curves for the same sensor in air and while the tip is immersed in solution. (c) Amplitude and (d) phase vs frequency shift.

Ref. 36, see Fig. 2(a)] is presented based on three operational ampli-
fiers (op-amp, LF356, Texas Instruments, Inc. USA), which enables
potentiostatic control as well as the measurement of electrochem-
ical currents at the sample electrode. To control the potential of
the working electrode, a voltage (Vin) is applied to the CE, which
provides enough current to compensate for any redox reactions
occurring at the WE. The applied potential is regulated by a feedback
loop from the RE.

The DC power supply of the Nanonis control unit of our micro-
scope (±15 V) is used to power all three LF356 with a DC voltage.
Although the LF356 operational amplifiers can have a maximum
power supply voltage of ±18 V, we included a voltage regulator (Fig.
S3) from ±15 to ±5 V, which additionally acts as a low pass filter to
reduce the noise of the power supply voltage. Note that the voltage
reduction is not necessary for the combination of the Nanonis sup-
ply and these op-amps, and it will reduce the output voltage of the
current follower, i.e., the current range (see below). The control sig-
nal is applied through two summing resistors (R1 = 15 kΩ) to the
first op-amp with its output connected to the CE, which then pro-
vides current to compensate for the voltage drop across Rc (iRC), the
compensated cell resistance. The RE is configured in a negative feed-
back loop, where a unity gain buffer, our second op-amp, prevents
current flow through the RE.36 As illustrated in Fig. 2(a), the elec-
trochemical cell in a three-electrode configuration can be modelled
by two resistors in series,36 which represent a compensated and an
uncompensated cell resistance between CE and RE (Rc) and between
RE and WE (Ru), respectively. While Rc can be compensated by the
input control signal, Ru can only be minimized by positioning the
RE close to the WE. To be able to measure Faradaic currents that

can occur due to electrochemical redox reactions at the WE, a third
op-amp, here a transimpedance amplifier with a feedback resistor
R2 = 20 kΩ, is used. The third op-amp converts the current to a
potential Vout with a 5 V voltage supply, a maximum current of
250 μA can be measured. While the analog circuitry is rather sim-
ple, the potentiostat requires the Nanonis control unit to control the
potentials as well as to record the input and output signals. This fur-
thermore allows us to use the sweep function of the Nanonis setup
to modulate the control signal as a function of time and perform
cyclic voltammetry measurements without the need of an additional
function generator. Calibration measurements and the correspond-
ing U-I characteristics of various resistors and a RC-circuit (with
R = 1 kΩ and C = 1 mF) are shown in Fig. 2(b). The potentiostat
was additionally tested on a well-defined model system, gold (Au)
in 0.1M H2SO4, where the characteristic oxidation and reduction
peaks, shown in Fig. 2(c), were used to determine the potential of
the Pt/Ir pseudo-reference electrode (ESHE = EPt/Ir + 0.8 V).

III. EXPERIMENTAL DETAILS
Prior to all measurements, the Teflon cell including the elec-

trode wires was cleaned in freshly prepared piranha acid (3:1,
H2SO4:H2O2) and boiled in ultrapure water (Thermofisher purifi-
cation system, >18 MΩ cm) to remove (organic) contaminants. The
qPlus sensor (Type S0.6) was assembled on an aluminum oxide
substrate and the respective STM and AFM electrodes were con-
nected using conductive epoxy (EPO-TEK H20E) and, if necessary,
a thin Au wire. Two types of tips were used: A conducting Pt/Ir wire
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FIG. 2. Electric circuit of the home-built potentiostat design. (a) Electrochemical (EC) cell and the corresponding potentiostatic control circuit utilizing the NanonisTM control-
unit of our microscope. RE stands for reference electrode, CE for counter electrode and WE for working electrode. The inset shows the assembled potentiostat board. (b) U-I
characteristics of different resistors and a RC circuit (R = 1 kΩ, C = 1 mF). (c) Cyclic voltammogram of a Au(111) single crystal in 0.1M H2SO4 measured in the in situ cell
using the home-built potentiostat.

for simultaneous AFM/STM imaging (Fig. 3) and a W wire with a
Si splinter for AFM and the 2D frequency shift vs distance maps
(Fig. 4). The latter allows us to be comparable to previous AFM
studies on water structures near surfaces, e.g., Refs. 18–21 and 37,
where commonly soft Si cantilevers are used. The metal wire dia-
meter in both cases was 50 μm and was attached to the beam of the
qPlus sensor. The Pt/Ir tip was electrochemically etched in an aque-
ous 2M KOH/4M KSCN (Merck, EMSURE) solution on the qPlus
sensor utilizing a tantalum (Ta) ring electrode as the counter elec-
trode. Between the Pt/Ir wire and the Ta electrode an AC voltage
of 10 V (peak-to-peak) with a frequency of 1 kHz and a DC off-
set of 2 V was applied, similar to the procedure described in Refs.
11 and 38. The tip was degreased in an acetone/water mixture and
thoroughly rinsed in ultrapure water prior to subsequent coating
with Apiezon wax. Representative micrographs of the tips are shown
in Fig. S1. The 0.1M H2SO4 electrolyte solution used for all mea-
surements presented in this work was prepared from H2SO4 (96%,
Merck, Suprapur) and ultrapure water.

The 2D frequency shift vs distance maps are measured as fol-
lows: First, the oscillation amplitude is set to a small value of around
50–90 pm, which results in a peak-to-peak amplitude smaller than
the diameter of the solvent molecules. The distance of the tip apex to
the surface is regulated by a set ∆f value. Then the AFM tip is ver-
tically retracted and approached a set value (nominally 5 nm) from
and to the surface [relative z direction (zrel)] with an open feedback
loop. The ∆f feedback is enabled after every approach, and the tip is
laterally moved to the next preset x-offset value adjusting to the ∆f
value. This allows us to measure 1D frequency shift spectra over a

line scan (here 4.3 nm) with a defined step size (here 0.14 nm), which
results in 30 single spectra for each line scan. The frequency shift vs
distance spectra for the different potentials were recorded sequen-
tially: The potential was set to a value in the middle of the double
layer region (i.e., around 0.8 VSHE) prior to subsequent potential
steps to more negative and positive values (∆E = 200 mV). To ensure
steady state conditions, we waited ∼5 min before measuring at each
potential. For the potential-dependent analysis of the layer distance,
6 datasets, i.e., line scans at different positions on the sample at the
same potential, measured with two different Si tips were evaluated.
To minimize noise and allow for a more accurate evaluation, the
average curve from the line scan was used for the determination
of the layer distances. After excluding non-meaningful single spec-
tra that showed no oscillations, each data point includes 130 to 180
single spectra.

IV. RESULTS AND DISCUSSION
A. Simultaneous AFM/STM measurements

Atomically resolved simultaneous AFM and STM measure-
ments were performed on a HOPG electrode in 0.1M H2SO4 solu-
tion at E = 0.85 VSHE. Figure 3 shows both large area AFM and
STM images of the HOPG surfaces as well as high-resolution images
of the channels of interest, i.e., the topographic (z), the frequency
shift (∆f ) and the tunneling current channel. The overview images
[Figs. 3(a)–3(c)] taken in AFM feedback with an applied bias of
−500 mV show large terraces of the HOPG surfaces separated by
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FIG. 3. Simultaneous electrochemical AFM/STM images of a freshly cleaved HOPG surface in 0.1M H2SO4 at a potential E = 0.85 VSHE. Large scan area images [(1× 1) μm2]
showing the morphology of the electrode surface in the (a) topographic (z), (b) ∆f and (c) current channel. Etip = 0.35 VSHE, Bias = −500 mV, Amplitude = 250 pm. (d)–(f)
Atomically resolved images [(2.5 × 2.5) nm2] taken in quasi-constant height mode with an amplitude of 50 pm. (g)–(h) Evaluated signal contrast of the α and β atom with
respect to the hollow site [n = 9, measured at all three α (β) sites of different hexagons] to show the difference in contrast in a quantitative way and reconstructed images by
inverse 2D fast Fourier transformation (Fig. S5) of the frequency shift and tunneling current images. The α and β atom are colored according to their signal ratio.

a step. Additional images taken in STM feedback, while simultane-
ously recording the ∆f channel, are shown in Fig. S4. The contrast
of the morphology of the surface is clearly visible in all channels.

Atomic resolution is shown in Figs. 3(d)–3(f). These images
were taken in quasi-constant height mode, which means that the ∆f
feedback is reduced so that the tip roughly follows the surface topog-
raphy. While ideally one would perform constant-height imaging,
where the z-control is turned off, this is often challenging at room
temperature due to thermal drift. Thus, low contrast can be observed
in the topographic image. Atomic contrast can be seen in the fre-
quency shift and current channels, where distinct differences are
observed. While in the ∆f image the honeycomb lattice [Fig. 3(g)]
of the graphite surface is visible, in the current image a triangular
structure is observed [Fig. 3(h)]. In the STM image, only every sec-
ond atom, the β atom, of the hexagonal lattice is visible due to the
different electronic structure of the neighboring carbon atoms.39,40

Similar to previous measurements under UHV conditions in a low-
temperature microscope,41 we show that AFM can resolve both the
α and β atom of the graphite structure as a result of the total charge
interaction with the tip under electrochemical conditions. To quan-
tify the observed difference in contrast, the signal ratio between the
α and β atom with respect to the hollow site is given in Figs. 3(g) and
3(h). First the signal intensity over the α and β sites is determined,
which is the difference between the signal at the α (or β) site and the
minimal value of the signal (occurring at the center of the hexagons).
Then the signal ratio α: β is determined, which is the ratio between
the signal intensity of the α site and the signal intensity of β site.
While the α atom appears at a similar intensity as the β atom in the
∆f image (α: β = 0.81 ± 0.11), it appears at a lower intensity in the
current image (α: β = 0.31± 0.09). This shows that there is a clear dif-
ference in contrast in the AFM and STM channel, in good agreement
with previous literature.41

B. Potential-dependent interfacial water organization

AFM based methods, in contrast to STM, are not only able
to resolve the lateral structure of an electrode surface, but can
also access the structure of solvent molecules, i.e., water and
ion densities, along the surface normal.18,42 Previous work by
Utsunomiya et al. reported potential-dependent solvent structures
at the HOPG/aqueous electrolyte, where the oscillatory modulations
in single 1D force spectra were correlated to a layered distribu-
tion of interfacial water (i.e., hydration layers).37 Interestingly, they
observed an oscillation wavelength slightly decreasing from 0.4
to 0.3 nm with increasing potential. The layer-to-layer distance
agrees with the expected thickness of a single water layer as well
as with measurements in pure water without external potential
control.43,44 Additionally to anion-dependent hydration properties
of the graphite electrode with an apparent stabilizing effect of sulfate
(SO4

2−) compared to perchlorate (ClO4
−) ions, the authors found

an increased modulation length of structured liquid for anodic
(positive) potentials.37

We performed repeated frequency shift vs distance measure-
ments with a lateral offset (x-offset) between each measurement
to resolve the interfacial molecular organization of the liquid at
the electrochemical interface (see Fig. 4). Figure 4 shows 2D plots
and the corresponding average frequency shift vs distance curves
over a wide range of applied potentials at the HOPG/H2SO4 inter-
face. These 2D measurements allow us to gather information about
both the vertical and lateral arrangement of the previously reported
potential dependent hydration structures. Indeed, we observe clear
frequency shift oscillations [represented by the bright bands in
the 2D plots (a)–(c)], where the number, strength, and the wave-
length of the oscillations, which we denote as the “layer distance”,
are dependent on the applied potential. The reversibility of these
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FIG. 4. (a)–(c) 2D frequency shift vs distance maps and corresponding average curves for the shown line scan at different potentials along the surface normal of a HOPG
surface in a 0.1M H2SO4 electrolyte. (d) Cyclic voltammogram of HOPG in 0.1M H2SO4 and (e) the corresponding, average layer distances as a function of the measured
potential. The error bars correspond to the standard error of the average for 6 data sets taken with two different tips.

potential-dependent changes in solvent structure is illustrated by
comparing average frequency shift vs distance curves at 1.8 VSHE
before and after measuring at the lowest applied potential of 0.4 VSHE
(see Fig. S6). Identical features and the same layer distances are
observed, demonstrating reversible changes in the solution struc-
ture upon a change in potential.37 Similar to previous reports at the
HOPG/water interface with no externally applied potential,43,44 the
2D plots show no lateral structure independent of the applied poten-
tial and only vertical layering is observed. Figure 4(d) displays the
CV of HOPG in 0.1M H2SO4 taken in the in situ SPM electrochem-
ical cell. The corresponding average values for the layer distances at
each measured potential are shown in Fig. 4(e). The ∆f modulation
shows a small decrease in layer distance from ∼0.4 nm (E = 0.4 to
1.2 VSHE) to 0.3 nm (E = 1.5–1.8 VSHE), which has been previously
observed in literature.37 The vertical layer distance of 0.3–0.4 nm is
in good agreement with the expected thickness of a water layer, sug-
gesting that the overall electrolyte structure is dominated by water
over the whole applied potential range. In addition to the small
decrease in layer distance, the number of observed layers increases
at high anodic potentials. We attribute both to a more compact
and pronounced structuring of water due to the increased interfacial
charge and/or a stabilizing effect of the (adsorbed) sulfate ions.37 To
unravel the precise role of electrode material, applied potential and
ions on the interfacial solvent structure, further systematic studies
are needed.

V. CONCLUSION

In this work, we have presented an electrochemical qPlus
sensor-based SPM setup with a home-built potentiostat including
a detailed description of the experimental requirements and details.
Atomic resolution of graphite was obtained in both AFM and STM
channels in an electrolyte solution with an externally applied poten-
tial, demonstrating that simultaneous measurements are possible in
an ambient, electrochemical qPlus-based SPM setup using compara-
bly long tips. The observed difference in contrast between the AFM
and STM images of a HOPG surface demonstrates the capability to
measure conductance at the Fermi level (STM) as well as the total
charge density (AFM) in an electrolyte solution. This means that this
setup has the potential to resolve electrode surface processes that are
accompanied by a change in charge density, i.e., adsorption, interca-
lation, or oxidation processes, and their atomic contrasts in greater
detail.

FM-AFM and 2D frequency shift vs distance maps were used
to measure the vertical and lateral molecular solvent structure. The
structure exhibits only a vertical layer arrangement with a modula-
tion of 0.3–0.4 nm, which suggests that the overall solvent structure
is dominated by water layers. These results are congruent with
the previous literature,37 demonstrating the accuracy, reproducibil-
ity and sensitivity of the EC-AFM setup based on very stiff qPlus
sensors for evaluating molecular-scale structures at the solid-liquid
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interface. Our results show the versatility of a qPlus sensor-based
combined EC-AFM/STM setup and how new imaging approaches
can help to gain a fundamental understanding of electrochemical
interfaces with spatial resolution including the atomic/molecular
structures of both the electrode and the electrolyte.

SUPPLEMENTARY MATERIAL

Please see supplementary material for detailed photo- and
micrographs of the qPlus 0.6 sensor and the attached tips; simul-
taneous z-spectroscopy measurements; the electric circuit of the
voltage regulator down to ±5 V to supply the op-amps of the poten-
tiostat; additional topographic images in STM feedback; 2D Fast
Fourier transformation of the images shown in Figs. 3(e) and (f);
additional frequency vs distance curves to show reversibility of the
potential-dependent changes.
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