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slight base line drifts are still seen in these chromatograms. 
Temperature programming requires much shorter recondi- 
tioning time than solvent gradient elution. This is another 
advantage of the temperature programming. 

Cooling effluents is important not only to prevent base line 

detection. This detection is based on the POE complex 
formation with alkali-metal ions in the mobile phases; smaller 
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129-152. drift but also to enhance the sensitivity of the conductometric 

mobility of the complex results in the negative conductometric 
response (9). The complex formation of POEs is also an 
exothermic process, and high temperature impedes the com- 
plex formation and lowers the sensitivity. Hence, the detection 
at  lower temperature is essentially important to obtain higher 
sensitivity. 

In conclusion, the present temperature programming has 
some advantages over solvent gradient elution for analyses 
of POEs: (1) it can be performed with simple instruments; 
(2) it  permits the use of bulk-solution detectors; (3) a very 
short time is required to recondition the column for the re- 
peated analyses. However, the present method simultaneously 
has the following disadvantages: (1) reproducibility is poorer 
than when thermostated systems are employed; (2) the ex- 
ponential temperature gradient made difficult the theoretical 
prediction of the retention. 
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CORRESPONDENCE 

Scanning Tunneling Microscopy and Atomic Force Microscopy in the 
Characterization of Activated Graphite Electrodes 

Sir: T o  date there have been many methods described to 
activate carbon electrodes, including electrochemical treatment 
(1-1 7), laser irradiation (18-21), radio-frequency (RF) plasma 
(22) ,  and heat treatment (23-26). These methods were de- 
veloped empirically, and only now is an understanding of 
parameters controlling surface activity beginning to emerge 
(20,27). Electrochemical treatment and laser irradiation are 
particularly attractive treatments because they are relatively 
inexpensive, are quick, and can be performed without re- 
moving the electrode from solution. Activation, common to 
these procedures, may be attributable to an increase in the 
exposed edge plane density, which has been associated with 
faster kinetics (14,20).  Copper deposition in conjunction with 
scanning electron microscopy (SEM) has shown an increase 
in the density of localized defects on active surfaces (15); an 
increase in surface activity is associated with an  increase in 
the density of the localized defects (15). Scanning tunneling 
microscopy (STM), phase detection microscopy, and SEM 
have also been used to study the effects of electrochemical 
treatment of highly oriented pyrolytic graphite (HOPG) (13) 
and glassy carbon (GC) (16,17). These studies have suggested 
an increase in surface roughness consistent with an increase 
in the density of exposed edge planes. 

An additional effect of the electrochemical treatment of GC 
and HOPG is the formation of an oxide layer (5 ,11,13) .  The 
amorphous nature of graphite oxide and its uneven distri- 

bution over the electrode surface (13) may result in an elec- 
tronically inhomogeneous surface. In a case where a surface 
is electronically inhomogeneous, changes in tunneling current 
can be a result of changes in topography and/or in local 
electronic structure (28). As a result, STM images may 
provide misleading information about the topography. 

Atomic force microscopy (AFM) has been shown to be 
effective in studies of the topography of both conducting and 
insulating surfaces because it does not require the sample to 
be conducting (29, 30). As a result, AFM should not be af- 
fected by local changes in electronic structure. For this reason, 
AFM was used in conjunction with STM to study the effect 
of electrooxidative activation of GC. 

EXPERIMENTAL SECTION 
Reagents. All solutions were made with deionized/distilled 

water. Reagent-grade sodium phosphate monobasic and dibasic 
and potassium nitrate were obtained from Baker. Sulfuric acid 
and potassium chloride were obtained from Fisher and MCB, 
respectively. All reagents were used as received. 

Electrode Preparation. Electrodes consisted of 3-mm-di- 
ameter GC-10 (Electrosynthesis), which were sealed in glass with 
Torr-Seal epoxy (Varian Associates). Electrodes were resurfaced 
with 5-, 0.3-, and finally 0.05-pm alumina on microcloths by using 
a polishing wheel (Buehler) ( 4 ) .  The electrodes were finally 
ultrasonicated for 5 min in distilled water. Electrochemical 
treatment was achieved by poising a polished GC electrode at +1.8 
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V for 5 min followed by -0.1 V for 2 min in 0.1 M supporting 
electrolyte (2). Electrochemically treated electrodes were rinsed 
with copious amounts of distilled water and were allowed to dry 
under ambient conditions for 24 h. 

Electrochemical treatment was performed with a Bioanalytical 
Systems BAS-100 analyzer and an electrochemical cell with a 
Ag/AgCl reference electrode and a Pt wire auxiliary electrode. 
All solutions were deaerated with nitrogen for 5 min prior to 
experiments. 

STM and AFM Conditions. STM and AFM were performed 
in air by using a Nanoscope I1 (Digital Instruments). Both STM 
and AFM images were generated by maintaining a constant signal 
(current and force, respectively) between the tip and the sample. 
This was achieved by controlling the potential applied to a cal- 
ibrated piezo element in a feedback circuit. Pt-Ir (80/20) Na- 
notips, used to obtain STM images, were used as received. STM 
images were obtained in the constant current mode with a tun- 
neling current of 2 nA, a tip bias of +lo0 mV, and a scan rate 
of 40 Hz. To ensure that the STM tips were free from contam: 
ination, HOPG was intermittently imaged with atomic resolution. 

AFM studies were performed in the constant force mode, using 
100-pm Si3N4 triangular cantilevers with a spring constant of 0.58 
N/m at a scan rate of 20 Hz. This results in a constant force 
between 1 and 100 nN being applied to the sample. All AFM 
images produced by this method were stable while continuously 
scanning the surface, suggesting that the surface was not being 
damaged as a result of rastering the tip across the surface. 

The images presented here are representative of many images 
taken at different points on each sample. All STM and AFM 
images were low pass filtered to remove high-frequency noise 
which did not alter the topographical heights (27). 

RESULTS AND DISCUSSION 
The electrochemical oxidation of graphite has been studied 

extensively (31). At low supporting electrolyte concentrations 
(less than 1 M) and low graphite crystallinity, intercalation 
efficiency is low (32,33). As a result, side reactions including 
oxidation of water, production of surface oxides, and corrosion 
of the surface become more dominant. Graphite oxide for- 
mation has been reported in neutral or acid supporting 
electrolytes with oxygen-containing anions (5,  11, 34). In 
contrast, the formation of graphite oxide in supporting elec- 
trolytes containing chloride salts is reported t~ be much less 
efficient (34). This is a result of the oxidation of chloride, 
which occurs more readily than the oxidation of the electrode 
surface. 

Supporting electrolytes consisting of 0.1 M KNO,, 
NaH2PO4/Na2HPO4, H2S04, and KCl were chosen to deter- 
mine the effect of electrochemical treatment on the surface 
structure of GC. Figure 1 shows the result of electrochemical 
activation of GC in 0.1 M KN03, a common supporting 
electrolyte used for graphite activation (2 ,14) .  As can be seen 
in the STM image (Figure la),  there is a significant change 
in the apparent surface roughness as a result of electrochemical 
treatment compared to the polished electrode (Figure 2a). 
The surface roughness apparent in Figure l a  is attributed to 
the presence of graphite oxide, resulting in topographical and 
electronic changes at  the surface. At polished GC, defects that 
are a result of gas pockets formed during the fabrication 
process are also present (not shown), although their density 
is low (15). The surface roughness shown in Figure l a  is not 
as pronounced as that reported elsewhere (16). This is most 
likely due to a lower anodic overpotential used during our 
treatment. In contrast to the surface roughness apparent in 
STM images (Figure la),  AFM images (Figure Ib) reveal a 
relatively smooth surface with isolated defects with diameters 
on the order of 100 nm. Although the relatively smooth 
surface seen by AFM may be a result of the tip dipping 
through the oxide layer, this is unlikely based on the STM 
images, which suggest an uneven distribution of oxide across 
the surface. Similar isolated defects as shown in Figure l b  
were observed a t  different positions on the electrode surface. 
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Flgure 1. (a, top) Constant-current STM image (tip bias +lo0 mV, 
tunneling current 2 nA) and (b, bottom) constant-force AFM image 
(100-pm Si,N, triangular cantilever, spring constant 0.58 N/m) of GC 
in air following electrochemical treatment in 0.1 M KN03. XYZ axis 
in nm. 

Usually, at  least one defect was observed in any given 500- 
X 500-nm field. I t  should be noted that larger, irregular- 
shaped defects, grooves, and much larger gas pockets were also 
observed, however not nearly as often. This is consistent with 
copper deposition patterns observed with SEM on electro- 
chemically treated GC electrodes where copper nuclei with 
diameters on the order of 100 nm were separated by distances 
between 100 and 1000 nm and where such grooves were also 
observed (15). It has been suggested that a compacted mi- 
croparticle layer is formed as a result of electrode polishing 
and that this layer is responsible for the less active nature of 
polished GC (15, 24). It  is, therefore, possible that defect 
formation occurs a t  pinholes present in the compacted layer. 
This seems unlikely since changes in the diameter of pinholes 
with a distribution as seen by AFM (Figure lb)  would not 
significantly change the observed activity of the electrode. 

Although it is not clear what mechanism controls the for- 
mation, size, and distribution of the observed defects, defects 
may ultimately control the electrode activity. Defects of 
similar diameter and shape have also been observed with STM 
on HOPG as a result of gasification reactions that result in 
the oxidation of graphite (27). The uniformity of the size and 
shape of the defects produced by gasification has been ex- 
plained by the presence of atomic defects (i.e., edge sites) at  
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topographical information. This is critical in order to de- 
termine the surface structure of electrodes and ultimately their 
activity. Further work will include in situ STM and AFM 
imaging of reactions a t  the observed defects. 
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Flgure 2. (a, top) Constant-current STM image (tip bias +lo0 mV, 
tunneling current 2 nA) and (b, bottom) constant-force AFM image 
(100-rm Si3N4 triangular cantilever, spring constant 0.58 N/m) of 
polished GC in air. XYZ axis in nm. 

which the oxidation rate is significantly faster (27). Defects 
produced by different methods of oxidation (including gasi- 
fication and electrooxidation) may form by the same mech- 
anism. 

Results similar to  those at GC electrodes electrochemically 
treated in KN03 were obtained in phosphate buffer (pH 7) 
and H2S04. In both cases, STM images showed an increase 
in apparent surface roughness as a result of treatment, while 
AFM images showed circular defects similar to those shown 
in Figure lb. Treatment in KC1 did not increase apparent 
surface roughness as imaged by STM. This is consistent with 
the fact that the oxidation of chloride (32) is the dominant 
anodic reaction, thereby decreasing the amount of oxide 
formation during treatment. Although defects were observed 
after electrochemical treatment in KCl, they were not as 
prevalent as on surfaces treated in the other supporting 
electrolytes. 

In conclusion, it has been demonstrated that, except for the 
case of treatment in KCl, electrochemical treatment of GC 
results in an inhomogeneous surface, which is apparent from 
the changes in the STM tunneling current compared to that 
at polished electrodes. As a result, images obtained by STM 
show complicated topography. In this study, it has been 
shown that because of the nature of AFM, which is insensitive 
to electronic inhomogeneities, it can be used to show actual 
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