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Direct Measurement of Diffuse Double-Layer Forces at the Semiconductor/Electrolyte
Interface Using an Atomic Force Microscope

Kai Hu, Fu-Ren F. Fan, and Allen J. Bard*
Department of Chemistry and Biochemistry, bsity of Texas at Austin, Austin, Texas 78712

Andrew C. Hillier*
Department of Chemical Engineering, Warsity of Virginia, Charlottesille, Virginia 22903

Receied: June 10, 1997; In Final Form: August 5, 1997

The forces between a silica probe and an n-type, Fi@gle-crystal electrode were measured using an atomic
force microscope in an aqueous electrolyte solution. These interactions were a strong function of the solution
pH, the presence of specifically adsorbed anions, and thedl@trode potential. For a series of pH values,

a strong electrostatic repulsion was seen at high pH and decreased as the pH was reduced. At pH values
below 5.5, the interaction became attractive. A series of force measurements betwgandittype TiQ

showed a repulsive interaction when Ti®as held at negative electrode potentials, which transformed to an
attractive force at positive potentials. The potential at which the interaction passed through a minimum,
called the potential of zero force (pzf), corresponded closely to the flat-band pot¥hjialf the TiO, electrode

under conditions where the solution pH was held at the isoelectric point (iep) of titaniaVylhreasured

by this method gave a value near0.4 V vs SCE at pH 5.5, which was in good agreement with
photoelectrochemical measurements made under similar conditions. At pH values deviating from the iep,
the pzf andvy, were not equivalent. This was illustrated by potential- and pH-dependent force curves taken
at the same n-Ti@electrode in the presence of the polymeric anion hexametaphosphate (HMP), which is
known to specifically adsorb on T¥O An increase in negative surface charge due to adsorbed HMP was
observed by an increase in the repulsive force with respect to the silica probe at open circuit for a specific
pH value. Potential-dependent force measurements determined that the pzf shifted toward more positive
values in the presence of HMP, in direct opposition to the negative shiff,inThis apparent discrepancy

was caused by the presence of both adsorbed and potential-induced surface charge, which could not be
differentiated by simply measuring the diffuse double-layer charge.

Introduction The presence of electrical double layers at electrode surfaces
. plays an important role in electrochemical processes. Although
Surface forces and double-layer phenomena play an |mportant[he direct measurement of these double layers at electrode

;?;%i"'{] nglm ;;?:Ltjrzl '?;eggizfl tiggoicoenSSthitilggilgdI;gbigﬂl?:;i?l surfaces has been somewhat limited, an early examination of
Y, POy Y ption, lon part 9 9 the force between two metal wires in an electrolyte solution
and polymer membranes, and electrochemical processes. Recer

- ; . illustrated a potential-dependent repulsive forceMore recent
advances in the development of techniques allowing accurate - L . o .
. . studies of this interface include the examination of thin-layer
and high-resolution measurement of surface forces have pro- 4o - .
) oS o ; cell behaviot? and electrostatic forcésbetween two platinum-
vided insight into this interface at a level that allows direct . .
X o - coated mica surfaces with the SFA. The AFM has recently
comparison to theory and the ability to directly detect phenom-

ena associated with diffuse double-layer charge, solvent andProven successful in dirgctly measuring the magnitude and
solute ordering forces, nanoscale tribology, and molecular potential dependence of diffuse double-layer forces at electrode

) surfaces*15 These measurements provide direct experimental
adsorptiort . . ) ;
. . . information about the magnitude and structure of the diffuse
The measurement of surface forces is typically achieved

. ) double layer, which could previously only be examined
fleciancs mirascos However, e atome force mictosaope  AECHY through surface tension or electocaplary measure-
(AFM) has received increasing attention as a tool for performing g1ne dntﬁ]::;:q;fcg:gg e%Iectrod r capacitance studies at liquid
surface force measurements because of its versatility and ability " .
to perform force measurements with both high normal and lateral ~ Although electrostatic forces at semiconductor surfaces have
resolution® The measurement of colloidal forces with AFM  Previously been examinédthe influence of electrochemical
was initially demonstrated between silica surfaces by Ducker, Variables in these systems has not been addressed. In this report,
Senden, and Pashléyyho functionalized a standard AFM tip ~ We describe how the diffuse double layer at an n-type,TiO
with a spherical silica probe to measure the interaction betweenSingle-crystal electrode can be probed at nanometer resolution
silica surfaces. Recently, AFM has been used to measureWith the AFM. The double layer was examined by measuring
surface forces at a variety of colloidal materials, including the force between a spherical silica probe placed on the end of
semiconductor§, polymers? and metal% as well as in the an AFM cantilever and a Ti@substrate as the probe moved

presence of surfactghand polymel adsorbates. through the double layer (Scheme 1). The charge residing
within the diffuse double layer, which reflects charge present
* To whom correspondence should be addressed. at the semiconductor surface, is calculated from the force

€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  between the electrode and the tip of the AFM cantilever. Results
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SCHEME 1: Representation of AFM Force
Measurement between a Negatively Charged Silica
Sphere and a TiG, Substrate in an Aqueous Solution
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TiO; electrode using Galn eutectic. The TiQelectrode was
then mounted to a magnetic, stainless steel AFM sample disk
with epoxy (Torr Seal, Varian). The electrode surface was
polished to optical smoothness using successively finer grades
of diamond and alumina paste (15, 6, 3, 1, 0.3, and @95
Buehler, Lake Bluff, IL). The electrochemically active electrode
area was 0.1 cfand the surface exhibited a mean roughness
of 0.8 nmim? with a maximum peak-to-valley height of 3.4
nm over a Ix 1 um? area. Prior to use, the Tivas sonicated
for 15 min to remove any polishing particles followed by steam
cleaning with Milli-Q water fo 2 h to remove any surface
contaminants. The electrode was then rinsed in ethanol and
copious amounts of purified water and blown dry under argon.
Electrochemistry and Force MeasurementsEquipment.
Force measurements were performed with a Nanoscope I
scanning probe microscope (Digital Instruments, Santa Barbara,
CA) equipped with silicon nitride cantilevers (Nanoprobe, Park
Scientific, Mountain View, CA) having integral, bipyramidal

indicate that these forces are a strong function of the solution tiPS. The tips were modified by the attachment of a spherical

pH and the potential applied to the TiCelectrode. In

silica bead as described earlier.

circumstances where the adsorption-induced surface charge is Experiments were carried out in a fluid cell (Digital Instru-

zero, which occurs at the isoelectric point (iep), the electrode
potential at which the interaction force drops to zero, referred
to as the potential of zero force (pzf), corresponds closely to
the flat-band potentialMg,). Under conditions deviating from

ments) with Teflon tubing. A three-electrode design was used
for electrochemical measurements with the Jo®ystal serving

as the working electrode, a Pt counter electrode, and a SCE
reference electrode. The counter and reference electrodes were

the iep, where both potentia|_ and adsorption_induced Chargesplaced in a saturated KCI SOlUtion, which was connected through

exist on the TiQ surface, the pzf an¥s, do not correspond
and are actually shifted in opposite directions. This is illustrated

a salt bridge to the outlet of the fluid cell. All electrode
potentials are given with respect to this SCE reference.

for the adsorption of the po|ymeric anion hexametaphosphate Electrochemical control of the cell was effected with a PAR

(HMP) on TiQ,.

Experimental Section

Materials. Reagents Solutions of KCI were prepared from
reagent grade chemicals (Aldrich, Milwaukee, WI) in 1&M
deionized water (Milli-Q Plus, Millipore Corp., Bedford, MA).
Sodium hexametaphosphate (HMP, (NapRPwas used as
received (Alfa, Ward Hill, MA). Solution pH values were
adjusted by adding 0.01 M NaOH or 0.01 M HCI. Immediately
prior to use, the solutions were deaerated with argon for 30
min to achieve stable pH values.

Probe Preparation.Force measurements were acquired using
a microfabricated AFM cantilever that had been functionalized
with a silica sphere in a fashion similar to the procedure of
Ducker, Senden, and Pashfey A silica sphere with nominal
diameter of 16-20 um (Polysciences, Warrington, PA) was
attached to the tip of a commercially available AFM cantilever
(Nanoprobe, Park Scientific, Mountain View, CA) using
thermal-setting epoxy resin (Epon 1002, Shell, Houston, TX)
and an optical microscope with three-dimensional positioning
capabilities (Olympus, Model BHTU, Tokyo, Japdf).Force

measurements using a standard cantilever with integral, square

pyramidal tips suffered from an ill-defined interaction radius
and a much smaller signal-to-noise ratio. Immediately prior to
use, the force-sensing tip was rinsed with ethanol, rinsed with
purified water, and blown dry with nitrogen.

Substrate PreparationSilica substrates were prepared from
commercial glass cover slips that were cleaned in a concentrate

173 potentiostat and 175 universal programmer (EG&G Instru-
ments, Princeton, NJ).

Force MeasurementsThe cantilever spring constaktwas
determined using a published procedtireA series of end
masses were added to the tip, and the change in the cantilever’'s
resonance frequency was recorded. This method provided a
spring constant of 0.6% 0.12 N nt! for the cantilevers used
here. Force separation curves were obtained by recording the
voltage from the split photodiode detector and the substrate
displacement as given by the applied piezovoltages. The
photodiode voltages and piezovoltages were converted via
calibration standards to normalized force (force/radius) versus
tip—substrate separation for further analysis.

Flat-Band Potential Measurementd.he flat-band potential
of the same n-type Tigsingle-crystal electrode was measured
by photocurrent onset potential and open-circuit photovoltage
methods in 10° and 104 M KCI solutions at pH 5.5. A
Christie Xenolite UF30KK illuminator (Christie Electric Corp.,
Los Angeles, CA) with a 2500 W xenon/mercury lamp operating
at 1500 W was used as the illumination source in the
photoelectrochemical measurements. The output was filtered
through 18 cm of HO to remove infrared light and was focused
onto the TiQ electrode surface through a quartz window. In
the photocurrent onset potential experiments, dark and photo-
current voltammograms were recorded with a PAR 173 poten-
tiostat and a PAR 175 universal programmer. In the open-circuit
photovoltage measurements, the open-circuit photovoltage was

d;‘aken to be the difference between the rest potential in the dark

nd under illumination. In all cases, a SCE reference electrode

sulfuric/nitric acid solution prior to exposure to condensing was used

steam vapor for 30 min. AFM imaging of the silica surfaces
showed a mean roughness of 1.1 amd with a maximum peak-
to-valley height of 3.7 nm over ag 1 um? area as determined
by AFM imaging.

The TiG; electrode was cut perpendicular to tBgaxis from
a rutile single crystal. n-type semiconductivity was achieved
by heating in hydrogen at 70 for 30 min. Electrical contact

Results and Discussion

Theory. Theories describing the forces between interacting
double layers in electrolyte solutions are well-developed. For
identically charged surfaces at small surface potentials, the
interaction is adequately described by the theory of Derjaguin

was made by connecting a copper wire to the backside of the Landau-Verwey—Overbeek (DLVO)® Using the Derjaguin
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approximatior?? the force between two spheres of effective 2.5 4
radiusRr can be related to the energy between two plates by
the expression 291
FIR, = 27(V, + Vi + Vo) @) T
£
= 1.0
V, is the van der Waals interaction energy which, in the E
nonretarded limit, is given by the form e 0.51
[*8
V, = —Aj 127 ) 0-01
-0.5 4
where Ay is the Hamaker constant ardlis the separation
distance. For this work, the terk, which is associated with -1.0 T T T T T |
the ordering of solvent layers, is neglected. This term is often 0 10 20 30 40 50 60

described by a decaying oscillatory funct®nThe electrostatic Separation (nm)

term (Vg) can be derived by integrating the electrostatic force Figure 1. Forces between a silica probe and an n-type,Eilectrode
between two charged surfaces according to in aqueous solution at 2% and open-circuit potential in 1®M KCI.

The solution pH was adjusted by adding 0.01 M NaOH or 0.01 M
2
Ve = [j {2n°kT[cos %) -1 - g(d_W) } dz (3

HCI. Curves, from top to bottom, are for pH 9.8, 8.5, 7.6, 5.7, and
2\dz
where v is the electrostatic potential. To determing

3.4. The force is scaled to the probe radius of J&hh
explicitly, the electrostatic potential must be known. This can
be found by solving the PoisseBoltzmann equation

checked to establish the probe surface potential. In& 1D
KCI agueous solution at pkH 5.5, the SiQ surface potential
was found to be—37 mV. This surface potential was
determined by measuring the interaction force between thg SiO

o2y 1 . zey probe and a Si@ substrate and fitting this result to the
—=-—)ynzeexg— — 4) electrostatic force modé.
d’z €0y KT The interaction between SjCGand undoped Ti@ surfaces

under open-circuit conditions has been examined previétsly.
which describes the electrostatic potential between two chargedin the present work, an n-type Ti@lectrode was examined.
plates in an electrolyte solution. Although linearized forms of The interaction force between a SiProbe tip and an n-Ti®
eq 4 can be solved analytically for low potentials, the complete electrode at open-circuit potentials is depicted in Figure 1. In a
nonlinear form of eq 4 can only be solved numerically. Inthis 10-3 M KCI solution, the force is repulsive at high pkt6.7).
work, a finite element discretization of eq 4 was performed with This interaction becomes less repulsive with decreasing pH.
linear basis functions. Integration of eq 3 was then achieved Under these conditions, the Debye length was 10.2 nm and the
with Simpsons’ 3/8 rule. Details of this calculation have been interaction force decayed within the first 480 nm from the
provided previously? electrode surface.

This model of the interaction force between two charged  As the solution pH is changed in these experiments, the
surfaces has proven extremely successful in matching experi-charge on both the SiCand TiQ, surfaces is affected because
mental observations for a variety of systems for separations of changes in the extent of protonation and deprotonation of
ranging down to the last-356 nm. Below these small separa- surface groups. Under open-circuit conditions, the surface
tions, nontrivial surface roughness introduces uncertainties in charge is determined solely by the coverage of Giid H*
the location of the plane of surface charge and introduces a non-groups adsorbed to the metal (M) and metal oxide (MO) sites
ideality in the model spherical surface geometry. The solvent through the equilibrium relationships
force also begins to become important under these conditions.

Also, the application of this model to a semiconductor/electrolyte M—QOH + H™ = M—OH2+ and MO-H=MO +H"
interface is somewhat of a simplification. Although it has been

successful in modeling the potential-dependent behavior of a At high pH values, the surface consists primarily of M@nd
metal electrodé? this model neglects the potential drop associ- M—OH sites, providing a negative surface charge. At low pH
ated with the semiconductor’'s space-charge layer. However,values, MC-H and M—OH," dominate to give a net positive

in this work, the electrolyte concentration was kept at a low surface charge. The pH at which the surface coverage of anionic
level, and the semiconductor was highly doped such that the and cationic groups is equal corresponds to the iep. Fog TiO
thickness of the semiconductor depletion layer was much smallerthis occurs in the range of 52 pH < 5.78°¢ In Figure 1, the
than the diffuse double layer. Under these conditions, the iep for TiO, is observed at approximately pH 5.7. At this pH,
proposed model is a reasonable assumption that converges téhe long-range electrostatic interaction is approximately zero,
the complete solution as the flat-band potential is approached.with a small attractive force appearing at small separations. This

Force Measurements. The interaction between SiGur-
faces is fairly well establishet? In aqueous solutions under
conditions where the solution pH exceeds the iep of silie2)(
the surface is negatively charged. In an electrolyte solution,

small attractive force is a combination of van der Waals
attraction and a small electrostatic attraction due to the image
charge on TiQinduced by the negatively charged Si@robe.

In the absence of an external electric field, the diffuse double

this produces a diffuse double layer with excess positive chargelayer reflects the magnitude of adsorption-induced surface
due to the accumulation of excess positive ions in solution near charges at the Ti@electrode. The application of an external

the SiQ surface. The resulting electrostatic interaction between
two SiO; surfaces is strictly repulsive, with a minimum in the
repulsive force occurring when the Si®urface charge drops
to zero at the iep. In this work, a silica probe is used to
interrogate the surface of a Ti@lectrode in agueous solutions.
Therefore, the pH-dependent surface charge of,Si@s

electric field will produce additional charges at the electrode
surface as the Fermi level of the Ti@hifts away from the
flat-band potential. These charges are distributed throughout
the space-charge layer of the semiconductor and result in
conduction and valence band bending, upward for excess
positive charge and downward for excess negative cidrge.
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SCHEME 2: Diagrams of Charge Distribution in Space-
Charge Layer, Surface Adsorption Layer, and Diffuse
Double Layer of a TiO; Electrode under Potential
Control and the Corresponding Force Interactions with a
Charged Silica Sphere in an Aqueous Solution
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Figure 2. Measured (solid lines) force and theoretical fit (open circles) LN
of interaction forces between SiQ@robe and n-Ti@ electrode as a
function of the applied electrode potential at pH5.5 in a 10° M attractive force
KCl aqueous solution. The electrode potentials are (from top to bottom) V>V, & > < _
—0.90,—0.80,—0.70,—0.50,—0.43,—0.20, 0, and+0.50 V vs SCE. - ++ = -
The theoretical fits correspond to a boundary condition of constant é T -
surface charge of- 37 mV, Ay = 1.4 x 1072 J, and a Debye length = Y- -

of k1= 10.2 nm. -
To illustrate this potential-dependent behavior, Figure 2 shows B. With specifically adsorbed anions

the interaction force between a SiQ@robe and an n-Ti® V=V,

electrode as a function of the potential applied to the,M@en

the solution (163 M KCI) is at pH 5.5, near the iep of TiQ

The behavior of this substrate is similar to that observed for

metals!®> At negative electrode potentials, the n-Fi@ssesses

a negative surface charge. Unlike metals, however, where the x::,’pzf

charge is localized at the electrode surface, this charge is "

distributed over the space-charge layer and results in downward

band bending near the semiconductor/electrolyte interface

(Scheme 2A). The interaction force between the negatively cparge layer. This is a reasonable assumption since the carrier
charged Si@ probe and negatively charged Ti®lectrode is density of this n-type Ti@was estimated to be 0cm3, as
purely repulsive under these conditions (Figure 2, upper Cur"es)-compared to that in a 18 M solution with a much smaller ion
As the electrode po_tential is changed to more positive values,density of 12x 107 cm3. Therefore, most of the potential
the electrode Fermi level moves downward and the extent of 44 4t the TiGlelectrolyte interface occurs within the diffuse
downward band bending decreases, resulting in a smallery, e jayer and not in the space-charge layer. Moreover, near
repulsive force. At even larger positive potentials, an excess ;. the potential drop within the space-charge layer disappears,
positive charge appears in the space-charge layer. This positive;nq this simplified model converges to the complete solution.
electrode charge results in upward band bending and a negang the electrode potential is increased or decreased from this
tively charged ionic diffuse double layer in solution, producing fia1-hand value, the specified surface potential of the semicon-
an attractive electrostatic interaction with the positively charged §,ctor will deviate from the bulk potential.
ionic double layer of the Sigprobe. The measured interaction Fitting of the experimental force curves to this electrostatic
force saturates at sufficiently positive and negative electrode el s illustrated in Figure 2 (open circles). These data were
potentials, similar to previous results on metal electrédes: fit using a surface potential at infinite separation for the SiO
The electrode potential at which the long-range electrostatic probe of —37 mV, as determined by force measurements
interaction between SiOand n-type TiQ goes to zero (pzf)  petween two Si@surfaces, and a Debye length of 10.2 nm. As
indicates the absence of surface charge on the electrode. Basefhdicated in the figure, the theoretical curves fit the experimental
upon visual inspection of the interaction curves in Figure 2, force data quite well from large separation to a prebebstrate
the pzf occurs at about-0.43 V vs SCE. Since these separation of 35 nm. Under repulsive conditions, which occur
measurements were performed at the iep of Ti@e charge  at negative electrode potentials, the predicted interaction force
on the electrode is due solely to potential-induced electronic ynderestimates the measured repulsive interaction at small
charges. Therefore, this potential can be identified asthe  separations. This is attributed to an additional solvent force
at pH 5.5; at the iep, the pzf equal,. often observed in these measurements and also from the error
A more quantitative picture of the S}©TiO, interaction can associated with the true location of the surface charge on this
be obtained by fitting the experimental data to a theoretical electrode surface. The fit improves slightly under attractive
description of the interaction force between two charged surfacesconditions.
as above. In this analysis, the complete nonlinear Poisson A summary of the surface potentials determined from these
Boltzmann equation was solved to determine the potential data by fitting the electrostatic force model is shown in Figure
distribution within the diffuse double layer while the Siénd 3. The surface potential of TiOvaries from—47 mV at an
TiO, surfaces were held at constant surface charge. Generallyelectrode potential 0f~0.90 V vs SCE to+25 mV at an
the boundary condition of assuming a constant surface chargeelectrode potential 0f0.50 V. The electrode potential at which
provided a better fit than that assuming a constant surfacethe surface potential goes to zero occurs at abeud5 V vs
potential, as in previous work with these systéis As stated SCE. The surface potential increased from negative values at
earlier, this model ignores the potential drop through the space-negative electrode potentials to positive values at positive
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Figure 3. Surface potential of n-Tigat infinite separation as a function ~ F9ure 5. Measured (solid line) force and theoretical fit (open circles)
of applied electrode potential vs SCE as determined by a best fit of of interaction between silica probe and n-Fi€ectrode as a function

- . f the electrode potential at pH 5.5 in an aqueous solution of 10
the constant charge electrostatic model to experimental data #iVL0 0 e ;
. . M KCI containing 104 M HMP. The electrode potentials are (from
KCI. The electrode potential at zero surface charg# is 0.45V top to bottom)—0.80, —0.60,~0.40,—0.21, 0, andt0.50 V vs SCE.

in 1073 M KCl. N e
The theoretical fits correspond to a boundary condition of constant
2.5 - surface charge and a Hamaker constant ofx.4072° J.
204 values. Note that the observed effect also includes contributions
from an increase in the surface charge of the,J@be. In
1.5 addition to the hydroxyl anion, specific adsorption offToccurs
£ readily on TiQ and shiftsVy, toward more positive value.
3 101 The polymeric anion HMP strongly adsorbs on T&hd should
E 05 shift Vi, toward negative values. Indeed, the adsorption of HMP
e on TiO, influences the apparent surface charge. In Figure 4, a
0.0 4 == series of open-circuit force curves between S0d TiG in a
1073 M KCI agueous solution in the presence of 10 HMP
-0.5 1 indicates a greater repulsive force at a given pH value. For
example, at pH 5.7 the Sy TiO; interaction is noticeably more
-1.0 T T T y T ) repulsive in the presence of HMP compared to a slightly
0 10 20 30 40 50 60 attractive interaction at the same pH in the absence of HMP
Separation (nm) (see Figure 1). This indicates that the adsorption of HMP

Figure 4. Forces between silica probe and n-Tifectrode in aqueous ~ competes with the adsorption of OHo shift the iep of TiQ
solution at 25°C and open-circuit potentials in a 70M KCI agueous to lower pH values and increase the net negative surface charge.
solution containing 10° M HMP as a function of solution pH. From g increase in negative surface charge is consistent with the
:gpﬂ:g k;)(r)(t)tg g]r a%';; %’f 1g,§m57 and 3.4. The force has been scaled presumption thqt the flat-band potential also shifts toward more
negative potentials.
electrode potentials. At positive surface potentials, correspond- To determine the location of the potential of zero force, a
ing to an attractive interaction between the Sj@obe and TiQ series of force curves were acquired on Ti®the presence of
substrate, the accuracy of the surface potentials becomesHMP as a function of the applied electrode potential (Figure
questionable, because under attractive force conditions, the5). These results indicate a trend in the interaction forces that
cantilever is unstable and exhibits a characteristic snap-inis similar to the results observed in the absence of HMP. The
behavior?2 This limits the accuracy of force measurements in TiO, surface is negatively charged at negative electrode
this regime. potentials, and a repulsive force is observed. As the electrode
At the iep, the surface charge on Ti@ue to adsorbed species potential is increased to more positive values, the interaction
is zero, and the charge associated with the diffuse double layerbecomes attractive, indicating a change in sign of the charge
is equal to the charge within the space-charge layer. Therefore,associated with the diffuse double layer. A fit of the experi-
at the pzf both the charge in the diffuse double layer and the mental data was again performed to determine the surface
charge within the semiconductor are zero, so that this potential potential of the TiQ as a function of electrode potential. The
corresponds t&s. The Vi, in 1072 M KCI, pH 5.5, at—0.45 theoretical curves in this case (Figure 5, open circles) fit the
V vs SCE is close to th&/, determined using photocurrent experimental data well in the repulsive regime, but the fit

onset methods;-0.40 V vs SCE. deteriorates as the attractive component in the interaction
Although TiO, is largely free from effects of specific  increases in magnitude. This lack of fit is partly due to the
adsorption of solution ions, changing the solution pH shifgs presence of an increasingly large snap-in component in the

with an increase in pH shiftingy, to more negative values, by interaction forces. As was noted earlier, this snap-in occurs in
59 mV/pH unit?® The increased negative ionic charge on the the presence of attractive forces when the derivative of the
semiconductor surface associated with an increase in the surfacénteraction force exceeds the spring constant of the cantilever.
coverage of hydroxyl groups at higher pH tends to repel Thus, the larger the attractive force, the earlier the snap-in
electrons from the surface region into the bulk. Thus, a more condition occurs. The large snap-in distance observed for the
negative electrode potential is required to push these electronsHMP—TiO, surface suggests the presence of a longer range
back to the surface to achieve the flat-band condition. This attractive force between tip and sample. This is likely a

increase in negative surface charge due to pH changes is showrstructural factor resulting from the polymeric nature of the HMP

in Figure 1 by an increase in the repulsive force at higher pH anion. If, rather than making a compact adsorbed layer on the
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80 - charges. Therefore, the condition of zero double-layer charge
60 1 does not correspond to the flat-band potential. In fact, these
_ two potentials shift in opposite directions. An increase in
E 40 T adsorbed negative charge shifts the flat-band potential to more
z / negative electrode potentials while more positive electrode
iz o ) ) , , , , potentials are required to achieve pzf conditions. Therefore,
2 force measurements cannot be used to directly determine the
£ -20 1 . o
flat-band potential in the presence of charged adsorbates.
[} . .. .
S .40 1 However, with a sufficiently well-characterized probe, the
5 e 1 surface charge due to adsorbed species can be measured at open
@ circuit and subtracted from the potential-induced force curves
-80 T to indirectly determine the flat-band condition.
-100 1
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Figure 6. Surface potential of n-Tigat infinite separation as a function
of applied electrode potential vs SCE as determined by a best fit of
the constant charge electrostatic model to experimental data #iVL0
KCl with 10~ M HMP (filled squares). The electrode potential at zero (1) Israelachvili, J. Nintermolecular and Surface Forcegnd ed.;
surface charge i¥p,c = —0.24 V. Academic Press: New York, 1991.

] (2) (a) Israelachvili, J. N.; Adams, G. . Chem. Soc., Faraday Trans.
electrode, the HMP creates an extended layer with much of the1 1978 74, 975. (b) Parker, J. L.; Christenson, H. K.; Ninham, B. Ré.
charge residing directly at the surface but neutral long-chain Sci- Instrum.1989 60, 3135.

: ; ; : ‘ot i (3) Claesson, P. M.; Ederth, T.; Bergeron, V.; Rutland, M. Adv.
species dangling into solution, electrostatic-tgubstrate in Colloid Interface Sci1996 67, 119.

teractions woulq occur over their normal range, but_ attractive (4 For review see, for example: Butt, H.-J.; Jaschke, M.; Ducker, W.
van der Waals interactions would appear at larger sipmple Bioelectrochem. Bioenerd.995 38, 191.
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