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tion of a structure/property
transformation mechanism responsible for changes
in the point of zero change of anatase titania with
decreasing particle size

Miriam Leffler, * Anne Mirich, Jared Fee, Seth March and Steven L. Suib

Below a diameter of approximately 28 nm, the surface crystal structure of anatase titania is known to

change. These changes include surface bond lengths and crystal lattice parameter expansion/

contractions. Concurrent with these structure changes, the materials point of zero charge (PZC) has

been observed to shift toward lower pH values. Therefore, the objective of this work was to determine if

a correlation exists between these known structural changes and the shift in the materials PZC values

with decreasing particle size. To achieve this a method was developed to identify and minimize the

effect of all known variables, save particle size, affecting the materials pHPZC. This led to the discovery of

two regions for point of zero charge. Above the average spherical primary particle diameter y 29 nm for

anatase titania, denoted as Region I, PZC values remain constant. In Region I the materials surface crystal

structure and properties were also found to remain constant. Below the average spherical primary

particle diameter y29 nm is the second zone, defined as Region II, where pHPZC values decrease almost

linearly. An examination of possible surface structure factors and properties responsible for the shift in

these PZC values (Region II) identified three underlying causes. These being changes in the materials

band gap (i.e. surface bond lengths), lattice parameters and bond ionic content.
1 Introduction

Point of zero charge (PZC) is an important adsorption property,
critical to multiple areas in chemistry where the surface charge
is neutralized by counter ions resulting in its surface potential
going to zero. In catalysis PZC has been found to control the
kinetics of electrochemical reduction of diazonium salts.1

Changes in surface roughness have been identied as shiing
the material's isoelectric point/PZC affecting its utility as
a catalyst support.2 PZC is also critical to the loading and
retention (i.e. adhesion) of a catalyst onto a support.3

Changes in PZC values are also important in their effect on
dielectric and capacitive properties, which affect electrode
performance.4,5 These changes can occur through the intro-
duction of different protons and specically adsorbing ions6 at
the solid/liquid interface.7–10 The effect on these properties is
important in electrical energy storage devices such as batteries
and capacitors, which are critical in electronic systems.11,12

PZC is in fact critical across many other elds of chemistry
beyond the two detailed above. These include otation in
mineral engineering (i.e., extracting valuable minerals from
ecticut, USA. E-mail: Miriamleffler1066@

ee@uconn.edu; seth.march@uconn.edu;

the Royal Society of Chemistry
ores),13 waste remediation (contaminate removal),14 soil
science,15 electrochemistry,16 pharmacology (drug produc-
tion),17 colloidal chemistry and surface science.18 Therefore, if
only small changes to the surface structure have a signicant
effect on this property, a fundamental understanding of the
underlying factor(s) controlling a material's PZC value is crit-
ical. It will serve to advance work in these and other elds of
chemistry where this value is important to their work.

Anatase titania was chosen for this work due to its impor-
tance in multiple elds. These include water purication
systems,19 photocatalysis,20 electrochemical and biosensors,21

a nishing agent on cloth allowing it to self-clean,22 and
photovoltaic systems.23 Changes in these materials' point of
zero charge (PZC) in the synthesized material have been shown
to affect properties such as photocatalysis,24 water treatment,25

and catalytic reaction rates.26 Therefore, the underlying cause(s)
responsible for the shi in this property will be important
across multiple elds where this material is used.

The multiple factors affecting PZC/surface charge have been
studied and identied in the literature. These include:

(1) Morphology2

(2) Roughness2

(3) Particle size27,28

(4) Surface crystal structure7–9

(5) Composition10
RSC Adv., 2024, 14, 30543–30565 | 30543
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Fig. 1 (a) Correlation between the calculated average primary particle
spherical diameters using specific surface area plotted against their
PZC values for Groups 1 & 2 of synthetic goethite (a-FeO(OH)).47–59 (b)
Correlation between the spherical to rectangular particle diameters
with the normalized acicular particle diameters against their PZC
values for Groups 1 & 2 of goethite (a-FeO(OH)).47–59
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(6) Temperature29

(7) Surface contamination/surfactants30

(8) Representative sample size of particle population31

(9) Solubility32

(10) Pretreatment, which can introduce solvents, acids, bases
etc. into the pore system, changing the overall composition of
the surface, resulting in a shi in the PZC value10,33

(11) Grinding34

(12) Stable surface phase (i.e., dominant species) in an
aqueous environment at its PZC value according to its Eh-pH
diagram,35 and

(13) Electrolyte concentration36

Yet even with knowledge of these variables, PZC values for
the same phase oen extend over 3 to 4 pH units.9,37,38 There-
fore, an understanding of how each of these factors impinges
on PZC values is critical.

Theoretical work by Barisik et al.28 determined that as
spherical silica nanoparticle's size decreased below dy 20 nm,
surface charge increased signicantly. Above this diameter,
surface charge remained essentially constant. Their work
allowed the examination of changes in a particles surface
charge without the physical constraints cited above. Therefore,
decreasing particle size would allow an examination of surface
structure/property changes to be examined once the known
factors affecting pHPZC are minimized.

Work carried out by Suttiponparnit et al.39 demonstrates the
difficulty of determining an accurate primary particle size. They
used the specic surface area of each sample to determine the
average primary particle size for each PZC value of anatase
titania. Their results though were opposite those found by
Barisik et al.28 They observed that as the surface area increased
(i.e. decreasing particle size) PZC values were found to increase.
Yet even with this discrepancy between their results and Barisik
et al.'s,28 the importance of their work is that they demonstrated
experimentally that there is a systematic shi in anatase tita-
nia's PZC with changing surface area (i.e., particle size) and was
the impetus for this research.

Dening a normalized average primary particle diameter
even for the same powder population measured presents
a signicant problem. Lin et al.'s40 work illustrates this. Their
work used three different methods to measure an average
spherical particle diameter (DSP) for the same sample of anatase
titania. These included hydrodynamic diameter (H. D.), BET
(surface area using nitrogen adsorption), and transmission
electron microscopy (TEM). The H. D. method resulted in a DSP

= 314 ± 8 nm, while TEM gave a DSP = 11.0 ± 3.4 nm. Using the
equation for a spherical diameter [ref. 41, Appendix A], the
specic surface area (SA) from the BET (324 m2 g−1) and the
density of anatase titania (r = 3.89 g cm−3)42 gave an average
primary particle DSP = 4.75 nm for a particle with a spherical,
cubic, and/or rectangular morphology.

Each of the preceding examples demonstrates the difficulty
of obtaining a normalized average primary particle size for
a powder population. Once a method for normalizing each
powder population's average primary particle diameter is ach-
ieved, it should then be possible to determine the correct shi
in a material's PZC values with size. Furthermore, this would
30544 | RSC Adv., 2024, 14, 30543–30565
allow an examination of the underlying changes to a material's
surface structure and properties for these changes.

Leffler43 addressed this problem by devising a method to
standardize/normalize the average primary particle size (i.e.,
diameter) between two separate populations of the same phase.
The material chosen to test this method was goethite (a-
FeO(OH)). Synthesized goethite used in experimental work
possesses two morphologies, these being: (1) cubic to rectan-
gular and (2) acicular (needle like).44–46

The effect of these two different morphologies, where their
size (i.e. DSP) has not been normalized, is presented in Fig. 1a.
Using the equation for a spherical diameter [ref. 41, Appendix
A], two sets of particle sizes for these goethite groups were
calculated, using their specic surface area. Group 1 possesses
a morphology that is roughly cubic to rectangular47–55 which
decreases almost linearly below a dy 65 nm. Group 2 possesses
an acicular (i.e., needle like) morphology56–59 which demon-
strates no change in thematerial's pHPZC values with decreasing
particle size. In Fig. 1a there is no apparent correlation between
group 1 & 2.

The next step was to calculate the equivalent spherical radius
(RES) for Group 2 using each population's acicular volume.60

Once the equivalent particle diameters (DES = 2 × RES) were
normalized and plotted along with the values from group 1,
a single curve emerged and is presented in Fig. 1b. The single
© 2024 The Author(s). Published by the Royal Society of Chemistry
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curve decreases almost linearly for both particle populations
below d y 65 nm. This curve now allows correlation between
any possible underlying structure and/or property parameter(s)
responsible for these changes in PZC values without the
complicating factor of the material's average primary particle
morphology. Appendix A provides the full method used to
obtain the results in Fig. 1a and b.

The method used to obtain the results in Fig. 1b was also
used to determine the average primary particle size (DSP) for
other metal oxides/hydroxides from literature values. These
values were then plotted against their PZC values. The results
obtained are available in Appendix A. They include barium
titanate (BaTiO3),61–72 monoclinic zirconia (ZrO2),73–85 hematite
(a-Fe2O3),86–95 and 3% doped tetragonal zirconia (3% YTZ).96–109

They follow the same form as the curve in Fig. 1b. The nal plot
[Fig. 12] demonstrates the effect of the largest cation110 in each
structure on the particle size at which PZC values begin shiing
to lower pHPZC values.

Until this work there has been no systematic method for
identifying and minimizing the effect of all the known possible
variables responsible for changes in eachmetal-oxide/hydroxide
point of zero charge values.2,7–10,27–36 Typically, studies into the
effect of different variables of point of zero charge oen
consider only a few of the factors responsible for changes in this
property. Therefore, the objectives of this project were to (1)
develop a method minimizing the effect of all the known factors
affecting PZC values for all metal-oxides/hydroxides, (2) develop
a protocol for obtaining the most accurate and precise
normalized average primary particle diameters of different
morphologies with the same phase and (3) determine any
underlying physical parameter(s) and/or properties which
correlate directly with any changes in the materials pHPZC.
2 Experimental section
2.1 Choice of metal oxide systems

Anatase titania [US Research Nanomaterials, SkySpring Nano-
materials] was chosen for the following reasons: (1) the phase is
stable at ambient temperature and pressure,111 (2) the material
is available commercially from the micron region down to
a diameter of 5 nm,112,113 (3) it is stable even when exposed to
corrosive environments,114 (4) is highly insoluble over a wide
range of pH values in an aqueous environment, dilute acids and
inorganic bases at ambient temperature and pressure,3,42,115 (5)
the bulk and surface structures are identical,9 and (6) the
dominant species is TiO2 from a pH = 0 to 14 in an aqueous
environment at ambient temperature and pressure35 indicating
there is no thermodynamic driving force to transform the
surface structure, allowing it to remain stable.
2.2 Determination of the average primary particle size,
morphology, roughness and elemental composition

The samples obtained exhibited a spherical to cubic
morphology, with smooth surfaces in the TEM micrographs
available from the vendor for each sample tested.112,113 Detailed
particle morphology, size and surface smoothness were then
© 2024 The Author(s). Published by the Royal Society of Chemistry
reconrmed using an FEI, Talos F200× microscope utilizing
a 200 kV voltage transmission electron microscope (TEM).
Elemental mapping was done with an energy dispersive X-ray
spectroscopy (EDS) detector. The EDS is sensitive down to
0.1% by weight of elements present in the sample. These
include even light elements such as carbon, nitrogen and
oxygen116 which can be component parts of solvents. The TEM
grids were prepared by combining a 2 mg sample with 20 mL of
solvent (ethanol: Fischer Scientic) and sonicating for 5
minutes. The solution was then dispersed on a copper grid
dropwise via a pipette. Multiple micrographs were taken of each
powder population. Representative TEM micrographs of each
sample are presented in Appendix B.
2.3 Minimum sample size

To ensure a representative sample size in each literature and
experimental data set, eqn (1) through (3) were used to calculate
an absolute theoretical minimum amount (Mi).31,42

Mi ¼ 1

x2

��
1

Dyi
� 2

�
wi þ w

�
(1)

wi = (kyd
3r) (2)

w ¼
Xi

k¼0

fi (3)

where x = the maximum allowable error (%), Dyi = mass of
fraction (g), kn = shape factor (6 p−1), r = density (g cm−3), d =

particle diameter (nm).
Since Mi typically corresponds closely to the top size of the

distribution, and only this value was calculated. For this mate-
rial a d = 1 mm was chosen which was signicantly larger than
each of the average primary particle sizes in the powder pop-
ulations examined. In addition, as the diameter ofMi decreases,
the sample needed for a representative sample also decreases.
Therefore, the calculated Mi = 1 mm would be signicantly
larger than required for the average primary particle diameters
used. The variables input into eqn (3) through (5) were for
a typical Rosin-Rammler size distribution, with a slope= 1, with
x = ± 5% (0.05) maximum allowable error, and the top fraction
size is 10% (0.10) for a 1.0 g powder population, where Dyi =
0.10 g. The density used for anatase titania was r =

3.84 g cm−3.42 The minimum top size value calculated for
anatase titania [eqn (3)–(5)] is Mi = 2.96 × 10−11 g.
2.4 Conrmation of crystal structure of anatase titania using
X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were taken to conrm
both the structure and composition of all seven powder
samples. PXRD micrographs of each sample [Appendix C] were
made using a Rigaku Ultima IV X-ray diffractometer set at 40 kV,
44 mA, and 1.76 kW. The system is sensitive down to 0.2% by
weight117 of all structures present in the sample. The PXRD
patterns were taken between 5° to 75° 2-theta. The CuKa1 X-rays
were produced using a copper tube with a wavelength of l =
RSC Adv., 2024, 14, 30543–30565 | 30545
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1.54056. Rigaku PDXL 1.8.0.3 soware was used to analyze the
structures.
2.5 Temperature range

The ambient temperature range within which each measure-
ment was taken ran from 293 K to 298 K. This was to minimize
the temperature effect on the measured PZC value.29 The solu-
tion temperature was monitored and recorded during the
titration using a temperature probe on a Hanna Instruments
(HI) 2214 pH/ORP meter. This insured that during the titration
the electrolyte solution remained within the designated
temperature range.
2.6 Prevention of contamination and no pretreatment

To avoid contamination each sample remained in its container
until used in its titration run. There was no pretreatment of the
sample, as this is known to affect measured PZC values.27 This
procedure reduced the possibility of surface contamination to
a minimum before testing.
2.7 Mass titration method

The mass titration method was used to determine PZC values of
anatase titania samples which is comparable to the common
intercept point (CIP). An added advantage of this method is that
avoids the possible problems posed using different electrolyte
concentrations employed in CIP.118 The procedure involved
performing three runs, one with a blank (0.0 g sample) elec-
trolyte solution and two more runs with increasing powder
sample sizes. The full procedure is presented in Appendix D.
2.8 Band gap measurements

Band gap measurements were made thru Eurons Materials
Science at the EAG Laboratories in Eindhoven, the Netherlands.
Two sets of samples were measured. The samples presented in
this paper were pressed in an XRD sample holder by hand (i.e.,
at ambient temperature and pressure) and a second set of
powder samples, pressed at 10 tons. A PerkinElmer, Lambda
1050 UV-VIS-NIR spectrometer equipped with a 150 mm inte-
grating sphere was used to perform the measurements.
Reection UV-VIS-NIR analysis was performed between 200 and
1000 nm. Eqn (4) was used to calculate band gap energy.

Band gap energy (E) = h × C/l (4)

where h = Planks constant = 6.626 × 10−34 J s, C = speed of
light = 3.0 × 108 m s−1, l = cut off wavelength, with 1 eV = 1.6
× 10−19 joules (conversion factor).

Fig. 28, in Appendix E, presents the plot of band gap values
for the sample pressed at 10 tons. An explanation of the effect
pressure has on the materials surface bond lengths is
included.119 Therefore, the set of measurements taken at
ambient temperature and pressure were used. This allowed the
comparison of the band gap results with all the other experi-
mental work carried out under the same conditions at ambient
temperature and pressure.
30546 | RSC Adv., 2024, 14, 30543–30565
3 Results
3.1 Powder population average primary particle size and
elemental composition

An examination of the particles for each powder population
using transmission electron microscopy (TEM) micrographs
revealed four basic shapes. These were a circle (sphere), ellipse
(ovoid), square (cube) and rectangle (rectangular cube)
[Appendix B]. The method developed by Leffler43 was then
augmented to determine the average equivalent spherical
diameter (DES).

The rst step was to identify and physically outline the
particles so their surface was clearly identied, and their entire
circumference could be easily measured. Next, circular (spher-
ical) particle diameters (DS) were then measured directly from
the TEM micrographs. The other three non-circular particles
were determined by calculating their equivalent circular radius
(RES). This was accomplished by rst obtaining the surface area
equations for a circle (A = r2 × p), ellipse (A = q × p × p),
square (A = a2), and rectangle (A = w × h).60 Then the surface
area equations for the three non-circular shapes were set equal
to the surface area of the circle. Rearranging these equations
resulted in the equations for the RES of each non-circular shape.
Then inserting RES into DES = 2 × RES gave eqn (5) through (7).

DES ¼ 2� RES ¼ ½2� ffiffiffiffiffiffiffiffiffiffiffi
p� q

p � ðellipseÞ (5)

DES ¼ 2� RES ¼
"
2�

ffiffiffiffiffi
a2

p

r #
ðsquareÞ (6)

DES ¼ 2� RES ¼
"
2�

ffiffiffiffiffiffiffiffiffiffiffiffi
w� h

p

r #
ðrectangleÞ (7)

where r = radius (nm), p = semi minor axis of an ellipse (nm), q
= semi-major axis of an ellipse (nm), a = length of square side
of square (nm), w = width of a rectangle (nm), h = height of
a rectangle (nm).

The next step was to nd the sample size required to obtain
an accurate average DES for each powder population. This was
done by calculating the average diameter for a series of
increasing sample sizes. An example of this process is presented
in Table 1 for powder population 7. The rst average DES was
determined for a sample size of 5 measured particle diameters.
This gave an average DES= 121.77 nm. Then the sample size was
increased to 10 particles and the process repeated, each time
incrementing the sample size by 10 particles. The reason for
using powder population 7, is that this one demonstrated the
widest variation of measured particle sizes, stretching from
a DES y 56.45 nm to a DES y 256.41 nm.

It was found that above a sample size of 50, the average
diameters obtained for sample sizes from 50–127 were found to
oscillate around an average DES = 142.233 nm with an average
variation of ±1.021 nm [Table 1]. This indicates that the sample
size required to obtain the most accurate value is at/or above 50
spherical and equivalent spherical particle diameters. Sample
sizes for all the powder populations examined in this work far
exceeded this, typically about 100 particles were measured.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Average primary particle diameter with increasing sample size
for powder population 7

Sample size
Average particle
diameter (nm)

Average particle
variation (�nm)

5 121.77 22.30
10 151.30 33.12
20 151.98 31.71
30 147.27 35.68
40 143.33 35.32
50 140.95 32.78
60 139.98 30.69
70 141.77 31.72
80 142.614 31.66
90 142.45 31.75
100 143.11 33.59
110 144.35 35.02
120 143.45 35.84
127 142.614 36.32
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Results for all the powder populations are presented in
Appendix B, in Table 3.

In addition to the average primary particle diameters deter-
mined from TEM measurements, are two additional sets of
particle sizes for each powder population in Table 3 [Appendix
B]. This data was available on the websites for both U. S.
Nanomaterial Research112 and Spring Sky Nanomaterials.113 The
average primary particle diameters were determined from their
BET (nitrogen adsorption) measured specic surface area (m2

g−1) using eqn (13), and r = 3.84 g cm−3.45 The second method
was an Aerodynamic Particle Sizer (APS) which relies on time of
ight coupled with Dynamic Light Scattering (DLS) to measure
particle size. A comparison of the results from the three
methods for the powder populations, using identical synthesis
process was made. The differences between the average primary
particle size for the method developed in this work and those
provided by the companies112,113 ranged from 5.785% to
463.301%, with an average of 66.355% for all the values in the
two sets.

A plot of both sets of the experimental particle data against
their PZC values (unpublished) from both vendors [Table 3] was
made for their Region II values. The best t function for the
curves was a second order polynomial. The correlation factors
(R2) for these two curves gave values of R2 = 0.4567 (BET) and R2

= 0.5337 (APS). These R2 values indicate a poor correlation
between each of the plotted data sets. More importantly these
results point to the limitations of relying solely on automated
particle sizing methods.
Fig. 2 The PXRD pattern for the sample with an average diameter
y12.69 nm. The indexed peaks fit those in the JCPDS file #00-0634-
0863 (ref. 120) for synthetic anatase titania.
3.2 Elemental analysis of each sample using EDS

EDS elemental analysis determined that the only detectable
elements were Ti4+ and O2− present in each of the seven
samples in this study. Therefore, there were no contaminants of
trace elements above the detection limit of 0.1% by weight. This
affirmed that the received samples were the analytical grades
certied by the manufacturers. It also conrmed that there were
no contaminants remaining from the synthesis method. A
© 2024 The Author(s). Published by the Royal Society of Chemistry
representative set of EDS micrographs from powder population
1 [Appendix B], demonstrates the presence of only Ti4+ and O2−.

3.3 Crystal structure of anatase titania using powder X-ray
diffraction

Each of the PXRD patterns obtained matched the JCPDS le
#00-0634-0863 (ref. 120) for synthetic anatase titania, conrm-
ing the structure and composition of each powder sample. The
PXRD micrograph for the powder population with an average
primary particle of dy 12.69 nm is presented in Fig. 2. The XRD
micrographs for each of the other six samples are presented in
Appendix C.

For a second phase in a sample to be detected in the PXRDs
taken, using the equipment described in Section 2.7, there must
be at least 0.2 wt% of the powder sample.117 From Fig. 2 any
possible contaminant within the surface penetration depth of
the X-ray beam was below the equipment's detection limit. Like
the result in Fig. 2, the PXRD micrographs in Appendix C
demonstrate only the presence of a single-phase of synthesized
crystalline anatase titania. The slight count decrease in the base
line [Fig. 2] from 5° 2-theta to approximately 15° 2-theta is an
artifact of the equipment.121,122 In addition, the XRD micro-
graphs in Appendix C support this contention, as even the
particle population with a d = 5.31 nm has a completely at
baseline from 10° 2-theta to 75° 2-theta.

In addition, work by Samad et al.123 examined the effect of
surface loading of a second oxide (i.e., alumina (Al2O3)) on to
a pristine surface of a primary oxide (i.e., silica (SiO2)) on the
samples PZC value. Therefore, this study can also be used to
simulate the effect of surface contamination on a sample's
surface. An examination of all the curves where PZC values change
indicated that at/or below a surface loading of 0.2 wt%, the shi in
PZC values would be less than±0.2 pH units. This work indicates
that even had there been a small amount of secondary contami-
nation on the samples surface used in this study, its effect on the
pHPZC values measured would have been minimal.

3.4 Mass titration results

Titration curves were obtained by plotting the cumulative
volume of each titrant (i.e. 0.01 N hydrochloric acid (HCl) or
RSC Adv., 2024, 14, 30543–30565 | 30547
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Fig. 3 Mass titration curves of anatase titania with an average primary
particle with a d y 12.69 nm. Intersection of the three curves indicate
the materials pHPZC = 2.47.
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0.2 N sodium hydroxide (NaOH)) against their pH at that
volume. Intersection of the three curves identied the powder
populations PZC value. Fig. 3 presents the results for the
powder population with an average primary particle diameter
y12.69 nm. Appendix D presents the titration method and data
for the other six other powder populations.
3.5 Changes in PZC values across the decreasing average
primary particle diameter sizes

A plot of the normalized average primary particle sizes (i.e.,
diameters) against its PZC value for each anatase titania sample
revealed two regions [Fig. 4]. A regression curve was tted to the
experimental data in Region II. A best t function was found to
be a second order polynomial with a correlation value of R2 =

0.9921. To determine the intersection of Regions I and II. The
equation for the regression curve was used to calculate the
average primary particle diameter where pHPZC = 7.17. The
predicted intersection of the curves for Regions I and II is at dy
29 nm, with a pHPZC = 7.17.
Fig. 4 Values for both experimental and literature124–134 pHPZC values
are plotted against their normalized average primary particle diameter.
The experimental point at pHPZC = 4.26 was measured using 0.1 M
NaOH for the electrolyte, and 0.01 M NaClO4 as the titrant.134

30548 | RSC Adv., 2024, 14, 30543–30565
In addition, literature pHPZC values for anatase titania,
which were measured within the parameters set in Section 2.0,
were plotted alongside the experimental results. They conrm
the shi toward lower pHPZC values as the average primary
particle size decreases in Region II below a d y 29 nm. In
addition, the values above d y 29 nm, indicate pHPZC values
remain roughly constant (pHPZC = 6.0–6.9)124–133 as the average
primary particle diameters increase, thus supporting the nd-
ings of a Region I as indicated by the experimental values. The
scatter in the literature data [Fig. 4], which also used automated
particle sizing techniques, reemphasizes the limitations of
these methods.
3.6 Correlation of PZC values and band gap

Region I demonstrates essentially no changes in the PZC values
with a decreasing/increasing average primary particle diameter.
The PZC values of each particle population are pH = 7.15 (d y
126 nm) and PZC = 7.19 (d y 142 nm), are well within the
calibration error (pH = ± 0.2) of the equipment (HI 2214 pH/
ORP meter). The difference between the two powder pop-
ulations diameters is ∼16 nm. In Region II [Fig. 4] a change of
this magnitude in the average particle diameter of two powder
populations would result in a shi of its PZC value by approx-
imately 3.5 pH units. This demonstrates that the underlying
physical parameters responsible for changing PZC values in
Region II does not occur above the average primary particle
sizes greater than d y 29 nm in Region I.

The results in Fig. 4 also indicate that the experimental
procedure used (Section 2) succeeded in minimizing the effects
of all the other factors cited. Fig. 4 suggests that there is an
unidentied physical parameter responsible for the decrease in
PZC values below the normalized average primary particle size
of dy 29 nm for anatase titania. This parameter would need to
be found at the surface, as pHPZC is purely a surface
measurement.

The PXRD patterns [Fig. 21, Appendix C] of each powder
population conrmed that the structures are anatase titania. As
the bulk/surface structures of this material are known to be
identical9,10 this conrms the structure at the solid/liquid
interface is anatase titania. Based on Eh-pH diagrams, the
dominant species TiO2 is stable from a pH = 1 to pH = 14.35

This eliminated any thermodynamic driving force that would
change the bulk/surface structure's oxidation state and/or
coordination number, as pHPZC values in Region II decrease.

One of the physical parameters known to change with
decreasing average primary particle size below a given diameter,
is anatase titania's indirect band gap. Lin et al.111 demonstrated
that this is the result of increasing surface bond lengths. Their
work demonstrated that the average diameter of anatase titania
at which the indirect band gap values begin decreasing is at dy
28 nm, within 1 nm of the projected intercept point (dy 29 nm)
of Regions I and II [Fig. 4]. This diameter is effectively identical
to the calculated value at which pHPZC values start decreasing.
That made it possible to obtain values for the indirect band gap
of anatase titania from the literature. The protocol used to
choose the band gap literature values are as follows:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1) The parameters used to determine the method for mini-
mizing the factors affecting pHPZC values were applied to the
measured indirect band gap values from the literature [Section
2].

(2) The literature used presented all the raw data used to
obtain their results (i.e., transmission electron micrographs),
specic surface area measurements (BET), band gap spectra,
powder X-ray diffraction, high resolution transmission electron
microscope, TEM, etc. The results presented were then recon-
rmed using the author's raw data.

(3) The particle populations, whose band gap values were
used, possessed a cubic to spherical morphology, thereby
matching the shapes present in powder populations measured
[Fig. 16, Appendix B]. This avoided variations in the data used
due to differing particle morphologies, that is known to affect
indirect band gap values.135,136

(4) Band gap measurements were made at ambient temper-
ature and pressure to match the experimental conditions under
which each sample population pHPZC was measured. This is
because temperature and pressure have been demonstrated to
affect band gap values [ref. 137, Appendix A].

(5) The samples were not pretreated as this is known to affect
the material's indirect band gap.138

A plot of multiple literature indirect band gap values139–145

and experimental pHPZC values against their average primary
particle diameter demonstrated a clear visual correlation
between the two parameters [Fig. 5a]. A regression curve t of
the indirect band gap values in Region II resulted in a correla-
tion value of R2 = 0.9645 with an intercept value between the
two Regions of d y 29 nm. In Region I there is essentially no
Fig. 5 (a) A visual correlation of experimental PZC and literature indirec
The equation calculates band gap values. (b) Visual correlation between
values gave a best fit curve for a linear function, with a correlation va
a polynomial function with an R2 = 0.8268. (c) A plot of both the experim
particle size. The equation calculates band gap values. (d) A visual correl
their average primary particle diameter. The c lattice parameter values ha
visual correlation between band gap and a/b lattice parameter values p
parameter values have been reversed to visually correlate the two curve

© 2024 The Author(s). Published by the Royal Society of Chemistry
change in the indirect band gap and pHPZC values. As the
average primary particle size decreases in Region II, the indirect
band gap values (i.e. increasing surface bond lengths) and
pHPZC values demonstrate an almost identical shi toward
lower values along the tted regression curve. These initial
results demonstrate that there is a strong visual correlation
between the indirect band gap and all the experimental pHPZC

values.
To conrm that the indirect band gaps for each sample fol-

lowed the pattern found in Fig. 5a, samples from each powder
population were sent to EAG Laboratories in the Netherlands.
Both the experimental and literature indirect band gaps were
then plotted against their average primary particle diameter on
the same graph. The results of these plots are presented in
Fig. 5b. Due to the slight offset between the two sets, their band
gaps were plotted on different y axis. This offset was most likely
due to sample preparation [Appendix E]. Both curves consist of
a Region I and Region II which mirror each other.

The best t function for the experimental band gap value in
Region II was found to be a second order polynomial with an R2

= 0.8268. The intercept point band gap values at d = 29 nm are
the average of the two points in Region I (eV = 3.277) and is
included in the tted curve. They demonstrate that the results
also follow the same pattern found in Fig. 5a, where a strong
visual correlation between the experimental and literature
values is observed [Fig. 5b].

Fig. 5c presents a plot of experimental values for each
sample's PZC and indirect band gap against their average
primary particle diameter. The two plots allow for a visual
correlation of the data. The intercept point (d = 29 nm) was
t band gap values137–142 against their average primary particle diameter.
the literature and experimental indirect band gap values. The literature
lue R2 = 0.9645.137–142 Experimental values gave a best fit curve for
ental PZC and indirect band gap values against their average primary

ation between band gap and c lattice parameter values plotted against
ve been reversed to visually correlate the two curves more easily. (e) A
lotted against their average primary particle diameter. The a/b lattice
s more easily.

RSC Adv., 2024, 14, 30543–30565 | 30549
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Fig. 6 A visual correlation between the experimental lattice parameter
ratios (c/a) and experimental PZC values against their average primary
particle diameters. The lattice parameter ratios (c/a) values are
reversed to provide a clearer visual correlation with their PZC values.
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used for the tted curve of the band gap values and is the
average of the measured bulk band gap values [Appendix E] in
Region I. The tted trend line for the experimental indirect
band gap values, including the projected intercept point, has an
R2 = 0.8269.

Fig. 5a and c demonstrate that surface bonds (i.e., band
gaps) begin to lengthen below an average primary particle
diameter of d y 29 nm. To determine how the bonds in the
lattice expand or contract, lattice parameters a/b, and c were
measured from their PXRD patterns (Fig. 21, Appendix C) using
the Rigaku PDXL 1.8.0.3 soware. These values were also used
to determine if surface roughness might have affected the
measured pHPZC values.

Band gap values from d = 5.31 nm to d = 21.08 nm contin-
ually increase. Above this last particle size, the band gap then
decreases signicantly from eV= 2.993 to eV= 2.945 at the next
particle size d = 23.54 nm. Fig. 5d and e illustrate the under-
lying cause for the shi downward of the band gap from particle
sizes d = 21.08 nm to d = 23.54 nm. In Fig. 5d the curves for
experimental band gaps and c lattice parameters demonstrate
a strong visual correlation between d = 5.31 nm to d =

23.54 nm. This indicates a close paralleling of the expansion
and contraction of the surface c lattice parameter bonds.

In Fig. 5e the a/b lattice parameter surface bonds between
particle sizes d = 12.69 nm to 23.54 nm parallel the experi-
mental band gap values. Below a particle size of d = 12.69 nm
the a/b lattice parameters remain essentially constant, while the
band gap value continues to decrease. This suggests that the c
lattice parameters may play a more signicant role in surface
bond length (i.e., band gap) expansion than those for the a/
b lattice parameters at the smallest average primary particle
diameter.

Surface band gaps have been shown to correlate directly with
surface roughness.146 In this case though, Fig. 5d and e
demonstrate that the band gap values correlate directly with
changes to the materials surface structure (i.e. bond lengths).
Therefore, it was determined that there was insufficient surface
roughness present on each of the particle populations used to
affect the materials band gap values. Nor was it responsible for
the band gap decrease from d = 21.08 nm to d = 23.54 nm.
3.7 Correlation of PZC values and lattice parameter ratios (c/
a)

Fig. 5a and c demonstrate that surface bonds (i.e., band gap)
begin to lengthen below an average primary particle diameter of
d y 29 nm. Using the measured lattice parameters the lattice
parameter ratio (c/a) was calculated for each sample. These
results were then plotted against their average primary particle
diameters [Fig. 6]. Lattice parameter ratio data in Region II were
found to have a best t function of a 2nd order polynomial with
an R2 = 0.9173. The tted curve for the experimental pHPZC

values gave an R2 = 0.9899.
The curve in Fig. 6 demonstrates that as the average primary

particle diameter decreases, the lattice parameter ratios (c/a)
indicate that the c lattice parameter expands signicantly with
respect to the a/b lattice parameters. An examination of the
30550 | RSC Adv., 2024, 14, 30543–30565
change in the individual lattice parameter lengths was made as
particle size decreased from a diameter of 23.54 nm to 5.31 nm.
The a/b lattice parameters contracted slightly by ∼– 0.24%,
while the c lattice parameters expanded by∼+ 1.04%. The lattice
parameter ratio (c/a) in Region I remains approximately the
same, with a difference of only ∼8.4 × 10−4 nm (0.21%). These
results suggest that the lattice parameter ratios (c/a) in Region I
(i.e., the bulk structure) change very little [Fig. 5a–c], and by
extension surface bond lengths remain constant.
3.8 Quantitative correlation of PZC values, lattice parameter
ratios (c/a) and band gap

Fig. 4, 5c and 6 demonstrate strong visual correlations between
the experimental pHPZC, band gap and lattice parameter ratio (c/
a) values. To conrm these correlations, it was necessary to
demonstrate a quantitative relationship between the two
structural parameters and pHPZC. This was achieved by using
the equations in Fig. 4, 5b (experimental calues), and 6, tted to
the portion of the curve in Region II for pHPZC, band gap, and
lattice parameter ratio (c/a) values. This was possible, as all
three regression curves have R2 values greater than 0.82, indi-
cating a strong correlation between the data sets plotted in
these gures. To achieve this, values for pHPZC, band gap, and
lattice parameter ratio (c/a) were generated for diameters from
6 nm to 24 nm, in increments of 2 nm. This range was chosen as
there is physical data to compare with the calculated values. As
the generated values were for the same particle diameter, the
factors could then be plotted directly against each other.

To determine the correlation between the two structure
parameters, band gap (eV) (x axis: independent variable) and
lattice parameter ratio (c/a) (y axis: dependent variable), were
plotted together in Fig. 7a. A regression curve was then tted to
the calculated values. A 2nd order polynomial was found to be
the best t function between these two parameters, with an R2=

0.9969. When the plot of the two data sets was reversed (i.e.,
lattice parameter ratio (c/a) / x axis, band gap / y axis),
making the lattice parameter ratio (c/a) the independent
© 2024 The Author(s). Published by the Royal Society of Chemistry
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variable [Fig. 7b], the R2 value for the regression curve decreased
to 0.9677. The higher correlation factor in Fig. 7a indicates that
the lattice parameter ratio (c/a) is the dependent variable in the
relationship. Therefore, the expansion and/or contraction of the
band gap (i.e. surface bond lengths) are the independent factor
responsible for the change in lattice parameter ratio (c/a) values.

The calculated values for the material's band gap and lattice
parameter ratio (c/a) were then plotted as the independent
variable against the materials calculated pHPZC values as the
dependent variable. The curves are presented in Fig. 7c and d.
Regressions were tted to both curves in Fig. 7c. A 2nd order
polynomial was found to be a best t function for both curves.
Based on the correlation values in Fig. 7c (R2= 1.0) and 7d (R2=

0.8564), the higher correlation factor in Fig. 7c indicates that
materials band gap (i.e., surface bond lengths) value is the
independent factor responsible for changes in the materials
PZC values.
4 Discussion

Fig. 5a and c demonstrate that in Region I, pHPZC does not
change as the particle size increases/decreases, nor do their
band gap (i.e., surface bond length) values. Based on the Nernst
Equation [eqn (8)]147 the potential difference (j0) goes to zero at
the aqueous/solid interface when the specic surface charge
(coulombs per m2) and the concentration of counter ions (mol
L−1) in solution at the surface (pHPZC) are equal. Under this
condition the surface potential (J0) equals zero so that it can no
longer draw counter ions out of solution to adsorb on to the
surface.
Fig. 7 (a) Plot of the calculated band gap values against the lattice param
ratio (c/a) against its band gap (eV) in Region II. (c) Quantitative correlation
PZC values in Region II. (d) Quantitative correlation between calculated la

© 2024 The Author(s). Published by the Royal Society of Chemistry
J0 ¼ �2:303� RT

DZF
ln½pH� pHPZC� (8)

where R = universal gas constant (8.314 J K−1 mol−1), T =

temperature (K), DZ = change in the charge of surface groups
(+1 or −1 in the case of protonation/deprotonation), F = Fara-
day's constant (96 485 C mol−1), pHSolution = concentration of
counter ions in solution (mol L−1) both at and away from the
surface, pHPZC Solution = concentration of the solution counter
ions (mol L−1) at and away from the surface which results in
zero potential at the aqueous/solid interface.

Based on eqn (8), the material's specic surface charge
(coulombs per m2) for particles in Region I does not change
since each sample's pHPZC remains constant (pHPZC y 7.17). In
Region II, the decrease in pHPZC values indicates that the
property responsible for the increase in the materials positive
specic surface charge is changing. This is evident from the
increase in the specic concentration of negative counter ions
at the surface (pHPZC) needed to take the aqueous/solid inter-
face potential to zero. Based on the quantitative correlations in
Fig. 7c this property appears to be controlled by changes in the
materials surface band gap (i.e., surface bond lengths).

A possible explanation for changes in anatase titania's
specic surface charge might be due to the material's ionic/
covalent bonds. This type of bond possesses an asymmetric
electron charge distribution,146 which creates surface dipoles.149

The polarity of an electric dipole is quantied by its electric
dipole moment (m = coulombmeters) [eqn (9)]:148

m = q × e × d (9)
eter ratio (c/a) in Region II. (b) Plot of the calculated lattice parameter
between the calculated surface band gap (i.e., bond lengths) and their
ttice parameter ratio (c/a) and point of zero charge values in Region II.
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where q = 1 [indicating a complete separation of the unit
charges], e = 1.602 × 10−19 Coulombs, d = distance (10−10 m).

Work by Yan et al.,150 using molecular dynamic simulation
(MD) demonstrated a linear relationship between anatase tita-
nia's increasing surface area (nm2) and its electric dipole
moment. Their model determined values for surface areas
between 12.8 nm2 (d= 120.8 nm) to 78.5 nm2 (d= 19.6 nm). The
electric dipole moments increased linearly from 27.5 Deby (D)
to 182.1 D with increasing surface area.

Eqn (10) might explain possible changes to the overall ionic
character (I%) of a material's surface bonds148 using the surface
and bulk structure bond dipole moments. In Region I the
average surface bonds are approximately 3% to 4% shorter than
those within the bulk structure.151 Therefore, a value for the
observed dipole moment (mobs) can be determined from the
shorter surface bonds.149,150 The theoretical dipole moment
(m100%) could then be calculated from the longest possible
average bond length, which is located within the materials bulk
structure.146

Percent ionic character of a bond ¼ mobs

m100%

� 100% (10)

As the particle size decreases in Region II, surface bonds
expand (Fig. 5a–c) resulting in the observed dipole moment of
the surface bonds increasing [eqn (9)]. This results in an
increase in the ionic character of the surface bonds [eqn (10)]. At
the particle size where surface bonds become equal with those
within the bulk (Region II) suggests they might become fully
ionic (i.e., I% = 100%). This might also indicate that the bulk
M2+–O2− bonds are already fully ionic.

Evidence available in the literature supports this shi in
bond ionic character as particles size decreases into the nano-
scale region. Pauling's152 work on electronegativity is based on
the concept that each atom has a single set value. He used the
bond energy of atoms to determine their electronegative value,
which is typically measured using a knownmass of a material at
its melting temperature. His work though, did not account for
the particle size effect on the melting point of materials. As the
average primary particle size decreases into the nanoscale
region its melting point is signicantly depressed.153 Some
examples of this are gold (Au),154 silver (Ag),155 tin (Sn),156 copper
(Cu) and cobalt (Co)157 particles. The curves for these examples
mirror the pHPZC results in Regions I and II in Fig. 4, 5a, c and 6.

Work by Gibbs et al.158 examined the question of changing
electronegative (c) values due to the increasing coordination
number in different elements. As the coordination number of
an anion about a cation increases the ionic radius of the cation
becomes larger. This results in an increase in the bond lengths
between the anions and cations in the structure.110 Gibbs
et al.158 also determined that as a bond lengthens the electron
density along its bond path decreases. This in turn decreases
the electronegative value of the cation.

One of the examples they present is for the silicon (Si) atom.
Silicon, with a coordination number (CN.) of 4, has a c = 1.81,
the same as found in Pauling's electronegative table.152 As the
coordination number of Si increases to 6, then 8, c = 1.70 and
30552 | RSC Adv., 2024, 14, 30543–30565
1.46 respectively. Calculating the ionic character150–152 for these
Si4+–O2− bonds [eqn (11)] results in a shi in the values from I%
= 51.03% (CN: 4), to I% = 55.51% (CN: 6), and nally I% =

64.67% (CN: 8).

I% ¼ exp

"
�
 
ðcOx � cTiÞ2

4

!#
(11)

where cOx = 3.5, cSi = 1.81, 1.70, 1.40.
In total, the Si4+–O2− bond ionicity increases by 13.64% with

increasing bond length. Therefore, it is reasonable to conclude
that expanding bond lengths directly affects the overall ionic
character possibly due to its increased surface dipole moments.

Using this information, a model was developed to explain the
stability of pHPZC values in Region I and their decreasing values
in Region II based on structural surface changes. In Region I the
surface structure is suggested by Livey and Murray's159 work and
supported by density functional modeling of the anatase titania
surface by Oliver et al.160 Both determined that surface atoms
arrange themselves to reduce surface energy to their lowest state.
This is achieved by the surface cations (i.e., Ti4+) retracting
downward toward the bulk, while the anions (O2−) pull up and
over the cations, partially covering them. An examination of the
structure factors in Region I nds that band gap values in
Fig. 5a–c and lattice parameter ratios (c/a) [Fig. 6] remain
essentially constant. Therefore, the surface structure (i.e., bond
lengths) remain little changed with respect to the solid/aqueous
interface above an average primary particle size of d y 29 nm.

When metal/oxygen atoms bond the electrons lost from the
metal atoms are fully transferred to the oxygen.110 At the surface,
in Region I, bond lengths for the six coordinated metal atoms
are approximately 3–4% shorter than within the bulk struc-
ture.151 Therefore, based on Coulomb's Law161 [eqn (12)] the
attractive electrostatic force (F) between the metal (+) and
oxygen (−) atoms at the surface in Region I would be stronger
than within the bulk structure. This might have resulted in the
transferred electron density around the surface oxygen bowing
back toward the positively charged metal atoms. The distorted
portion of this transferred electron density might have then
partially shielded some of the positive charge on the surface
metal atoms, which are seated lower than the surface oxygen.
This might have resulted in reduction of the overall global
fraction of the positively charged surface which is exposed at the
solid/aqueous interface.159,160

F ¼ k
qq

0

r2
(12)

where F = force (N), k = proportionality constant (8.98755 ×

109 N m2 C−2), q, q0 = point charges (Coulombs), r = distance
between the point charges (nm).

As the surface bond lengths expanded between themetal and
oxygen atoms in Region II (Fig. 5a–c), electrostatic attractive
force between the metal atoms and the transferred electron
density about the oxygen [eqn (12)] would have decreased.161

This might have resulted in the distorted electron density,
which had bowed toward themetal atoms in Region I, retracting
back toward the oxygen in Region II. This correlates with Gibbs
© 2024 The Author(s). Published by the Royal Society of Chemistry
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et al.'s158 ndings that as bond lengths increase, electron
density along the bond path decreases. With the loss of the
electron density shielding part of the metal surface atoms, and
their movement upward toward the surface, the effect would be
to increase the global fraction of the surface possessing a posi-
tive charge. This is supported by the decreasing pHPZC values in
Region II, which indicate that the concentration of negatively
charged counter ions being adsorbed at the surface, needed to
shi surface potential to zero, is increasing [eqn (8)] due to
a higher specic (i.e. global) surface area with a positive charge.

The increase in surface bond lengths might also account for
the contraction of the a/b lattice parameters. As the distorted
electron density retracted back toward the oxygen atoms in
Region II, the electron density might have become more evenly
distributed about the surface oxygen atoms, resulting in the
anions becoming more spherical. It might have then resulted in
a decrease in their ionic radius, thereby reducing the volume
occupied by each oxygen atom in the lattice. This might account
for the small contraction (∼0.24%) of the a/b lattice parameters.

5 Conclusions

The results in this work demonstrate that a protocol to selectively
minimize the effect of all the factors affecting a metal oxide's
pHPZC has been developed. The ndings obtained using this
method allowed identication of the surface structure factor and
property affecting ametal-oxide/hydroxide's point of zero charge.
This was achieved by rst demonstrating a direct visual corre-
lation of the pHPZC values with the materials band gap (i.e.,
surface bonds) [Fig. 5a and c], and lattice parameter ratio (c/a)
[Fig. 6]. The quantitative correlations established [Fig. 7a–d]
demonstrate changes in the materials surface band gap (i.e.,
surface bond length) is the independent structural parameter
responsible for the shi in both the lattice parameter ratio (c/a)
and pHPZC values in Region II. The nal correlation found
between surface bond expansion [Fig. 5a and c] and pHPZC was
the increase in the surface bond's percent ionic content [eqn (9) &
(10)] in Region II. These ndings also demonstrate that particle
size and morphology, while affecting those surface structure
factors and properties responsible for the change in pHPZC

values, are not the underlying cause responsible for this change.

Data availability

All data is available on request.
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Appendices
A Appendix A

A.1 Approach and method used to calculate the normal-
ized spherical diameters for goethite.Work by Kosmulski et al.44

determined that synthetic goethite crystals with a specic surface
area (SSA) below approximately 60 m2 g−1, unless specically
© 2024 The Author(s). Published by the Royal Society of Chemistry
indicated, have short lengths, resulting in morphologies that are
approximately cubic to rectangular. This allows the use of the
material's SSA and eqn (13) (ref. 41) to obtain an average spherical
diameter. Goethite crystals with an SSA above 60 m2 g−1 typically
possess an acicular (i.e., needle like) morphology. Therefore, two
sets of data for synthetic goethite were chosen, each representa-
tive of one of thesemorphologies. When choosing a data set from
the literature, samples which had been freeze dried,45 ground
and/or sonicated46 were omitted as these processes are known to
damage and/or decrease crystallite sizes.

DSP ¼ 6

p� r� 106 � ðASÞ (13)

where DSP = diameter for a sphere (nm), r= density (g cm−3), AS
= specic surface area (m2 g−1), correction factor = 1 × 106

(cm3 m−1).
Group 1 possesses SSA's below 60 m2 g−1, with none of the

source literature specifying dimensions for an acicular
crystal.47–55 This indicated that the average particle morphology
was roughly cubic to rectangular. Group 2 data sets, with SSAs
over 60 m2 g−1, did specify that the particles possessed an acic-
ular (needle like) morphology.56–59 All the data sets used provided
PZC, and specic surface area. Data sets possessing acicular
morphologies also provided the dimensions (i.e., length, width,
depth) for the average primary particle size of that population.

The rst step was to determine what happened when the
average primary particle diameter was determined using only
one measurement method for both data sets. This was accom-
plished using eqn (13), each data set's SSA and the density (r =

4.28 g cm3) for goethite.42 Then the calculated average primary
particle diameter for each data set was plotted against its PZC
value. The results are presented in Fig. 1a.

An examination of the results demonstrates that PZC values
for Group 1 (cubic to rectangular particles) remains constant
above an average spherical primary particle diameter of
approximately 65 nm. Below a d y 65 nm, PZC values then
decrease almost linearly. Group 2 (acicular particles) demon-
strates little apparent change in the material's PZC value
regardless of the particle diameter.

From the results in Fig. 1a, there appears to be no correlation
between the two groups even though they all possess the same
phase. The only difference between them is their morphology.

The cause of this discrepancy is most likely due to eqn (13),
as the spherical/cubic/rectangular particle diameter is inversely
related to its SSA. This geometric relationship though does not
hold for the acicular particles in Group 2. These differences may
be why morphology2 was identied as affecting PZC values.

The next step was to calculate diameters for the acicular
particles had they possessed spherical to cubic morphologies
with the same volume. This was accomplished by rst deter-
mining the volume (VAP) of the average acicular particle size for
its population from the dimensions provided in each paper.56–59

The average acicular volume was then set equal to the equation
for a sphere (VS = 4/3 × p × r3)60 and rearranged to obtain the
particle's equivalent spherical radius (RES) had it possessed that
morphology [eqn (14)]. Placing the equivalent spherical radius
into eqn (15) gives the equivalent spherical diameter (DES) for the
RSC Adv., 2024, 14, 30543–30565 | 30553
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Fig. 10 A plot of the average primary particle size and PZC values for
3% doped tetragonal ZrO2.96–109 The method presented in Section A.1
was used to obtain the average diameter of each data set.
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acicular particle. Therefore eqn (14) and (15) effectively normal-
ized the morphology of the particles in Groups 2 with Group 1.

RES ¼
 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3� VAP

4p

3

r !
(14)

DES = 2 × RES (15)

When the DES values were plotted against their PZC values
alongside the data sets from Group 1 [Fig. 1b] a single curve
emerged. The tted regression curve, with a correlation factor
(R2 = 0.9058) indicates that the PZC values, the spherical to
cubic particle diameters (DSP) and the normalized/equivalent
acicular diameters (DES) sets, at and below approximately
65 nm are strongly correlated.

A.2 Multiple examples of average primary particle size vs.
PZC from the literature (Fig. 8–12, Table 2).
Fig. 8 Plots of the average primary particle size, PZC values and their
lattice parameter ratio (c/a) for BaTiO3.61–72 The method presented in
Section A.1 was used to obtain the average diameter of each data set.
The two sets of data were plotted together so a visual correlation
could be obtained.

Fig. 9 Plots of the average primary particle size against their PZC
values for goethite (upper curve)47–59 and hematite (lower curve)86–95

were plotted together so the results could be visually correlated. The
method presented in Section A.1 was used to obtain the average
diameter of each data set.

Fig. 11 A plot of the average primary particle size against their PZC
values for monoclinic zirconia (ZrO2).73–85 The method presented in
Section A.1 was used to obtain the average diameter of each data set.
The experimental point was measured in 0.1 M NaClO4 electrolyte
using 0.01 M NaOH as the titrant.134

Fig. 12 The effect of the largest cation ionic radius on the particle size
at which the metal-oxide PZC values begin to decrease.110

30554 | RSC Adv., 2024, 14, 30543–30565 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Powder population 3 with an average primary particle diam-
eter of 16.131 nm ± 3.958 nm.

Table 2 Values for largest cation in each metal oxide, their ionic
radius, oxidation state and coordination value. The column particle
size refers to the diameter at which pHPZC values began decreasing110

Formula
Particle
size

Coord.
no.

Oxidation
#

Ionic radius
(Angstrom)

Largest
cation

ZrO2 100 7 4 0.78 Zr
TiO2 28 6 4 0.42 Ti
BaTiO3 420 12 2 1.61 Ba
3% Y-ZrO2 250 7 3 0.96 Y
FeO(OH) 65 6 3 0.55 Fe
a-Fe2O3 65 6 3 0.55 Fe
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B Appendix B

B.1 TEM micrographs of each anatase titania sample
(Fig. 13–20).
Fig. 13 Powder population 1 with an average primary particle diam-
eter of 5.307 nm ± 0.527 nm.

Fig. 14 Powder population 2 with an average primary particle diam-
eter of 12.689 nm ± 2.400 nm.

Fig. 16 Powder population 4 with an average primary particle diam-
eter of 21.108 nm ± 4.059 nm.

Fig. 17 Powder population 5 with an average primary particle diam-
eter of 23.538 nm ± 4.044 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 30543–30565 | 30555
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Fig. 18 Powder population 6 with an average primary particle diam-
eter of 126.002 nm ± 29.775 nm.

Fig. 19 Powder population 7 with an average primary particle diam-
eter of 142.614 nm ± 37.092 nm.

Fig. 20 (a–d) Are the EDS micrographs of the powder population in
Fig. 13. (b) The EDS micrographs for Ti4+ and O2−. (c) The EDS
micrograph for O2− and (d) the EDS micrograph for Ti4+ (d). No trace
elements were found in figures (b)–(d).

30556 | RSC Adv., 2024, 14, 30543–30565 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The average primary particle diameter (nm) of each powder population using TEM from this work, and the BET (specific surface area)
and aerodynamic article sizer average primary particle diameters from U.S. Nanomaterial Research and Spring Sky Nanomaterials

Powder population Sample designation
Specic surface
area (m2 g−1)

Spherical diameter
from SSA (nm)

Aerodynamic particle
sizer diameter (nm)

TEM avg. particle
diameterc (nm) pHPZC

1 US3838a 480–650 3.22–2.38 5.00 5.307 � 0527 1.73
2 US3490 200–240 7.73–6.44 18 12.689 � 2.397 2.47
3 US3492 60 25.8 15 16.131 � 3.958 3.04
4 US3493 40 38.7 35 21.108 � 4.059 4.25
5 7910DLb 50–150 30.93–10.31 10–30 23.538 � 4.044 5.46
6 US3411 85 18.2 100 126.002 � 29.775 7.15
7 US1152M 10 154.6 800 142.02 � 36.321 7.19

a U. S. nanomaterial research. b Spring Sky nanomaterials. c This work.

Table 4 Percentage difference values between the TEM measured
average primary particle diameter and the vendor provided values111,112

Powder population
Percent variation
using SSA (m2 g−1)

Percent variation
aerodynamic particle sizer

1 39.325–55.154 5.785
2 39.081–49.247 41.855
3 59.941 7.011
4 22.229 28.936
5 31.930–56.199 57.516–27.454
6 149.515 20.632
7 8.858 463.301
Average value 51.148 81.561
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B.2 Measured average primary particle diameters (Tables 3
and 4). Percentage difference between the TEM measured
average primary diameters and the values using the Aero-
dynamic Particle Sizer and the values provided by each
vendor.112,113 Eqn (16) was then used to calculate the percentage
difference between the TEM values and the BET (m2 g−1) and
the values measured using the Aerodynamic Particle Sizer. The
results are presented in Table 4.

Percent difference ð%Þ ¼ j½V1 � V2�j
½V1� � 100% (16)

where V1 = TEM diameter (nm), V2 = BET (m2 g−1) or aero-
dynamic particle sizer diameter (nm).
C Appendix C (Fig. 21)
Fig. 21 PXRD patterns for each of the samples used in this work, save
Fig. 2. Each pattern fits the PXRD pattern JCPDS #00-064-0863 for
synthesized anatase titania.120

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 30543–30565 | 30557

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01139b


Fig. 22 Mass titration curves of anatase titania with an average primary
particle with a d y 5.307 nm. Intersection of the three curves indicate
the materials pHPZC = 1.73. The large volume of HCl (0.01 N) titrant
used was due to its low molar concentration.

Fig. 23 Mass titration curves of anatase titania with an average primary
particle with a dy 16.131 nm. Intersection of the three curves indicate
the materials pHPZC = 3.04. The large volume of HCl (0.01 N) titrant
used was due to its low molar concentration.

Fig. 24 Mass titration curves of anatase titania with an average primary
particle with a dy 21.108 nm. Intersection of the three curves indicate
the materials pHPZC = 4.25.
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D Appendix D

D.1 Mass titration method (Fig. 22–27). Prior to each set of
titration runs the HI 2214 pH/ORPmeter, with an error± 0.2 pH
units (HI Manual) was calibrated using standard buffer solu-
tions (BioPharm) at pH values of 4.0, 7.0 and 10.0. These are the
pH set points required by the internal calibration program for
this meter. The solution was stirred at low speed using
a magnetic stir bar and stir plate (HI 190M): (1) which main-
tained a homogeneous sample concentration in the electrolyte
solution and (2) properly dispersed the acid or base used to
titrate the solution. The pHmeter was tted with both a pH and
temperature probe, so that it could be used to measure both pH
values and solution temperature concurrently during each run.
Temperature, and pH, were monitored continuously and
recorded concurrently aer a given titrant volume was added
and an equilibrium pH reached.

A volume of 250 mL 0.01 M KCl electrolyte solution was used
in each run. It was prepared from a 1.0 M potassium chloride
(KCl) solution (Aldon Corporation) and Reagent grade de-
ionized water (DI) (ChemLab). A 600 mL Nalgene beaker was
employed to avoid silica dissolving into the solution from
a silica glass beaker162 and allow for large volumes of titrants.
The anatase titania sample was taken directly from the manu-
facturer's container, measured on weighing paper using
a GEM20 jeweler's scale (Smart Weigh), accurate to three
signicant gures, and then placed into the electrolyte solution.
This procedure was used to minimize contamination due to
handling.

The three runs consisting of samples sizes, 0.0 g L−1 (blank),
∼2.0 g L−1 and ∼4.0 g L−1 in the electrolyte. The pH was
adjusted by hand using both a 200 mL and a 1000 mL Gilson
pipettor. Each run was performed by only decreasing or
increasing the pH of the system during each run. The titrants
used were 0.01 N hydrochloric acid (HCl) (LabChem) or 0.2 N
sodium hydroxide (NaOH) (LD Carlson Corporation). Intercep-
tion of these three titration curves determined the materials
PZC. The titrations were performed at ambient temperature and
pressure. The solution acid molality/molarity was kept low to
avoid problems with dissolution of the sample.115 This elimi-
nated a situation where the surface dissolved and then repre-
cipitated back onto the surface of the particles during the
titration runs.

Fig. 22 through 27 present the titration results of powder
populations with average primary particle diameters of
5.307 nm, 16.131 nm, 21.108 nm, 23.538 nm, 126.002 nm, and
142.614 nm. The titration curve for the powder population with
an average primary particle diameter of 12.689 nm is presented
in Fig. 3. Titrations in Fig. 22 and 23 required between 6 to 7
hours. The shi in the direction in the titration curves in Fig. 25
and 26 from Fig. 22–24 was due to the direction of the titrant
used.163 In Fig. 22–24 0.01 N HCl, was the titrant, whereas in
Fig. 25–27 0.2 N NaOH was the titrant.

It was possible to achieve pH values below 2.0 pH units as the
anatase titania is a photoelectric catalyst which splits water into
O–H− and H+.164–166 Therefore, based on the work by Brown
et al.'s167 model of the Stern layer, Outer Helmholtz Plane (OHP)
30558 | RSC Adv., 2024, 14, 30543–30565 © 2024 The Author(s). Published by the Royal Society of Chemistry
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and diffuse region (i.e. solution) the O–H− would be adsorbed
onto the surface just outside the OHP to neutralize the Ti4+

surface atoms. At the same time the H+ ions would remain in
Table 5 The results of both sample preparations using reflection UV-VI

Sample diameter (nm)

Hydraulic press preparation
(sample pressed at 10 tons)

Cut off point (nm) Ban

5.307 382.59 3.2
12.689 393.54 3.1
16.131 385.38 3.2
21.108 389.18 3.1
23.538 401.60 3.0
126.002 393.07 3.1
142.614 390.14 3.1

Fig. 25 Mass titration curves of anatase titania with an average primary
particle of d y 23.538 nm. Intersection of the three curves indicates
the materials pHPZC = 5.46.

Fig. 26 Mass titration curves of anatase titania with an average primary
particle with a d y 126.002 nm. Intersection of the three curves
indicate the materials pHPZC = 7.15.

Fig. 27 Mass titration curves of anatase titania with an average primary
particle with a d y 142.614 nm. Intersection of the three curves
indicate the materials pHPZC = 7.19.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the diffuse region (i.e. solution), resulting in a pH concentration
below 2.0 pH units.

Fig. 25 is a combination of three sets of titrations (i.e. 6
individual titration curves). The initial pH values recorded for
all 4 runs with a sample, before the titration began, were
between the values of pH = 5.46–5.48. The rst leg of the blank
run was run rst using 0.01 N HCl, and the second leg using
0.2 N NaOH. The rst titration runs with a sample used 0.2 N
NaOH. The second set of titrations with each sample were
performed using 0.01 N HCl as the titrant. The weight for each
run in the second set of titrations using 0.2 N NaOH was 0.0 g
L−1, 2.129 g L−1, and 5.285 g L−1.
E Appendix E

E.1 Results and interpretation of band gap measurements
(Table 5, Fig. 28). Two methods were used to prepare the
samples. The rst used a mechanical press to apply 10 tons of
pressure on the sample in a pellet mold. The second sample was
hand pressed into a mold used to prepare X-ray diffraction
samples at ambient temperature and pressure. The results of
both these methods are presented in Table 5 for the reection
UV-VIS-NIR measurements.
S-Nir119

XRD preparation
(sample pressed at low pressure)

dgap (eV) Cut off point (nm) Bandgap (eV)

49 422.18 2.780
59 428.92 2.898
26 418.05 2.974
94 415.29 2.993
95 447.09 2.945
63 377.50 3.293
86 381.25 3.261
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Fig. 28 Indirect band gap values of anatase titania prepared by
pressing each sample at 10 tons.119
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A plot of the values in Fig. 28 demonstrates that the band gap
values for Region II (5.307–23.538 nm) pressed at 10 ton were
signicantly different than those pressed at ambient pressure.
For the samples pressed at 10 tons, band gap values decreased
as the particle size increased in Region II (Fig. 28). This indi-
cates that as the particle size decreased, surface bond lengths
also decreased. For the hand pressed samples at ambient
pressure resulted in the exact opposite trend. As particle size
decreased in Region II, surface bond lengths increased [Fig. 5b].
Therefore, these results demonstrate the importance of main-
taining the same physical conditions under which different
techniques are used to examine a system. This allows for the
correlation of different properties, when measured under
identical experimental conditions.
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