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bstract

The single crystal anatase electrode (SCrE) was used to measure the inner surface potential (ϕ0) at the anatase/aqueous electrolyte interface as a
unction of pH. Measurements were performed in sodium perchlorate and sodium chloride aqueous solutions. Absolute values of the surface potential
ere calculated from electrode potentials using the electrokinetic isoelectric point as the point of zero potential. The slope of ϕ0 (pH) function, with

espect to pH, was found to be lower than the Nernstian. These results were accompanied with surface charge density and electrokinetic potential
ata and were interpreted simultaneously on the basis of the Surface Complexation Model. Both 1-pK and 2-pK mechanisms were employed.
ata in the acidic region were interpreted since they were more reliable. Simultaneous interpretation of three sets of data enabled calculation of

urface concentrations of all species, and thus thermodynamic equilibrium constants and the inner layer capacitance for each pH value separately.
t was found that the equilibrium constants of surface protonation did not depend on the pH and the nature of the counterions, supporting the
pplicability of both 1-pK and 2-pK models. Thermodynamic equilibrium constants for association of perchlorate ions with positively charged
urface groups did not change with pH, as expected, but the inner layer capacitance changed from 0.5 to 1.5 F m−2 by increasing the pH. Chloride
ons showed an increase in the association equilibrium constant with pH and a less pronounced increase of capacitance. The advantage of the
pplied procedure lies in the possibility of avoiding the model assumptions of the constancy of parameters describing the interfacial equilibrium. It

as shown that the thermodynamic equilibrium constants of surface protonation are real constants as defined by the Surface Complexation Model.
he capacitance, however, changes with pH and surface potential and its constancy is just an approximation introduced by necessity when only
ne set of experimental data, such as surface charge density is quantitatively interpreted.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

One of the important parameters affecting the interfacial
quilibrium of metal oxide aqueous systems is the electrostatic
otential at the inner plane of the Helmholtz interfacial layer
0-plane), i.e. the surface potential ϕ0 [1]. This surface potential
etermines the activity coefficients of charged species bound
irectly to the surface [2]. Measurements of the surface poten-
ial were enabled by the development of metal oxide single

rystal electrodes (SCrE). The work was initiated by construc-
ion of the ice electrode [3,4] and continued with the hematite
lectrode [5,6]. In this report, results obtained with a single

∗ Corresponding author. Tel.: +385 1 46 06 130/54; fax: +385 1 46 06 131.
E-mail address: tajana@chem.pmf.hr (T. Preočanin).
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rystal anatase electrode will be presented. Usage of a sin-
le crystal avoids the problem of porosity of the metal oxide
ayer connected directly to a conductor (metal). It is obvious
hat a metal wire covered with metal oxide particles has, due
o the porosity of the oxide layer, a response controlled by
he redox process and the metal oxide solubility, rather than
ue to the surface potential developed by adsorption of ionic
pecies. Surface potentials were evaluated from the measured
lectromotivities (values of the electromotive force) [7] of the
ell consisting of a single crystal and a reference electrode
y setting the zero value of ϕ0 at the isoelectric point [5,6].
urface potential measurements enable evaluation of the ratio

f surface concentrations of unassociated negative and pos-
tive surface species. This is important information, because
dsorption data provide only differences in their surface concen-
rations.

mailto:tajana@chem.pmf.hr
dx.doi.org/10.1016/j.colsurfa.2006.10.016
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T. Preočanin et al. / Colloids and Surfaces A

Measurements of the surface potential ϕ0, combined with the
urface charge density σ0 (obtained by potentiometric acid–base
itrations of the metal oxide colloid suspension) and with
lectrokinetic potential data (ζ-potential) enable evaluation of
ingular values of concentrations of all active species at the
nterface, and thus direct calculations of the surface equilibrium
onstants and of the capacitance of the inner Helmholtz layer
ithin the electrical interfacial layer (EIL) [8]. Such results are

ssential for a critical evaluation of theoretical models describing
he interfacial equilibrium, and especially useful for interpreta-
ion of calorimetric acid–base titrations of metal oxide colloid
uspensions where one should separate extents of protonation
nd deprotonation of neutral surface sites [9].

This article presents the results for the pH dependency of the
urface potential of anatase in an aqueous environment contain-
ng two different electrolytes, sodium perchlorate and sodium
hloride. It is expected that the magnitude of the slope of the
0(pH) function will depend on the nature of the counterions.
he data on surface potentials were accompanied with the results
f surface charge density and electrokinetic potential measure-
ents.
It was shown by Westall and Hohl [10] that the data on sur-

ace charge density solely cannot distinguish between different
ariations of the Surface Complexation Models (SCM) and dif-
erent assumed structures of EIL. The standard procedure for
stimation of surface protonation and counterion association
quilibrium constants, as well as of the electrical capacitances,
nvolves fitting of experimental potentiometric acid–base titra-
ion data [11]. In such an interpretation, it is necessary to assume
he constant value of the capacitance of the inner Helmholtz layer
12,13].

Association of counterions with oppositely charged surface
roups is characterized by two parameters: the thermodynamic
quilibrium constant (often called “intrinsic constant”) and elec-
rical capacitance of the inner Helmholtz layer. The extent of
ounterion association is affected by the surface potential at the
-plane where centers of counterions are located, ϕ�. Higher
apacitance value will cause higher values of ϕ� compared to
0. Consequently, effectively smaller counterions, in the sense
f the Bjerrum association theory [14,15], will exhibit higher
ffinity towards association at the surface both due to the higher
hermodynamic association equilibrium constant and higher
apacitance of the inner Helmholtz layer.

The aim of this article is to show how the surface poten-
ial data, along with surface charge and electrokinetic data, may
erve in the interpretation of complex equilibrium within the
nterfacial layer. Both 1-pK and 2-pK mechanisms of the Sur-
ace Complexation Model were employed. In the interpretation,
nly the slip plane separation and total number of surface sites
ere estimated. The constancy of thermodynamic equilibrium

onstants will be tested and the possible pH dependency of the
lectrical capacitance will be examined.
. Theory

Quantitative interpretation of equilibrium at the metal
xide/aqueous electrolyte interface is based on the SCM, assum-
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ng both 1-pK [16–18] and 2-pK [19,20] mechanisms of surface
rotonation, by taking into account the structure of EIL [8,21].

According to the 1-pK mechanism, surface equilibrium is
escribed by one step protonation

≡ MO−x/y + H+ →≡ MOH1−x/y;

Ko
x/y = exp

(
Fϕ0

RT

) {MOH1−x/y}
{MO−x/y}aH+

(1)

here curly braces denote surface concentration, Ko
x/y the ther-

odynamic equilibrium constant of the corresponding surface
eaction and ϕ0 is the electrostatic potential affecting the state
f charged surface groups ≡MO−x/y and ≡MOH1−x/y. Charge
umbers of surface groups (−x/y and 1 − x/y) depend on the
oordination of metal atoms in metal oxides [16]. For anatase,
he values x = 1 and y = 3 are commonly used [17,22]. For interfa-
ial species, activity is defined in terms of surface concentration
o that the exponential term in Eq. (1) represents the ratio of
ctivity coefficients of charged surface species [2].

Effective surface charge is reduced by association of anions
− and cations C+ with oppositely charged surface sites (reac-

ions (2) and (3), respectively)

≡ MOH1−x/y + A− →≡ MOH1−x/y · A−;

Ko
A1 = exp

(−Fϕ�

RT

) {MOH1−x/y · A−}
{MOH1−x/y}aA−

(2)

≡ MO−x/y + C+ →≡ MO−x/y · C+;

Ko
C1 = exp

(
Fϕ�

RT

) {MO−x/y · C+}
{MO−x/y}aC+

(3)

here Ko
A1 and Ko

C1 are thermodynamic equilibrium constants
f the corresponding surface reactions and ϕ� is the electrostatic
otential affecting the state of associated counterions.

According to the 2-pK mechanism, amphoteric surface
roups on the metal oxide surface undergo protonation and
eprotonation depending on the pH. Here, the charging process
ill be represented by the two-step protonation

≡ MO− + H+ →≡ MOH;

Ko
1 = exp

(
Fϕ0

RT

) {MOH}
{MO−}aH+

(4)

≡ MOH + H+ →≡ MOH2
+;

Ko
2 = exp

(
Fϕ0

RT

) {MOH2
+}

{MOH}aH+
(5)

here Ko
1 and Ko

2 are thermodynamic equilibrium constants of
he corresponding surface reactions, and ϕ0 is the electrostatic
otential affecting the state of charged surface groups ≡MOH2

+

nd ≡MO–. According to the above formalism, Ko
2 is identical
o the protonation equilibrium constant, while Ko
1 is equal to the

eciprocal value of the deprotonation equilibrium constant.
Effective surface charge is reduced by association of anions

− and cations C+ with oppositely charged surface sites (reac-
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ions (6) and (7), respectively)

≡ MOH2
+ + A− →≡ MOH2

+ · A−;

Ko
A2 = exp

(−Fϕ�

RT

) {MOH2
+ · A−}

{MOH2
+}aA−

(6)

≡ MO− + C+ →≡ MO− · C+;

Ko
C2 = exp

(
Fϕ�

RT

) {MO− · C+}
{MO−}aC+

(7)

here Ko
A2 and Ko

C2 are thermodynamic equilibrium constants
f the corresponding surface reactions, and ϕ� is the electrostatic
otential affecting the state of associated counterions.

Definition of the total surface concentration of active surface
ites Γ tot depends on the assumed mechanism, so that

tot = {MOH1−x/y} + {MO−x/y} + {MOH1−x/y · A−}
+ {MO−x/y · C+}; 1-pK (8)

nd

tot = {MOH} + {MOH2
+} + {MO−} + {MOH2

+ · A−}
+ {MO− · C+}; 2-pK (9)

The model of the electrical interfacial layer postulates several
ayers and planes [21]. In the first plane, at the solid sur-
ace (0-plane), the surface charged groups are located. In the
ase of the 1-pK model: ≡MOH2

1–x/y and ≡MO−x/y; for 2-pK
odel: ≡MOH2

+ and ≡MO−. This plane is characterized by
he inner surface potential ϕ0. Centers of associated counteri-
ns are located in the �-plane characterized by the outer surface
otential ϕ�. The onset of diffuse layer is the d-plane with the
lectrostatic potential ϕd. Electrokinetic slip plane (s-plane) cor-
esponds to the electrokinetic ζ-potential. These planes define
hree layers: inner (Helmholtz) layer between 0- and �-planes,
uter (Helmholtz) layer between �- and d-planes, and diffuse
ayer that extends from the d-plane towards the bulk of the liquid

edium. Diffuse layer may be divided in two parts, the immo-
ile one that stays (or moves) together with the solid surface
the so-called hydrodynamically stagnant layer) and the mobile
ne that moves (or stays) together with the bulk of the liquid
edium. These two parts of the diffuse layer are divided by the

ydrodynamic slip or shear plane (s-plane) [8].
Surface charge density in the 0-plane (σ0) also depends on

he assumed charging mechanism

-pK : σ0 = F

[(
1 − x

y

)
{MOH1−x/y}

+
(

1 − x

y

)
{MOH1−x/y · A−}

−y

x
{MO−x/y} − y

x
{MO−x/y · C+}

]
(10)
nd

-pK : σ0 = F ({MOH2
+} + {MOH2

+ · A−}
− {MO−} − {MO− · C+}) (11)

ϕ

hysicochem. Eng. Aspects 297 (2007) 30–37

Surface charge density in the �-plane (σ�) is related to surface
oncentrations of associated counterions by

� = F ({MO−x/y · C+} − {MOH1−x/y · A−}); 1-pK (12)

nd

� = F ({MO− · C+} − {MOH2
+ · A−}); 2-pK (13)

The net (effective) surface charge density σs is related to the
ifference in surface concentrations of free positive and negative
urface sites and is equal in magnitude but opposite in sign to
surface charge density of the diffuse layer” σd

s = −σd

= F

((
1 − x

y

)
{MOH1−x/y} − x

y
{MO−x/y}

)
; 1-pK

(14)

nd

s = −σd = F ({MOH2
+} − {MO−}); 2-pK (15)

ccording to Eqs. (1), (4) and (5), the surface potential in the
-plane is equal to

0 = RT ln 10

F
(logKo

x/y − pH)

− RT

F
ln

(
{MOH1−x/y}
{MO−x/y}

)
; 1-pK (16)

nd

0 = RT ln 10

F

(
1

2
1ogKo

1K
o
2 − pH

)

− RT

2F
ln

( {MOH2
+}

{MO−}
)

; 2-pK (17)

In the case of negligible counterion association, the
lectrokinetic isoelectric point (pHiep) coincides with the
oint of zero charge (pHpzc) [21,23,24]. For the 1-pK
odel ((y − x)/x){MOH1−x/y}= (x/y){MO−x/y}, while for 2-pK
echanism {MOH2

+}= {MO−}. This electroneutrality point
pHeln), or the pristine point of zero charge, is related to the
quilibrium constants of surface reactions by

Heln = logKo
x/y + log

y − x

x
; 1-pK (18)

Heln = 1
2 log(Ko

1K
o
2); 2-pK (19)

ccordingly,

0 = RT ln 10

F
(pHeln − pH)

+ RT

F
ln

(
{MOH1−x/y}{y − x}

{MO−x/y}x

)
; 1-pK (20)
0 = RT ln 10

F
(pHeln − pH) − RT

2F
ln

( {MOH2
+}

{MO−}
)

; 2-pK

(21)
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he point of zero potential pHpzp (ϕ0 = 0) may be approximated
y the pHeln so that the modified Nernst equation may be applied
25,26]

0 = RT ln 10

F
(pHeln − pH)α (22)

here coefficient α describes deviation from the ideal behavior,
or which α = 1. For real metal oxide surfaces, the coeffi-
ient α is below 1 and depends on the kind of metal oxide
4,27,28], and also on the composition of the electrolyte
olution [5].

Assumptions connected with the EIL model are essential for
educing relationships between surface charge densities and the
espective electrostatic potentials. The first (inner) layer, i.e. the
pace between the 0- and �-planes, is commonly assumed to be
capacitor with (constant) capacitance C1

1 = σ0

ϕ0 − ϕ�
(23)

apacitance C1 is almost always expressed “per surface area”
nd depends on the apparent distance between the 0- and d-
lanes (d) and the permittivity of the medium (ε)

1 = ε

d
(24)

he second (outer) layer, i.e. the space between the �- and
-plane, is sometimes assumed to be a second capacitor with
apacitance C2

2 = σ�

ϕd − ϕ�
(25)

The Gouy–Chapman theory provides the relationship
etween the surface charge density of the diffuse layer σd and
he potential at the onset of the diffuse layer ϕd

d = −σs = −
√

8RTεIc sinh

(−Fϕd

RT

)
(26)

here Ic is the ionic strength and ε is the permittivity of the
edium. According to the same theory, the potential drop within

he hydrodynamically stagnant part of the diffuse layer, i.e.
etween the d-plane and the electrokinetic s-plane, is given by

d = 2RT

F
ln

(
exp(−κs) + th(Fζ/4RT )

exp(−κs) − th(Fζ/4RT )

)
(27)

here s is the separation distance of the electrokinetic s-plane
rom the d-plane, and κ is the Debye–Hückel parameter given
y

=
√

2IcF2

εRT
(28)

The general model of EIL may be simplified to the Triple
ayer Model (TLM) or to the Double Layer Model (DLM). Both
pproximations take into account that potential ϕ� should be

igher in magnitude compared to the electrokinetic ζ-potential.
owever, they differ in the value of ϕd. TLM assumes that the
nset of the diffuse layer corresponds to the electrokinetic slip
lane so that s ≈ 0 and ϕd ≈ ζ. The requirement |ϕ�| > |ζ| is
sicochem. Eng. Aspects  297 (2007) 30–37 33

atisfied by assuming a significant potential drop in the outer
ayer |ϕ�| > |ϕd|, which corresponds to C2 � ∞. DLM assumes
hat the onset of the diffuse layer corresponds to the �-plane,
.e. ϕ� ≈ ϕd, which corresponds to C2 ≈ ∞. The requirement
ϕ�| > |ζ| is satisfied by assuming a significant shift of the
lectrokinetic plane from the onset of the diffuse layer, which
orresponds to s > 0 and C2 ≈ ∞.

. Experimental and results

.1. Materials

All solutions were prepared using redistilled and decar-
onized water: NaClO4 (p.a., Fluka), NaCl (p.a., Fluka), HClO4
70% solution, Merck), HCl (0.1 mol dm−3, titrival, Fluka),
aOH (0.1 mol dm−3, titrival, Fluka), standard buffers (Fluka),
iO2 particles (P-25, Degussa; 60% anatase, 40% rutile [29]
f specific surface area: 50 g m−2; the sample was purified by
xtended washing). The anatase single crystal electrode was pre-
ared using the mineral anatase from Hardangervidda (Norway)
nd is shown in Fig. 1.

.2. Methods

Anatase surface potential was measured in aqueous sodium
erchlorate and sodium chloride solutions. The pH was varied
y adding NaOH and HClO4 (or HCl in the case of sodium chlo-
ide solution) and measured with a glass electrode (Metrohm,
.0222.100). Reference silver/silver chloride electrode was used
ith a salt bridge (Metrohm, 6.0233.100) filled with the same

lectrolyte solution as in the measuring system. The glass
lectrode was calibrated with five standard buffers. During mea-
urements, the system was thermostated at 25 ◦C and kept under
n argon atmosphere.

Electromotivities E (“electromotive force” [7]) of the cells:
Fig. 1. Anatase single crystal electrode.
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Fig. 2. The effect of sodium perchlorate (open circles) and sodium chloride
(
I
d

a

w

m
(
t

s
m
b
(

3

d
e
f
A
r
b
e
t
a
6

s
a
o

Fig. 3. The effect of sodium perchlorate (open diamonds) and sodium chloride
(full diamonds) on surface charge densities of TiO2 as a function of pH at 25 ◦C.
Ic = 10−3 mol dm−3.

F
(

A
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4

full circles) on the surface potential of anatase as a function of pH at 25 ◦C.

c = 10−3 mol dm−3. Dashed line represents the Nernstian potential ϕN and was
rawn through the point of zero potential.

nd

Ag|AgCl(cr)|KCl(aq)|salt bridge|electrolyte

solution|TiO2(cr)|Hg|C(graphite)

ere measured with two pH-meters (713 Metrohm).
Surface charge density σ0 was obtained by acid base potentio-

etric titration [30] of the colloid suspensions of TiO2 particles
γ ≈ 16 g dm−3). Values of σ0 were calculated from the poten-
iometric titration curves by a standard procedure [31].

The electrokinetic ζ-potential was measured using the Zeta-
izer 3000 Standard (Malvern) based on the laser-Doppler
icroelectrophoresis technique. TiO2 dispersion was prepared

y adding a small amount of powder to the aqueous solution
γ ≈ 100 mg dm−3).

.3. Results

Surface potentials were evaluated from the electromotivity
ata by setting the point of zero potential at the measured iso-
lectric point, pHiep 6.1. Surface potentials, as a function of pH,
or NaClO4 and NaCl (Ic = 0.001 mol dm−3) are shown in Fig. 2.
ppreciable reproducibility of data was obtained in the acidic

egion. In neutral and basic regions, the potentials were not sta-
le and changed with time, which could be explained by slow
quilibration causing hysteresis [6,32]. As expected [5,3,26,28],
he slopes were lower in magnitude than the Nernstian; in the
cidic region, approximately 82% for sodium perchlorate, and
5% for sodium chloride.
Values of the surface charge density in the 0-plane (σ0) are
hown in Fig. 3, while electrokinetic potentials of TiO2 particles,
s a function of pH, are displayed in Fig. 4. The isoelectric point
f TiO2 particles at Ic = 10−3 mol dm−3 was found at pHiep 6.1.

s
t
(
m

ig. 4. Electrokinetic ζ-potential of TiO2 as a function of pH in aqueous NaClO4

open triangles) and NaCl (full triangles) solutions at 25 ◦C. Ic = 10–3 mol dm−3.

s expected, the values of zeta potentials are significantly lower
n magnitude than the measured surface potentials.

. Data interpretation

Data obtained in sodium perchlorate and sodium chloride

olutions were interpreted on the basis of the Surface Complexa-
ion Model assuming 1-pK (Eqs. (1)–(3)) and 2-pK mechanisms
Eqs. (4)–(7)) of surface protonation reactions. For the 1-pK
echanism of surface charging, the values of x = 1 and y = 3 were
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sed, as commonly accepted for anatase [17,18,22]. Accord-
ngly, the surface species for anatase are MOH−1/3 and MO+2/3.

The potential at the onset of the diffuse layer ϕd was cal-
ulated from electrokinetic data via Eq. (27) assuming the
lectrokinetic slip plane separation of 10 Å [33]. Calculations
ere also performed by taking the slip plane separation of 5 and
5 Å, but did not show a significant difference. Within the dou-
le layer approximation, the potential at the �-plane is assumed
o be equal to ϕd (ϕ� = ϕd). The capacitance of the inner layer
apacitor C1 was calculated by Eq. (23) using the measured
0 and ϕ0 values, and ϕd values as obtained from electroki-
etic data. The net surface charge density (σs) was calculated
rom ϕd values using Eq. (26). The ratios of surface concen-
rations of positively and negatively charged surface species
ere calculated from the measured surface potentials. For the
-pK mechanism, the ratio {MOH2/3}/{MO−1/3} was calcu-
ated using Eq. (20), while for the 2-pK mechanism, the ratio
MOH2

+}/{MO−} was calculated by Eq. (21). The differences
etween surface concentrations of positively and negatively
harged surface species were calculated from the net surface
harge density σs using Eqs. (14) and (15), for 1-pK and 2-pK
echanisms, respectively. Individual values of surface concen-

rations of positive and negative surface sites were obtained from
he known difference and ratio. Surface concentrations of associ-
ted perchlorate ions were calculated by Eqs. (10) and (11) using
he measured σ0 values and known values of surface concentra-
ions of positive and negative sites. The surface concentration

f uncharged MOH species (only for the 2-pK mechanism) was
btained by subtracting surface concentrations of {MOH2

+},
MO−} and {MOH2

+·ClO4
−}, or {MOH2

+·Cl−}, from Γ tot
aken as 1.5 × 10−5 mol m−2 (Eq. (9)). Influence of different

ig. 5. Thermodynamic equilibrium constants of surface protonation at TiO2

queous interface at 25 ◦C and Ic = 10−3 mol dm−3. Open symbols correspond
o NaClO4 and full symbols to NaCl; squares refer to the equilibrium constant of
he 1-pK mechanism surface reaction (lgKo

1/3), while circles (lgKo
1) and triangles

lgKo
2) refer to the 2-pK mechanism of surface reactions.
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c = 10−3 mol dm−3. Open symbols refer to association of ClO4
− (lgKo

ClO4
− ):

�) 1-pK and (©) 2-pK model. Equilibrium constants for association of Cl−
ons (lgKo

Cl− ): (�) 1-pK and (�) 2-pK models (overlap of data points).

alues of Γ tot was examined but without significant effect on the
esults.

The described procedure enabled us to obtain individual val-
es of surface concentrations of all active species at the interface
or each pH value. Thermodynamic equilibrium constants of
urface protonation and of counterion association with oppo-
itely charged surface groups were calculated by Eqs. (1)–(7))
sing known values of surface concentrations and surface poten-
ials. Calculations were performed for the acidic region, and the
esults are presented in Figs. 5 and 6.

Values of the electrical capacitance C1 were calculated from
urface charge densities (σ0) and the respective electrostatic
otentials (ϕ0 and ϕ�) via Eq. (23) and are displayed in Fig. 7.

. Discussion

Simultaneous measurements of the surface potential, sur-
ace charge and electrokinetic potential enabled evaluation of
urface concentrations of all interfacial species and thus calcu-
ation of parameters, such as surface equilibrium constants and
apacitance. It is clear that the values of thermodynamic sur-
ace protonation equilibrium constants should not depend on
he composition of the solution. Indeed, as shown in Fig. 5,
hese constants do not depend on pH and are practically the
ame for sodium chloride and perchlorate, despite the fact that
hese two ions affect the surface potential and charge differ-
ntly (Figs. 2 and 3). Unfortunately, this applies to both assumed

echanisms of surface charging, so this result cannot be used to

istinguish between them and choose the proper one. The ther-
odynamic protonation equilibrium constants, corresponding

o the 2-pK mechanism, obtained in this work from the surface
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Table 1
Summary of data for TiO2 aqueous interface. Equilibrium constants of surface reaction according to 1-pK and 2-pK models and electrical capacitance C1 are presented

Reference Method lgKo
1 lgKo

2 lgKo
1/3 lgKo

Cl− lgKo
ClO4

− C1(F m−2)

This article ϕ0, σ0, ζ 9.5 2.5 6.2 3.0–3.4 3.45 0.3–1.5 pH-dependent
[35–37] σ0 9.2 2.6 4.3 4.3
[38] σ0, Γ ads 8.9 3.1 3.1
[39,40] σ0, Γ ads 8.8 3.4 4.3
[26] σ0 8.9 2.7
[41] Born solvatation theory 8.4 2.0
[ se) 2.6
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H

42] σ0 9.2 (anatase) 9.0(rutile) 2.8 (anata
43] σ0, ζ 6.4 3.5
44]

otential, surface charge and electrokinetic potential data, are
gKo

1 = 9.5 and lgKo
2 = 2.5. They agree well with the literature

ata as seen from Table 1.
The thermodynamic equilibrium constants for association of

erchlorate and chloride ions with positively charged surface
roups are displayed in Fig. 6 and in Table 1. Their values
o not depend significantly on pH for perchlorate ions and are
lightly lower for the 1-pK mechanism. For the 2-pK model,
gKo

A1(ClO4
−) = 3.5 was obtained, which is significantly higher

han the values obtained by Janusz et al. [39,40] and Berube
nd De Bruyn [35,36]. The results obtained with chloride ions
re somewhat different. The calculated points are the same for
oth 1-pK and 2-pK models but an increase in the equilib-
ium constant was found at pH 4.5. The values lie in the range
gKo

A1(Cl−) = 3.0–3.4.

The calculated values of capacitances C1 do not depend on

he employed model (Fig. 7). They increase with pH, which is
ore pronounced in the case of perchlorate ions. It should be

oted that in the course of the calculation procedure, errors due to

ig. 7. Capacitance of the first (inner) layer capacitor C1 at TiO2 aqueous inter-
ace at 25 ◦C and Ic = 10−3 mol dm−3. Open symbols refer to association of
lO4

−: (�) 1-pK and (©) 2-pK model, while association of Cl− is calculated
or: (�) 1-pK and (�) 2-pK models (overlap of data points).
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ncertainty of the experimental data propagate and so the results
n the counterion association equilibrium constants and capac-
tances are less reliable. However, one may still conclude that
he obtained values of capacitance C1 are in the expected range
1,34,37,42] and that the assumption of their constancy is just
n approximation introduced by necessity. In view of Eq. (24),
ne might speculate that the permittivity of the inner Helmholtz
ayer decreases with the surface potential, but such a simpli-
cation cannot provide a proper answer. It is interesting that
erchlorate and chloride ions affect the interfacial equilibrium in
ifferent ways; in the perchlorate medium, surface potentials and
urface charge densities are higher while electrokinetic poten-
ials are slightly lower, which is due to the difference in their
ssociation equilibrium constants and capacitances of the inner
elmholtz layer. The simple Bjerrum concept [14,15] would

uggest that effectively smaller ions may approach the central
urface charged group closer, resulting in higher values of both
he association equilibrium constant and the capacitance. How-
ver, such approach neglects the effect of the possible change of
ydration of the ionic species.

The potential of the applied method and the procedure lies
rimarily in determination of the surface protonation equilib-
ium constants. The only assumption made in the calculation
as the choice of the total density of active surface sites,
tot. The value of Γ tot = 1.5 × 10−5 mol m−2 was taken from

iterature [43]. Increasing the Γ tot value in calculation (from
.5 × 10−5 to 10 × 10−5 mol m−2) results in lower values of
1 (lg K1 = 9.7–9.1), and consequently in lower K2 values, but
oth equilibrium constants remain pH independent. Changing
he Γ tot value has no significant influence on the calculated C1
alue.

The advantage of simultaneous interpretation of different sets
f data is that one avoids the common assumption of the con-
tancy of parameters describing the interfacial equilibrium, so
ne is able to test different theoretical models.

. Conclusions

Construction of anatase single crystal electrode enables eval-
ation of inner surface potential at anatase/electrolyte interface.

he magnitude of the slope of ϕ0(pH) function was found to be

ower than the Nernstian, which is consistent with the Surface
omplexation Model. Simultaneous measurements of surface
otential, surface charge density and electrokinetic potential
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nabled evaluation of surface concentrations of all interfacial
pecies and thus calculation of parameters, such as surface equi-
ibrium constants and capacitance of the inner layer. The values
f thermodynamic surface protonation equilibrium constants for
rst and second step of protonation were found to be indepen-
ent on the composition of the solution, i.e. on pH and the kind
f counterions, despite the fact that chloride and perchlorate ions
ffect the surface potential and charge differently. The applied
rocedure avoids the assumption on the constant capacitance of
he inner layer capacitor which was found to depend significantly
n pH.
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