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Receied: June 4, 1996; In Final Form: August 8, 1996

The forces between a silica probe and silica and gold substrates were measured with an atomic force microscope
in the presence of a series of alkali-halide electrolyte solutions. The interaction between two silica surfaces
was repulsive and could be accurately predicted by Derjaguamdau-Verwey—Overbeek theory. The

silica surface was negatively charged at a pH of 5.5 and the effective surface potential increased in magnitude
with decreasing electrolyte concentration. In contrast, the force between the silica probe and a gold substrate
was attractive at open circuit. This interaction was a strong function of the potential applied to the gold and
the nature of the electrolyte species. In general, the silijgdd interaction changed from attractive, when

the gold was held at positive potentials, to repulsive at negative potentials. A series of force measurements
as a function of the potential of the gold electrode indicated that the repulsive force increased when moving
toward more negative potentials, corresponding to the removal of adsorbed anions. The potential at which
the silica-gold interaction passed through a minimum, referred to as the potential of zero force (pzf),
corresponded closely to the potential of zero charge (pzc) in these systems. The pzf values were compared
to those determined from measurements of the electrode capacitance i $0lutions of NaF, KCl, KBr,

and Kl. The force data were also compared to theoretical predictions of the forces between dissimilarly
charged surfaces obtained by solving the complete nonlinear PeiBattzmann equation.

Introduction relevant systems, including anion adsorption on Hadahd the
interaction between g\, and gold on LangmuirBlodgett-
covered surface’. The AFM has also been used to measure
local compliancé/ surface contact potentialé,and adhesion
getween surfac€$. Recent advances in AFM force measure-
ment techniques employ active force probes, including the
rocking beam force balan€eand the interfacial force micro-

Double-layer phenomena play a crucial role in interfacial
systems ranging from the stability of colloids to ion partitioning
at biological membranes and form the basis of electrochemical
processes. Although considerable advances have been mad
in our understanding of the influence of double layers on

physical and chemical systerhgjirect measurement of the scope?! These now allow sampling of near field forces within
structure and forces residing at this interface, particularly at PE: piing

electrode surfaces, has been limited. We describe here howIhe snap-in region of passive cantilever probes (typically-

the diffuse double layer at an electrode surface can be probed10 nm). _ i

at nanometer resolution with a modified tip on a cantilever of ~ Although force measurements in electrochemical systems
an atomic force microscope (AFM). The surface charge and have been somewhat limited, an early examination of the force
potential on the electrode can be determined from the force between two metal wires in an eletrolyte solution illustrated a

between the electrode and the tip on the AFM cantilever. ~ Potential-dependent repulsive forteMore recent studies in
Early attempts to measure interaction forces at solid surfaces€lectrochemical systems include the examination of thin-layer
provided some insight into double-layer phenom#nadvent cell behaviof? and electrostatic forcés?*between two platinum-

of the surface forces apparatus (SFA) marked a considerablecoated mica surfaces with the SFA and a study of surface stress
advance in this area as it allowed the direct measurement ofat gold and platinum-coated AFM cantilever electrotfeShe
surface forces with high precision and conffolDue to  latter study suggested a means of measuring the potential of
experimental constraints, the SFA has been used primarily to Zero charge (pzc) at an electrode by determining the potential
measure forces between mica surfa®tand materials adsorbed ~ corresponding to a minimum in surface stress, which is

on mica (e.g., polymefsand molecular liquids?). However, reminiscent of earlier workS but benefits from a significantly
recent design improvemefhave allowed the examination higher sensitivity to stress at the electrode surface, compared,
of more diverse substrates, including sil#a. for example, to piezoelectric transducers attached to the

The AFM 1 which is related to both the SFA and the scanning €lectrodez®
tunneling microscopé& has recently been employed to measure  The nature of the double layer in electrochemical systems is
surface forces. The utility of this technique is the ability to reasonably well understodd:2° Typically, changes in the
examine interactions between a large variety of surfaces withoutdiffuse double layer produce a charging current with a change
regard to size, structure, or optical clarity. Double-layer forces in electrode potential. Surface tension or electrocapillary
have been examined with the AFM on a number of systems of measurements at liquid (Hg) electrogf@$®and capacitance
interest to colloid chemist$!4 and also in electrochemically  studies! at liquid and metal electrodes have provided consider-
able experimental insight into the surface charge and double-
T Current address: Department of Chemical Engineering, University of layer composition. We describe here how the diffuse double

Virginia, Charlottesville, VA 22903.

* Current address: Department of Chemistry, Konkuk University, Seoul, layer ((_1|) at .an electrode Surfacfe can b.e probed at napometer
Korea 133-701. resolution with an AFM. The dl is examined by measuring the
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AFM cantilever and an electrode as the probe moves through (Torr Seal, Varian). The gold/quartz surface was ground to
the dl. The surface charge on the electrode is inferred from optical smoothness with successively finer grades of diamond
the force between the electrode and the tip on the AFM paste (15, 6, and @m) and silica slurry (1, 0.3, and 0.Q8n;
cantilever as a function of the electrode potential. The influence Buehler, Lake Bluff, IL). The polished gold surface appeared
of electrode potential on the foreglistance curves between a smooth by observation with an optical microscope, had an
silica probe and a gold electrode surface are examined in electrochemically active area of 1.89610-2 cn?, and exhibited
aqueous solutions of several 1:1 alkali-halide electrolytes, a mean roughness of 2.65 nm#? with a maximum peak-to-

including NaF, KCI, KBr, and KI. valley height of 8.2 nm over a Aim x 1 um area. Prior to
use, the gold electrode was sonicated for 15 min to remove any
Experimental Section remaining silica polishing particles, followed by a 10 min rinse

in hot chromic acid. Immediately prior to use, all surfaces were
rinsed in EtOH, rinsed with copious amounts of purified water,
' and blown dry under nitrogen.

Electrochemistry and Force Measurements with AFM.
(a) Equipment. Force measurements were performed with a
Nanoscope lll atomic force microscope (Digital Instruments,
Santa Barbara, CA) equipped with probes (Nanoprobe, Park
Scientific, Sunnyvale, CA) consisting of triangular silicon nitride
cantilevers with integrated pyramidal tips. The probes were
modified by the attachment of a spherical silica bead as
described earlier. The AFM was equipped with a piezo scanner
eﬁaving a maximum scan range of i x 15um x 2 um.
Scanner calibration was achieved in #hendy directions using
a lx 1 mm grid of gold on silicon. The direction was
calibrated by measuring the wavelength of the optical interfer-
ence patterns resulting from reflection between the tip and a
reflective substrate. This method is similar to that described

Materials. (a) Reagents.Solutions of NaF, KCI, KBr, and
Kl were prepared from reagent grade chemicals (Aldrich
Milwaukee, WI) without further purification in 18 I2 deion-
ized water (Milli-Q Plus, Millipore Corp., Bedford, WA). The
solutions were deaerated with nitrogen for 15 min immediately
before use. Typically, the pk 5.5.

(b) Probe Preparation.Force measurements were acquired
with a microfabricated cantilever having a spherical probe tip.
The spherical AFM probe was prepared in a fashion similar to
the procedure of Ducker, Senden, and PasHiyForce
measurements using standard cantilevers with integrated, squar
pyramidal tips showed behavior similar to that seen with the
spherical probe but suffered from an ill-defined interaction radius
and a much smaller signal-to-noise ratio, typically-BD times
less. A silica sphere with nominal diameter of-420 um
(Polysciences, Warrington, PA) was attached to the tip of a
commercially available AFM cantilever (Nanoprobe, Park
Scientific, Mountain View, CA) using epoxy resin (Epon 1002, by Jasghke and Butt i . . .
Shell, Houston, TX). In a modification to Ducker's technique, Solution measurements were carrl_ed outin a fluid ceI_I (Digital
an optical microscope (Olympus, Model BHTU, Tokyo, Japan) Instruments) with Teflon tubl_ng (Flgure la). All fluid cell
with a three-dimensional micropositioning stage was used to components were cleaned immediately before use by an
position epoxy and then a silica sphere near the apex of the€xtensive soak in purified water anql §ubsequent rinse in EtOH,
AFM cantilever tip, while the cantilever was kept at a temper- iNS€ with copious amounts of purified water, and dry under

ature sufficient to melt the epoxy. A soldering iron with a metal Nitrogen. A three-electrode design was employed for electro-
clip attachment was used to hold the AFM tip at elevated chemical measurements with the Au substrate acting as working

temperatures. With the tip in focus under the microscope electrode, a Pt counter electrode (CE), and a SCE reference

objective, solid resin, previously melted onto a glass slide, could €!€ctrode (RE). The counter and reference electrodes were
be positioned at the very tip of the cantilever using the placed |r!asaturated KClI solution, which was connected through
micropositioning stage. The resin would melt only at the & salt _brldge to _the ogtlet port of the flwd cell. All electrode
location where it touched the heated cantilever tip. With a small Potentials are cited with respect to this SCE reference. Elec-
droplet of molten resin, a silica sphere could then be attachedtrochemical control of the cell was effected with a PAR 173
to the tip in a reproducible and controlled manner by bringing potentiostat and 175 universal programmer (EG&G Instruments,
a glass slide covered with spheres up to the tip with the Princeton, NJ).
micropositioning stage. The resin solidified following removal  (b) Estimation of Cantileer Spring ConstantsThe cantilever
of the heat source. In cases where the sphere adhered to offspring constantk can be estimated theoretically from its
center positions on the cantilever, a brief annealing treatment dimension# or by several experimental methods. The method
served to melt the resin and realign the sphere to the tip apexof Cleveland et at* measured the change in cantilever resonant
via surface tension. Immediately prior to use, the spherical frequency with the addition of known end masses to estimate
probe tip was rinsed with ethanol, rinsed with purified water, the spring constant. Tungsten spheres were placed upon the
and then blown dry with nitrogen. Harsher cleaning procedures cantilever tip and the added mass was plotted against the inverse
(e.g., HSQy, chromic acid, steam treatment) damaged the resin square of the cantilever resonant frequency, with the slope giving
and severed the tipprobe bond. the cantilever spring constant. Here, silica spheres of several
(c) Substrate PreparationSilica substrates were prepared different diameters were attached using small, identical droplets
from commercial glass cover slips that were cleaned in a Of epoxy resin. The mass of the silica sphere and epoxy droplet
concentrated sulfuric/nitric acid solution prior to exposure to Were evaluated by estimating their volume with an optical
condensing steam vapor for 15 min. AFM imaging of the silica Microscope and converting to mass via their density. This
surfaces indicated a mean roughness of 1.25nith a method gave a spring constantof 0.65+ 0.12 N n, which
maximum peak to valley height of 4.2 nm over arh x 1 um is slightly higher than the manufacturer’s nominal value of 0.58
area. Gold substrate electrodes were prepared by melting high' M™% The method of Senden and DucR&mwhich provides
purity gold (99.99-%, Goodfellow metals) in a 1-mm-diameter ~the cantilever spring constant by measuring the normal and
hole in a 12-mm-diametex 4-mm-thick quartz disk. Electrical ~ inverted cantilever deflection as a function of a known end mass,
contact was then made with an insulated copper wire to the gave a similar value.
gold electrode through the back side of the quartz disk with  (c) Force MeasurementsThe tip—sample geometry of the
conductive epoxy (H20S, Epotek). The quartz assembly was AFM force sensing probe is shown in Figure 1b. During the
mounted to a magnetic, stainless steel sample disk with epoxyacquisition of a force curve, the measured experimental



18810 J. Phys. Chem., Vol. 100, No. 48, 1996 Hillier et al.

a -
liquid out
N

quartz cell

laser
l ) aser

cantilever

sample

CE \ WE .
separation
piezo scanner ¥

1 displacement

C d

1.5 ] p 24 :
o 4 contact R con‘(acl
1.2 \>=/ 33 region 21 > 6 region
_ 2 24 1.8 4
g 0.9 = 14 g 2
Z 2] 2 1.5 5 2
E & ; retract é cr::. QLwnd
\;’/ 0.6 = -1 - 1.2- Fis 0
E -2 T T T T T = retract
2 ] <10 10 30 50 70 90 110 B 09 2 N S L
g 03 Sample Displacement (nm) & -t0 10 30 50 70 90 110
3 ¥ 06 Sample Displacement (nm)
s 0.0 - 8
- 03
03 0.0
-0.6 T T T T T i T T 0.3 T T T T T T T T
-10. 0 10 20 30 40 50 60 70 RO 10 0 10 20 30 40 50 60 70 80
Tip-Sample Separation (nm) Tip-Sample Separation

Figure 1. (a) Schematic of AFM fluid cell for in situ force and electrochemical measurements. (b) Diagram of modified force-measuring tip and
cantilever. (c) Example of force data for attractive-tgample interaction. The raw data (inset) is converted to a force vs separation format. (d)
Example of force data for repulsive tigsample interaction.

parameters were the cantilever deflection, obtained from the working electrode consisted of a gold disk in glass with the
voltage of the sectored photodiode detector, and the substratesame exposed area as that used in the AFM cell. This electrode
displacement, which was given by the piezo scanner voltages.was pretreated in the same manner as that for the AFM
These data were converted to a normalized force (force/radius)measurements. The reference and counter electrodes were the
vs tip—sample separation for further analysis. Representative same as cited earlier.

force curves for attractive (Figure 1c) and repulsive (Figure 1d)

interactions are shown. The raw data (inset), giving the tip Results and Discussion

deflection vs substrate displacement, are converted to force vs Theory. Theories describing the forces between interacting

separation with knowledge of the scanner calibration, cantilever g octrostatic double layers have been considered by numerous
spring constant, and tip radius. The tip deflection, which is 5 hors. The interaction between similarly charged double
proportlonal to _the difference S|gn_al of the sectored photodlode layers at low surface potentials is described by the theory of
detector, is calibrated by comparing the detector signal to the Derjaguin-Landau-Verwey—Overbeek (DLVOJ® According
piezo displacement in the constant compliance or contactregion,i, p| vo theory, the total interaction energy between two plates
which is indicated in the raw data (inset) by the region of linéar .5, pe considered as the sum of several contributions, including
deflection. The onset of constant compliance is also taken as, a«ractive van der Waals componevityand an electrostatic

tEe point O,f sgrffrilce.conta(it. The zero force Wis fgund from repulsion or attractiorMg). There is also considerable evidence
the static tip deflection at large separations. The data corre- ¢, 5 aqditional repulsionMg) at close separations resulting

sponding to the forward (extend) and reverse (retract) scansom the presence of ordered solvent lay@r&: 717

overlayed quite well except for immediately adjacent to the Using the Derjaguin approximaticit, the force between
surface. In the attractive regime (Figure 1c), hysteresis Wasspheres of effective radiuBr can be related to the energy
observed by a larger negative force on the retract curve resultingp oveen plates by the expression

from tip—sample adhesion. This adhesion force generally

decreased as the interaction became repulsive. In many cases FIR; = 2(V, + Ve + Vo) (1)
(Figure 1d), adhesive forces were absent in purely repulsive
regimes. The van der Waals energy/) in the nonretarded limi#-3°

(d) Capacitance MeasurementsDifferential capacitance is described by an equation of the form
curves for gold were generated using a CH Instruments
electrochemical workstation (CH Instruments, Memphis, TN) V, = —AH/127rd2 (2)
with the ac voltammetry algorithm. The ac frequency was 80
Hz with a peak-to-peak amplitude of 5 mV. The dc potential where Ay is the Hamaker constant ardlis the separation
was scanned at a rate of 10 mV/s from positive to negative distance. The electrostatic interactioft) can be derived by
potentials in 102 M solutions of KI, KBr, KCI, and NaF. The  considering the free energy associated with the formation of a



Measurement of Double-Layer Forces J. Phys. Chem., Vol. 100, No. 48, 19968811

double layet®d400r by integrating the electrostatic foré&!4: However, this phenomenon also prevents accurate measurement
Using the latter method, the interaction for a 1:1 electrolyte is of forces existing at separations of less tluag,

Force Measurements. The interaction between silica sur-

Ve=-— fD{ 2n°kT[cosr(%) - % (%_1/))2} iz (3) faces has been examined by several autHrisab This
o z interaction was also investigated in this work to determine the
silica surface potential under conditions similar to those found

Wherew is the electrostatic pOtentia'. The first term in eq 3is while probing the double |ayer at a go]d electrode. Under the
a repulsive osmotic component that results from the accumula- conditions examined here, where the solution pt3.6) exceeds
tion of charge in the gap between the plates, and the second ishe isoelectric pointig, ~ 2.0), the silica surface is negatively
a Maxwellian stress that represents an induced charge and isharged and the siliessilica interaction is purely repulsive.
always attractive. For similarly charged surfaces, the second Force-distance curves measured for the sifisilica interaction
term disappears, leaving a result equivalent to DLVO. To exhibit an exponential dependence with distance that is well-
determine Ve explicitly, the electrostatic potential must be reproduced by standard DLVO thed¥.These data, when fit
known. This can be found by solving the Poiss@oltzmann o the sum of repulsive electrostatic and attractive van der Waals

equation interactions, withA; = 0.88 x 10720 J1004145prgyide the
surface potentialy and Debye lengtk—, where the Debye
¢y 1, p( 46‘1/)) length is defined by
—=——Zni zeexpg— — 4
dZ2 €€ T

kT 0.3045

47aniQ2 Jc

(8)

Approximations to eq 4 have been solved analytically for several
limiting cases'?*2Generally, however, the complete nonlinear
form of eq 4 must be solved, which can be accomplished only
by numerical techniqueS. In this work, the complete nonlinear |, 5 103 M KClI solution, a best fit of the data gives a silica
form of eq 4 was solved using a finite element discretization of ¢, face potential ofy = —41 mV and a Debye length af 1 =

eq 4 with linear basis func’t|ons. Integration of eq 3 was then 14 g8 nm. Data at other electrolyte concentrations indicated an
achieved with a Simpsons’ 3/8 rule. Details of this calculation jcrease in the magnitude of the effective surface potential with
are provided in the supporting information. The additional gecreasing concentration. The fitted surface potentials have
repulsive forceVs) in eq 1 is thought to arise from the presence y5jyes similar to those found by other authors with force
of ordered solvent layers and can be described by a decayingmeasyrementsa46

oscillatory force* The nature of this repulsive force is not 14 model the interaction between silica and gold in aqueous
clearly understood and will be neglected in the calculations go)ytions A must be determined. Values for this constant have

presented here. . _ ) ) been determined for both the silieailical®*24%and gold-gold*’
Limitations of a Passive Cantilever. The passive cantilever  jnteractions. Reported values for siliesilica in aqueous

used to measure forces with the standard AFM and with the gqutions fall in the range oy = 0.88x 1072010 2.2 x 10720
SFA is limited by the nature of the cantilever. In the presence J, while Ay for two gold surfaces in an aqueous solution is in
of purely repulsive forces, the cantilever deflection provides e range 25x 10-20—40 x 102 J. For the silicargold
the complete interaction up to surface contact. For attractive interaction, a geometric mean of these valuesys= 4.7 x
interactions, however, the cantilever is limited to forces below 1g-20_g 4+ 10203, This can be compared to experimentally
a critical snap-in forcé2#> Because the cantilever is a passive measured values. In Figure 2, the purely attractive interaction
and thereby unstable device, attractive forces which exceed apepyeen silica and gold in air (Figure 2a) and in deionized water
maximum value lead to a critical instability. This instability is (Figure 2b) are depicted, with a best fit to the parabolic,
characterized by a condition in which.the fqrce derivative onretarded van der Waals interaction (eq 2 or 6). For the
exceeds the spring constant of the cantilever tip by silica—gold interaction in air, a best fit to this parabolic curve
dF/dD = k. ) givesAy = 2.2 x 10‘2°J._ This can be compared to the value
- determined by the snap-in distance (eq 7), which occurs at 5.1

. ) ) nm, and gives a slightly higher Hamaker constanfef= 4.1
At small surface separations, attractive forces between tip and, 14-20 3~ The difference in these values is probably the result

sample may exceed this value and cause the tip to snap 10 th&y e |ower accuracy of the measured snap-in distance, which
surface prior to contact. For purely attractive van der Waals ig jimited by the rate of data sampling in the force curve. The
interactions, as exist for the interaction between two uncharged 3 maker constant in water is considerably higher than this value.
surfaces, the tipsample force is described by The increase i\, in aqueous media is due, primarily, to the
) increase in the dielectric constant (78 vs ¥0)A best fit of
F/IR; = —A,/6d (6) the nonretarded van der Waals interaction in purified water
(Figure 2b) gives a value dfy = 1.2 x 1071° J; theAy value
By substituting this expression into eq 5, the critical snap-in determined from the snap-in distance of 7.8 nm wasd191°
force occurs at J.
When determining the Hamaker constant in water, the
Osnap= (AyR,/3k)™? @) influence of electrostatic forces between silica and gold
cannot be completely eliminated. The silica surface is nega-
Thus, the snap-in distan@g,.pis a function of the Hamaker  tively charged under the solution pH conditions (vide supra).
constantAy, tip radiusRy, and cantilever spring constakg The gold surface is maintained at a potential determined by
ForRr = 6.25um, Ay = 1.5 x 1072°J, andks = 0.65 N nt?, solution composition, i.e., the presence of any specifically
dsnap is 7.8 nm. In the presence of purely van der Waals adsorbed electrolyte species. At open circuit, the potential
interactionsdsnapgives an independent measurefpf provided should be near the pzc. However, any positive or negative
the tip radius and cantilever spring constant are known. deviations in potential would produce a charge at the electrode
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0.10 The change in force with potential between the negative silica
a Ag =22x 1020y tip and the gold electrode is readily understood in terms of the
0.05- 0 nature of the d_ouble layer at the gold electré¥eThe silica
Agnap = 41x 10777 tip probes the diffuse double layer (dI) near the electrode surface.
This consists of counterions that balance the charge injected
E 0.00 into the gold electrode (and residing at the gold/solution
% interface) and the charge from any specifically adsorbed ions
g-o.os— (e.g., CI) on the electrode surface (at the inner Helmholtz
plane). At the pzc, the charge from the adsorbedi€lotally
compensated by positive charge on the gold, so that no diffuse
-0.10+ dl forms. When the potential of the electrode is made more
] negative, the net electrode charge becomes negative and a
015 Y diffuse dI with a net positive charge forms by increasing the
0 2 local concentration of K and decreasing the local concentration
of CI=. The Kt ions are thought to be nonspecifically adsorbed
04 because of a strongly bound solvent shell. Under these
b 19 conditions, the force between the negatively charged silica probe
03 A =12x1077 (p = —41 mV), with its positively charged diffuse dI, and the
02 A =15x10197 gold is repulsive, as seen in the upper curves in Figure 3. At
’ Snap sufficiently negative potentials, the specifically adsorbed CI
Z 0.1 is removed from the surface, so the net surface charge is that
> of the gold. When the potential of the electrode is made more
£ 0] positive, the net surface charge becomes positive and the diffuse
& 0.1 dl forms by repulsion of K and attraction of Cl. The negative
potential drop through this dl produces an attractive force
-0.24 between the silica probe and the electrode (lower curves in
03] Figure 3).
A theoretical treatment of the potential dependence of this
-04 0 I s s e a0 a5 0 interaction can be produced by solving for the potential

distribution via the nonlinear PoisseBoltzmann equation and
thus the interaction force (vide supra). Figure 4 depicts a
representative calculation for the force between a sphere and
plate, with the force scaled to the probe radius. These values

d (nm)

Figure 2. Force between silica sphere and gold plate in (a) air and (b)
deionized water at 28C and pH~ 5.5. Attractive force is fit to van
der Waals attraction oF/R = —Au/6c? and the snap-in distance to

dsnap= (AHR/3k)Y2. In air, the silica-gold interaction gavey, = 2.2 can be converted to the interaction energy between two plates
x 10720 and 4.1x 1072° J using the curve fit and snap-in distance, by dividing the force by Z. These calculations include both
respectively. In aqueous solution, increased to 1.2 107 and electrostatic and van der Waals interactions, with= 1.2 x

1.5 107*%J using these two methods. 102° J and k' = 9.62 nm. With boundary conditions

constrained to a constant surface potential at both the probe

and introduces an error in this estimation &f. Also, the . X - . .
presence of charge at the silica probe can induce an imageand substrate, the behavior depicted by Figure 4a is obtained.

charge at the gold electrode as the two surfaces approach. Thd N curves represent a fixed surface potentiaippf= —41
silica—gold interaction was always attractive under open-circuit MV @t the probe and potentials ranging frap = —100 to
conditions, suggesting that the gold was either uncharged or 100 MV at the substrate. The upper curve corresponds, to

slightly positively charged under these conditions. In the — 41 andwi: —100 mV and the lower correspondsig =
latter case, the measured value far would be slighty ~ —41 andys =100 mV. When the probe and substrate have
overestimated. potentials of opposite sign, the force is purely attractive (lower

In the presence of an electrolyte solution with the gold curv_e). Whgn the two su_rfaces have potentia!s of the same sign,
electrode under electrochemical control, the sitigald interac- the interaction is repulsive at large separations and becomes
tion is a strong function of the applied potential and the nature attractive as the surfaces approach (upper curve). This leads
of the electrolyte. In aqueous solutions containing KCI, the 0 @ maximum in the forcedistance curve. The presence of
force vs distance and force vs potential curves depicted in Figurethis maximum is due both to the onset of attractive van der
3 are obtained. In this example, the force between silica and Waals interactions and also from the nature of the boundary
gold as a function of electrode potential in-8M (Figure 3) conditions. At constant potential, the charge on.both surfaces
and 102 M KCI (Figure 3 inset) are shown. In both systems, May change. When the surfaces .have a potential of the same
the interaction force is seen to be purely repulsive at negative Sign, the charge on the surface with the smaller potential will
potentials, indicating that the electrode surface is negatively change sign as the surfaces approach because of an induced
charged, while attractive forces are observed when the electrodecharge from the surface of higher potential, which leads to an
is made positive. In 16 M solutions, the force vs distance attractive force. For surfaces with potentials of opposite sign,
interaction extends past 30-nm separation, while in21d the surface charges will both increase in magnitude as the
solutions, the interaction force decays within the first 8 nm from Surfaces approach, which leads to an even larger attractive force.
the electrode surface. This behavior is consistent with the Both effects can be seen as an image charge effect that increases
difference in the calculated Debye screening length for these the influence of the Maxwellian stress term in eq 3 at close
solutionsx~1 = 9.62 nm at 103 M and«~* = 3.04 nm at 102 separations.

M. However, in both, the shape of the decay in force with  When the surfaces are maintained at a constant surface charge,
distance is the same as is the dependence with electrodethe behavior depicted in Figure 4b is observed, where the surface
potential. potentials at infinite separation are the same as those in Figure
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Figure 3. Force between silica sphere and gold electrode in an aqueous solutior?dfl KICI at 25 °C and pH~ 5.5 as a function of the applied
potential at gold electrode. The curves correspond to, from top to bottom, electrode potenti&&0pf-500, —400, —300, —200, —100, 0, and
100 mV (vs SCE). Electrostatic repulsion decreases as the electrode potential increasegdfbto 100 mV. Inset: force data for silica sphere
and gold substrate in &M KCI solution.

4a. Under these conditions, the interaction is more repulsive a

than when the surfaces are maintained at constant potential. At 15

a fixed surface charge, the Maxwellian stress term remains Vs o ¥p

constant, but the osmotic pressure increases as the surfaces 1 -{gg

approach because of the electroneutrality requirement, as . (.54 -60

dictated by the PoisserBoltzmann equation. This requirement § pei e

forces the potential on both surfaces to increase to more positive g 04 ol

values to maintain a constant surface charge as the separation & ig

distance decreases. Although a maximum in the force curves b 057 60

in Figure 4b is seen, this is solely the result of the attractive 1] 1§g¢

van der Waals contribution that emerges at close separations. mV
The behavior corresponding to constant potential and constant -1.5 " ' ; . x

surface charge boundary condition has been compared to 0 10 20 30 40 30 60

experimental measurements in a variety of systems. Generally, b d (nm)

constant surface charge boundary conditions more accurately 1.5

reflect experimental data. However, both models diverge from Voo ¥,

experimental results at small surface separations. In the absence 14 100

of van der Waals interactions, the theoretical data for constant -80

charge tends to overestimate the measured force, while constant & 0.5 e

potential underestimates this value. Both models underestimate % 04 -Zg i

the observed force at separations of less tharl® nm, = 20

particularly when a van der Waals interaction is included in = -0.5 ‘ég

the theory. This deviation is likely a result of the additional 80

repulsive force due to solvent orderify® 7017 100VV
m

|
—
!

When experimental force data at selected electrode potentials 1.5 : : : : i
for the silica-gold system in 10° M KClI solutions (Figure 3) 0 10 20 30 40 50 60
are fit to theoretical curves, the results in Figure 5 are obtained. d (nm)
The electrode potentials correspond-+@00 mV (Figure 5a), Figure 4. Calculated force between dissimilar sphere and plate as

—300 mV (Figure 5b),—100 mV (Figure 5c), and 100 mV  a function of plate potential in 18 M aqueous solution of 1:1
(Figure 5d). The model results (solid curves) represent a bestelectrolyte using numerical solution to nonlinear PoissBoltzmann

. . N I 19
fit to the data (open circles) at distances of 10 nm and greater €3uation and nonretarded Hamaker constant ofx1.20 J. The
curves show (a) constant surface potential and (b) constant surface

usingk~* = 9'62_ nm’_ corr_esponding to a 10M solution. The charge boundary conditions with the potential of the sphere held at
upper curve (thick line) is for the model at constant surface = —41 mv and the potential of the plate varied frapg= —100 to
charge, while the lower (thin line) is at constant surface potential. 100 mV.
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Figure 5. Measured and theoretical force between silica sphere and 0.5 = B
gold substrate at constant charge (thick line) and constant potential 04 —%- 20mm
(thin line) in an aqueous I®M KCI solution at 25°C and pH~ 5.5. ~ 03 —&— 15nm
In each fit, the silica surface at infinite separation is maintainegpat E —— 10nmm
= —41mV,Ay=1.2x 109, andc ! = 9.62 nm.y¢ = constant % 02 o smm
charge andps¥ = constant potential: (aff = —700 mV (vs SCE): = 0.1
Y = —47 mV,ys¥ = =55 mV; (b)E= —300 mV (vs SCE):y = =0
=22 mV,yp = =25 mV; (c)E = —100 mV (vs SCE): ¢y = —7 0.1
mv, y&# = —12 mV; (d)E = 100 mV (vs SCE):y< =5 mV, ys = :
—2 mV. The data points are depicted by circles while the theoretical 0.2
curves are solid lines. -0.3 T

2100 80 -60 -40 20 0 20 40 60 80 100
The surface potential at infinite separation is set at a value giving W5 (mV)
the best fit in each case. The theoretical models diverge severelyFigure 6. Theoretical electrostatic force, in absence of attractive van
from the measured data at separations of less than 10 nm. Thigler Waals interactions, as determined by numerical solution to nonlinear
is likely the result of several factors. First, an overestimate of Poissor-Boltzmann equation at fixed separations of 5, 10, 15, 20, and
Ay would lower the theoretical force at small separations. As 2> M between sphere held at surface potentiat4t mV and plate
the influence of attractive electrostatic forces in the measurement,. 10 M solution as a function of the plate potential: (a) predicted
o - o force at constant potential conditions and (b) predicted force at constant
of Ay could not be eliminated, an overestimatefgpfis likely. charge conditions.
Second, the plane of surface charge may lie negative of the
onset of surface contact. The nontrivial roughness of the silica attractive should reflect a surface potential at which the charge
probe and gold substrate would lead to contact between probeis zero, corresponding to the pzc.
and sample that is positive of the mean surface plane. In each In Figure 6, the theoretical data corresponding to the
data set, a better fit is obtained with the plane of surface chargeelectrostatic component of the force at both constant surface
moved 3-5 nm negative of the contact position. Also, a solvent potential and constant charge boundary conditions are plotted
repulsion term was not included in the theoretical curves and as force vs surface potential at several fixed separations. The
would improve the fit to data. Nevertheless, in each example, force—potential curves are approximately linear through the pzc
the condition of constant surface charge more closely reflects at each separation, but reach a plateau as the surface potential
the experimental data. In Figure 5a, which is for an applied increases to large positive or negative values. With a constant
potential of—700 mV (vs SCE), a purely repulsive interaction surface potential boundary condition (Figure 6a), the force
is observed. The best fit to these data, with the silica surface directly adjacent to the electrode surfade=t 5 nm) achieves
kept at a constant potential gf, = —41 mV, can be obtained  a value of zero that is negative of the pzc. However, as the
with the parameterg’ = —47 mV at constant charge agg@” distance between electrode and probe is increased, the potential
= —55 mV at constant potential. As the electrode potential is of zero force (pzf) converges to the pzc. A similar behavior
increased to more positive values, the forces transform from occurs when the surface charge is kept constant in the model
repulsive to attractive. The other data gives best fit parameters(Figure 6b). In this case, however, zero force occurs at a

to the theoretical curves 6f300 mV,y = —22 mV andys” potential exceeding the pzc when the force is measured near
= =25 mV; —100 mV,y¢ = —7 mV andys/ = —12 mV,; the electrode surface but, again, converges to the pzc at larger
and 100 mVys = +5 mV andys/ = —2 mV. separations. In each model, the pzc and pzf converge to the

Determination of PZC. Regardless of the boundary condi- same value at separations of greater than 15 nm for-a M0
tions employed in the theoretical models, the ferdestance electrolyte.
curves more accurately reflect the data as the separation between When the experimentally measured force for a1l KCI
surfaces increases. At larger separations, where the influencesolution is plotted at several fixed separations as a function of
of van der Waals and solvent interactions is negligible, the the electrode potential, the curves in Figure 7 are seen. The
measured force decreases monotonically from repulsive toshape of these curves is similar to that observed in Figure 6 for
attractive as the electrode potential is increased from negativethe theoretical results, exhibiting a linear decrease from repulsive
to positive values. In the model curves (Figure 4), this change to attractive forces as the potential is increased from negative
in force from repulsive to attractive reflects a change in the to positive values. The forces also begin to plateau at potentials
surface potential (or charge) of the electrode from negative to far positive and negative of that corresponding to the zero force.
positive values. Thus, at larger separations, a change inAt positive potentials, the force is nearly constant with potential
electrode potential that decreases the force from repulsive toat a fixed separation. This constancy of the attractive force is
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Figure 7. Force between silica sphere and gold electrode irf M0
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function of electrode potential. The potential of zero force (pzf) is
shown.
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due to the snap-in of the cantilever and illustrates the major
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The pzf in these systems, much as the pzc, varies with the
nature of the electrolyte. Plotting the force vs potential at a
separation of 15 nm for Kl, KBr, KCI, and NaF, results in the
curves in Figure 9a. The shape of these curves is similar for
each electrolyte, but with a different pzf. For NaF, the pzf
occurs in the potential range 0 #6400 mV. The pzf for NaF
shifted within this range with the history of the electrode. In
KCI solutions, the pzf occurred at150 mV. In KBr, the pzf
was at even more negative potentials, typically in the range
—250 to —350 mV, while KI solutions exhibited the most
negative pzf, betweer 600 and—650 mV.

These results indicate that the process responsible for the
shape of the force curves is similar in each electrolyte, while
the potential dependence is a strong function of the solution
composition. The nature of the anion plays a strong role in
determining the potential at which the double-layer force
approaches a value of zero. Theoretical models of the double-
layer interaction indicate that this minimum in force converges
to the pzc at separations of greater than 15 nm.

A number of methods have been proposed for determining

inadequacy of passive cantilever probes. When the force the pzc of solid metal electrodes. Frequently, this is found from
becomes purely attractive, it exceeds the critical snap-in force the electrode capacitance, as measured by ac voltammetry or

determined by the cantilever spring constant. Typically, at-
tractive forces near a surface are inaccessible.

As seen in the theory for constant surface charge (Figure 6b),

the measured pzf generally decreases as the pibetrode

separation increases. This would suggest that the constant
charge model more accurately reflects experimental observation

than the constant surface potential model.

(see Figure 5). In the limit of large probelectrode separations,

corresponding to distances greater than 15 nm in Figure 7, the

pzf occurs at an electrode potential of approximatehp0 mV
(vs SCE) in KCI solutions. The measured pzf varied by
approximately£75 mV when different gold substrates and tips
were used.

The pzc of an electrode depends upon the nature of the

electrolyte, particularly the extent of specific adsorption of the
anions. As the strength of anion adsorption increases, the pz

shifts to more negative values. This has been observed for the‘". . .
9 with different electrode samples. However, the potential for

series F, CI~, Br—, and I on mercury and gold electrod&s,b
where the pzc is most positive for Fand decreases to more
negative values, with~ exhibiting the most negative pzc.
Generally, the nature of the alkali metal cation has a much

smaller influence on the pzc, since these generally do not

specifically adsorb.

An early study of the interaction between two similar metal
wires as a function of electrode potential showed a minimum
near the pz& Measurement of the force between a negatively
charged silica probe and a gold electrode surface in KCI

solutions indicates a variation where positive electrode potentials

provide for an attractive force while excursions toward negative
potentials introduce a repulsive force. Similar variations are
also observed for a gold electrode in the presence of other simpl
1:1 electrolytes, mainly NaF, KBr, and KI. Figure 8 illustrates

the force-distance curves for all four systems as a function of
electrode potential in £G M solutions. In each case the force

is attractive at positive potentials. At negative potentials, the
interaction force transforms to a purely repulsive interaction.

c

e

impedance method4. The theoretical form of the diffuse layer
capacitance is given by

Cuir = €€gic COShz€(yy — 1,9/ 2KT] )

This was aISOSThe minimum in the double-layer capacitance occurs at a

observed when fitting the complete force vs distance curves

potentialy corresponding to the pzg,,. The pzc of several
electrode materials, including gold and mercury, has been
examined by ac voltammetric method&? The response of a
gold electrode surface identical with that examined in the AFM
fluid cell is shown in the capacitance curves in Figure 9b. The
four electrolyte solutions exhibit electrode capacitance values
ranging from approximately 5 to 28~ cm 2. Each encounters

a minimum in this capacitance. These minima occur at Ki,
—640 mV; KBr,—250 mV; KCI,—100 mV; and NaF, 225 mV.
The potential of minimum capacitance was quite reproducible
(+£50 mV) for Kl, KBr, and KCI, with only a slight variation

NaF varied over the range 0 #400 mV (vs SCE). A variation

in the pzc of gold electrodes inmFsolutions has been observed
and is said to be related to the crystallinity of the electPde
but may also be caused by adsorption of organic impurities

which also depress the capacitafdte.

The potentials corresponding to values of the minimum in
electrode capacitance agree quite well with the potentials of
minimum force on the same electrode surface. In each system,
the pzc measured by ac voltammetry is within the error bars of
the pzf determined by force measurements. This correlation
between force and charge is supported by the theoretical
calculations, which indicate that the force between two surfaces
should pass through a minimum at the pzc as the separation
distance increases, regardless of the boundary conditions
employed in the model. At smaller surface separations, the
influence of attractive van der Waals interactions and solvent
forces obscure the purely electrostatic forces.

Conclusions

The shape of the force vs distance curves in these systems is
similar at larger separations, indicating a comparable Debye The forces between a silica probe and either silica or gold
length. At small probe substrate separation, the curves differ substrates were measured using an AFM in the presence of a
somewhat, with definite maxima appearing in several measure-series of alkali halide electrolyte solutions. The silicdlica
ments (Figure 8a,c). The presence of these maxima suggesinteraction was repulsive and accurately predicted by standard
improved probe-substrate contact, as predicted by theoretical DLVO theory except at very small separations, where an
models. additional repulsion was observed. The silica surface was
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Figure 8. Force between silica sphere and gold substrate as a function of electrode potentidllh dueous solutions of (a) NaF, (b) KCI, (c)
KBr, and (d) KI. The curves correspond to, from top to bottom, electrode potentials e%6@0, —400, 0, 200, 300, 400, and 600 mV; (b)00,
—500, —300, —100, 0, and 100 mV; (c}600, —500, —400, —300, —200, and—100 mV; (d)—900, —800, —700, —600, —500, and—400 mV
(vs SCE). Electrostatic repulsion decreases as the electrode potential increases from negative to positive potentials.

negatively charged at a pH of 5.5 and a fit to DLVO theory a

gave a surface potential 6f41 mV in 103 M KCI with a 0.25 S
Debye length ofx™ = 10.8 nm, comparable to the value 0.201

determined from the solution concentrationkoft = 9.62 nm. o
The interaction between silica and gold surfaces, in contrast, _ 0159 e KBr
exhibited an attractive interaction at neutral pH. Under § 0.10 —— K
electrochemical conditions, the siliegold interaction was a £

strong function of the potential applied to the gold electrode & 0057

and also the nature of the electrolyte species. The siticéd 0.00

interaction was attractive at positive potentials and repulsive at 0,05 .

negative potentials. A series of force measurements obtained

as a function of the potential of the gold electrode indicates -0~13000 o0 ‘_’6|00 o 200 6 00 200 eo0
that the effective surface potential (and charge) of the gold E (mV vs SCE)

electrode decreases while moving from positive to negative b

potentials, corresponding to the removal of adsorbed anions from
the electrode surface. The potential at which the sitigald

force passes through a minimum corresponds closely to the pzc
in solutions of NaF, KCI, KBr, and KI. The pzf values
determined from force measurements are quite similar to pzc
values determined from electrode capacitance measurements.
Theoretical fits of the force data to solutions of the complete
nonlinear PoissonBoltzmann equation indicate that although
the constant surface charge most accurately reflects the data,
neither constant surface potential or charge boundary conditions
fit the data at small surface separations. This poor fit at small
separations is attributed to an overestimate of the Hamaker
constant, an ill-defined location for the plane of surface charge,
and the presence of short-range repulsive solvent forces.Figure 9. (a) Force between silica sphere and gold electrode at a
However the models converg towar he oxprimental ehavS5ator o151 101 lubn of ), KB, K nd s
ior as the distz_ance from the glectrode incr_eas_es. A comparisonby arrows. (b) Differer?tial capécitanrt):e of gold electrode 3191

of the theoretical and experimental data indicates that the pzf 5queous solutions of KI, KBr, KCI, and NaF. The minimum in
corresponds to the pzc at separations greater than approximatelyifferential capacitance, corresponding to the potential of zero charge,
15 nm in 103 M solution. is indicated by an arrow in each curve.

4 T T T T T T T T
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These studies indicate the utility of force measurements in
characterizing the properties of the electrode/electrolyte inter-

face. They provide for an alternative measurement of the pzc
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