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Kelvin probe force microscopy (KPFM) is a powerful technique for the determination of the contact
potential difference (CPD) between an atomic force microscope tip and a sample under ambient and
vacuum conditions. However, for many energy storage and conversion systems, including graphene-
based electrochemical capacitors, understanding electrochemical phenomena at the solid-liquid
interface is paramount. Despite the vast potential to provide fundamental insight for energy storage
materials at the nanoscale, KPFM has found limited applicability in liquid environments to date.
Here, using dual harmonic (DH)-KPFM, we demonstrate CPD imaging of graphene in liquid. We
find good agreement with measurements performed in air, highlighting the potential of DH-KPFM
to probe electrochemistry at the graphene-liquid interface. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870074]

Electrochemical phenomena at the solid—liquid interface
govern the operation of energy conversion and storage devi-
ces, including graphene-based electrochemical capacitors.'™
The optimization of such devices requires an understanding
of local electrostatics and electrochemistry on the length
scale of a single graphene layer, edge, defect, etc.* In ambi-
ent and vacuum environments, the electrochemical or con-
tact potential difference (CPD) between an atomic force
microscope (AFM) tip and a sample can be obtained using
Kelvin probe force microscopy (KPFM).®® However, there
are few tools with nanometer resolution capable of meas-
uring CPD in liquid environments. In KPFM operation, a
feedback loop is used to minimize the first harmonic of the
electrostatic force through the application of a DC bias,
which is proportional to the CPD between the AFM tip and
sample. In liquid, the application of DC bias will induce
electrochemical processes (e.g., diffuse charge dynamics,
electrolysis, Faradaic processes).”™" This has led to the de-
velopment of two approaches which aim to circumvent
unwanted electrochemical effects. The first approach is to
operate KPFM in non-polar liquids,'* where the absence of
mobile ions effectively suppresses electrochemical proc-
esses. The second is to utilize open loop KPFM modes,
which do not require bias feedback,B_17 obviating the
requirement for the application of a DC bias.

Previously, we compared open and closed loop opera-
tion of KPFM for the measurement of CPD of graphene in
air, highlighting the suitability of open loop approaches for
eliminating feedback-related offsets in CPD determination.'’
While surface potential values have been reported using
open loop KPFM methods implemented in liquid
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enviroments,'>'° the true quantitative nature of the approach

has yet to be fully realized. Here, to demonstrate the possi-
bility of quantitative open loop KPFM in liquid environ-
ments, we use dual harmonic (DH)-KPFMB’17 to measure
and compare CPD values recorded on a model system in
both air and milliQ water. To allow a meaningful compari-
son between air and liquid measurements, and to determine
the influence of the imaging environment on CPD measure-
ments, we study graphene, a material known to have stable
electrochemical behavior over a large bias range when
immersed in liquid."® It is widely accepted that electrochemi-
cal processes inhibit quantitative CPD measurements, limit-
ing the application of open loop KPFM to date to high
frequency and low molarity measurement conditions.'>'®
Here, using the theory of diffuse ion dynamics, we describe
why KPFM approaches,'>'>'® and voltage-modulated scan-
ning probe microscopy in general,'*! breakdown in liquids
containing mobile ions.

In KPFM, the electrostatic force, Fq=—1hC".
(Vtip—Vde)z, acting on an AFM probe due to the application
of a tip voltage, Vijp, = Vg + Vae sin(w?), is detected via the
first harmonic electrostatic force response of the probe,
F,= —C’Z(Vdc—\/cpd)Vac sin(wt), where V. is a DC bias, V.
is an AC voltage, and C'. and V,,q are the probe-sample
capacitance gradient and CPD, respectively.® The second
harmonic component of the electrostatic force, Fy, =1/
C’ ZVﬁccos(Zwt), is independent of CPD and Vg4. and has
proven useful in mapping dielectric properties of samples in
both air** and low molarity solutions.”> Whereas the CPD is
determined by the V4. which minimizes F, in KPFM, the
CPD is determined as Vpq = sgn(cos 0,,)(A ,/A20,)(Vac/4X gain)
in DH-KPFM, where A, and A,,, are the amplitude response
of the first and second harmonic electrostatic force, respec-
tively, Xouin = G/G2.,, Where G, and G, are the gains due

© 2014 AIP Publishing LLC
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to the cantilever transfer function at @ and 2w, respectively,
and 0,, is the phase of the first harmonic response.'*™'°
DH-KPFM measurements were performed in lift mode
using an AFM (Asylum Research, MFP-3D), a lock in ampli-
fier (Zurich Instruments, HF2LI), and as-received Pt/Ir-
coated (Nanosensors, PPP-EFM) AFM probes with a nomi-
nal mechanical resonance frequency and spring constant of
75 kHz and 2.8 N/m, respectively. To prepare the sample
investigated in this study, graphene was deposited by chemi-
cal vapor deposition on Cu foil (Alfa Aesar, #13382).2+%
DH-KPFM was first performed under ambient condi-
tions. For imaging in air, an electrical excitation frequency
of 12.5 kHz (well below half the mechanical resonance fre-
quency of the cantilever) with an amplitude of 2 V was used.
Figs. 1(a) and 1(b) show the first harmonic mixed
(A(cos0,,)) and second harmonic amplitude (A,,,) response,
respectively, recorded in air. The first harmonic mixed
response (Fig. 1(a)) contains information derived from both
the magnitude and sign of the charge on the surface with
respect to the tip, demonstrating a clear contrast in charge
density between Cu and graphene. The second harmonic am-
plitude (Fig. 1(b)) shows contrast consistent with changes in
the capacitance gradient (C'.) related to changes in the
probe-sample capacitor geometry. The striped features pres-
ent on the graphene (Fig. 1(b)) are topographical in nature
and are attributed to localized buckling between the gra-
phene and the Cu substrate, induced by thermal relaxation
stress during cooling following high temperature (1000 °C)
deposition.24 The CPD in air (Fig. 1(c)) was determined to
be 157 =9mV and —47 = 5mV, for the tip-graphene and
tip-Cu interactions, respectively, within the 5 X 5 ym regions
indicated in Fig. 1. The relative surface potential difference
between graphene and Cu in air is therefore 204 = 10 mV.
Subsequently, DH-KPFM was performed at the same
location in milliQ water (Millipore, Gradient A10, 18.2
MQ-cm) using an excitation frequency of 17.8 kHz with an
amplitude of 500mV. In general, the first harmonic
responses in air (Fig. 1(a)) and milliQ water (Fig. 1(d)) were
found to show similar contrast, while the second harmonic

(@)
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amplitude responses were noticeably different. In air
(Fig. 1(b)), changes in the second harmonic response are
attributed to changes in the topographical features. In con-
trast, the second harmonic response in milliQ water (Fig.
1(e)) shows a material-dependent response. There are a num-
ber of possible explanations for this, including changes in
the dielectric properties of the surfaces upon immersion in
liquid (i.e., oxide formation), or differences in polarizabil-
ity?® of the electric double layer at the graphene—liquid or
copper—liquid interface. For milliQ water, we determined the
CPD in the same 5 x 5 um locations to be 149 = 14 mV and
—185*£23mV for tip-graphene and tip-Cu, respectively.
The CPD for tip-graphene is therefore found to agree within
experimental error for measurements in both air and milliQ
water, as expected.'® The relative surface potential between
graphene and Cu, however, is 334 = 27 mV. Thus, the meas-
ured CPD for tip-Cu in liquid has shifted by ~138 mV from
the value recorded under ambient conditions. This result is in
agreement with recent studies showing that graphene acts as
effective inhibitor of air oxidation®” and a corrosion-inhibitor
coating for Cu, where the corrosion rate was inhibited 7-fold
in Na,SOy solution compared to bare Cu.'® Graphene has also
been shown to effectively inhibit corrosion of Cu foils in
physiological environments in vitro and in vivo.”® Although
we cannot completely rule out influences from the electric
double layer or mobile charge dynamics, given the low ion
concentration of milliQ water (~4 x 1077 M),” we expect
that the observed shift in CPD between air and liquid meas-
urements for Cu but not graphene can be explained by consid-
ering that graphene inhibits corrosion on Cu surface.'®*
These results highlight the potential of DH-KPFM for the
quantitative investigation of the graphene-liquid interface,
which may elucidate the role that synthesis processes,”' layer
number,32 and defects®® have on the electrochemical behavior
of graphene materials and devices.**>°

For the data shown in Fig. 1, the mechanical cantilever
resonance in air shifted from 62.7 kHz to 26.5kHz in milliQ
water due to an increase in the fluid density and enhanced vis-
cous damping. For this reason, we adjusted the electrical drive

FIG. 1. DH-KPFM images of single
layer graphene on Cu foil in (a-c) am-
bient and (d-f) milliQ water using a lift
height of 50nm (scale bar =5 um). (a
and d) First harmonic mixed response
images (vertical color scale 5 a.u.) and
(b and e) second harmonic amplitude
images (vertical color scale 1 a.u.; data
offset for clarity). (c and f) CPD (verti-
cal color scale 500 mV).



133103-3 Collins et al.

10

102

Response (a.u.)

10 100
Frequency (kHz)

FIG. 2. Thermal noise spectra recorded 50nm above the graphene surface
using the same cantilever as in Fig. 1 with an excitation voltage of 500 mV
applied at 17.75kHz, showing first and second harmonic (35.5kHz)
response located around the mechanical resonance peak (26.5kHz). A sim-
ple harmonic oscillator based fit to the thermal spectra without excitation
(blue line) is shown for reference.

frequency to be 2/3 of the mechanical resonance frequency
for the data shown in Figs. 1(d)-1(f), thereby positioning the
harmonics equidistant from and centered upon the mechanical
resonance frequency, as illustrated in Fig. 2. The measure-
ments shown in Fig. 1 were obtained under conditions where
the cantilever transfer function was changed markedly by its
environment. Therefore, it was imperative to accurately deter-
mine X, for quantitative measurements. We note also that
Xgain depends on tip-sample separation. Thus, X,,;, must be
determined at the DH-KPFM measurement distance (lift
height). The Xg,in in milliQ water was determined by fitting a
simple harmonic oscillator based model to the thermal noise
spectra collected 50nm above the graphene surface without
electrical excitation (blue line in Fig. 2). In air, the X,,;, was
determined during the acquisition of a force curve 50nm
above the surface by measuring the first harmonic response
with excitation at w and 2w consecutively to obtain G,, and
G>,,- Transfer function gains of 0.91 and 0.84 were measured
for air and liquid, respectively, and used in the determination
of the resultant CPD. Failure to take these Xg,i, values into
account would result in errors of 10% and 19% in the CPD
values for air and liquid, respectively. The transfer function
gains can also be determined using multifrequency techni-
ques, such as dual amplitude resonance tracking®’ or band ex-
citation.*® However, the influence of the operating frequency
on the measured response depends not only on the cantilever
transfer function; it will be further influenced by AC
voltage-induced electrochemistry.

Appl. Phys. Lett. 104, 133103 (2014)

DH-KPEM, like all other voltage modulated scanning
probe microscopy techniques, is expected to be influenced by
the presence of a polar liquid and/or mobile ions, as both the
tip- and cantilever-sample interactions will depend strongly
on the relaxation processes associated with the motion of the
ions and the formation of electric double layers. Thus, for
given conditions (e.g., ion concentration), DH-KPFM should
be implemented using an excitation frequency such that the
electrostatic force is the dominant response mechanism. This
may not always be the case, particularly in ion containing sol-
utions where the total force acting on the probe will also have
contributions from osmotic pressure (i.e., pressure arising
from an ion concentration gradient).39 For the electrostatic
response to dominate, the measurement must be performed on
a timescale much shorter than the time it takes for the electric
double layers between tip/cantilever-sample to form (i.e., the
Debye time), or for ions to diffuse from the bulk to the diffuse
electric double layers (i.e., under quasi-static conditions).
Following the work of Bazant et al.,** we have determined
that the presence of mobile ions, even in the case of milliQ
water, results in a broad distribution of relaxation
times (0.23—56ms) in DH-KPFM experiments (Table I).
Concentration-dependent time constants (Debye time, 7p, and
charge relaxation, 7¢) occur on a shorter timescale as molarity
increases, as shown in Table I. In contrast, the concentration-
independent time constant (bulk diffusion, 7;) is governed by
the length scales at which diffusion processes occur, and
remains unchanged as the molarity increases.

For milliQ water, the expected Debye screening length
(%) is on the order of ~ 480 nm.> This means that for data
shown in Figs. 1 and 2, the tip (separation, L =50nm) is
well within the expected 4 and therefore, overlapping
electric double layers will have formed. In this case, the
tip-sample dynamics is controlled by the Debye time, as
tip-sample bulk diffusion processes do not occur.
Regarding the data in Fig. 1, it is expected that for an exci-
tation frequency of 17.8 kHz (0.056 ms/cycle), the measure-
ment has been made at timescales shorter than the Debye
time and those required for electric double layer charge
relaxation and bulk diffusion processes between cantilever-
sample electric double layers, resulting in these processes
being probed under quasi-static conditions. Also, since our
measurement time is faster than the Debye time, milliQ
water is expected to behave like a nearly lossless dielectric,
as mobile ions do not screen the biased tip. We expect
imaging to become unstable in milliQ water when the

TABLE I. Time constants in a DH-KPFM experiment in milliQ water and 100 mM 1:1 electrolyte. The formation of electric double layers is limited by the
time it takes an ion to diffuse across the Debye screening length, 2, and is governed by the Debye time, 75,.** The time constant of ion diffusion from the bulk
to the electrodes is 7,.*° The charging time of the system can be considered as the charging of two electric double layer capacitances in series with a charge
relaxation time of 7¢.** The time constants shown are calculated for milliQ water and 100mM 1:1 electrolyte for the tip-sample (L =50nm) and cantilever-
sample (L = 15 um) capacitors. The ion diffusivity is set to D = 1 x 10”2 m%/s. In milliQ water for L = 50 nm, bulk diffusion is not well-defined due to the over-

lapping of electric double layers.

Tip-sample Cantilever-sample
Description Symbol Equation milliQ 100 mM milliQ 100 mM
Debye time 95} T = ZZ/D 0.23 ms 0.92ns 0.23ms 0.92ns
Bulk diffusion 73 1, = (L/2)*/D — 0.63 us 56 ms 56 ms
Charge relaxation Tc 1c = AML/2)/D — 24ns 3.6ms 7.2 us
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capacitive impedance becomes larger than the solution re-
sistance (i.e., when f <~ 1/7p). At these frequencies, dis-
placement currents at the electrode surface can be smaller
than transient currents due to mobile ions in the electrolyte.
The results suggest that the agreement observed in CPD
measured in air and liquid for graphene stems from both the
chemical stability of graphene in milliQ water and opera-
tion under quasi-static measurement conditions. For many
biological or energy applications, however, operation in
high ion concentrations (>100 mM) would be preferred. As
the ion concentration increases, electric double layer charge
relaxation and Debye times become much faster. For exam-
ple, in a 100 mM electrolyte, the time taken for an ion to
migrate within an applied field (Debye time) is 0.92ns
(Table I). This means that in order to achieve quasi-static
equilibrium, an excitation frequency of >~ 1.1 GHz would
be required, which is well above the operational frequency
of current AFM technology (~MHz). Under such condi-
tions (i.e., in the presence of bias-induced electrochemical
phenomena), the dielectric is no longer lossless and the
concept of a static CPD becomes invalid, explaining why
existing approaches to KPFM breakdown in high molarity
(>10mM) solutions.'*'>'® Thus, the influence of mobile
ions (e.g., charge screening, bulk diffusion, ion crowding)
and electrochemical processes on the forces experienced by
the probe should to be taken into consideration, necessitat-
ing the development of techniques capable of probing the
high-frequency bias- and time-dependence of the response.
In this work, we have demonstrated that DH-KPFM can
be used to understand local electrostatic and electrochemical
phenomena at the solid-liquid interface, which is crucial to
areas ranging from corrosion®**>*! and sensing***’ to biol-
ogy and biochemistry.***> The results highlight the applic-
ability of DH-KPFM for the investigation of electrochemical
processes at the graphene— and other solid-liquid interfaces
and potentially near step edges, defects, etc. For operation in
high ion concentrations, technical developments are required
to circumvent the current instrumental limitations of DH-
KPFM imaging.
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