Atomic resolution imaging of electrode surfaces in solutions containing
reversible redox species
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Procedures are described for insulating metal scanning tunneling microscope (STM) tips with
either glass or polymer coatings. In solutions containing §.10 M of a reversible redox couple,
Fe(CN)] " -, the faradaic limiting current to polymer coated tips was 200-500 pA and that
for giass coated tips was < 10 pA. For polymer insuiated tips, steady-state carrents of 10-10G

pA were observed at tip-sample displacements less than 0.3 gm. The suppression of faradaic
current achieved by these coating procedures enabled the collection of the first atomntic
resclution STM images of highly ordered pyrolytic graphite electrodes in contact with redox-
active clectrolytes. Preliminary data for the in sity electrochemical characterization of these

tips are also discussed.

Although scanning tunneling microscopy (STM) has
demonstrated considerable promise for the in siru character-
ization of electrode surfaces, a serious problem is contrel of
the tip/sample tunneling current in the presence of substan-
tial faradaic currents. To date, all STM images of the elec-
trode/electrolyte interface have been obtained either in elec-
trolytes which did not contain redox active reagents’ or at
tip/sample biases that precluded faradaic tip/sample cur-
rents in the particular solution of interest.” Even in these
sclutions, the presence of residual faradaic impurities severe-
ty limited the available tip/sample bias voltage."* Alterna-
tive schemes based on three or four electrode systems have
been proposed to overcome this problem™; however, in all
such schemes, the tip/sample bias necessary for producing a
tunneling current will inevitably result in a faradaic tip/sam-
ple current when electrochemically active species are pres-
ent. A more general method of avoiding this problem is to
attempt to insulate the body of the tip from faradaic current
fiow, while maintaining facile tunneling probability at the
end of the tip.* In this letter, we present two insuiated tip
fabrication procedures that have yielded STM tips which
suppress faradaic current even in the presence of high con-
centrations (=~0.1 M) of redox-active reagents. We also
demonstrate that it is possible tc use these tips to obtain
atomic resolution STM images of electrode surfaces over a
wide range of tip/sample biases in these highly conducting
electrolytes.

To obtzain suitable tips, etched Pt-Ir wires” were coated
with a thin layer of glass by transiation through a molten
glass bead.® Manipulation of the tip translation speed (0.5-1
mm/min) and the giass temperature ( =~ 1400 °C) provided
control over the thickness and guality of the insulating glass
coating. Similarly, etched tungsten wires were coated by
translation (2-5 mm/s) through a film of a2 35 wt/vol %
solution of poly(a-methylstyrene)’ dissolved in CH,CL,.

“ Authors to whom correspence should be addressed.
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The polymer coated the surface of the wire as the sclution
evaporated in air. In a subsequent step, a field-emission pro-
cess {vide infray was employed to expose an exiremely small
amount of metal at the apex of the tip.

For tips coated by ecither method, the exposed metal
area, estimated by measuring the steady-state diffusion-lim-
ited faradaic current® to the tip in agueous 4 mM
Fe(CN)?~, 1 M KCl solutions, was less than 100 A? (limit-
ing current < 1 pA). In contrast, the exposed metal areas of
partially glass-coated Pt-Ir STM tips obtained {rom a com-
mercial manufacturer® were typically 10°-10"" A%, and the
resulting large faradaic currents precluded STM imaging in
the redox-active electrolytes of interest.

The tip insulation process described above thus success-
fully suppressed faradaic current processes. However, as
fabricated, these tips were unsuitable for use in STM imag-
ing. Typically, a controllable tunneling gap could not be
formed when conducting substrates were approached in air
with normal biases of 200-500 mV. Occasionally, feedback
control of the tunneling current setpoint could be main-
tained after approaching. In these instances, tip/sample con-
tact was evident in the distorted current traces that were
obtained when the x-py scans were activated. Tips processed
in this manner apparently maintained enough insulating ma-
terial at the apex to interfere with feedback control of the
tunneling gap. In order to circumvent this probiem, the insu-
lated tips were placed in a STM that was specifically con-
structed for electrochemical studies’” and a feid-emission
process was performed in an air ambient. The insulated tip
was maintained at a large positive bias ( -+ 15 V} as it was
moved with a stepper motor towards a highly ordered pyro-
Iytic graphite (HOPG) sample. An electronically sensed
tunneling current (I nA)} automatically terminated the
pulse train to the stepper motor and fully retracted (=~0.75
pm) the piezo tube scanner along its z axis. The potential on
the tip was then reduced to a value typically used for imaging
(=~ 300 mV}, the electrolytic solution of choice was intro-
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FIG. 1. 8TM images of highly ordered pyrolytic graphite. (a) Image ob-
tained in air with a bare tungsten tip: bias = + 200 mV, tunneling current
— 0.5 nA. (b) Image obtained in a solution containing ¢.1 M Fe(CN){ ,
0.1 M Fe(CN){ , 1.0 M KCI using a polymer coated tungsten tip: bias
= + 200 mV, tunneling current = 1.0 nA.

duced into the STM, and the tunneling tip was brought
smoothly into tunneling range as the voltage on the piezo
was reduced. Tips prepared with this process exhibited an
exponential dependence of tunneling current on tip/sample
displacement. Moreover, the field-emission operation al-
lowed tunneling to be established without damaging the tip
coating. These tips suppressed faradaic currents, even in
highly conductive electrolytes, to values of less than 0.5 nA.

Using this procedure, STM images (employing conven-
tional fast scan feedback methods) were readily obtained in
a variety of electrolyte solutions. Figure 1 displays images of
HOPG in air and in an aquecus solution containing 0.1 M
Fe(CN).—,0.1 M Fe(CN): ™, 1.0 M KCl. Carbon atoms,
separated by ~2.5 A, are clearly evident in both of these
images. It is interesting to note that, except for the difference
in scale, the two images are virtually identical despite the
fact that the image in Fig. 1(a) was obtained in air and the
imagein Fig. 1(b) was obtained at a surface in contact witha
redox-active electrolyte. Furthermore, the HOPG surface of
Fig. 1(b) is evidently free of adsorbates that can be detected
by the STM imaging procedure. This observation is in ac-
cord with the expected chemical inertness of the basal plane
surfaces of graphite.

STM images stmilar to those shown in Fig. 1(b) were
obtained over a range of tip/sample biases in a variety of
electrolytes. To date, we have successfully imaged HOPG at
tip/sample biases of + 1.5 V in pure H,O and ir aqueous 1
M NaCl, and at biases of 4 0.8 V in aqueous sofutions of 0.1
M Fe(CN)? ", 0.1 M Fe(CN)?~, 1.0 M KCL These data
represent the first atomic resolution images of an electrode
surface in contact with liguids containing both forms of a
reversible redox couple.

Itis of interest to determine the relationship between the
observed current and the tip/sample separation for glass and
polymer insulated tips. Current versus tip/sample separa-
tion (s — 5,) data were obtained by translating the tip to-
ward the sample at a rate of 10 A/s (Fig. 2). The approach
was automaticaily halted by the feedback circuit as the tip
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was brought into tunneling range. Currents for polymer/W
tips and a HOPG sample in aqueous 5 mM Fe(CN); -,
50 mM K.Cl were less than the noise in the current measure-
ment {(i.e., < 10 pA) for tip/sample separaticns larger than
=50 A {curve 4). In solutions containing larger concentra-
tions of the redox active ions {0.1 M Fe(CN)}; *~, 1 M
KC1] the maximum faradaic currents at polymer/W tips
were 200-500 pA (curve B). Qualitatively similar behavior
was observed for polymer/W tips with a Pt sample’' (curve
C). The limiting currents of 200-500 pA observed for tips of
this type correspond to exposed metal areas of =~ 10°-10°
A2 In contrast, currents for glass/Pt-Ir tips in 0.1 M
Fe(CN); 7*~, 1 M KCl were <10 pA at all tip-sample
displacements greater than ~ 50 A (curve D). This limiting
current corresponds to < 30 A? of exposed metal area.’” The
observed suppression of faradaic current at small tip/sample
separations for polymer/W tips is not in accord with qualita-
tive models based on macroscopic diffusion theory,' but
these models may not be applicable when extremely small
numbers of electroactive molecules are present in the tip/
sample gap region. A quantitative investigation of this fara-
daic current process will be presented in a separate study;
however, the data suggest that the insulated tips described
here may allow electron tunneling currents to be significant-
ly decoupled from the electrochemical environment, even in
solutions where unacceptably high faradaic currents are
present at large tip/sample separations.

In principle, the tip insulating procedures described
here should provide a general means of applying in situ
atomic resofutiorn STM imaging and spectroscopy methods
to many electrochemically important systems. The accessi-
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FIG. 2. Dependence of total current on tip-sample displacement, 5 - s,, for
polymer coated tungsten tips and glass coated Pt-Ir tips. Tip translation
velocity = 10 A/s, bias = + 250 mV, tunueling current setpoint = 1.0 nA.
Current noise of ~20 pA peak to peak amplitude has been removed for
clarity. (4) Polymer/W tip and HOPG sample in contact with 5 mM
Fe(CN)! “* , 50 mM KC, (B) polymer/W tip and HOPG sample in
contact with 0.1 M Fe(CN); * , 1.0 M KCL (C) polymer/W tip and
Pt{111) sample in contact with 0.1 M Fe(CN)}" "* , 1.0 M KCl, (D)
glass/Pt-Ir tip and HOP(G sample in contact with 0.1 M Fe(CN)! “* | 1.0
M KCL
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ble bias range achieved in this work is also significant in that
it should enable inelastic electron tunneling methods to be
performed on surfaces while in contact with these redox-
active electrolyte solutions.' Additionally, STM imaging
with potential control of electrode surfaces can be performed
without concurrent adjustment of the tip/sample bias poten-
tial to suppress faradaic current processes. Finally, the small
exposed tip radius of the coated wires should enabie local
electrodeposition processes and spatially resolved electro-
analytical detection methods to be performed on conven-
tional metal electrode surfaces. Experiments exploiting
these new capabilities will be described in separate publica-
tions.
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