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Modelling simple and complex metal-oxide and
-hydroxide surface structures using their point of
zero charge

Miriam Leffler 2 *2 and Steven L. Suib@®

Multiple methods are available to measure organic and inorganic structures in an agueous environment.
These techniques though are mainly used for measuring and modelling the global structures of species
in solution, molecules, polymers, biological compounds, and individual structure factors, not surfaces.
Since surface structure and composition are directly responsible for a materials point of zero charge it is
the ideal property for determining its global structure and composition. Multiple metal-oxides and
-hydroxides in an aqueous environment, under varying conditions are also subject to changes in their
surface structure and composition. Therefore, this work focuses solely on modelling the global surface
structure of simple and complex metal-oxides and —hydroxides in an aqueous environment at their
solid/liquid interface, as there are no other methods currently available for this task. The model
developed for this work was obtained by augmenting a model originally used for predicting the point of
zero charge for both simple and complex metal-oxides and —hydroxides using only their structure
factors. To adapt the original model, it was necessary to determine not only each materials set of
structure factors but also its surface properties (i.e. bond ionic content). The method then developed
required a determination of each of the possible stable surface crystal structures at its point of zero
charge (pH). Each of these structures was then placed in the model to determine which global structure
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1 Introduction
1.1 The uses of point of zero charge

The importance of a material's point of zero charge (PZC)
cannot be overstated as the property is used to determine the
attraction between materials. Areas such as flotation' use it to
assure the adsorption of surfactants to allow the extraction of
the components within the ore matrix for collection. In catal-
ysis,? it allows the adsorption of a metal catalyst onto its support
material. Contact angles and surface energy** are also affected
by this property. PZC is also used in allowing the best condi-
tions for dyeing of clothing.®> Charge storage methods using
activated Carbons in Aqueous Electrolytes® also employs this
property. While this is only small sample size of this property
uses, these examples make it clear its importance.

1.2 Techniques for identification of structures in solution

Determining the structure of both crystalline and amorphous
materials in an aqueous solution has been accomplished using
multiple techniques. These range from X-ray diffraction and
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converged to its experimental point of zero charge.

small-angle neutron scattering,” Fast Fourier Infrared Spec-
troscopy,® Raman and X-ray Absorption Fine Structure (XAFS)
Spectroscopy,’ to Extended X-ray Absorption Fine Spectroscopy
(EXAFS)," and Nuclear Magnetic Spectroscopy (NMR)."* These
techniques though are geared toward the identification of
species in solution and individual and global structure factors
for molecules, polymers, biological compounds, and inorganic
particles in an aqueous environment.

It is important to understand the importance of a materials
surface structure and composition's effect on its PZC value.
Work by Yoon et al.,** Leffler et al.,”* Lutzenkirchen™ and Auer
et al.™ demonstrated that the surface structure is one of the
critical factors responsible for PZC values. Work by Di Paola
et al.*® found that changing the surface composition of TiO,
using different surface dopant atoms, shifted the material's PZC
values significantly, while not affecting the global surface
structure of the catalyst support (i.e. TiO,). Work by Suchanek
et al.’’ also demonstrated the same effect of changing the
surface composition of 3% yttrium doped zirconia (YSZ) by
doping its surface with neodymium (Nd) and gadolinium (Gd).
X-ray diffraction patterns demonstrated that the bulk structure
remained constant while PZC values of the doped surfaces
shifted upwards of 1 pH unit away from the PZC of the undoped
YSZ surface. Taken together, these works demonstrate that the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surface composition and structure at the solid/aqueous inter-
face are the critical factors determining a material's PZC value.

At present none of the available methods for determining the
global surface structure and composition of a material can be
used in an aqueous environment. It has been demonstrated
though that PZC is determined solely by the material's global
surface structure and composition at its solid/liquid
interface.””**'*'” Therefore, knowledge of a material's PZC
value was determined to be ideal for modelling its global
surface structure and composition. This was the impetus for
developing the augmented model and the new method pre-
sented in this work to model the material's global surface
structure, composition and properties (i.e. bond ionic content)
at the solid/aqueous interface using its PZC.

1.3 Structure and composition of the Stern Layer, outer
helmbholtz layer and diffuse region (general solution) around
a metal-oxide surface

When constructing a model, it is critical to understand the
physical system under consideration. An examination of the
literature on metal-oxide/hydroxide surfaces in an aqueous
environment reveals a complex interaction between its surface
structure, composition and the makeup of the solution.
Therefore, to draw the correct assumptions for a model
describing a given system it was imperative to obtain the full
understanding of how the entire system functions.

Beginning with Livey and Murray's'® work on the geometry of
solid oxides and carbide surfaces, they determined that oxygen

Diffuse Region/Solution

g@y %r“

Hydrated Anions

View Article Online

RSC Advances

atoms at the surface screen the cations to achieve the lowest
possible surface energy. It is accomplished by the oxygen pull-
ing up and over the metal cations. This results in the surface
metal cations being situated below the level at which the surface
oxygens are located, having retracted downward toward the
interior bulk structure.

Work by Leffler et al.'s* findings support Livey and Mur-
ray's*® surface model. They determined that above a diameter of
approximately 29 nm for anatase titania (Region I), the surface
structure, PZC, surface charge, and bond ionic content remain
constant. In Region I, the surface has the highest measurable
PZC value (i.e. pH = 7.17) of this material. They also deter-
mined that electrons transferred to the surrounding oxygen
atoms appear to bow back towards the metal cations, acting to
partially shield them, in the manner described by Livey and
Murray.'®

Declining particle size below a diameter of approximately
29 nm (Region II), pHp,c values decreased almost linearly with
increasing surface bond lengths, indicating that the global
percentage of the of the surface which is positive increased
significantly. This demonstrated that the metal cations below
the oxygen atoms were moving upward toward the surface with
decreasing particle size. At a given particle size the metal
cations would most likely be situated at approximately the same
elevation as the surface oxygen.

Recent work by Brown et al.," using a micro-jet, coupled with
X-ray Photoelectron Spectroscopy (XPS) determined the struc-
ture and composition of the Stern Layer, Outer Helmholtz Plane
(OHP) and Diffuse Region (general solution) above silica (SiO,)

o
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Fig.1 The structure and composition of the Stern layer, outer Helmholtz plane and diffuse region (general solution) at and above the surface of
a silicon dioxide (SiO,) particle. [After Livey and Murray,*® and Brown et al.**]. The positioning of the oxygen to silicon atoms at the surface are in

accord with Livey and Murray.*®
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metal-oxide particles [Fig. 1]. Their work focused on how the
cations of four different electrolyte solutions, LiCl, NaCl, KCl,
and CsCl were located with respect to the Stern layer, OHP and
Diffuse Layer (general solution). Lastly, they determined the
composition of the diffuse region (general solution).

They determined that the Stern layer was a single layer of
water molecules in various orientations with only the hydrogen
atoms on the water molecules being adsorbed onto the surface
(i.e. in contract with). This single layer of water molecules is
bounded by the Outer Helmholtz Plane (OHP). At the line
defining the OHP layer they identified only hydrated cations
from each electrolyte, which would most likely be neutralizing
the charge on the oxygen of the adsorbed water molecules.
Beyond the OHP, in the diffuse region (general solution) they
identified water, hydrated cations and hydrated anions. In
addition to Brown et al.'s findings," a small amount of water is
also known to dissociate into hydroxyls (O-H~) and hydronium
ions (H")* ergo they would also be present in the diffuse region
(general solution).

The findings of Brown et al.*® indicated that the water
molecules and hydrated cations of the dissociated electrolyte
molecules along the OHP, neutralized the negatively charged
fraction of the surface (i.e. oxygen). Therefore, the remaining
portion of the un-neutralized surface charge would be due to
the surface cations. Since the surface cations sit below a surface
dominated by oxygen atoms and are surrounded by oxygens in
their primary coordination sphere this indicates that each of the
positive regions created by these cations at the surface are iso-
lated from each other. This suggests that the surface cations
effectively function as independent point charges at the solid/
aqueous interface.

Since Brown et al.'s" work demonstrated that hydrated anions
are found only in the diffuse region (general solution) this
indicates that they come from the dissociated electrolyte (LiCl,
NaCl, KCl, and CsCl) and titrating acid or base solutions (i.e. H'-
Cl7, Na'-OH™, etc.). The dissociated water molecules (H'-OH")
would most likely also provide another source of negatively
charged ions. All these together would then be responsible for
neutralizing the surface cations charge. Therefore, each of these
ions would be electrostatically adsorbed above the hydrated
cations at the OHP, in the diffuse region (general solution).

This suggests that the concentration of H' ions from the
dissociated water molecules (i.e. H and OH") and acid titrating
solutions (i.e. H'-Cl™) are what is measured to obtain the mate-
rials pHpyc below a pH = 7. Above a pH = 7, the titrant used would
be a base, such as NaOH, which dissociates into Na* and OH .
The anions from the electrolyte (LiCl, NaCl, KCl, and CsCl), base
(i.e. NaOH) and dissociated water would then be adsorbed above
the OHP to neutralize surface cations. This suggests that the H'
ions which constitute the measured pHpy value are only from the
dissociated water molecules. Therefore, the smaller source of H"
ions most likely explains why a pH = 7.0 is measured.

1.4 Adsorption models predicting point of zero charge

The mathematics for each model developed to predict PZC
values are based on the concept of the change in Free Energy of
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the surface [eqn (1)]** as protons (H” and hydroxyls (O-H")
adsorb onto the surface out of solution.

AG® = AGy + AGy, (1)

where: AG® = free energy at standard temperature and pressure,
AG, = electrical free energy, AG., = chemical free energy.

Eqn (1) can be rewritten in the manner of eqn (2) or (3)
(ref. 12)

 2ZyZo Né’ | 2ZuZov Ne’
- err &r

AG°

+ Gch (2)

where: Zy; = charge on a hydrogen (+1), Zo = charge on an
oxygen (—2), N = Avogadro's number, M = coordination
number (i.e. number of bonds surrounding an atom)

V= ZM/M

r = bond length between an oxygen and hydrogen (1.01 A), L =
M-O bond length

L=L+r

&, = the effective dielectric constant of oxygen, ¢, = the effective
dielectric constant of hydrogen

AG® = —2.3RTlogK (3)

where: R = universal gas constant of, T = temperature (K°), K =
equilibrium constant of the attached hydroxyls and hydrogens.

Multiple models were considered for use in this work. One
important model considered was the Multisite Complexation
(MUSIC) model developed by Heimstra et al.?* Many of the other
models available are essentially iterations of Heimstra et al.'s*
basic concepts. The basis of these models is that all the
adsorption sites at the surface behave as a single system.
Therefor the equilibrium constant(s) (K) for the surface repre-
sents the value for the entire surface. In addition, the MUSIC
model** incorporates different K values for metal-oxide and
-hydroxide surfaces.

These models though do not fit the physical system deter-
mined by Brown et al.* They demonstrated that (1) the oxygen
atoms are fully neutralized by water molecules and that the
hydrated electrolyte cations, appear to neutralize the adsorbed
water molecule's oxygen charge at the surface of the Stern layer.
The remaining source of unresolved charge is from the surface
cations which behave as separate point charge sources due to
their position below the oxygen atoms. In addition, the multi-
site adsorption complex models cannot model complex metal-
oxide and -hydroxide surface structures or phases in Region
11, where the pHpyc decreases below Region I. Therefore, they
could not be used for the modelling objectives in this work.

The model which does treat each cation adsorption site as an
individual point source was developed by Yoon et al.*>** They
expanded the initial model developed by Parks," incorporating
the material's entire crystal structure and composition into
their model. In addition, their model allows the calculation of
a predicted point of zero charge (PPZC) for both simple and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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complex metal-oxide and -hydroxide values. Finally, their model
most closely resembles the physical system determined by Livey
and Murray,'® Brown et al.” and Leffler et al.®®

To model the surface structure of a simple or complex metal-
oxide/-hydroxide, it is necessary for each of the variables in the
model to be a quantifiable parameter. These include physical
structure factors and/or surface properties. In addition, the
know structures of the material need to be identified. Multiple
metal-oxides/hydroxides have multiple structures, such as
mercuric oxide (HgO) which possess coordination numbers
(C.N.) of both 2 and 6 (ref. 12 and 22-24) Therefore, the objec-
tives of this work were to: (1) eliminate any non-structure factors
used in Yoon et al.'s model eqn (2),** (2) identify, confirm and
incorporate any unidentified physical parameters of the mate-
rial (i.e. surface properties), (3) identify all the possible crystal
structures and their structure factors at equilibrium, and (4)
develop a method for applying the model to determine which is
the most likely global surface structure present at its solid/
aqueous interface.

2 Augmentation of the model used to
determine surface structure and
composition from its PZC

The crystal structure factors included in Yoon et al.'s'> model
are metal-oxygen bond length(s) (L), coordination number(s)
(M), bond valence(s) (v), metal oxidation state(s) (Zy) and the
fraction of Dangling surface bonds per metal cation (f;) being
modelled. The variable which is not a crystal structure factor is L
=L +1.01 A. It is the average metal-oxygen bond length (L) (i.e.
M>*-0%7) for each of the cations in the structure, with the
addition of a hydroxyl (i.e. O-H' ") bond length. This hydroxyl is
formed when hydrogen ions (H') in solution adsorbs and/or
bonds to oxygens bonded to the central cation. The reason O-
H™! (r = 1.01 A) is not considered part of the bond length L is
because it is not part of the primary coordination sphere
surrounding the metal cation which is defined by its coordi-
nation number (M). Rather the adsorbed H" is considered part
of the secondary coordination sphere which surrounds the
primary coordination sphere. These consist of ligands that are
attached to the ligands in the primary coordination sphere.*
Since the H" is part of the secondary coordination sphere the O-
H™ is a separate bond from the M**-0*~ bond and therefore
their lengths cannot be added and treated as a single bond
length.

To illustrate the effect of adding the hydroxyl's bond length
to the average metal-oxygen bond length (L) in their model** it
was found to shift the predicted pHpp,c to a more basic value.
An example of the use of this variable in their model with (L)
and without (i.e. only L) comes from Table I in Yoon et al.'s"
work. The experimental PZC value for SiO, is with a pHpzc =
1.80. Using L and all the other structure factors in Table I'* for
SiO, in the model, a pHppzc = —1.85 is obtained. Replacing L
with the structures average bond length L, results in a pHppzc =
—14.56. Therefore, it appears that by using the extended bond

© 2026 The Author(s). Published by the Royal Society of Chemistry
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length L in the model compensated for the lower pHpp; values
predicted without it.

This variable (L) also poses a problem with regards to the
findings of Leffler et al.** They determined that pHpyc values
shift toward significantly lower pH values as the surface M**-
0 surface bonds expand at the anatase titania solid/aqueous
interface in Region I1.** This indicates that there is a physical
parameter absent from Yoon et al.'s original model** that would
perform the same function as the L variable and account for
changes in surface bond lengths. Therefore, it was decided to
remove the variable L from the model, replace it with the
structures average bond length (L) and then determine the
physical property not accounted for in the original model.

Leftler et al.™ identified the property that might replace the L
variable and account for the effect of changes in surface bond
lengths effect on the materials PZC value. It is based on the
knowledge that ionic/covalent bonds form an electric dipole
which is defined by its dipole moment u (Coulombmeters). As
the ionic/covalent bond length expands/contracts its dipole
moment increases/decreases, resulting in a shift in the ionic
character of the bond. The ratio of an ionic/covalent bond's
observed dipole moment (u,) with its ideal dipole moment (u; =
100%) provides the bond's percent ionic character (Io, = fo/ty).2

Leffler et al.** identified the surface ionic/covalent bond(s) in
Region I as having observed dipole moment(s) (u,) as they are
smaller than the bulk structure bond(s) due to their shorter
length.”” Bulk structure bonds possess the maximum possible
length(s) within the structure, giving them the greatest possible
dipole moment(s). This identifies them as possessing the ideal
dipole moment (u; = 100%). Therefore, in Region II, where the
surface bonds expand toward those in the bulk structure,* this
shifts the observed dipole moment(s) toward the ideal dipole
moment. The result is that the surface bond's ionic character
increases toward an ionic character (I,,) = 100%.

Use of the bonds ionic content in the augmented model® is
supported by work of Bickmore et al*® They presented the
mathematical justification for a method incorporating a bonds
ionic content into the modelling of the pK, (acidity of
a substance) value for solution monomers. Their work was then
use by Mitchel® to augment the MUSIC model to predict PZC
values for gibbsite (Al(OH)3).

To determine if the ionic content of surface bonds can
replace L in the model, the L variable was removed from Yoon
et al.'s model and replaced with L. The original equation [eqn
(2)] was then rearranged to form eqn (4), where X represents the
value of the possible variable that might replace L. Structure
factors and PZC values for titania were used in eqn (4). These
were L = 1.969 A, oxidation state (Zy) = +4, and the coordina-
tion number (M) = 6, which came from the example for TiO, in
Table I in Yoon et al.'s work."”” The PZC value used was deter-
mined by Leffler et al.** in Region I, where pHp,c = 7.17, as it
remains constant above an average diameter =29 nm. The
value calculated from eqn (4) gave an X = 0.6214.

PZC —18.43

N EEECTE)
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where: Zy; = oxidation state of a cation, M = coordination
number of cation, » = Zy/M, L = Average cation-oxygen bond
length (A), f; = fraction of Dangling surface bonds per metal
cation (%)

To determine if X = 0.6214 is equivalent to Pauling's percent
ionic content (Iy,), eqn (5) and values from Pauling's Electro-
negative Scale®*® were used to determine the ionic character for
the Ti**-0*>" bond.

I, =1—exp [ — (M)} (5)

Xox =35

where:

XTi = 15

The value determined from eqn (5) was Iy, = 0.6321. The
difference between the calculated value X [eqn (4)] and Pauling's
I, is 0.0107 (1.69%), which indicates that the ionic character of
the bond is one of the variables responsible for determining the
surface's PZC value. Therefore, X was replaced with the variable
for the ionic ch of the surface bond (fio, = Io,) in eqn (4). Rear-
ranging eqn (4) gave eqn (6). Eqn (5) is used to determine the
ionic character of the bonds (f4,) for each atom in the structure
in Region 1. Eqn (6) constitutes the augmented Yoon et al
model** used in this work.

pHppyc = 18.43 — ((53.12 x iﬁ%ﬁ (2))
-3 3 (efoe(25) )) ©)

Srw =1y,

where:

The calculated value for fio, = 0.6321 for anatase titania was
then used to model the pHppy for anatase titania using eqn (6),
along with the structure factors in Table I.** This resulted in
a pHppzc = 6.97. This pHppyc value is within the error range (pH
=+ 0.2) of the Hanna pH meter used by Leffler et al.*® to obtain
their experimental PZC values. These results demonstrate that
the ionic content of the bond is the correct physical property to
replace L in the original Yoon et al. model.*

3 Development of the modelling
method

3.1 Determination of surface structure in an aqueous
environment

The method developed for this work is modelled after the
approach used for the Rietveld Refinement method** used for
determining the structure of a material's X-ray diffraction (XRD)
pattern. The initial XRD pattern is obtained for a known phase.

25776 | RSC Adv, 2026, 16, 25772-25786
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The composition and atomic positions are placed in a control
file from which an XRD pattern is calculated. The program then
calculates the differences between the experimental and
modelled pattern. Each variable in the control file is then
altered within the given parameters of each value, to calculate
a pattern closest to the experimental pattern that is being
modelled. The goodness of fit (R*) determines how close the
experimental and modelled patterns are. This same approach
alters the modelled PZC values within their allowed physical
parameters (i.e. bond lengths, composition, bond ionic content,
and coordination number) until the difference between the two
values is equal to or less than 0.5 pH units. When the model
cannot converge, it indicates that the structure in the control
file does not match the experimental XRD pattern. This is
equivalent to the modelled pHppzc being greater than 0.5 pH
units than the experimental pHp;c.

The structure information used by Parks®** and Yoon et al.*?
in their modelling work is for material not in an aqueous
environment. When a metal-oxide or -hydroxide is placed in an
aqueous environment, the global surface crystal structure and
composition may not be the thermodynamically preferred
phase present in the dominant species phase in the solution at
its measured pHpyc value. This might result in the surface
structure and/or composition transforming to that of the
dominant species phase in the solution at the pHpyc.

To test this possibility, each of the phases presented in Yoon
et al.'s work (Tables I-III)** were compared to the dominant
species at their pHpyc values, using their Pourbaix
Diagrams.**~*” In Table I'* six of the phases were found not to be
the dominant species phase at their pHpzc. In Table II'* two
samples varied from the dominant species phase at the mate-
rial's pHpy¢ values. In some cases, both metal-oxides and their
-hydroxide counterparts are stable in the same pH range. When
this occurred, secondary information was consulted to identify
the most likely surface structure at the material's pHpzc. Once
the dominant species phase was identified it replaced the phase
modelled in Tables I-III."* Examples from Tables I-III'* are
presented in Sections 3.1.1-3.1.3. The remaining phases from
Tables I and II not presented Tables 1 and 2 are included in the
SI Section A. Explanations for how and why certain phases were
replaced with the dominant species phase are presented after
each table and for those tables contained in the SI Section A.

3.1.1 Table I dominant species

3.1.1.1 Magnesium  hydroxide (Mg(OH),). Magnesium
hydroxide is more thermodynamically stable than magnesium

Table 1 Dominant species present at each sample's pHpzc in
Table [1233-3%

Dominant Experimental point
Sample species of zero charge (pH)
MgO Mg(OH), 12.4
La,O; La(OH); 10.4
Zr0, Zr(OH), 10.0-11.0
a-AlO(OH) Al(OH); 7.7
- AIO(OH) Al(OH), 7.5
Y,05 Y(OH), 9.0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Dominant species present at each sample's pHpzc in
Table 11*#%3-37 with the presence of nonzero crystal field splitting effect

Dominant Experimental point
Sample species of zero charge (pH)
Fe(OH), Fe(OH); 12.0 £ 0.5
Ni(OH), NiO 11.1
Cu(OH), CuO 7.7

oxide (MgO)*** in an aqueous environment. The Pourbaix
diagrams present a pH stability range for Mg(OH), from =9-
16.*% In the Pourbaix diagrams for magnesium, only Mg(OH),
is present in all the Eh-pH fields examined. Based on this
information, it was determined that the surface of magnesium
oxide most likely transforms to its hydroxide phase in an
aqueous environment at its pHpzc value.

3.1.1.2 Lanthanum hydroxide (La(OH);). When exposed to
moisture at ambient temperature and pressure La,O; rapidly
transforms to La(OH); making it the thermodynamically
preferred phase®, This explains why La(OH); is the dominant
species in the Pourbaix diagrams**~** examined. Therefore, the
experimental PZC value given for La,O; in Table I** is the most
likely surface structure of lanthanum hydroxide in an aqueous
environment.

3.1.1.3 Zirconium hydroxide (Zr(OH),). According to
multiple Pourbaix diagrams,*-** there are two stable dominant
species present at a pHpzc = 10-11," these are ZrO, and
Zr(OH),. While ZrO, is stable in an aqueous environment, the
undoped meta-stable tetragonal phase (C.N. = 8) was used to
model the pHppzc in Table 1.** Meta-stable tetragonal ZrO,
phase though, rapidly transforms to its most stable form at
ambient temperature and pressure, which is the monoclinic
structure with a C.N. = 7.%**> The lower coordination number
would shift the predicted value toward a lower pHppzc in this
model [eqn (6)]. This is supported by the literature value for
monoclinic zirconia of pHp,c = 8.5, which comes from
a sample with a particle size of 0.1 um, placing it within the
material's Region I.****

The second dominant species in the Pourbaix diagrams
examined was for zirconium hydroxide [Zr(OH),, (ZrO,-2H,-
0)].**** This phase has a C.N. = 8.*° As the coordination number
in the model [eqn (6)] increases, the predicted PZC value shifts
towards a more basic pHppzc. Other PZC values measured for
zirconium hydroxide are also in the range of pH = 10-11.*%%¢
Therefore, the structure modelled in Table I'* in the pHpzc =
10-11 range is most likely zirconium hydroxide.

3.1.1.4 Aluminium hydroxide (y — Al(OH)3/oc — Al(OH);: gibb-
site). There are four phases of aluminium hydroxide, gibbsite,
diaspore, boehmite, and bayerite.”” The phase with the most
stable free energy of these four aluminium hydroxides is gibb-
site (hydrargillite).> The Eh-pH diagram for aluminium
hydroxide also shows only the gibbsite structure in the pH range
from pH = 4-11." Therefore, the examples of diaspore (o-
AIO(OH)) and Boehmite (y-AlO(OH)) in Table I were not
modelled as their surface structure had most likely transformed
to the gibbsite phase.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.1.1.5 Yttrium hydroxide (Y(OH)s;). Yttrium oxide (Y,Oj3),
when placed in an aqueous environment, rapidly hydrates and
transforms to yttrium hydroxide (Y(OH)3).** This makes it the
thermodynamically preferred structure in the presence of
moisture. In addition, only yttrium hydroxide (Y(OH)s) is
present in the Pourbaix diagrams®-** examined and are present
in a pH range of 6.5 to 16. Therefore, yttrium hydroxide was
most likely the surface structure present in the aqueous envi-
ronment at its pHpzc = 9.0.

3.1.2 Table Il dominant species. Three of the six phases in
Table II'** were not the dominant species phase at their pHp,c
values in an aqueous environment. Therefore, they were
replaced with the dominant species phase present at the
material's pHpzc. Explanations for why these three phases were
replaced are presented below Table 2.

3.1.2.1 Iron hydroxide (Fe(OH)s). The Pourbaix diagrams®*°
consulted indicate that Fe(OH); is the dominant species at the
PHpzc value presented in Table II."* This is supported by the
thermodynamic data, for the transformation equation:
4Fe(OH), + O, + 2H,0 => 4Fe(OH); that gives a Gibbs free
energy (AG) of —91.53 kJ mol".*° Therefore, it indicates that in
an aqueous environment Fe(OH), spontaneously transforms to
Fe(OH)s.

3.1.2.2 Nickel oxide (NiO). Until recently, the pHpy value for
NiO had been identified as Ni(OH), being the dominant
species.>*** Recent work though has redefined the dominant
species as NiO.”"*> While the phase boundaries in these Pour-
baix diagrams vary, they overlap from pH = 9.0 to 12.5. This
range includes the most reliable basic value for NiO at
a pHpzc = 11.1.%3

3.1.2.3 Copper oxide (CuO). Copper hydroxide (Cu(OH),) is
a meta-stable phase which transforms to the stable CuO at
ambient temperature and pressure in a basic aqueous solution
(pH > 7).** Pourbaix diagrams for copper,*** under these
conditions, indicate that copper oxide (CuO) is the dominant
stable species up to a pH = 12.8. The most basic PZC value
found in the literature is for a pHpzc = 10.0,>* which lies within
this range of values. Therefore, the surface of the Cu(OH),
would most likely have transformed to CuO at a pHpyc > 7.

3.1.3 Table III dominant species. Pourbaix diagrams could
not be located for any of the complex metal oxides in Table III.**
Therefore, secondary sources were consulted to confirm the
structure factors. First, the most common oxidation states for
these two cations are AlI** and Si**.** In addition, all three of
these structures have such low dissolution rates at ambient
temperature and pressure they are essentially insoluble in acids
and bases.***® This suggests there is little chance of any
significant surface dissolution, changing either the composi-
tion and/or structure in an aqueous environment during dura-
tion of the measurement of the materials pHpyc.

While SiO, remains stable in this pH range [0-12.5],*
aluminium oxide hydrates to its stable form Al(OH);.*” An
examination of the difference between the ionic radii for OH'~
and O®~ at coordination numbers of 4 and 6, determined that
they are effectively equal.”* Therefore, based on this informa-
tion, the surface and bulk bond lengths for the Al-O sites, in
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these three complex oxides, are the same as the hydroxide (i.e.
Al-OH) in an aqueous environment at their pHpyc values.
Therefore, the surface AI** was modelled with an oxide bond
(ie. AIP*-0%7).

3.2 Modelling results

3.2.1 Table I In Sections 3.1.1-3.1.3 the dominant species
present at each material's pHpzc were identified. Therefore,
these were the phases modelled. Then, based on the results in
Section 2, the most basic pHp,c values were obtained after an
extensive examination of the literature for each phase in Tables
I-I1I** for use in the modelling work. The protocols developed by
Leffler et al.™® were used to assess the pHp,c values chosen from
the literature to minimize any possible differences between
them and those in its Region 1.

Where the pHp;c and pHppyc values were greater than pH =
+0.5, literature values for each phase's structure factors such as
bond length and coordination number were examined. After
identifying the structure factor(s) which varied from the infor-
mation in Table L,** these different structure factor(s) for the
material were replaced in the model. The final structure values,
PHpzc and pHppyc values presented in Table 1 are given in Table
4. Explanations for each phase where a structure factor and/or
pHpzc value was replaced are presented after Table 4. The
phases in Table I, not included in Table 4 and their explanations
are given in SI Material B.

3.2.1.1 Lanthanum hydroxide (La(OH);). While La,O; has
a C.N. =6," La(OH); has a C.N. = 9 and an average bond length
of L = 2.566 A.>> The most basic experimental PZC value found
for La(OH); is a pHpyc = 12.40.* When the structure factors were
placed in the model, it [eqn (6)] predicted a pHppzc = 12.90, with
a difference of 0.5 pH units.

3.2.1.2 Yttrium hydroxide (Y(OH)3). The structure of Y(OH);
has a C. N. = 9 (ref. 62) and an average bond length L = 2.43 A
The most basic pHpyc available in the literature is for a pH =
12.8.% The pHppzc = 12.83, a difference of only 0.03 pH units.

3.2.2 TableII The same process carried out in Section 3.2.1
was followed for the Table II** structures. Results of this
modelling work are presented in Table 5. All six metal-oxides in
Table II diverged from the structure information presented by
Yoon et al' Explanations for how these model's structure
factors were resolved are presented after Table 5. The phases in
Table II, not included in Table 5 and their explanations are
given in SI Material B.

3.2.2.1 Iron(m) hydroxide (Fe(OH);). The dominant species
found on the Pourbaix diagram for iron is Fe(OH);. The
common coordination number for iron is six coordinated,'*
with an average surface bond length of L = 2.09 A in an aqueous
environment. This is longer than the bond length of 1.99 A
measured using XRD for the dry powder of Fe(OH);.** When
these structure factors, which included an oxidation state (Zy)
= +3 were placed in the model [eqn (6)] a pHppzc = 11.65,
a difference of 0.35 pH units from pHp,c = 12.0 £+ 0.5 of the
experimental value was obtained.

3.2.2.2 Nickel oxide (NiO). Using the structure factors
provided by Yoon et al.’ resulted in a pHppyc = 13.68, more
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than two pH units above the experimental value of pHpzc =
11.10. Based on the most current Pourbaix diagrams,*>** NiO
was identified as the dominant species, not Ni(OH),, which
ruled out changing the oxidation state structure factor. This
indicates another structure factor might vary from the bulk
structure.

This was found to be the case. It was determined that while
the bulk crystal structure of NiO has a coordination number of
6, work by Che and Bonneviot® demonstrated that at the [1 0 0]
crystal face of NiO the surface atom, Ni**, has a square pyra-
midal symmetry (C.N. = 4). Since NiO has a simple rock salt
cubic structure,*® each crystal lattice face is identical, and all the
Ni*" atoms are four coordinated.” They also found that corners
and edges present lower coordination numbers of 3 and 4.
Therefore, replacing C.N. = 6 with a C.N. = 4 and calculating
the average bond length for this value (L = 1.91 A*? resulted in
a pHppzc = 11.04, only 0.06 pH units different than the exper-
imental value.

3.2.2.3 Copper oxide (CuO). Copper oxide is the thermody-
namically stable structure with its most basic pHp,c = 10.0.%°
Therefore, its oxidation state is +2. Using the bulk structure
factors from Yoon et al.** (C. N. = 4) resulted in a pHppyc =
11.91. Reducing the C.N. value to 2 results in a pHppzc = 5.87,
4.03 pH units below the materials PZC value. Modelling work by
Maimaiti et al.®” using Density Functional Theory (DFT) pre-
dicted a C.N. = 3 for its surface structure with an average L =
2.024 A8 Using these values in the model resulted in a pHppyc
= 10.01, a difference of 0.01 pH units.

3.2.3 Table II. The final set of examples is for three
complex metal-oxide alumina silicates. Surface structure
modelling of these three phases confirms the surface structure
factors™ presented in Yoon et al.** are correct. These values are
presented in Table 6.

Each of the pHppy values calculated using eqn (6), are pre-
sented in Table 7. The pHppyc values all fall within the range of
experimental values presented in Yoon et al.'s work'*** and
within £0.6 pH units of the average of these experimental
values. Therefore, no changes to the structure factors values
were considered necessary for these three aluminosilicate
samples. These results also confirm that the surface structure
and composition are not affected by an aqueous
environment.***¢

A comparison of the two experimental pHp,c values®®*
though suggests that surface composition and structure may
have varied from the bulk structure. These variations in the
surface may have been due to processing work (i.e. grinding)
exposing different cleavages with slightly different composi-
tions or contamination.” Based on the model's sensitivity to
slight changes in each of the structure factors used to determine
a pHppzc, one or all these factors might explain the larger
variation than pH = + 0.5 from some of the materials average
PHpyc in Table 7.

3.2.4 Analysis of hematite (a-Fe,O;) surface structure
transformation over time. The prior modelling examples were
taken from Yoon et al.'s"”” work for single measurements ob-
tained a one point in time. This example is an analysis of work
by Lutzenkirchen et al.* on the measured changes in pHpyc for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the same hematite surface over time. It illustrates how this
method can be used to model structural changes responsible
for shifting the measured pHp, values.

The measured pHpy values were for the surface of a 10 x 20
mm? hematite crystal electrode. The initial pHpzc value was
measured right after its surface had been freshly fractured.
Following each measurement, the electrode was then cleaned
with ethanol and milliQ-water. The sample was then aged in
water for 30-minutes intervals, eight times (240 min. total) at
600 °C. Dividing up the total period from 0 minutes to 240
minutes, gave intervals of 80 minutes between each PZC
measurement. What they found was a significant shift in the
PZC values of the hematite electrode’s surface, from the initial
pHpzc = 3.85 to their steady state value of pHp;c = 8.80.

The most basic pHpyc found in the literature is from work
done by Klein Wolterink et al.” Their hematite powder was aged
for 480 minutes (8 h) at 120 °C under 1.2 atmospheres. The
extended aging time resulted in a pHpzc = 9.80. This value is
most likely closest to the final equilibrium PZC for the hematite
surface in Region I1."* The equilibrium structure for hematite in
Region I comes from the work by Jones et al.”® They determined
that the most stable surface structure on the most stable crystal
face [0 1 1] of hematite exhibited a five coordinated Fe** atom.
When placed into eqn (6), the model converged to a pHppyc =
9.92, only 0.12 pH units above Klein Wolterink et al's™>
measured PZC value. While the final value measured by Lut-
zenkirchen et al** was more than 1.1 pH units below Klein
Wolterink et al.'s.”” Therefore, the value obtained by Klein
Wolterink”™ was placed in Fig. 2, as it appears to be the equi-
librium PZC value for hematite.

The first step in modelling the hematite electrode's surface
was to determine the initial coordination value for the F** atoms
on the freshly fractured hematite electrode. This was obtained
from work by Schottner et al” They used adsorbed carbon
monoxide (CO) to determine the oxygen coordination for the
surface Fe®" atoms of a freshly fractured pristine hematite
surface. Their results determined that the Fe*" atoms had
a coordination number of three oxygen atoms surrounding

12

10

Point of Zero Charge (pH)

2 —@— Lutzenkirchen et al.

—&—Klein Wolterink et al.

0 100 200 300

Time (Min.)

400 500 600

Fig. 2 The point of zero charge for the hematite surface after aging
against the time interval at which it was measured.** The data point at
480 min. is for the equilibrium PZC value in Region 1.7
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them. Work by Jones et al.”® identified a bond length for the
three coordinated Fe*" of L = 1.88 A. Placing these structure
factors into the model [eqn (6)] gave a pHppzc = 3.89, only 0.04
pH units different from the experimental value presented in
Fig. 2 and s C1 and C2 [SI Section C]. The model [eqn (6)] also
confirmed the experimental findings by Schottner et al.” that
the surface for a pristine, newly fractured surface has an Fe**
atom with a C.N. = 3 (ref. 12, 73 and 74) in an aqueous
environment.

The critical information explaining how the surface structure
changed also comes from Lutzenkirchen et al.'s'* work. Their
examination of the freshly fractured electrode revealed that the
surface had two doubly coordinated hydroxyl groups present.
This suggests that the oxygen of these doubly coordinated
hydroxyls might have been sitting in oxygen vacancies adjacent
to but not bonded to the Fe™® atoms. As the PZC values shifted,
they found that the number of surface hydroxyls decreased from
two to one. This suggests that an oxygen atom from each of the
doubly coordinated hydroxyls bonded with Fe** atoms. It is
supported by the increased roughness of the surface, which
suggests it was due to a newly formed Fe®**~0?~ bonds extending
upward from the surface.

To determine the most reasonable bonding sequence
responsible for the change in PZC values [Fig. 2] two different
models were executed. Since hematite is known to exhibit 4
coordinated sites,” the first model was for a bonding sequence
of Fe*” sites shifting in a sequence of C.N. = 3 => C.N. = 4, then
4 =>C.N. = 5. These results are presented in Fig. 3 and Table C1
[SI Section C]. The second bonding sequence modelled is for the
C.N. = 3 going directly to a C.N. = 5. These results are presented
in Fig. 4 and Table C2 [SI Section C].

Fig. 3 and 4 were compared with Fig. 2. The results in Fig. 2
and 4 demonstrate a parallel shift in their curves over time.
Therefore, these results suggest the sequence responsible for
the shift in PZC values is presented in Fig. 4 and Table C2 [SI
Section C] where the C.N. = 3 => C.N. = 5.

o
o

—8—3-Coordinated —8—4-Coordinated

5-Coordinated

e
2]

o
>

o
w

o

()

/
/

e
4

Fraction of Surface that is lonic (f; x f;,)

o

300
Time (min.)

500 600

Fig. 3 The bonding sequence of changes in the coordination number
of oxygen around the Fe3* central cation (C.N. =3 =>C.N.=4 =>CN.
= 5). The fraction of the surface which is ionic (f; x fi%) is plotted
against the time at which it was measured. The values are presented in
Table C1 [SI Section C].
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Fig. 4 The bonding sequence of changes in the coordination number
of oxygen around the Fe*" central cation (C.N. 3 => C.N. 5). The
fraction of the surface which is ionic (f; x fi%) is plotted against the time
at which it was measured. The values are presented in Table C2 [SI
Section Cl.

The argument for choosing the Fig. 4 sequence is that the
two double hydroxyls identified in the surface structure were
probably sitting in the oxygen vacancies next to each Fe*" atom.
Therefore, the simplest and most expedient path available to
drive surface energy to its lowest value [18] would be for the
double hydroxyl oxygens to bond directly to the Fe*" atoms.
Whereas the C.N. = 3 => C.N. =4 => C.N. = 5 would most likely
have been reflected in a different set of shifts in PZC values over
time and might result in a higher surface energy during this
transition.

3.3 Determination of the anatase titania bond ionic
character in regions I and II

In Section 2 the bond ionic content in Region I for anatase
titania was calculated using eqn (4), the structure inputs from
Table I'* and the pHp,c from work by Leffler et al.**”® Their work
also demonstrated that in Region II, surface bond lengths (i.e.
Band gaps) expand with decreasing particle size. Therefore, it
was necessary to obtain the average surface bond length as the
average primary particle size decreased. This would allow use of
the correct surface bond length (L) be used in eqn (4) as well as
the samples pHpyc,

This was accomplished by obtaining the average bond length
within the bulk structure for anatase titania. Work by Pantale-
one et al.”” provided both the average bond length for anatase
titania at the surface [L = 1.8 A-1.9 A] and within the bulk
structure [L = 2.1 A]. Assigning the bond length [L = 1.986]
from Yoon et al.'s*> Table I for anatase titania to the surface in
Region I atd =29 nm, and L = 2.1 A at d = 3.30 nm”® the simple
equation for a line was fitted to these two points [eqn (7)].

y = —0.0051x + 2.1168 (7)
The bond lengths calculated using eqn (7) are presented in

Table C1 [SI Materials C], along with the bond ionic content
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Fig. 5 Modelled bond ionic character of anatase titania against their
average primary particle diameters from literature values.**7®

[eqn (4)] pHpzc, and average primary particle diameter'*”® for
each sample.

Surface bond ionic content was then plotted against their
average primary particle diameter and is presented in Fig. 5.
What is most interesting is that the bond ionic content of
particle (d = 3.30 nm) where superconductivity occurred” has
an Iy, = 99.5%, indicating surface bonds were essentially purely
ionic. The calculated bond length [eqn (4)] where I, = 100% for
the particle where superconductivity occurred is at L = 2.115 A,
a difference of only 0.71%. An interesting note, while the
surface bond lengths were calculated using the equation for
a line, the curve for the percent ionic content presents the same
form as the pHpyc values in Region II,** a polynomial.

Lastly, the bulk bond length can also be used to determine
the lowest pHp,c where the surface bonds are fully ionic. This is
accomplished by using all the structure factors in Region I, save
the average surface bond length (L) and the bond ionic content
determined from Pauling's electronegative table and eqn (4). To
obtain the pHpy value where surface bonds are fully ionic, fo,; =
1.0 and L = Average bulk structure bond length (2.115 A).

4 Discussion

Prior to this work, most of the models predicting PZC values
used the central premise, that all the adsorption sites at the
surface interacted with each other. This required determining
global equilibrium constant(s) for different surfaces using
various methods. Work by Livey and Murray,*® Brown et al.™ and
Leffler et al*® though demonstrated that surface oxygens
dominate the surface and are fully neutralized by water mole-
cules in the Stern layer. Then the hydrated cations from the
electrolyte at the outer Helmholtz plane neutralize the charge
on the water's oxygen adsorbed on to the surface.

The anions from the dissociated electrolyte, titrant and water
molecules are most likely responsible for neutralizing the
cations at the surface, adsorbing above the OHP over the surface
cations in the Diffuse Region (general solution). The PZC value
below a pHp;¢ =< 7 is determined by measuring the H' ions from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Dominant species present at each sample's pHpzc in Table
”|12,33—35,58,59

Dominant Experimental point  Experimental point
Sample species of zero charge (pH)  of zero charge (pH)
Kyanite Kyanite 7.9 6.9
Andalusite  Andalusite 7.2 5.2
Sillimanite  Sillimanite 6.8 6.0

the dissociated acid titrant and water. In the basic region (i.e.
pHpzc = 7) the O-H™ from the dissociated base and water
molecules are what most likely neutralize the surface cations.
Only the H' ion concentration from dissociated water molecules
is what is measured to determine the material's PZC value.

Prior to this work, modelling PZC values for simple and
complex metal-oxides and -hydroxides were carried out under
the assumption that their bulk and surface structures were
identical.”** Based on Pourbaix diagrams of each simple and
complex metal-oxides or -hydroxides suggests they may possess
a structure which, at times, is independent of their bulk phase
when exposed to an aqueous environment at different pH
values. Therefore, from the literature and modelling results
presented in Tables 1-7, and SI Tables A1-D1, it has been
demonstrated that in an aqueous environment the surface
structure being modelled can vary significantly from the bulk
structure.
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There are several modelling methods that look at material
systems surfaces. The first is the Molecular Dynamic (MD)”®
modelling method which focuses on the motion of molecules
and atoms within a system. Work by Brown et al.'s" and Leffler
et al.'s"” on the interface structure though shows they possess
a stable structure at the solid/aqueous interface. This is because
surface molecules and ions are electrostatically adsorbed (i.e.
attached). In addition, no literature using this method was ever
located that provided the needed surface structure and
composition at the solid/water interface. Therefor this method
found not to be applicable in determining the stable surface
structure and composition at its solid/aqueous interface.

A second modelling method of a surface's structure and
composition is the Density Functional Theory (DFT). This
method is a quantum mechanical method for modelling stable
multi-body systems, making it ideal for determining possible
surface structures in an aqueous environment.” Were the solid/
aqueous structures not stable, measurements such as repro-
ducible zeta potential curves that converge at a zeta potential of
0 mV where the particle move through an electric field at
differing pH values and electrolyte concentration would not be
possible. In addition, the literature searches for surface struc-
tures all produced models using DFT. These were for copper
oxide (CuO),’** and hematite («-Fe,O3)*" and were used as
possible surface structures which varied from the materials
bulk structure at their PZC in the model [eqn (6)].

Work by Leffler et al.'*”® found that the surface bonds in
Region I all have the essentially the same bulk indirect band gap

Table 4 Structure parameters, pHpzc and pHppzc, values for the metal-oxide/-hydroxide examples in Table [*23°

Dominant species C.N. Zm L (A) Jios (%) fi =fix Iy, Exp. pHpzc Cal. pHppzc Ref.

Mg(OH)Z 6 +2 2.06 0.7335 1 0.7335 12.0 11.87 12 and 60
La(OH)3 9 +3 2.566 0.7631 1 0.7631 12.40 12.90 12, 1, 22 and 61
Zr(OH)4 8 +4 2.26 0.6680 1 0.6680 10-11 10.422 12, 45 and 46
Y(OH)3 9 +3 2.43 0.7335 1 0.7335 12.80 12.83 12, 62 and 63

Table 5 Structure parameters for metal-oxides/hydroxide samples in Table [I1*>*° with the presence of nonzero crystal field splitting effect

Dominant species C.N. Zy L(A) fi (%) Iy, =f;ix I, Exp. pHpzc Cal. pHppzc Ref.

Fe(OH); 6 +3 2.09 1.0 0.5145 0.5145 12.0 £ 0.5 11.65 12 and 64

NiO 4 +2 1.91 1.0 0.5145 0.5145 11.1 £ 0.4 11.04 12, 22 and 65
CuO 3 +2 2.01 1.0 0.4727 0.4727 10.0 9.95 12, 66, 67 and 68

Table 6 Structure parameters for kyanite, andalusite, and sillimanite in Table 111.22 The value below the number of bonds is the percentage of the

total number of bonds for that atom in the structure

Sample () sitve () Al () AV () AlVDe L Si™) (4) L Al (4) L AIV< (4) L AIVDe (A)
Kyanite 16 (25.0%) 48 (75.0%) 1.625 1.91
Andalusite 16 (26.7%) 20 (33.3%) 24 (40.0%) 1.62 1.84 1.93
Sillimanite 16 (28.6%) 16 (28.6%) 24 (42.8%) 1.61 1.77 1.91

“ Coordination number.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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value (~3.2 eV) for anatase titania. This indicates that they are
all essentially the same length above a particle diameter of
=29 nm. In addition, the material's bond ionic content (fio,)
determined using eqn (4) (ref. 30) and presented in Fig. 5 are
constant in Region I. Further, these values (fi,,) were deter-
mined to be essentially equal to what is obtained using Paul-
ing's eqn (5) and his table of electronegative values® in Region I
for TiO,. Therefore, determination of a material's surface
structure needs to be done using the pHpzc value in Region I, as
all the structure factors needed are available.

Once the surface structure in Region I is determined, eqn (4)
can be employed to determine the ionic content of the surface
bonds (fis,) in Region II, using the method described in
Section 3.3. This makes it possible to model the bond ionic
content for the surface bonds for each average primary particle
in Region IIL. At present, though the limitation for determining
the ionic character of the surface bonds in Region II using this
method can only be applied to simple metal-oxides and
-hydroxides.

Based on the findings in this work it has been demonstrated
that the augmented model developed in this paper is applicable
to both simple and complex metal-oxides and -hydroxides, but
only in Region I. At present the modelling of surface bond ionic
content in Region II is restricted to simple metal-oxides and
-hydroxides, as demonstrated in Fig. 5 and Table D1 in SI
Section D. The reason for this is that at present it is not known if
all the metal oxide bonds for different cations in complex metal-
oxides and hydroxides expand linearly. Future work will focus
on how each of the bonds for complex metal-oxides and
hydroxides change in Region II.

Based on the methodology developed for this work, it is
evident that it is not a stand-alone method. To obtain reliable
results the user must be able draw from multiple areas such as
thermodynamics, crystallography, X-ray diffraction, electro-
chemistry, Density Functional Theory modelling, etc. In addi-
tion, Leffler et al.** developed a protocol for correctly measuring
PZC values with a minimum of error. This method should be
incorporated into the measurement scheme for the sample.
Therefore, it is critical that when using this method all these
factors be considered for the surface structure under test.

5 Conclusions

This work demonstrates a completely new method for model-
ling the global surface structure, and composition at the solid/
aqueous interface for both simple and complex metal-oxides
and -hydroxides in Region I using the material's PZC. In
Region II it has been shown that as the materials PZC decreases
with its average primary particle diameter, the surface bond
ionic content for simple metal-oxides and - hydroxides can be
measured directly. To accomplish this the model [eqn (2)]
developed by Yoon et al.’s'> was augmented [eqn (6)] to deter-
mine both the structure factors for the primary coordination
sphere of each cation and their bond ionic content using
Pauling's electronegative table and eqn (5).>

A method was then developed to apply Yoon et al's™
augmented model [eqn (6)] to obtain the global surface

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure and composition at the solid/aqueous interface of
simple and complex metal-oxides and -hydroxides in Region I.

This method requires knowledge of:

1. The correct dominant species at the material's pHpyc.

2. All the possible phases formed by this dominant species.

3. The most basic pHpyc value for the surface structure
available either experimentally or in the literature.

4. The most thermodynamically stable phase present in an
aqueous environment where multiple phases might be present
in the same aqueous environment, and

5. All the possible bulk and surface structure information of
the dominant species phase at the material's pHp,c from both
experimental and/or modelling methods such as DFT.

Once this information has been acquired, each of the
possible structures at the materials PZC values are entered into
model until it converges to its measured experimental PZC
value.

What makes this model and method so useful, is that it can
be applied in multiple fields such as catalysis, flotation, elec-
trochemistry for battery and capacitor development, remedia-
tion of contaminated regions, confirming surface models (i.e.
DFT) in an aqueous environment and the treatment of clothing
(i.e. dying). It can also be used to predict a materials PZC value
when the average primary particle size is in its Region I for
complex metal-oxides and -hydroxides over a series of compo-
sitions. This is also the only experimental means at present of
determining metal-oxides and hydroxides global surface struc-
ture, composition and bond ionic content of each cation in an
aqueous environment. Lastly, the PZC measurement is
economical and SI and multiple analytical tests on the material
to model the surface are readily available in the literature.

Future work will focus on developing this modelling method
to determine the structure, composition and changes in the
bond ionic content of each cation-oxygen bond in complex
metal-oxides and -hydroxides in Region II. This will allow its
application to complex nanoscale metal-oxides and -hydroxides
with an average primary particle diameter that are under test in
Region II. Lastly, an examination of whether this modelling
method can be applied to phases under test using cyclic vol-
tammetry. The reason for investigating this possibility is
because the shift in voltage values translates to changing pH
values at the surface of the material across this range.
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