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Direct Atomic Force Microscopic Determination of Surface Charge at the Gold/Electrolyte
Interface—The Inadequacy of Classical GCS Theory in Describing the Double-Layer
Charge Distribution
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The surface charge at the interface of a Au electrode with a K€d@ution was measured by in situ atomic
force microscopy (AFM) using a modified cantilever with a charged,Sighere. The effective charge
determined by treating the AFM force curve was much smaller than that injected electrochemically, with the
ratio of the effective/real surface charge to the electrochemical charge being below 10%. This large difference
suggests that classical Goug€hapman-Stern (GCS) theory is inadequate to describe the diffuse electrical
double layer. lon correlation and ion condensation effects might account for the reduced surface charge.
Additional experiments on the effect of electrolytes containing divalent species [Gp(Al®@ NaSO,] and

the effect of adsorption of sodium dodecyl sulfate on the Au electrode provide additional evidence for such
effects.

Introduction compared to SFA is the ability to extend these surface force

. dth ical h dd (?nd surface charge studies to a wider range of substrates without
Many experiments and theoretical treatments have addresseqgq,q 1o size, structure, or transparency. In these AFM force
the charge distribution at the solid (e.g., metal electrode or

; ; . measurements, a small sphere of silica{20«m in diameter)
colloical partlcle_)/ electrolyte interface. For charged gurfaces, the is attached to a microfabricated cantilever to provide a larger
surface .charge is balanced by an equal and opposne net cha}rgﬁp area and a well-defined tip geometry, thus allowing for direct
of ions in the _electrolyte. The spanal separation of charge_ n comparisons to theory. Recently, this technique has been used
ghfuillicﬁg)lff |siat‘ersm:dktge ?:)(Tgtl’ilﬁa:::#bb:?égrs.szge eelecmfﬁéwith control of the potential of the substrate; by using this in

'€ layer play K€Y 1O Y proc » €9 situ atomic force microscopy/electrochemical technitjtiee
stability of colloidal dispersions, the formation of bilayer

membranes, and the transport of ions and other molecules acros§ lectrical double layer can be probed at an electrode surface at

cell membranes. The charge on the surface is a crucial quantitym’mometer resolution under potent|all contral.
in physical and colloid chemistry and biophysics that determines N @ recent papef,an electrochemically addressable self-
the properties of the electrical double layer. assembled monolayer (SAM) was studied by this technique. A
In electrochemistry, the charge and potential distribution at Significant difference between the (effective) surface charge
the electrode solution interface is most often described by the Méasured by AFM and the (real) surface charge determined from
classical Guoy Chapman-Stern (GCS) modéialthough there  the cyclic voltammograms was found. An initial explanation
has been extensive work on alternative models of the double for this discrepancy, tight ion binding at the interface, was given
layer. In the GCS model the interface is described in terms of {0 account for the greatly reduced surface charge. In this work,
a compact (Helmholtz) layer, which in the absence of specific @nother electrochemical technique, chronoamperometry, was
adsorption contains only solvent molecules, and a diffuse layer used in situ with AFM force measurements at a gold electrode
where the charge distribution is calculated by solution of the operating in the double-layer region where negligible faradaic
Poissor-Boltzmann (PB) equation. The locus of centers of the current passes. Using chronoamperometry, the real surface
ions at the position of closest approach is called the outer charge can be obtained precisely by integration of the charging
Helmholtz plane (OHP), taken at the positin and the inner  current. Hence, the surface charges from AFM measurements
potential at that plane is designated¢agor sometimes as the  and from electrochemical measurements can be compared. A
outer potentiakpy,). The GCS model provides an equation that Simple system was adopted in this study. The working electrode
relates the total charge in the diffuse laye¥,(which is equal was Au; the electrolyte was 1® M KCIO4. There is no (or
to —oM, the charge on the metal electrode) ¢to very weak) specific adsorption for KCk®n gold surfaces at
During the past several decades, a number of experimentalvery low electrolyte concentratiofiso that specific adsorption
techniques have been employed to characterize solid/liquid can be excluded, simplifying the data analysis. We show that
interfaces and measure the associated surface charges. Amone results again confirm the significant difference between the
these are electrochemical technigliesectrokinetic measure-  surface charges obtained by the AFM force curve and the
ments? surface charge titratior?8,and surface force apparatus electrochemical measurements. This great difference suggests
(SFAR measurements. In recent years, the AfNmjtially that classical GuoyChapman-Stern theory does not adequately
developed as an instrument for imaging both conducting and describe the electrical double layer at an electrode surface. More
nonconducting substrates, has been employed to measure surfacgdvanced models, e.g., those including ion correlation and ion
force and surface char§eThe advantage of this approach condensation effects, can account for the reduced surface charge,
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as shown by a comparison of the experimental results found The AFM force measuring technique is well-documerttadgd

here and recent theoretical models. the experimental details have been described elsefhEne.
diameter of the silica spheres used was-20 um. The z
Experimental Section direction was calibrated by measuring the wavelength of the

. optical interference patterns resulting from reflection between
Materials. ReagentsKClO4, N&;SQs, Ca(NQ)2, NaNG; and the tip and a reflective substraétéhe spring constant of the

sodiu_m dodecyl sulfate (SDS), all reagent—grade chemicals silica sphere-modified cantilever, determined by the method of
(Aldrich, M|Iwauk(_ae, wi), Were u.sed as recewgd. Solutions  cjeyeland et al®® was 0.46-0.65 N/m. During the acquisition
were prepared with 18 K deionized water (Milli-Q Plus, ot 5 force curve, cantilever deflections were monitored by
M|II|p_ore Corp., Bedford, M.A)' Immediately pefore use, the recording the changes in voltage at a split photodiode onto which
solutions were deaerated with argon for 20 min. Typically, the a5 focused a laser beam that was reflected from the backside
unbuffered solutions fshoyv_ed a pH of 56. of the cantilever. The direction displacement was given by
Substra_lte Preparatlorsmc_a substrates were prepared from  ho piezo scanner voltage. The raw data was converted to a
commercial glass cover slips (M6045-2, Baxter Healthcare normalized force (force/radiub/R) vs tip—substrate separation
Corp., McGraw Park, IL). Before each experiment, the silica o further analysis. DerjaguinLandau-Verwey—Overbeek
substrates were cleaned in piranha solution (a mixture of 70% (DLVO) theoryt! was employed to calculate the (effective)
H>SO; and 30% HO,) at ~90 °C for 10 min. Caution: surface potentials between the charged surfaces. The electrical-
Piranha solution reactsiolently with organic compounds and  goyple-layer interaction energy was calculated for the constant-
should be handled carefullyAFM imaging of the silica surfaces charge limit of the complete nonlinear Poissd@oltzmann
indicated a mean roughness of 14 nmfm?, with a equation using the method of Hillier et @lThe Hamaker
maximum peak-to-valley height of 3:3.7 nm overa km x  constants used for the theoretical calculations were 2.88-2°
1 um area. Gold substrate electrodes were prepared by gluingzng 1.2 x 10-1° J for the silica-silica and silica-gold
a 2-mm-diameter gold wire (99.99%, Aldrich) with epoxy (Torr  interactions, respectively. The surface potential of silica sphere,
Seal, Varian) in a 3-mm-diameter hole in a 12-mm-diameter  getermined as in previous studiésby force measurements
4-mm-thick glass disk. Electrical contact was then made with gphove a silica substrate, wagt0 mv.
an insulated copper wire to the gold electrode through the back  The AFM effective surface charge was calculated from the

of the glass disk with conductive colloidal silver (Ted PellaInc., fiited (effective) potential at the OHP (measured by the AFM
Tustin, CA). Then, the gold/glass surface was fixed to a technique) with the formula

magnetic, stainless steel sample disk with epoxy (Torr Seal,
Varian). The gold/glass surface was polished to optical smooth- zayp
ness with successive Carbimet papers angDApowder (1, "' = —0° = (8kTeeyn") sim( 2)
0.3, and 0.0%m) (Buehler, Lake BIuff, IL). The polished gold 2KT
surface had an electrochemically active area of 3.14,ramd ] )
exhibited a mean roughness of 2 nmum?, with a maximum ~ Results and Discussion
peak-to-valley height of 79 nm over a lum x 1 um area. CV of the Au Electrode. The CV of the Au electrode was
Immediately prior to use, the sample was polished with 0.05- carried out to locate the double-layer region of Au electrode
um Al2Os for several minutes, rinsed with water, and dried under under our experiment conditions, so that electrochemical charg-
argon. ing of the double layer could be accomplished in the absence
Electrochemistry. For in situ electrochemical measurements, of significant faradaic charge passage. Repeated curent
experiments were carried out in an AFM liquid cell (Digital potential scans into regions of gold oxidation and reduction are
Instruments, Santa Barbara, CA) with Teflon tubing inlets and also useful in cleaning the Au surface. The Au surface is easily
outlets. A three-electrode design was used in the electrochemicalkcontaminated, and cleanness of the Au surface is important for
measurements, with the gold substrate serving as the workingobtaining reliable and reproducible experimental results. Figure
electrode, a Pt counterelectrode, and an Ag/AgCl wire immersed 1a shows the cyclic voltammogram of the first cycle of Au in
in the solution as the reference electrode. All electrode potentials 10-3 M KCIO,4. One oxidative peak (0.92 V) and two reductive
are cited with respect to this Ag/AgCl wire reference. Electro- peaks (0.11 and 0.41 V) appear. For the two reductive peaks,
chemical control of the cell was effected with a CHI-660 the intensity of the peak at0.11 V increased, whereas the
electrochemical workstation (CH Instruments, Austin, TX) under intensity of the peak at 0.41 V decreased as the number CV
computer control. In the chronoamperometry experiments, the cycles increased. In our experiments the Au electrode was cycled
initial potential was set to the potential of zero charge (0.25 V from —0.6 to 1.2 VV vs Ag/AgCl at 20 mV s for about 20 min
vs Ag/AgCI for Au in 1073 M KCIOy4, determined as described  until a stable baseline was obtained. Figure 1b shows that the
below) and then stepped to potentials frerd.5 to 0.5 V. The double-layer region of the Au electrode in FOM KCIO4
double-layer charging current was recorded for each potential, extends from—0.6 to 0.5 V.
and the surface charge was obtained by integrating the charging Force Curves of Au. Figure 2 shows the force curves
current curves. The differential capacitance curve for gold was between the negatively charged silica sphere and the gold
obtained using the CHI-660 instrument in the ac voltammetry electrode as a function of electrode potential in3181 KCIO,.
mode. The ac frequency was 10 Hz, with a peak-to-peak The force is repulsive at negative potentials. As the potential
amplitude of 5 mV. The dc potential was scanned at a rate of moves from negative potentials to positive potentials, the
5 mV s from positive to negative potentials in a TOM repulsive force decreases, and gradually attractive forces are
solution of KCIQ.. observed. This result agrees well with our previous results on
AFM Force Measurement. Force measurements were per- Au in NaF, KCI, KBr, and KI® As noted earlief,at the potential
formed with a Nanoscope Ill AFM (Digital Instruments) of zero chargeE,, the Au electrode is uncharged, no diffuse
equipped with a piezo scanner having a maximum scan rangedouble layer forms, and hence, the force between silica and gold
of 15um x 15um x 2 um. The standard AFM silicon nitride  is nearly zero. At potentials negative g, the gold electrode
tip was modified by the attachment of a spherical silica bead. is negatively charged and a repulsive force between silica and
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Figure 1. Cyclic voltammograms of Au in I¢ M KCIO4: (a) scan rate= 0.02 V s%, (b) scan rate= 0.1 V s’%.
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Figure 2. Forces between a silica probe and a Au electrode ir¥ 10 Epz=0.23V
M aqueous KCIQ at pH ~5.5 as a function of electrode potential. -0.2
The force curves correspond to controlled potentials of, from top to E(V vs Ag/AgCl)

bottom, =0.5, 0.3, 0.1, 0, 0.1, 0.2, 0.3, and 0.5 V vs Ag/AgCl. Figure 3. Force between a silica sphere and a gold electrode iA 10
gold is obtained. When the potential of the gold electrode is M KCIO, solution at a fixed separation of 15 nm as a function of

positive with respect t&,, the electrode is positively charged, electrode potential.
_?_Ed ap attt;ctlvet fo;cel bfetweefn silica and go(deE ;z:pbserved.TABLE 1: Effective y, Potential and Effective/Real Surface
erelore, the potential of zero lorce corresponastd-igure Charges for Au in 103 M KCIO , at Different Potentials
3 shows the force between the silica sphere and the gold =l | foct oot ”
electrode in 103 M KCIO, at a fixed separation of 15 nmas a  Potentia rea efiective efiective surface
(Vvs 1,  surface charge surface charge charge/real

function of electrode potential. From this figure, the potential Ag/AGCl) (mV)  (uClend) (uCler?) surface charge
of zero force is found to be about 0.23 V vs Ag/AgCl.

The diffuse double layer reflects the magnitude of the surface :0'5 :gg :ig'g :g'gﬁ 8'822
charge of the substrate immersed in a solution. Methods for _g51  _47 _6.94 —0.389 0.056
fitting the force between interacting double layers in electrolytic 0 —40 —4.98 —0.319 0.064
solutions using PoisserBoltzmann theory have been well- 01 34 —3.09 —0.229 0.074
developed. In this work, the method of Hiller etéakas used 02 -16 —1.08 —0.102 0.095

to find the effective surface potential, and hence the effective voltammetric method. The values of the differential capacitance
surface charge, of the electric double layer between the (C4) shown are based on the geometric (projected) area of the
interacting surfaces. The effective surface potential and surfaceelectrode. The minimum value &, ~15uF/cn?, is generally
charge of the Au electrode in 1® M KCIO, at different taken to correspond t6,. The value found foE; is 0.27 V vs
potentials are listed in Table 1. For attractive forces, the Ag/AgCIl, which is close to the potential of zero force (0.23
cantilever is unstablé and tends to jump to contact, which V). We takeE, = 0.254 0.03 V vs Ag/AgCl.

prevents accurate measurement of attractive forces. Thus, only Chronoamperometry Experiments. In the potential step
surface potentials and surface charges corresponding to repulsivexperiments, the potential was initially setfpand then stepped
forces are listed in Table 1. Figure 4 shows the differential to different values in the double layer region, and the resulting
capacitance of Au in I M KCIlO,4 obtained by the ac  current-time transient recorded. Figure 5 shows these transients
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Figure 4. Differential capacitance of a gold electrode imi® KCIO4 real surface charge(-it C/cm?)
solution.

Figure 6. Ratio of the effective/real surface charge for Au electrode
in 108 M KCIO,4 solution: (a) experimental results, (b) theory
(Attarc?y).

20HA . .
1 Electrochemical (Real) vs AFM (Effective) Surface Charge.

There is a large difference between the effective (AFM) and
real (electrochemical) surface charge, as shown in Table 1 and,

= 0 more clearly, in the fraction of the effective/real surface charge
e as a function of real charge depicted in Figure 6. Typically, the
g 0 effective surface charge is only a few percent of the real surface

charge. This result is in agreement with our previous results,
which showed that the surface charge obtained by fitting the
force curve using PoisserBoltzmann theory was much less
than that obtained by cyclic voltammograms in electrochemically
0 addressable self-assembled monolayers.
Although this large difference between the effective and real
. . . . surface charge on an electrode surface seems surprising, this
0.2 0.4 0.6 0.8 1 same phenomenon is found frequently for many types of
interfaces. In fact, to the best of our knowledge, the surface
potentials obtained by force measurements are almost below
Figure 5. Current-time transients of a Au electrode in”f0M KCIO, 120 mV in 103 M electrolyte, independent of the surface used,
in chronoamperometry experiments. The initial potential is 0.25 V; the implying that the surface charges obtained by force measure-
final potential, from top to bottom, is-0.5, —0.3, —0.1, 0, 0.1, and ments are almost always below 1.2C/cn?. This is only a
0.2V vs Ag/AGCI. few percent of the total amount of charge on many surfaces,
) ) ) ] ) ca. 20-30 uC/cn. In colloid chemistry, the surface charges,
at different final potenthls over a'l-s tlmPT window. The currer)ts as obtained byZ-potential measurements in electrokinetic
decay exponentially with time in a strict way, which again  gyperiments, are known to be much lower than those found by
confirms that these currents are due to the charging of the gy face charge titratior?8.Note that almost all of the surface
electnc_double_ layer of the Au electrode. An ar_1aIyS|s of these charge data available in the literature, e.g., by surface force
curves is consistent with a double-layer capacitance Qi3 measurements or electrokinetic experiments, are based on
cn¥ and an uncompensated resistance of 25 By stepping  Gouy—Chapmans-Stern (GCS} theory of the electrical double
the potential back t&;, one can obtain the discharge transients. |ayer. The conclusion from our experiments, as well as earlier
Even when the step time is increased to 2 min, there is no colloid measurements, is that one cannot obtain a good estimate
apparent change of the discharge current. This demonstrates thaf the diffuse double-layer charge via GCS theory.
the charge on the electrode is stable for a period of at least 2 Although GCS theory has been extensively used to describe
min. The results of the electrochemical surface charge (normal-the electrical double layer in electrochemistry, colloidal chem-
ized to unit area in square centimeters) at different potentials jstry, and biochemistry, the validity of GCS theory is still in
from the integration of the currentime curves are summarized dispute. Many approximations are included in classical GCS
in Table 1. To normalize these data, the real area or surfacetheory, such as the point charge, hard wall model, and dielectric
roughness factor of the Au electrode must be known. In our continuum approximations. A key issue in GCS theory is the
experiments, a polished Au electrode is used. Bruckenstein etuse of the PoissenBoltzmann (PB) equation, which implies a
al. systematically studied the effects of polishing Au electrodes mean-field method that takes the density of ions in the double
with different-sized abrasivé$.For a smooth, well-polished  layer near the charged surface to be proportional to the
gold electrode using 0.05m alumina abrasive, the surface Boltzmann factor with the average electrostatic potential, which
roughness factor ranges from 1.5 to 2.05. In our case, we choosaés, in turn, related to the ion density by Poisson’s equation.
a value of 1.6 as the surface roughness factor of the polished Over the past several decades, there have been many attempts
Au electrodet? to explain the reduced surface charge, e.g., the porous double-
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Figure 7. Force curves of silicasilica interactions at pH-5.5 in divalent electrolytes. (a) In different mixture solutions of CagN@nd NaNQ.
From top to bottom: 1 M NaNQ;, 10> M Ca(NGs), + 1073 M NaNG;, 1074 M Ca(NGs), + 0.86 x 1073 M NaNG;, 0.7 x 103 M Ca(NGy),,
103 M Ca(NGs)z, 1072 M Ca(NGs),. (b) Comparison of Ca(Ng), with NaSQ,. From top to bottom: 0.7 1073 M Na;SQy, 0.7 x 1073 M
Ca(NG),, 102 M NapSQy, and 102 M Ca(NGy),.

layer model® the porous double-layer model combined with real surface chargesr@ 1 mM KCIO4 solution. The results
ionizable surface groug$, and the gel layer assumptién. are depicted in Figure 6. Both the experimental and theoretical
Although some of these can be used in specific cases, they dovalues show the same trend, that is, the effective/real surface
not account for the observed discrepancy in surface charge. Incharge ratio decreases as the real surface charge density
addition to the above attempts to modify classical GCS theory, increases. At high surface charge densities, the theoretical values
there have been other studies that include effects not in classicakonverge quite well with experimental values. The effective/
GCS theory. Of all such effects, ion correlation/ion condensation real surface ratio decreases to a very small value, ca. 3%. As
effects might be of the greatest importance. In PB theory, the the surface charge decreases, the effective/real surface charge
effect of ion—ion correlation is neglected. As pointed out by ratio increases. However, the experimental ratio increases much
Kjellander et all%2bthere are several consequences of-ion  more slowly than that predicted by theory. Even at a quite low
ion correlations: (1) Compared to the results from PB theory, surface charge density-(.08«C/cn?), the experimental ratio
more ions are allowed closer to the walls because the regionwas only about 10%, far below the theoretical value of 74%.
between each ion and the closest wall is, on average, depletedAt present, it is unclear why there is such a significant difference
of other ions. (2) The gathering of ions closer to the walls leads between the experimental effective surface charge and the
to a lowering of the concentration at the midplane between the theoretical values, even at low surface charge densities. Perhaps
surfaces and, hence, to a less repulsive contribution to theion pairing at the interface must also be taken into acc&unt.
interaction between the surfaces. Generally speaking, because Divalent Electrolytes. To further investigate the ion cor-
of ion correlation, more counterions are “condensed” at the solid relation/ion condensation effect, we performed the same experi-
surface, thus leading to a reduced surface charge. This kind ofments with a+2 cation, C&". Theoretically, in a divalent
ion condensation is equivalent to a nonspecific electrostatic electrolyte, electrostatic correlations should be larger than those
“adsorption” of ions to the surface. in a monovalent electrolyt€.We designed a routine to test the
lon correlation/ion condensation effects have often been effect of the divalent electrolyte. We studied the siticilica
proposed to describe the electrical double layer. Manning interaction with different divalent concentrations while (in some
proposed such a concept to account for the condensation ofcases) maintaining a constant total concentration of the elec-
counterions onto polyior®. Kjellander et al® and Attard et trolyte. The results are given in Figure 7. In a mixed electrolyte
al. 21 suggested use of the effective surface charge to describe aof 1075 M Ca(NG;); and 10° M NaNGO;, the force is slightly
reduced surface charge based on ion condensation. Mordower than that in pure I¢ M NaNOs; solution. When the
recently, Chen et al. showed computationally that ion condensa-concentration of Ca(N§), increases, the force decreases, as
tion near charged colloidal particles leads to a reduced elec-predicted by the theory. With a different divalent electrolyte,
trostatic interaction between the partictéslowever, there have ~ NaxSQy, similar results were obtained (Figure 7b). For forces
been few experimental studies testing such an effetm. at electrolytes of the same concentration between Cg@d\nd
general, it is difficult to measure experimentally effective and NaSO,, the force with Ca(NG). is much lower than that with
real surface charge at the same time, especially at electrodeNaSO,, which again is consistent with the condensation of the
solution interfaces. Our results can be interpreted in terms of divalent cation at the negatively charged surface.
such ion correlation/ion condensation effects. Recently, Attard  Effect of Surfactant. The adsorption of surface-active
et al. proposed a convenient analytical expression that is basedsubstances on the gold surface can occur through exposure to
on the extended PoissefBoltzmann approximation and the adventitious impurities in the air or solution and can affect the
concept of ion correlation for converting effective surface observed AFM response. Moreover, the nature of ion condensa-
charge,o (calculated from GC theory), to the actual surface tion with an organic anion might be different than that with
charge,0.2! Using the analytical expression (eq 8a in ref 21), ClO4~. To investigate this effect, experiments with sodium
we calculated the effective/real surface charge ratio at different dodecyl sulfate (SDS) on the gold electrode were performed.
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surface and decreased the force. This might be ascribed to arfactor of the Au electrode. However, as shown later, because there is such
increase in ion pairing between the condensed cations and thé? great difference between the effective and real surface charge, the error
ionic SDS b fthe ch in th Ut . does not affect our conclusions.

anionic ecause of the change in the solution .enV|r.onme.nt (15) (a) Lyklema, JJ. Electroanal. Chenil968 18, 341. (b) Lyklema,
near the electrode surface. For example, the effective dielectricy, Croat. Chem. Actd 971, 43, 249.
constant of the interfacial region could be smaller because of (16) Kleijn, J. M. Colloids Surf.199Q 51, 371.
the surfactant, thus leading to a greater level of cation condensa- (17) Perramm J. W.; Hunter, R. J.; Wright, H. JAust. J. Chenml974
tion. This would lead to a reduction in the force between the 27'(1‘5)1-( ) Gouy, G.J. Phys. Radiunt910 9, 457. (b) Gouy, GCompt

e . ~ a) Gouy, GJ. Phys. Radiu \ . ouy, ompt.
silica and Au surfac«_es. Recently, I_(r_e|3|g et al. _used FT-SERS Rend.1910Q 149, 654. () Chapman, D. [Philos. Mag.1913 25, 475. (d)
to study the adsorption of cetylpyridinum bromide (CTPB) on stern, O Z. Elektrochem1924 30, 508.
a silver surfacé® They also proposed the same condensation (19) (a) Kjellander R.; Marelja Sl. Phys. Chem1986 90, 1230. (b)
of a layer of counterions near the CTPB on a charged silver Ennis, J.; Marelja, Kjellander, RElectrochim. Actal996 41, 2115.

i i i i (20) (a) Manning, G. SJ. Chem. Physl969 51, 924. (b) Manning, G.
surface. This is consistent with the model proposed here. S. Acc. Chem. Re4 876 12, 443,

(21) (a) Attard, PJ. Phys. Chem1995 99, 14174. (b) Attard, P. In
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The surface charge at solid/liquid interfaces has been (22) chen, P. L.; Lu, C.-Y. DPhys. Re. E 200Q 61, 824.
measured for Au in KCI@solution using an in situ atomic force (23) A recent paper has been written on ion condensation on charged

microscopy/electrochemistry technique. A large difference particles: Fernandez-Nieves, A.; Fernandez-Barbero, A.; de las Nieves, F.

between the real surface charge (from electrochemistry) and the’: -@ngmuir 2000 16, 4090. The fraction of condensed ions is ca. 90%,
ffecti " h f b d . which is similar to our results.

e ectlve surface ¢ arge_( rom AFM) was observed. An ion (24) Kane, V.. Mulvaney, PLangmuir1998 14, 3303.

correlation/ion condensation effect was proposed to account for  (25) For example, see: (a) Somasundaran, P.; Fuerstenau, DPIs.

the reduced surface charge, and evidence for such an effect waghem.1966 70, 90. (b) Harwell, J. H.; Hoskins, J. C.; Schechter, R. S.;

presented. The results suggest the failure of classical Guoy ‘{%%%%B"’ﬁ-%g;‘%@:ﬁn";?ﬁ 1& ?ildéggfﬁv L-L:nuangirgg”zogszgzg-

Chapma_ﬁStern theory_ to descnbg thg electrical dom_JbIe layer (€) Hu, K.; Bard, A. JLangmuir1997 13, 5418. ' :

and the importance of ion correlation/ion condensation effects * " (26) kreisig, S. M.; Tarazona, A.; Koglin, E.: Schwuger, MLangmuir

at electrode surfaces. 1996 12, 5279.



