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ABSTRACT: Using in-situ X-ray photoelectron spectroscopy at the vapor—water interface,
the affinity of nanometer-sized silica colloids to adsorb at the interface is shown to depend on
colloid surface charge density. In aqueous suspensions at pH 10 corrected Debye—Hiickel
theory for surface complexation calculations predict that smaller silica colloids have increased
negative surface charge density that originates from enhanced screening of deprotonated
silanol groups (=Si—O~) by counterions in the condensed ion layer. The increased negative
surface charge density results in an electrostatic repulsion from the vapor—water interface that
is seen to a lesser extent for larger particles that have a reduced charge density in the XPS
measurements. We compare the results and interpretation of the in-situ XPS and corrected
Debye—Hiickel theory for surface complexation calculations with traditional surface tension

measurements. Our results show that controlling the surface charge density of colloid particles can regulate their adsorption to

the interface between two dielectrics.

1. INTRODUCTION

The vapor—water—colloid three-way interface is one of extreme
complexity that makes developing accurate theoretical models
of particle attachment difficult. At the same time, experiments
that can probe the three-way interface with molecular level
detail are limited and therefore provide infrequent confirmation
of theoretical predictions and the validity of the assumptions
that go into particle attachment models. The need to improve
our molecular level understanding of colloid particle attach-
ment is illustrated by the recent observation that the diffusion
of charged nanoparticles at the vapor—water interface is not
invariant under a charge reversal of the particles,' which
appears at odds with one of the fundamental laws of physics:
the invariance of classical phenomena under charge reversal.
Recently, May and co-workers” used a classical nonlinear
continuum Poisson—Boltzmann model that assumed (i) the
vapor—water interface carries a constant negative potential, (ii)
the vapor—water interface remains perfectly flat, (iii) the
electrostatic field outside the aqueous region is negligibly small,
and (iv) that hysteresis of the contact angle on the particle
surface is negligible to, in part, predict that colloid particle
adsorption to the vapor—water interface depends strongly on
the particles surface charge density (SCD). Their model
showed that particles with a higher negative SCD are
electrostatically repelled more strongly from the interface,
whereas particles with a lower negative SCD can adsorb closer.
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Experimentally, the adsorption of colloid particles to the
vapor—water interface is most often determined by surface
tension measurements and reported as a surface pressure. The
surface pressure is given by the difference in the surface tension
of the clean (no particle) interface to that of the solution in the
presence of the colloid.”> Interpreting the meaning of surface
pressure in terms of particle adsorption to the interface, either
qualitatively or quantitatively, is significantly more challenging
than performing the experiment itself and remains debated in
the literature.* The general approach is rather simple and goes
as follows: the higher (more positive) the surface pressure, the
more pronounced the adsorption of the colloid particle to the
interface.”® While not quantitative, this approach has proven
relatively reliable and has been used to generate a macroscopic
description of particle attachment to the vapor—water interface.
The effect of SCD on the affinity of oxide nanoparticles for the
vapor—water interface has not been previously reported using
surface tension measurements, and therefore the model of May
and co-workers” remains to be validated.

Herein, we experimentally determine the adsorption of size-
dependent (negative) charge-stabilized colloidal silica nano-
particles to the vapor—water interface using in-situ X-ray
photoelectron spectroscopy (XPS) from a liquid microjet.”
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The liquid microjet has been in use for nearly 20 years'® and is
well established for in-situ photoelectron spectroscopy
measurements of solutes and solvents at the vapor—water
interface. By contrast, the use of the liquid microjet in colloidal
science is a relatively young discipline that is still establishing
itself as a powerful experimental tool that can provide
molecular level insight into geometric, spatial, and electronic
structures of solvated colloidal particles."" " Our in-situ XPS
measurements reveal a preferential adsorption of larger silica
nanoparticles to the vapor—water interface compared to the
smaller ones. The experimental results are complemented by
corrected Debye—Hiickel theory for surface complexation'*"
calculations that reveal an increased SCD for the smaller silica
nanoparticles in aqueous suspensions at the pH of the
experiment. We subsequently compare the results and
interpretation of the in-situ XPS and corrected Debye—Hiickel
theory for surface complexation calculations with traditional
surface tension measurements using a Wilhelmy plate
tensiometer. Our results provide experimental evidence of the
preferential exclusion from the vapor—water interface of colloid
particles with a higher negative SCD.

2. EXPERIMENTAL SECTION

Transmission Electron Microscopy (TEM). The sizes of two
commercially available monodisperse silica NP suspensions (Ludox
SM-30 and Ludox TM-50) were measured with a FEI Tecnai F30 FEG
transmission electron microscope (300 kV) by drying a drop of a 3 wt
% suspension on a copper TEM grid with carbon film support. The
suspension pH was first adjusted to 10 before drying. The images were
evaluated by Image] software. Particle size distributions were
calculated using 116 SM-30 particles and 312 TM-50 particles.
Representative micrographs and the particle size distributions are
shown in Figure 1. The particles mean diameters were determined to
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Figure 1. Silica particle size distributions measured by TEM. The
mean value for each nanoparticles suspension is shown.

be 8.8 + 1.4 and 252 + 3.9 nm, respectively. For simplicity, the
particles will be referred to as having the nearest whole number, 9 and
25 nm diameters throughout.

X-ray Photoelectron Spectroscopy (XPS). The XPS experi-
ments were performed at the SIM beamline'® of the Swiss Light
Source (SLS) using a 35 ym liquid jet’® operating at 279 K and a
flow rate of 0.75 mL/min. A complete description of in situ XPS at the
three-way interface of colloidal NPs in liquid solutions is given
elsewhere."" The two silica suspensions were prepared at 2.0 wt % by
diluting commercially available Ludox SM-30 and TM-50. Each
suspension was adjusted to have a NaCl electrolyte concentration of
0.05 M and a pH of 10.0 = 0.2 using NaOH. The valence band (VB)
and Si 2p regions were recorded using an incident photon energy of
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495 eV, corresponding to a photoelectron kinetic energy (pKE) of 485
eV (VB) and 387 eV (Si 2p). The limited escape depth of the
photoelectrons from condensed matter ensures the surface sensitivity
of the experiment and limits the probe depth to several nanometers."”
The total resolution of the beamline and analyzer was 0.25 eV.

Surface Tension (ST). Surface tension measurements were
performed using an Attension Sigma 702 tensiometer and a platinum
Wilhelmy plate. The Wilhelmy plate was cleaned by first rinsing it in
Milli-Q water and then in ultrapure ethanol before being heated in a
butane flame for 10 s. The balance of the tensiometer was calibrated
every morning prior to the measurements. The two Ludox silica
suspensions (SM-30 and TM-50) were diluted to the desired wt % in
glass flasks using Milli-Q water prepared fresh everyday. Surface
tension measurements of the silica suspensions were performed by
averaging 48 dip cycles of the Wilhelmy plate. Measurements were
repeated in triplicate to ensure accuracy. The same measurement
procedure was followed for solutions of pure water that were always
recorded immediately prior to that of the silica suspension. The
reported surface pressure as a function of weight percent silica is
calculated as follows: IT = ¥, — Vsiica The error bars represent the
standard deviation of the measurements.

3. THEORETICAL SECTION

Corrected Debye—Hiickel theory of surface complexation
(CDH-SC) is well suited for predicting particle size and pH
dependent surface charging of nanoparticles in solution. Here
we provide a brief description of the relevant features of CDH-
SC theory. A complete description can be found elsewhere."*"
In CDH-SC theory a metal oxide nanoparticle is modeled as a
sphere having randomly distributed surface hydroxyl sites
(—OH) of only one type. Charging of the nanoparticle is
described by protonation and deprotonation events of these
surface hydroxyl groups. A three-dimensional harmonic
oscillator models the binding of the proton to the hydroxyl
group where the interacting proton has a specific frequency
(hv) and interaction energy (u,). Here h is Planck’s constant.
To obtain the correct pHp,¢ (pH at the point of zero charge)
of a specific metal oxide, the interaction energy (i) is varied
while the frequency (v) is kept constant.

A layer of water that has the bulk dielectric constant of water,
78.40 at 25 °C, hydrates the charged NP surface. The screening
of the charged NP surface in an electrolyte solution is described
by the formation of a diffuse double layer. However, as the
surface charge increases a condensed counterion (Ic) layer
starts to form within the diffuse double layer. The criterion for
the formation of the I¢ layer is that when the potential energy
of the charged surface exceeds kzT, the I layer starts to form.
In the I¢ layer ion correlation effects are accounted for via an
excluded volume due to the finite size of the counterions as well
as by a corresponding hole correction to the electrostatic
repulsion energy. A consequence of the formation of I layer is
that the apparent bare surface charge is reduced due to the
screening by counterions. The interaction of this effective
charged surface with the bulk electrolyte is then obtained by
linear response approximation in the corrected Debye—Hiickel
theory, which accounts for the size of the screening ions. The
CDH-SC theory is formulated in terms of a density functional
for the free energy. The properties of charged particles
immersed in an electrolyte solution such as the surface charge
density, effective charge, and thickness of the I layer are
obtained by minimizing the free energy density functional.

4. RESULTS AND DISCUSSION

Figures 2a and 2b show the Si 2p XP spectra recorded at the
vapor—water interface for silica suspensions of 9 and 25 nm
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Figure 2. (a, b) Normalized Si 2p XP spectra for 2.0 wt % suspensions
of 9 and 25 nm silica particles, respectively. The spectra were collected
using the liquid microjet with incident photon energy of 495 eV. Both
spectra have been fitted using a single Gaussian function (solid black
line) with a full width at half-maximum of 1.4 V. The normalized
signal intensity from the 25 nm suspension is 32% that of the 9 nm
suspension.

particles, respectively (red open symbols). The spectra were
recorded using the liquid microjet’™” at a fixed solution
concentration of 2.0 wt % silica and 0.05 M NaCl and at pH
10.0 + 0.2. The XP spectra are each well fitted using a single
Gaussian having a full width at half- maximum (fwhm) of 1.4 eV
(solid black line). The integrated areas of the Si 2p spectra have
been normalized to the integrated area of the 1b, orbital of
water (the solvent, not shown), which is recorded immediately
prior to and after the collection of the Si 2p region.
Normalizing in this fashion ensures that any variation in the
spatial overlap of the synchrotron radiation with the liquid
microjet that may occur over time does not contribute to our
findings. The Si 2p spectra are presented on a relative scale
where the maximum intensity of the 9 nm silica particles has
been set to unity. The recorded Si 2p XP intensity from the
suspension of 25 nm particles is 32% of that from the 9 nm
particles suspension.

The decreased signal intensity from the suspension of the 25
nm particles, which have a reduced surface-to-volume ratio
compared with the 9 nm particles, is not unexpected in an XPS
experiment. To quantify the drop in the signal intensity brought
about by the decrease in the surface-to-volume ratio, we have

calculated the predicted Si 2p XPS signal intensities when both
the 9 and 25 nm particles have the same physical distribution in
suspension; that is, the top surfaces of both particles are at the
same depth below the flat vapor—water interface (see Figure 3).
The calculation is valid for virtually any distance into
suspension, including when the top surface of the particles
are in contact (shown) with the vapor—water interface (a depth
corresponding to z = 0). The predicted XPS signal intensities
are calculated'® using /™™ p(z) dz and normalized to the
number of particles in suspension (there are 21.4X more 9 nm
particles) assuming a spherical shape, where z is the distance
into suspension below the vapor—water interface, IMFP is the
inelastic mean free path of the experiment, and p(z) is the silica
NP density at a given depth into the suspension. The XPS
experiment was performed at a photoelectron kinetic energy of
387 €V, which corresponds to an IMEP of 1.7 nm in silica."”
The calculation assumes a constant photoelectron attenuation
by the solvent above the NP that is equal to the IMFP in silica.
However, because the escape depth of photoelectrons through
liquid water is not well understood, we have also calculated the
predicted XP signal intensities for IMFP’s of +30%. For particle
suspensions with uniform physical distributions at the vapor—
water interface our calculations predict the signal intensity of
the 25 nm particles to be 17% of that for the suspension of 9
nm particles. Changing the IMFP of the experiment by +30%
has very little effect (—1% for an IMFP of —30% and +3% for
an IMFP of +30%) on the results, and we can therefore
disregard the uncertainty of photoelectron attenuation by water
influencing our results in this case.

It is immediately clear that the experimentally recorded
intensity from the suspension of 25 nm particles (32%) is ca.
2X higher than that predicted (17%) by the model. To
reproduce the experimental intensities, a different physical
distribution of the two sized NPs at the vapor—water interface
must exist. A physical distribution that can account for the
recorded XPS intensities at the vapor—water interface requires
that the 9 nm particles reside on average 1.0 nm below that of
the 25 nm particles (Figure 4), effectively increasing the relative
signal intensity of the larger 25 nm particles. Our experiment
cannot determine the absolute distance that the NPs reside
below the vapor—water interface because of uncertainties in the
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Figure 3. A model that assumes the 9 and 25 nm silica particles have identical physical distributions at the vapor—water interface cannot reproduce
the experimental XP signal intensities shown in Figure 2. Here we have calculated the predicted XP intensities using the physical distribution shown
on the left. In this geometry, and normalized to the number of particles in suspension the 25 nm sample would be expected to yield 17% the signal
intensity of the 9 nm particle suspension. By contrast, the experimental intensity is 32%. The calculation is valid for virtually any distance the NPs are
placed below the (flat) vapor—water interface provided the tops of the particles are at an identical depth. There is very little influence on the

predicted signal intensity if the IMFP is allowed to vary by +30%.
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Figure 4. A model of particle attachment to the (flat) vapor—water
interface that can reproduce the experimental XP intensities requires
that the 9 nm particles reside on average 1.0 nm below the larger 25
nm particles. The XPS probe depth is 3X the inelastic mean free path
of the experiment (1.7 nm).

IMFP through liquid water, but it should be noted that the
recorded XP signal intensities are consistent only with the NPs
being fully solvated (ie., the top of the NP does not protrude
into the vapor phase). This observation is in agreement with
the hydrophilic nature of charge-stabilized silica at pH 10 as
evidenced by surface tension measurements®"® (vide infra).
Using corrected Debye—Hiickel theory for surface complex-
ation,'”" the SCD of 9 and 25 nm silica particles has been
calculated in 0.05 M NaCl (Figure S). The model assumes
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Figure S. Surface charge density (SCD) of 9 and 25 nm silica particles
in 0.05 M NaCl as calculated by corrected Debye—Hiickel theory for
surface complexation.

spherical particles with a random distribution of 6 OH sites/
nm? at the surface.’>*! The point of zero charge (pHpyc) of
silica was fixed to 3.0.>” The calculation predicts an increased
(more negative) SCD for the 9 nm particles (—0.29 C/m?)
compared with the 25 nm particles (—0.26 C/m?) at the pH of
the experiment that results from the increased radius of
curvature at the water—9 nm particle interface. As the particles
become smaller, increased coadsorption of (Na*) counterions
in the condensed ion layer facilitates the deprotonation of
surface hydroxyl groups by providing enhanced screening of the
charged sites."*">** The increased SCD of the 9 nm particles
can also be rationalized due to a decrease in the attractive van
der Waals potential as the radius of curvature of the NP
increases the separation between adjacent =Si—O~ charge

groups bz as much as 6% compared with larger (25 nm)
particles’ and decreases the potential energy b_}r up to 20%.>
2

The negative potential’® and absolute scale”’ of the SCD
predicted by our model agree well with those experimentally
determined for silica colloids of similar size and structure.

An electrostatic screening effect brought about by the
increased radius of curvature of smaller particles has been
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previously used to explain decreased acidity at the water—metal
oxide interface of smaller—compared with larger—y-Fe,O;
nanoparticles in aqueous suspensions at pH above the pHp;c
of maghemite.”> Our calculations predict that for a given pH
above the pHpy of silica the acid—base equilibrium

=§i—-OH + OH™ & =§i-O0 + H,0

is shifted more toward the right (=Si—O~) for smaller silica
particles than for larger particles, effectively decreasing the
acidity at the aqueous—silica nanoparticle interface. The
increased concentration of deprotonated surface hydroxyl
groups on the smaller silica particles results in an increased
SCD (in this case the SCD will become more negative). These
findings are in agreement with in-situ X-ray absorption
spectroscopy experiments that postulated smaller silica colloids
undergo a larger fraction of deprotonation (=Si—O~) and
protonation (=Si—OH,") events at hiégh and low pH,
respectively, than do larger sized particles.”

The interaction of surfactant-free negatively charged colloidal
particles with the vapor—water interface causes an electrostatic
repulsion that preferentially excludes the smaller particles (with
a more negative SCD) from the interface toward bulk solvation.
In the case of the silica particles studied herein, where the
surface of the particle is decorated in a combination of =Si—
OH and =Si—O~ functionalities at pH 10 (see inset of Figure
S), the in-situ XPS measurements at the vapor—water interface
reveal that the top of the 9 nm particles are located on average
1.0 nm further into solution than that of the 25 nm particles
(Figure 4). However, because the SCD is a strong function of
suspension pH (Figure S), our results also suggest that the
adsorption of colloidal particles to the vapor—water interface
can be regulated on a microscopic level by carefully engineering
the appropriate surface structure, with a well-defined response
to suspension pH, into the particle.

As was mentioned in the Introduction, surface tension
measurements are the most common analytical tool used to
experimentally determine particle attachment to the vapor—
water interface. We have performed surface tension measure-
ments on the two different sized silica colloids used in the in-
situ XPS measurements. The surface pressure as a function of
silica wt % is shown in Figure 6. In agreement with the
hydrophilic nature of charge-stabilized silica NPs at high pH,
the surface pressure as a function of NP concentration, while
becoming more positive with increasing concentration, is near
to zero. That is, the surface tension of these suspensions does
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Figure 6. Surface pressure measurements of 9 and 25 nm silica particle
suspensions as a function of concentration. The measurements were
performed using a platinum Wilhelmy plate at pH 10. The error bars
represent the standard deviations of the measurements.
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not vary to an appreciable extent from that of the neat water
and is in agreement with previous surface tension studies of
nanometer-sized charge-stabilized colloidal silica at high pH.*"”
Over the concentration range 0.5—6 wt % the surface pressure
of both sized silica NP suspensions are within the
reproducibility of the measurements, which would suggest
that there is no preferential adsorption of one size of NP over
the other to the vapor—water interface. It is clear that at
concentrations in and around that used for the in-situ XPS
measurements the surface tension measurements do not show a
change in surface pressure that would be traditionally
interpreted to mean a preferential exclusion of the 9 nm
particles from the vapor—water interface (as seen by XPS).

At high pH in aqueous solution silica NPs are hydrophilic.
The two predominant surface functionalities'>'**® at pH units
far above the pHp, are =Si—OH and =Si—O~ which act to
drive the NPs away from the interface and into bulk solvation.
This hydrophilic character of silica at pH 10 is clearly
represented in the surface pressure measurements of Figure
6. Near zero surface pressure (IT = Yyer — Vsilica) i most easily
interpreted in a macroscopic picture as meaning the NPs are
excluded from the vapor—water interface. Our surface pressure
measurements and those of others'® fully support this
description. The microscopic picture of particle attachment to
the vapor—water interface provided by our in-situ XPS
measurements does, however, not support the macroscopic
description provided by surface tension measurements. The
XPS experiment is inherently surface sensitive with IMFPs on
the order of several nanometers and would therefore imply that
some silica NPs are in the vicinity of the vapor—water interface
(because we observe a Si 2p XPS signal). If we assume the
probe depth of the experiment to be represented by 3 times the
IMFP, a finite concentration of hydrophilic silica NPs are
contained roughly within the outermost ten water layers at the
vapor—water interface.

If our argument and reasoning are valid, then not only does a
finite amount of silica NPs reside in the outermost layers of
suspension but there is also a size-dependent concentration
near the vapor—water interface, and the interpretation of the
surface pressure and XPS experiments appear to be at odds
with one another. To resolve this ambiguity, we propose a
revised interpretation of zero surface pressure, meaning the
exclusion of particles from the vapor—water interface. Instead
of directly measuring particle adsorption, surface pressure
measurements are more likely reflecting any changes in the
hydrogen-bonding network of water at the vapor—water
interface brought about by particle adsorption. The similarity
between the surface pressures for both sized NPs would suggest
that the hydrogen-bonding network of water at the vapor—
water interface is equally affected (in this case unaffected) and
independent of particle size and SCD. This statement warrants
a certain level of clarification given the hydrophilic nature of
silica at pH 10 and the high radius of curvature of the particles
used in this study. Water is known to hydrogen bond in two
different configurations with surface silanol groups.”” With the
acidic out-of-plane silanol water acts as a hydrogen bond
acceptor, whereas with the in-plane silanol water acts as the
hydrogen bond donor. We would expect that the increased
SCD and radius of curvature as well as increased coadsorption
of counterions (each of which will be solvated in their own
right) in the condensed ion layer of smaller silica particles
would result in a different hydrogen bonding structure of water
at the surface of the particles. This change in the hydrogen-
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bonding network of water, if it was pronounced, and at the
vapor—water interface should then manifest itself as a change in
the surface pressure. The fact that it does not clearly reflects the
physical distribution and radius of curvature of these silica
particles in suspension. The hydrophilic nature of these
particles almost certainly assures that a few layers of water
are between the particles surface and the vapor—water interface.
The high radius of curvature of nanometer-sized particles also
greatly reduces any effect the particles have on the hydrogen-
bonding network at the vapor—liquid interface. Even if the
larger silica particles were to adsorb with their top surface in
contact with the interface (see Figure 3), the radius of curvature
prevents the particles from occupying more that a few percent
of the outermost few molecular layers. The small concentration
of silica in the outermost few molecular layers of suspension
does not appear to be enough to cause a change in the surface
pressure at the vapor—water interface. At pH 10, the (relatively
low) concentrations studied here, and for particles with
diameters on the nanoscale, the surface pressure measurements
are unable to reproduce the molecular level detail provided by
in-situ XPS and fail to demonstrate the preferential exclusion of
smaller sized colloids with increased (negative) SCD over larger
particles that have an reduced (negative) SCD.

Returning to the model of particle attachment at the vapor—
water interface of May and co-workers,” one of their
assumptions was that the vapor—water interface carries a
negative potential, which was predicted to interact with the
negative surface charge of their model particles and result in an
electrostatic repulsion that favors bulk solution. The degree of
repulsion was shown to increase with an increase in the
particles negative SCD. It should be noted that the surface
potential of the v%por—water interface is a widely debated topic
in the literature,>>*" and for each report that asserts negative
potential®* another can be found that argues the opposite.>
Studies such as ours may be able to shed some light on this
controversial subject. At pH 10 and in low concentration (0.05
M) monovalent (Na*, CI7) electrolyte solution silica colloids
do not undergo charge inversion, 435 in agreement with
previously reported zeta potential measurements®® and our
corrected Debye—Hiickel theory for surface complexation'*'®
calculations. In addition, monovalent Na* counterions do not
completely screen the surface charge as evidenced by the
particles stability. Complete screening of the surface charge
would result in decreased interparticle repulsion and cause the
silica suspension to gel. Under the conditions of our
experiment, the potential experienced several angstroms from
the surface of the particles is negative and would therefore
suggest based on the interpretation of the in-situ XPS
measurements that the vapor—water interface of dilute 0.05
M NaCl does indeed have a negative surface potential.*®

5. CONCLUSIONS

The SCD of oxide particles in aqueous suspensions has been
predicted using corrected Debye—Hiickel theory for surface
complexation to be a function of both physical diameters,
increasing as particle diameters decrease, and of suspension pH,
increasing as pH is shifted away from the pHpyc. In-situ XPS
measurements at the vapor—water interface have shown that
the increased negative SCD of smaller silica colloids at high pH
results in a preferential exclusion of the particle from the
vapor—water interface. The origin of this repulsion is
electrostatic and points toward the vapor—water interface
having a negative potential. Silica particles with diameters of 25
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nm have reduced negative SCD and were shown to adsorb in
closer proximity to the vapor—water interface.

Our in-situ XPS measurements using the liquid microjet also
highlight the benefits quantitative physical probes can provide
for generating a microscopic picture of particle attachment to
the vapor—water interface. Traditional surface tension measure-
ments were also performed and are unable to provide the same
molecular level detail in-situ XPS affords.
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Surface charge density curves as a function of solution pH (0—
11) and electrolyte concentration (0.01 and 0.05 M NaCl) for
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available free of charge via the Internet at http://pubs.acs.org.
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