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a Charged Interface
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Abstract: The chemistry and physics of charged interfaces is
regulated by the structure of the electrical double layer (EDL).
Herein we quantify the average thickness of the Stern layer at
the silica (SiO,) nanoparticle/aqueous electrolyte interface as
a function of NaCl concentration following direct measure-
ment of the nanoparticles’ surface potential by X-ray photo-
electron spectroscopy (XPS). We find the Stern layer com-
presses (becomes thinner) as the electrolyte concentration is
increased. This finding provides a simple and intuitive picture
of the EDL that explains the concurrent increase in surface
charge density, but decrease in surface and zeta potentials, as
the electrolyte concentration is increased.

When a solid surface comes into contact with an electrolyte
solution, it often develops an excess charge. Ions in the
adjacent electrolyte rearrange to screen this charge, forming
an electrical double layer (EDL) in the process. The structure
of the EDL, which is poorly understood at a microscopic
level, is a topic of tremendous scientific debate because of its
fundamental and technological significance across a breadth
of active research fields.!"

Several phenomenological models exist to describe the
structure of the EDL, but the Gouy-Chapman-Stern (GCS)
model finds widespread use within the chemical community
because of its success in explaining many features of colloidal
nanoparticles (NPs) in aqueous electrolyte solutions.”) Within
this model, the EDL of a colloid particle is characterized by
a surface potential (®Pg,), a Stern layer of finite thickness
(dsiern) bounded by the outer Helmholtz plane (OHP), surface
(04) and outer Helmholtz plane charge densities (0gup),
a zeta potential (), and a diffuse layer with Debye-Hiickel
screening length (Ap; see Figure 1). oy, is measured by
potentiometric titration® or FTIR spectroscopy,!*! whereas ¢
is a calculated value based on electrophoretic mobility
measurements® and assumes the potential at the start of
the diffuse layer."l @, is the sum of the potential drop across
the Stern layer (®$) and the potential of the diffuse layer

Stern
©."

Dy = Dol + T 1)
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Figure 1. Gouy-Chapman-Stern model of the electrical double layer
showing the distribution of hydrated ions and water molecules, the
Stern and diffuse layers, a negative surface charge density (SCD), and
the potential profile as a function of distance from the charged surface
(solid line). The zeta potential (C) is assumed as the potential at the
start of the diffuse layer.”

and is accessible only by in situ X-ray photoelectron spec-
troscopy (XPS) for dispersed systems.”® To our knowledge,
dgrmn at an NP interface cannot be directly measured with any
known analytical probe but is calculated under the assump-
tion that there are no free ions in the Stern layer.”! This impels
the Stern layer to act as a parallel-plate capacitor with
potential drop,

DLD = 0 (A 280 )

where ¢ is the dielectric constant of water at the interface, ¢,
the vacuum permittivity, and egy/ds.,, the capacitance.
Combining Equations (1) and (2) gives the average thickness
of the Stern layer in terms of three measurable quantities:
Ogury Qs and C.

dSlern = (880/0}“,1)((1);“‘1*@) (3)

With knowledge of dg,,, a complete quantitative description
of the EDL within the framework of the GCS model is
realized.

Silica is amphoteric in aqueous solutions, and at pH values
above the isoelectric point (ca. 2-4) it carries negative charge
that results from deprotonation of surface bound hydroxy
groups.'"”! Our potentiometric titration results are consistent
with a negative o, at pH 10 that increases in magnitude with
an increase in NaCl concentration (Figure 2a, Table 1). This
trend is well-known from previous work on colloidal silica."!
The nonporous!"? and surfactant (ligand) free structure of our
9nm diameter™ Ludox silica sample allows this negative
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Figure 2. a) Surface charge density of 5 wt.% 9 nm Ludox colloidal
silica in 0.01, 0.05, and 0.10 m NaCl as a function of bulk pH. Results
(symbols) of three repeat experiments are shown. Solid lines are
intended only as guides. b) Zeta potentials of 2 wt.% 9 nm Ludox
colloidal silica in 0.01, 0.05, and 0.10 m NacCl at pH 10.

Table 1: Properties of the electrical double layer (EDL) at the silica NP-
NaCl electrolyte interface at pH 10.7

NaCl 0 C-pot OpL Oonp Dyys stern
M [Cm™7] [mV] [Cm7 [Cm7 [mV] Al
0.01 —0.155 —62.5 0.027 0.128 —435 9.1
(0.001) (3.3) (0.002) (0.003) (40) 0.9)
0.05 —-0.173 —48.5 0.036 0.137 —385 7.4
(0.003) (4.2) (0.004) (0.007) (20) (0.4)
0.10 —0.194 —-37.9 0.036 0.158 —355 6.2
(0.002) (4.5) (0.005) (0.007) (20) (0.4)

[a] Numbers in brackets pertain to measurement errors.

charge to be uniquely assigned to the surface of the particles
that are in direct contact with the aqueous electrolyte. With
a typical silanol density of 4.6-4.9 OHnm™ for amorphous
silica,™ our maximum determined surface charge density of
—0.194 Cm™? (—1.21 enm?) in 0.10 M NaCl corresponds to
approximately 25 % deprotonation.

Zeta potentials are calculated”™ from electrophoretic
mobilities at pH 10 and reveal negative potential at the start
of the diffuse layer (Figure 2b, Table 1). The trend with
increasing NaCl concentration is opposite to that of gy, as C
decreases in magnitude.'” We subsequently used T to
compute the charge density of the diffuse layer (op;) by
Gouy-Chapman theory. Using Ohshima’s adaptation that
accounts for the finite size of the NP/ we compute the
electrokinetic charge density (ogx) with the relation —ogg =
opL, and find positive diffuse layer charge (Table 1).

Charge neutrality in the EDL ensures o,;+ 0opp + 0pL =
0, allowing the charge density of the OHP (0pyp) to be quickly
determined. We find ogyp increases by 23 +£9 % going from
0.01 to 0.10m NaCl, in quantitative agreement with the
measured increase in oy (Table 1). This result provides
a microscopic description of the EDL that justifies the
measured increase in gy,; with NaCl concentration: increased
co-adsorption of sodium at the OHP facilitates the deproto-
nation of surface silanol groups by providing enhanced
screening of the charged sites.['")

Angew. Chem. 2016, 128, 38543858

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

El
S,
©
c
2
»
3 o
S, o
E N
2 @
wn NI SRR N A SRR |
S 310 312 314 316
© Kinetic Energy [eV]
(0] —
° >
o 9, LA B e e
° 3 107.84-C $—40
o 5 L _
c
w 107.80 % 40 =
0O 1s(ig) o L |
018(935) v < 3
AN S 107.76 - —+-40 =
001 MNaCl | & L _ -
solution o 107.72 180
| | | | | cll T T T N M
295 300 305 310 315 < 0 0.05 0.10
Kinetic Energy [eV] NaCl [M]

Figure 3. a) O Ts and Si 2p photoelectron spectra as a function of
NaCl concentration. The bottom trace is a reference spectrum of

0.01 m NaCl (no silica NPs). b) Si 2p photoelectron spectra. c) Si 2p
binding energy (left axis) and relative change in surface potential (right
axis) as determined from curve fitting of the spectra of (b).

Using a liquid microjet!!”! we measured O 1s and Si 2p XP

spectra as a function of NaCl concentration (Figure 3a).
There are two peaks in the O 1s region; gas phase water at low
KE (labeled O 1sy,) and liquid water at higher KE
(O 1s(liq)).[18] The gas phase component originates from non-
ideal overlap between the X-ray beam (fwhm =100 um)"®
and the liquid microjet (28 pm). Spectral overlap with liquid
water prevents the oxygen component of the NPs from being
detected.” Taking the binding energy (BE) of the O 1s,
peak as a reference, XPS reports directly on the change in NP
surface potential (Adg,,) through the BE shift of the Si2p
orbital” with NaCl concentration (Figure 3b).!""! Notably, this
technique requires no a priori knowledge of the oxide surface
or EDL structure since the shift in BE of the Si2p level is
directly proportional to A®,,.*” Quantifying the Si2p BE
relative to that in 0.05M NaCl reveals that the surface
potential shifts 50 mV lower (more negative) in 0.01M and
30 mV higher (less negative) in 0.10 M NaCl (Figure 3c).
Absolute values of ®g,; are determined using the relative
shifts measured here and a reference surface potential of
—385mV in 0.05 M NaCl at pH 10, as recently determined by
pH dependent XPS experiments.”! Taken together we find
that the surface potential of 9 nm colloidal silica at pH 10 is
—435+£40mV in 0.01Mm, —385+20mV in 0.05Mm, and
—355+20mV in 0.10 m NaCl (Table 1).

Having determined oy, €, and g, the average thickness
of the Stern layer is calculated from Equation (3) using ¢ for
the water-silica interface (43.0).*Y We find ds,,, decreases
with an increase in NaCl concentration; 9.1 0.9 A in 0.01 M,
7.4+0.4 Ain0.05M,and 6.2+ 0.4 A in 0.10 m NaCl (Table 1).
The capacitance of the Stern layer (egy/dy.,) follows natu-
rally; 0.42 Fm 2in 0.01 M, 0.51 Fm ?in 0.05 M, and 0.61 Fm?
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in 0.10m NaCl. Numerical simulations of the EDL of
spherical particles (ultramicroelectrodes) have shown that
the Stern layer capacitance is independent of particle size,*!
suggesting our results are amenable to extended surfaces of
amorphous silica.

The overwhelming effect of dg,,, on the electrostatics of
the system is immediately evidenced by antipodal extremes of
D, and oy, Py 1S most negative when oy, is least negative,
and vice versa (Table 1). This finding allows us to conclude
that the magnitude of the surface potential at the silica/
electrolyte interface is (essentially) set by the structure of the
electrolyte solution, specifically the average thickness dg;.y,
and not by the structure of the silica surface. This finding
certainly extends to other oxide/electrolyte interfaces, as it
makes intuitive, physical sense after recalling that the
potential drop across a parallel-plate capacitor is a linear
function of plate separation (in our case the two plates are
represented by the NP surface and the OHP). In the GCS
model of the EDL, two surfaces with identical charge density
can have (very) different @y if dg., varies, making it clear
that surface potentials cannot be accurately predicted using
the Nernst equation.’!

We are presently in a position to provide a microscopic
description of the EDL that quantitatively justifies the
measured decrease in € with increasing NaCl concentration.
The origin of change in T stems uniquely from the larger
capacitance of the Stern layer at higher electrolyte concen-
tration, which leads to substantially lower surface potentials.
Interestingly, for all NaCl concentrations investigated herein
we find 85-90 % of the overall potential drop occurs by the
start of the diffuse layer.

The dependence of dg.,, on NaCl concentration suggests
a relation with osmotic pressure (IT), which is calculated from
the van’t Hoff equation, IT= MRT, where M is the total local
ion concentration at the OHP (molL™"), R the ideal gas
constant, and 7 the temperature. The local co-ion (n_) and
counterion (n,) concentrations in the diffuse layer fulfill
Boltzmann distributions, n_(x)=ngexp(e®(x)/kgT) and
n,(x) =neexp(—e®(x)/kgT), where n, is the bulk NaCl con-
centration, e the elemental charge, and ®(x) comes from the
solution of the classical Poisson-Boltzmann equation (for x >
dgiern and D (dgy.r,) = €). The results for 0.05 m NaCl are shown
in Figure 4a. We find total ion concentrations at the OHP of
0.11M in 0.01M, 0.33 M in 0.05 M, and 0.45 M in 0.10 M NaCl,
with corresponding osmotic pressures of 258, 767, and
1051 kPa, respectively. A plot of dg.., versus Il reveals
a linear relationship (Figure 4b, coefficient of determination
0.996), and provides a simple and intuitive justification for the
compression of the Stern layer at higher NaCl concentrations.
That is, in going from 0.01M to 0.10 M NaCl the osmotic
pressure exerted on the OHP increases nearly four-fold, and
the net result is a compression of dg,,.

The average thickness of the Stern layer, determined
herein, is proportional to the amplitude of the sum-frequency
generation (SFG) OH stretch band assigned to under-
coordinated water (ca. 3400 cm™', liquid-like) at the planar
fused silica-NaCl electrolyte interface (Figure 5).*" If we
assume all water molecules within the Stern layer contribute
equally to the SFG amplitude—a reasonable assumption
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Figure 4. a) Co-, counter- and total ion concentrations at the silica/
electrolyte interface in 0.05 m NaCl (left axis). Osmotic pressure
determined from the total ion concentration (right axis). b) Stern layer
thickness as a function of osmotic pressure at the outer Helmholtz
plane (OHP). The solid line is a linear fit of the results.
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Figure 5. Left axis, open symbols: Stern layer thickness as derived
from Equation (3). Right axis, closed symbols: Sum-frequency gener-
ation (SFG) peak amplitude of the OH stretch band assigned to
under-coordinated water at the silica interface in NaCl electrolyte (ssp
polarization, P, band at approximately 3400 cm™'; see Table 1 in

Ref. [24]).

considering Booth’s model of water dielectric saturation™!

and recalling that the electric field inside a capacitor is
constant—then the amplitude of the SFG signal can be
thought of as a measure of the average thickness of the Stern
layer, and quantitative agreement is, in fact, expected.
However, our results provide a molecular level interpretation
of the EDL yet to be proposed by the SFG community (Stern
layer compression), but one that is fully supported by their
independent measurements.

From a geometric structure standpoint, the implications of
a varying dg.,, are easily understood after subtracting the
radius of the sodium ion, Nay, (4.7 A) P to reveal the
average thickness of water hydrating the surface of NPs. We
find thicknesses of 1.5+ 0.4 A in 0.10 M, 2.7+ 0.4 A in 0.05 m,
and 4.4+0.9 A in 0.01 M NadCl, consistent with, on average,
less than one, one, and more than one monolayer of water (ca.
3 A7) 1In 0.10 M NaCl these findings imply that, on average,
sodium ions at the OHP share part of their hydration shell
with hydrating water molecules on the NPs surface and
adsorption cannot be classified as purely non-specific. In

Angew. Chem. 2016, 128, 38543858
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0.05 M NaCl, we find on average that dg.,, arises from one
molecular layer of water that hydrates the NP surface and the
hydrated sodium radius—a truly non-specific counterion
adsorption. This one layer of water is broadly consistent
with the molecular level interpretations of atomic force
microscopy experiments that show a tightly bound hydration
layer on negatively charged silica surfaces.”! Non-specific
adsorption also occurs in 0.01mM NaCl. Furthermore, if we
assume that the trend of decreasing dg;.., with increasing NaCl
concentration (osmotic pressure) extends beyond our
measurement range, our results would lend support to the
idea that Na* binds specifically at =Si—O~ sites in 0.35 M
NaCl, as recently predicted by MD simulations.”” However,
because experiments are presently only capable of quantify-
ing the average Stern layer thickness of the EDL, molecular
simulations are needed that can account for complex poten-
tials of mean force that include several local minima. These
models could potentially describe the simultaneous presence
of ions in different hydration environments at the surface that
are averaged out in the experiments.

In summary, through a combination of X-ray photo-
electron spectroscopy, potentiometric titration, and electro-
phoretic mobility experiments, the average thickness of the
Stern layer at the silica NP-NaCl electrolyte interface was
quantified. The concurrent increase in surface charge density
and decrease in zeta potential that results from an increase in
electrolyte concentration is explained within the Gouy-
Chapman-Stern model by one simple observation: a com-
pression of the Stern layer and a corresponding increase in its
capacitance.
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