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Impact of surface defects on the surface charge of
gibbsite nanoparticles†

Aram Klaassen, Fei Liu, Dirk van den Ende, Frieder Mugele * and Igor Siretanu *

We use high resolution Atomic Force Microscopy to study the surface charge of the basal plane of gibb-

site nanoparticles, with a lateral resolution of approximately 5 nm, in ambient electrolyte of variable pH

and salt content. Our measurements reveal surface charge variations on the basal planes that correlate

with the presence of topographic defects such as atomic steps. This surface charge heterogeneity, which

increases with increasing pH, suggests that for a pH between 6 and 9 the defect sites display a stronger

chemical activity than adjacent, apparently atomically smooth regions of the basal plane. Smooth regions

display a slight positive surface charge of ≈0.05e per nm2 that hardly varies within this pH range. In con-

trast, near the topographic defects we observe a much lower charge. Considering the size of the inter-

action area under the probing tip, this implies that at the defect sites the charge density must be negative,

≈−0.1e per nm2. These measurements demonstrate that surface defects have a large influence on the

average surface charge of the gibbsite basal plane. These findings will contribute to understand why

surface defects play an important role in various applications, such as fuel cells, chemical synthesis, self-

assembly, catalysis and surface treatments.

Introduction

Clays and mineral nanoparticles in general are important for
many natural phenomena and technological processes. They
play a crucial role in the development of building materials,
the transport of pollutants through groundwater and soil, the
retention of nuclear waste, and the recovery of crude oil from
geological reservoirs.1–5 Essential for their crucial role in these
applications is their ability to bind organic and inorganic
solutes from their surroundings, e.g. from ambient water. This
ability, in turn, is governed – at least to a certain extent – by
the charge on the surface of the particles. Extensive efforts
have therefore been devoted to the characterization and micro-
scopic understanding of the charging behavior of these clays
and mineral nanoparticles in aqueous solution.6–10 Classically,
such experiments involve titration experiments, e.g. potentio-
metry and electrokinetic measurements, involving macro-
scopic amounts of particle suspensions.11–19 The macroscopic
character of such measurements has the advantage of provid-
ing a good statistical average over many particles. At the same
time, averaging implicates a disadvantage when trying to

understand the microscopic aspects of the charging mecha-
nisms involved. Slow equilibration, different response of
different crystallographic facets with poorly known relative
surface areas, and poor knowledge of the microscopic pro-
perties of each facet – due to differences in mineral sources
and preparation protocols – all contribute to a substantial
uncertainty and variation in the results obtained by different
laboratories on nominally identical materials.7,15,16,18–21 A
striking example is the reported values of the point of zero
charge (PZC) that ranges from 6 to 11.7,22–24

From this perspective, it is not surprising that a consistent
interpretation of the charging behavior in terms of micro-
scopic surface speciation models, molecular dynamics (MD)25

simulations or density functional theory (DFT) is not possible.
In recent years, the advent of high resolution atomic force

microscopy (AFM) has provided new opportunities to study
mineral–electrolyte interfaces with atomic resolution.6,8,26,27

These measurements revealed details of the surface structure,
the solvation water molecules, adsorbing ions, and the adja-
cent electric double layer. Thanks to the small scales involved
and the focus on perfectly defined model systems, high-resolu-
tion measurements enable a direct comparison with atomistic
simulations and thus contribute to a truly microscopic under-
standing of the complex structure of such interfaces.

Recently, we reported surface charge measurements for
(natural) kaolinite particles deposited on mica and sapphire
substrates, where on mica the silica-like, and on sapphire the
gibbsite-like facet is exposed to the ambient electrolyte.26
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At pH ≈ 5.8, the silica-like basal plane displayed an average
negative surface charge density (≈ −0.04e per nm2) and the
gibbsite facet a weak positive charge density of approximately
+0.005e per nm2, corresponding roughly to one positive unit
charge per 40 surface unit cells. Our measurements also dis-
played substantial lateral variations in this charge density on
topographically rather smooth facets.

Considering theoretical studies, there is a general consen-
sus that the charge of gibbsite particle arises primarily from
singly coordinated aluminol (uAlOH) sites on the edge of the
particle.13,25,28 Whether the gibbsite basal plane (001) is
charged or not, is not clear. According to the classical multi-
site surface complexation (MUSIC) model of Hiemstra et al.,
the doubly coordinated aluminol groups (uAl2OH) on the
basal plane (that is supposed to be atomically flat) are chemi-
cally inactive for pH < 10.28–31 Therefore the gibbsite surface
charge was interpreted as being caused by “defects” on the
basal plane (001), that can introduce active sites on the basal
plane. On the other hand, more sophisticated models that take
into account the existence of six crystallographically different
OH− groups in each unit cell of the basal surface, predict that
one out of these six should have a pK value between 5 and
6. This OH− group will be active within the pH range of typical
experiments.9,32,33 These calculations are supported by recent
experiments of Rosenqvist et al.12 and Gan and Franks,6 who
observed a positive charge density on the basal plane of the gibb-
site particles. Based on these experiments, and in contradiction
with Hiemstra et al., they suggested that the doubly coordinated
aluminol groups on the basal surface can (de)protonate and form
uncharged complexes with ions from the electrolyte.

Yet, current experimental evidence is also inconclusive for
several reasons. Firstly, the experiments by Gan and Franks
were carried out using the colloidal probe AFM technique.6

This technique averages laterally over an area of several
micrometer squared. Even freshly cleaved gibbsite crystals of
good quality can contain many surface defects with lateral
dimensions of a few nanometers.27 Such defects are very
common on clay and mineral surfaces of variable prove-
nance.27 Therefore, (as suggested by Hiemstra et al.) depend-
ing on their surface chemistry and density, defects may domi-
nate the apparent surface charge measured in a colloidal
probe AFM measurement, and thereby suggest a different
surface chemistry of the basal plane than the true intrinsic
one (be responsible for the experimentally observed charge
density). Secondly, Zhao et al.34 recently demonstrated that
AFM spectroscopy measurements, usually do not contain
sufficient information to discriminate between competing
surface complexation models for the gibbsite basal plane, even
if the regulation of surface charges upon approaching the AFM
towards the surface is properly taken into account.34 AFM spec-
troscopy, like electrokinetic techniques, is only sensitive to the
charge in the diffuse layer. Any surface complexation model
that leads to the same charge density in the diffuse layer
results in identical force–distance curves. Reliable discrimi-
nation between competing models is therefore not possible.
For this reason, we will restrain our analysis in the present

work to the determination of local surface charge values,
rather than attempting to identify specific surface complexa-
tion reactions.34,35

Summarizing, the origin and the amount of surface charge
on gibbsite, like for many other minerals and clays, is not well
established.30,36–39 Morever, understanding of the impact of
defects/surface singularities on surface properties of clay par-
ticles in general is an important issue in material science.
Defects, like dislocations, vacancies and steps are omnipresent
at material surfaces and play an important role in the chemical
reactivity and properties of these surfaces. A thorough charac-
terization of complex surface-imperfections is already challen-
ging for surfaces in vacuum, in particular if large-scale defects
or combinations of different defects are involved. In case of
solid–liquid interfaces, the complexity is further increased by
the mutual interplay between surface features and the solvent.
Investigation of surface defects in the presence of water/elec-
trolytes will be beneficial for a wide range of interfacial pro-
cesses, as occur in electrochemical processes, catalysis, food
processing, health science, chemical synthesis, and surface
treatment.

The goal of the present work is to identify whether the
basal plane of gibbsite does carry charge and if so, to deter-
mine whether this charge density is pH-responsive and to
what extent it can be related to the presence of defects on the
surface. To this end, we performed dynamic AFM spectroscopy
measurements in ambient aqueous electrolytes on individual
nanoparticles of gibbsite adsorbed onto an oxidized Si wafer,
while also imaging the height profiles of these particles. To
minimize the possibility of intrinsic structural surface charges
due to isomorphous substitution, we use synthetic gibbsite
particles for our measurements.17 Individually selected par-
ticles are monitored for several hours while the pH and salt
content of the solution are varied.

We determine tip–sample interaction forces as a function
of approach distance and extract the surface charges with a
lateral resolution of about ten nanometers. This resolution is
determined by the contact area between the tip and the
probed surface (of the order of 100 nm2). At this length scale,
the surface can still be described by conventional continuum
physics, including in particular a continuum surface charge
density rather than a fully discrete distribution of ions. While
larger than the surface unit cell, this scale is still much
smaller than the typical lateral dimensions (O(200 nm)) of our
nanoparticles which enables an investigation of the lateral
variation of the charge density along their surface. The local
surface charge is extracted from the measured force–distance
curves using the Derjaguin Landau Verwey Overbeek (DLVO)
theory including charge regulation.

Results and discussion
AM-AFM imaging of gibbsite nanoparticles

Fig. 1a shows an AFM height image of well-formed gibbsite
crystals deposited on a silica substrate. The nanoparticles

Paper Nanoscale

4722 | Nanoscale, 2017, 9, 4721–4729 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ite

it 
T

w
en

te
 o

n 
15

/0
5/

20
18

 0
8:

10
:1

3.
 

View Article Online

http://dx.doi.org/10.1039/c6nr09491k


display the characteristic hexagonal platelet-like morphology
and expose their (001) basal plane to the solution. Some of the
gibbsite basal planes look skewed, which is a result of the
crystal growth occurring during the synthesis of the particles.40

The particle height varies from 5 to 20 nm, and the lateral
dimensions range from 100 to about 500 nm, as shown in the
line profile of Fig. 1c. Fig. 1b shows a zoomed view of a single
particle. Due to the higher resolution, the image reveals more
topographical features, such as regions with a width of a few
tens of nanometers with a smooth topography (terraces), sep-
arated by areas which are more irregular, containing steps and
various other defects. Furthermore, mono- to multi-atomic
steps are found on the basal plane (Fig. 1d). Overall, the
number of surface imperfections is enhanced near the rim of
the particle. The surface imperfections near the center of the
basal plane and those close to the edge of the particle are very
characteristic for gibbsite particles, and are observed on many
other particles in other independent experiments (Fig. S3†). In
principle, one can obtain more detailed information about the
surface structure by imaging these particles with atomic
resolution, as shown in our previous work.27 In those images
we observe, next to regions of perfect crystallinity, extended
regions of various types of topographic defects on the surfaces.
These topographic defects include vacancies of one or a few
atoms, vacancy islands, atomic steps, regions that show an
imperfect lattice, etc. However, presently we can’t combine
atomic resolution imaging with force spectroscopy. In this
study, we will use the term defect for any topological deviation
from the regular geometrical arrangement of the atoms in
their crystalline lattice.

3D force field measurements

Fig. 2a shows a 3 dimensional (3D) map of the force–distance
curves of a silica–gibbsite system in a 10 mM NaCl solution at
pH 9.4. The lateral distance between each force–distance curve
is 2.3 nm. The red and blue colors represent repulsive and
attractive interaction forces, respectively. The forces are probed
with a negatively charged silica tip, which implies that the gibb-
site surface is positively charged and the silica surface nega-
tively. Moreover, the gibbsite particle displays, compared to the
silica substrate, more lateral variation in the interaction force.
Particularly, near regions where the gibbsite surface shows
topographic deviations, the forces are less attractive. This can
be seen in Fig. 2b, which shows some of the force–distance
curves for these areas. The repulsive force curves, which were
measured at a number of sites on the silica substrate (red in
Fig. 2b), collapse nicely. The interaction curves measured
above the gibbsite particle show more variation. Attractive
forces of almost equal strength can be found on the flat
terraces (blue), while near the regions with defects weaker
forces with a large spread in strength (green) are observed
(Fig. 2b). In these experiments, tips with a radius of 5 nm have
been used. This implies a lateral averaging of the local inter-
action force over an area of approximately two hundred surface
unit cells.

Surface charge maps

From the recorded force–distance curves the surface charge
density and its spatial distribution is extracted, using DLVO
theory including charge regulation on tip and substrate. The
resulting surface charge maps of the same gibbsite particle on
silica in a 10 mM NaCl solution are shown in Fig. 3a for pH 5.8
and in 3b for pH 9.4. Surface charge maps recorded on other
gibbsite particles and in a broader range of fluid compositions
(pH and NaCl concentration) are shown in Fig. S5 and S6.†
These maps have a coarser lateral resolution, due to a larger
AFM tip and fewer points per map. They show clearly that the

Fig. 1 AM-AFM imaging of several gibbsite particles adsorbed on silica
in a 10 mM NaCl solution at pH 6: (a) topography image and (c) height
profile corresponding to the scan lines shown in (a). (b) Topography
image of a single gibbsite particle, showing the presence of smooth
terraces and regions with defects on the gibbsite basal plane and (d)
corresponding scan line showing the height distribution of the basal
plane of the particles and the presence of monoatomic and 2-alumi-
num-atomic-layer steps (≈ 0.6 nm). Tip parameters: Q = 2.8, ω0 =
21.6 kHz, k = 0.64 N m−1, R ≈ 5 nm.

Fig. 2 (a) A force versus distance volume plot of a gibbsite particle on
silica in a 10 mM NaCl at pH 9.4 solution obtained by measuring 64 by
64 approaches. The color indicates the nature of the silica tip–sample
interaction. Red indicates a repulsive interaction, whereas blue indicates
an attractive interaction. The silica offers a homogeneous background
marked by the homogeneous red color. The gibbsite shows a much
higher degree of heterogeneity. (b) 2D plot of selected approaches
located on the gibbsite basal plane (blue), gibbsite regions with defects
(green) and silica (red) converted to force vs. distance curves.
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silica substrate is negatively charged, while the basal plane of
the gibbsite particle is positively charged. The charge distri-
bution on the silica substrate is rather homogeneous, while,
especially at pH 9 the charge distribution on the basal plane of
the gibbsite particle is a more heterogeneous (Fig. 3b). At this
pH regions with a reduced positive charge appear. These
regions correlate well with regions with a high defect density
in Fig. 1b. When the pH is increased from 6 to 9, the surface
charge density in the regions with defects decreases from
0.05e per nm2 to 0.02e per nm2. On terraces, the charge
density decreases from 0.06e per nm2 to 0.05e per nm2.
Moreover, near the rim of the particle, where the density of
defects is higher, the surface charge is negative (−0.06e per nm2)
at pH 9. This is consistent with the repulsive force
observed in the 3D force map near the rim of the gibbsite par-
ticle (Fig. 2a). The terrace regions with a smooth topography
and those with an irregular topography respond differently to
changes in electrolyte composition (pH and salt concen-
tration). This is a clear indication that the observed surface
charge heterogeneity results from differences in local surface
chemistry, and is not a measuring artifact caused by irregulari-
ties in the surface topography. The large blob visible in the
middle top part of the particle in Fig. 3 is contamination that
is also seen in the tapping mode images. The negative charge
observed when the tip moves from the silica substrate to basal
plane of the gibbsite particle, or backward, can be attributed
to 3 possible causes: (i) the averaging effect due to the finite
size of the AFM probe. At some regions, the cantilever tip
experiences a competition of repulsive and attractive electro-
static interactions of the silica and gibbsite surface. (ii) An arti-
fact due to the steep topographic step from the silica substrate
to the upper side of the gibbsite particle. (iii) The surface
chemistry at the edge of the particle, which differs from that at
the central region of the particle. Although we cannot com-
pletely rule out any one of these three possibilities, it should
be noted that the width of the region with negative charge
near the edge of the gibbsite particle is about ≈25 nm, while
the tip radius is only 5 nm. Thus option (ii) is quite unlikely.

At approximately 10 to 15 nm away from the rim of the par-
ticle, the interaction area of the AFM tip is completely located
on the gibbsite platelet. Moreover, our raw data show that the
tip–sample force decreases upon approaching these regions,
suggesting a reduced charge density here. Therefore, we attri-
bute the negative charge near the rim to a different surface
chemistry.

The measured charge densities on defect locations suffer
from convolution errors due to the finite tip–substrate contact
area of about 100 nm2. The charge maps in Fig. 3 are recorded
using a cantilever with a tip radius of approximately 5 nm,
which means that the tip diameter is about 4 to 5 pixels in this
figure. To estimate the true local charge density from the
measured reduced attractions, we have developed a numerical
scheme with which we calculate the convoluted charge density
from an assumed charge density distribution over the particle.
For the calculations, we use a grid size (150 nm × 150 nm) and
grid-texture (64 pixels × 64 pixels) that matches the settings
used in the experiments. For every pixel on the grid, a particu-
lar surface complexation model is assumed. For pixels on the
substrate, we assign a silica complexation model with chemical
reaction: uSiOH → uSiO− + H+ and uSiONa → uSiO− + Na+

with corresponding pK values pKH = 4.5 and pKC = 2.1. The
same complexation equations are used for the model tip,
which is a square 124 nm2 large tip. On the nanoparticle, we
assume two types of regions: one that resembles the flat
terraces and the other corresponding to the defect positions.
The defects sites are located at the rim of the particle and in
the central region of the particle, similar to the location of
defects in the topography image of Fig. 1b. For these regions,
we assume the following complexation model: uAl2OH2

+ →
uAl2OH + H+ and uAl2OH → uAl2O

− + H+ with pK1 = 3.8 and
pK2 = 3 (for terrace sites) and pK1 = 4 and pK2 = 2.5 (on the
defects). The size of the tip, the position of defects, and com-
plexation models are chosen such that the numerically gener-
ated convoluted charged maps resemble the experimentally
measured maps as good as possible. Using the above
described complexation models, we calculate the surface
charge and tip–sample interaction force (data not shown) for
each individual pixel at pH 6 and pH 9 in 10 mM NaCl. The
corresponding charge densities are shown in Fig. 4, left hand
images. Then, in the convolution step, we take the average of
the forces across the contact area between tip and surface.
Subsequently, this average interaction force was used to fit the
surface charge for every pixel. The convoluted charge calcu-
lation results are shown in the right hand images of Fig. 4.
The simulation results reflect the experimental results well, in
terms of charge heterogeneity, the absolute values of the
surface charge in regions with defects and terraces, and even
the charge inversion at the rim of the particle. In experi-
mentally measured charged maps, at pH 6 the convoluted
image shows little charge difference between regions with
defects and terraces. The difference in protonation level of the
defect sites and the terraces is almost negligible at pH 6. For
pH 9, the difference is more pronounced and in good agree-
ment with the experimentally measured values. This pro-

Fig. 3 (a) The surface charge distribution on silica and a single gibbsite
particle in a 10 mM NaCl (a) pH 5.8 and (b) pH 9.4 solutions. The color
indicates the nature of the charge. Red is the negative charge, whereas
blue is the positive charge. The charge on silica is homogeneous, and
heterogeneous for gibbsite. The regions of reduced charge correlate
with the terrace steps and defects in Fig. 1b. The pixel size for this
experiment is 2.3 nm px−1.
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nounced difference is caused by a negative deconvoluted
charge value (≈ −0.1e per nm2) at the defect sites on the basal
plane. This value is close to the charge measured at the rim of
the particle (−0.06e per nm2). This suggests that the proton
donor–acceptor reactions and functional groups in these
regions are similar. Moreover, our analysis shows that the
observation of such small features is only possible with AFM
tips with radii as small as 5 nm. As shown in Fig. S5 and 6,†
for tips with a larger contact area (≥150 nm2), the charge
heterogeneity across these regions with defects, as observed in
the topographic images, is completely averaged out for pH con-
ditions. Only charge reversal at the rim of the particle at pH 9
is visible. Therefore, it is not surprising that Gan et al.6 did not
observe any charge heterogeneity and/or negative charge on
the basal plane of the particle, because they used tips with a
diameter as large as 5.08 µm. However, in the topographic
image that was probed with a 7 nm tip, steps and imperfec-
tions can be distinguished. From the data in Fig. 5, S5 and
S6,† we can extract average charge density values on the gibb-
site basal plane as a function of pH and NaCl concentration.
These are presented in Fig. 5. The charge data from the rim of
the gibbsite nanoparticles are excluded from this averaging.

Two significant features of the charging behavior of the
gibbsite basal plane can be observed. First, at pH 4 or higher,

the surface is positively charged; the charge decreases with
increasing pH from 4 to 9; therefore, the PZC of the gibbsite
basal plane lies above pH 9. On the other hand, under all
investigated conditions the silica is negatively charged, and its
charge increases with increasing pH, because the fraction of
deprotonated SiO− groups monotonically increases with
increasing pH. This agrees quantitatively with the values
reported in literature for oxidized silicon wafers.8,26,41 Second,
in the presence of NaCl salt, the surface charge on gibbsite
and silica increases with increasing salinity. The enhanced
screening of the electric field with the increasing salt concen-
tration reduces the energetic cost for the system to deprotonate
(for silica) or protonate (for gibbsite).

The above AFM analysis shows that the gibbsite basal plane
(001) is chemically active, and has a net positive charge that
varies with pH and NaCl concentration. Our observations
contradict the conclusion of earlier titration data, where the
pH responsive sites and the resulting charge densities where
attributed to the edges only. But they support the more recent
work of Gan et al.,6 who used colloidal probe AFM force
spectroscopy to observe the pH dependency of the gibbsite
basal plane. A similar pH dependence was observed on the
gibbsite facet of kaolinite particles by Gupta et al.42 In their
experiments, the surface charge changed from 0.012e per nm2

to −0.037e per nm2 when the pH was increased from 6 to 8.
We do not observe charge reversal for the smooth terraces
on gibbsite basal plane, but we do observe reversal at the
defect sites. This can be due to protonation/deprotonation of
the doubly coordinated hydroxyl groups on the basal plane, as
suggested by Bickmore et al.32 and Jodin et al.9 Using colloidal
probe force spectroscopy, Gan et al.6 and Gupta et al.42 could
determine the average charge density on the basal plane. In

Fig. 4 Deconvolution model in order to recover localized surface
charge information. The surface heterogeneity of the model is based on
the topographic features from the experiment in Fig. 1b and 3. Every
pixel in the model is assigned a surface complexation model. For gibb-
site two different complexation models and pK pairs were used, one for
the flat terraces and the other for the regions with defects. The pK pairs
used for silica (pKH = 4.5 and pKC = 2.1), gibbsite terrace sites (pK1 = 3.8
and pK2 = 3), gibbsite region with defects (pK1 = 4 and pK2 = 2.5). For
each pixel, the interaction force is calculated, and then an average of the
force across the tip area (5 × 5 pixels) is taken. The average force is used
to fit the charge, which results in the right column. The model is able to
reproduce the heterogeneity observed in the experiment. Note that in
order to reproduce the experimental charge values at pH 9, a negative
charge has to be assigned to the regions with defects.

Fig. 5 (a) Topography image of a single gibbsite particle on silica,
showing the presence of smooth terraces and regions with defects on
the gibbsite basal plane. The surface charge calculated for a single gibb-
site particle on silica in (b) 10 mM NaCl pH 5.8, (c) 10 mM NaCl pH 9.2
and (c) 100 mM NaCl pH 9.2 solution. More surface charge maps for
additional conditions can be found in Fig. S5 and S6.† (e) The surface
charge versus pH for a selected region on gibbsite (on a smooth terrace)
and silica.
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this study, we are able, due to the use of sharp tips, to dis-
criminate between the charge density at the defect sites and
that on smooth terraces. The observed surface charge hetero-
geneity correlates with the presence of topographic defects
such as steps. Moreover, comparing the charge maps acquired
for different pH and NaCl concentration values show that
defects are chemically more active than the smooth regions,
because the regions with defects respond stronger to pH vari-
ations. The smooth parts of the surface carry a charge density
that decreases slightly with increasing pH (from 0.06e per nm2

at pH 6 to ≈0.05e per nm2 at pH 9), while in regions with
defects the charge decreases more strongly with increasing pH
(from 0.05e per nm2 at pH 6 to a value between −0.06 and
0.02e per nm2 for pH 9). Moreover, the absolute value of the
charges is rather small. An surface charge value of 0.05e per
nm2 would correspond to only 1 positive charge in about 40
unit cells. In other words, the average distance between
charged sites on the surface is of the order of a few nano-
meters, which is comparable to the radius of the AFM tips that
are typically used for high-resolution AFM imaging. From this
perspective, it is not surprising that sharp tips hardly feel the
presence of such small degrees of surface charge. Therefore,
almost every unit cell on the basal plane is electrically neutral.
Hence, the small surface charge on the smooth terraces can
result from protonation/deprotonation of surface groups
associated with smaller defects as suggested by Hiemstra
et al.13,28 However, especially at pH 9, the chemical behavior at
larger defects, such as terrace steps, induces negative charge
densities, while these small defects should induce a positive
charge density, if they are responsible for the charge behavior
of the smooth parts of the basal plane.

In previous studies27 on atomic resolution imaging, we
observed various small defects on the basal planes of clay
minerals, including vacancies of one or few atoms and
ad-atoms. The surface charge on the basal plane can also
originate from more complex processes, such as specific ion
adsorption, like Na+ or Ca2+ adsorption, on neutral sites on
the gibbsite basal plane, as assumed by Rosenqvist et al.12 and
experimentally shown by Siretanu et al.8 Yet, from force spec-
troscopy measurements, the origin of the charge near defects,
nor the charge on the smooth terraces on the basal plane of
the gibbsite particle cannot be identified. In order to confirm
which surface reactions occur at the gibbsite basal plane, more
spectroscopic evidence is needed, e.g. from X-ray absorption
spectroscopy. As AFM force spectroscopy only reveal the
(diffusive layer contribution to) the surface charge it will never
be able to discriminate between different surface complexation
models associated with local surface chemistry.

However, the impact of surface defects on the properties of
nanoparticles in water is until now only addressed in a few
publications. The data presented in this paper are the first of
its kind, showing the impact of surface defects on the surface
charge density, which is not accessible with common macro-
scopic measurements. Better understanding of the role of
surface defects and their chemical properties will have a great
impact on the understanding of various processes, such as ion

adsorption, wettability alteration, the stability of colloidal
systems and adsorption/desorption behavior of oil com-
ponents on clays and rock surfaces.

Conclusion

In the present work, we characterize the surface charge distri-
bution on the basal plane of gibbsite particles with high
lateral resolution atomic force microscopy. Using force spec-
troscopy, we extract the diffuse layer charge of gibbsite (001)
surface using DLVO theory with charge regulation. We have
found that the basal plane of gibbsite does carry a finite
charge. This charge density is highly inhomogeneous and pH
dependent. Charge maps with a lateral resolution of 5 nm
show that the surface charge distribution on the basal plane
correlates with the topographic defects, such as terrace steps
on that plane. Furthermore, we found that the defects on the
basal plane are more responsive to pH changes than the
smooth terraces. At pH 9 the defect sites carry a negative
charge density of approximately −0.1e per nm2 while the
smooth terraces carry a positive charge density of approxi-
mately 0.05e per nm2. However, to test microscopic surface
complexation models beyond the resulting surface charges,
one requires a more detailed experimental characterization of
the surface groups present at the basal plane.

More generally, this study demonstrates the capabilities of
atomic force spectroscopy to study local surface charge pro-
perties of nanoparticles with nanoscale lateral resolution. So
far, we have restricted our study to the influence of rather large
surface defects. However, this work can be considered as a first
step towards the investigation of local variations in the sur-
faces properties of nanoparticles due to topographic defects
with atomic resolution.

Experimental
Sample preparation

The gibbsite stock suspension (in 20 mM NaCl), provided by
the research group of A. Philipse (University of Utrecht, The
Netherlands),17 was diluted (100×) in ultrapure water (Mili-Q).
The substrate is a silicon wafer (1 × 1 cm) with a thermally
grown oxidized layer of 30 nm. The silica is cleaned in a an
ultrasonic bath for 15 minutes, then rinsed with isopropanol,
ethanol and water and subsequently plasma cleaned
(PDC-32G-2, Harrick Plasma) for 20 minutes.43 A 10 μL drop of
the diluted gibbsite suspension is placed on the cleaned
silicon wafer. After a residence time of 60 s, in which the par-
ticles can settle on the substrate, the excess suspension is
removed and the substrate is dried with a flow of air. Then, the
sample is rinsed with copious amounts of deionized water and
dried with a flow of nitrogen. Sodium chloride (puriss, ACS
reagent grade, Sigma Aldrich) solutions are prepared by dis-
solving salt in ultrapure water. The pH is adjusted with HCl or
NaOH solutions.
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Amplitude modulation force spectroscopy measurements

Dynamic force spectroscopy measurements were performed
with a commercial Asylum Research Cypher ES equipped with
photo thermal excitation.44,45 Photothermal excitation does
not suffer from the ‘forest of peaks’ in the transfer function46

and liquid born excitation47,48 as known for (piezo driven)
acoustic excitation. This simplifies the force extraction con-
siderably. Another advantage concerns the cantilever ampli-
tude, which is stable over several hours.

All experiments are performed under fluid, in a closed fluid
cell that allows solvent exchange and is kept at a constant
temperature of 29.7 ± 0.5 °C. Fluid exchange is accomplished
by simultaneously injecting a new solution and removing the
old solution. For every exchange, about 25 times of the total
drop volume present in the fluid cell is replaced. The fresh
solution is allowed to equilibrate for 10–15 min before starting
data acquisition. For the measurements, rectangular
cantilevers (MikroMash NSC36/Cr-Au BS) are used. These are
covered by a 1–2 nm thick native oxide layer with an
amorphous silica structure, while the backside is coated with
gold. Prior to use, the cantilevers are cleaned by rinsing with
deionized water, ethanol and isopropanol, then plasma clean-
ing for 10–15 minutes.

The AFM is used in two operational modes, amplitude
modulation (AM) imaging mode and force spectroscopy. In
AM mode, topography images of the sample are taken, which
provide information regarding the size and topography of the
particles on the substrate. Force spectroscopy is performed
using the force volume map functionality provided by the
Cypher MFP-3D software. With this procedure, a three-dimen-
sional tip–sample interaction force distance map is acquired
of the same area as imaged in AM mode. During this pro-
cedure, the amplitude and phase of the cantilever deflection
are probed as function of z-piezo distance for each xy-pixel,
where x,y are the coordinates in the plane of the substrate,
while z is measured normal to the substrate. Fig. S2a† shows
an example of the amplitude and phase shift curves on a silica
surface. To minimize changes in the shape of the tip apex
during the spectroscopy measurements, we did not allow the
amplitude signal to drop below a chosen threshold (80% of
amplitude) of its free amplitude value (≈ 2 nm).

Force conversion

The conversion of amplitude and phase into the tip–sample
interaction force is described in detail by de Beer et al.49 and
Liu et al.48,50 for acoustic driven cantilevers. We use photother-
mal excitation; therefore, we must slightly modify the force
inversion procedure. The laser beam, which is used to drive
the cantilever, has a constant intensity with a sinusoidal
modulation on top. The laser intensity I induces an added
deflection of the cantilever, therefore the relation between
the force F and tip displacement z given by F = kc(z − zT). Here,
zT is the zero-load deflection due to the temperature increase
caused by the laser and kc is the effective stiffness of the canti-
lever. According to linear response theory zT can be written for

small thermal variations as zT ðtÞ ¼
Ð1
0 Aðt′ÞIðt� t′Þdt or in the

frequency domain as zðωÞ ¼ A*TðωÞI0. For small amplitudes,
the displacement of the cantilever tip can be described and
modelled as a damped simple harmonic oscillator:

m*z̈ þ γcż þ kcz ¼ kczT ðtÞ þ Ftsðhþ z; żÞ; ð1Þ
where m* = kc/ω0

2 is the effective mass of the cantilever includ-
ing the added mass due to the surrounding liquid, ω0 the reso-
nance frequency, γc = kc/(ω0Q) the damping coefficient, Q the
quality factor and Fts the tip–sample interaction force. When
the amplitude of the tip oscillation is small compared to the
characteristic interaction length, the tip–sample interaction
force can be linearized and rewritten as Fts(h + z,ż) = Fts(h, 0) −
kintz − γintż. Here kint = ∂Fts/∂h is the interaction stiffness, γint
the interaction damping coefficient and Fts(h, 0) the equili-
brium force at distance h from the substrate. Writing z(ω) =
A(ω)e jϕ(ω) and A*T ¼ AT ðωÞe jϕTðωÞ, eqn (1) is in the frequency
domain equivalent to:

Ae jϕ

I0
¼ kcATe jϕT

ðkc �m*ω2 þ jγcωÞ þ kint þ jγintω
; ð2Þ

From this equation, the force inversion equation can be
derived. To eliminate the unknown factor ATe

jϕT we use the
ratio A/A∞e

j (ϕ−ϕ∞), where A∞e
jϕ∞ is measured at h = 20 nm at

which distance both kint and γint are negligibly small.
Extracting kint, eqn (2) leads to:

kint ¼ kc 1� ω

ω0

� �2� �
A1 cosðϕ� ϕ1Þ � A

A

þ γcω
A1 sinðϕ� ϕ1Þ

A
:

ð3Þ

Eventually, integrating eqn (3) leads to the desired tip–sample
interaction force. An example of the conversion of amplitude and
phase into force can be found in Fig. S2b and S4.†

In eqn (3) the cantilever parameters kc, γc and m* are
unknown and have to be determined during the experiment.
The stiffness kc, quality factor Q and eigenfrequency ω0, are
extracted from the thermal noise spectrum of the cantilever in
liquid at h = 20 nm, where the tip–sample interaction is negli-
gible (Fig. S1a†). Using these properties, m* and yc can be
determined (see text near eqn (1)). The size of the cantilever
tip is determined using Scanning Electron Microscopy
(Fig. S1a†). Typical experimental values are kc ≈ 3 N m−1, ω0 ≈
28 kHz, R ≈ 10 nm, Q ≈ 3. All cantilever properties mentioned
in this work are determined in liquid, except the tip radius,
which is imaged after the experiment.

Surface charge determination

We use DLVO-theory, including van der Waals and electric
double layer forces and a charge regulation model for tip and
substrate surface chemistry, to extract the diffuse layer charge
from the measured force–distance curves.26,34,51–53 This pro-
cedure has been explained in detail by Zhao et al.34 Here we
will only give the final expression for the charge density σS as a
function of the surface potential ψs for silica and gibbsite as
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obtained from the charge regulation model (Table 1). In the
evaluation of σs(ψs) and the interaction force, we need values
for the parameters AH, Γ, KH1, KH2, KA and KC. The Hamaker
constant AH and the site density Γ are taken from litera-
ture.6,41,54 The Hamaker constants are fixed to 0.65 × 10−20 J
for the (silica–water–silica) system and to 1.2 × 10−20 J for the
(silica–water–gibbsite) system.8 The site densities of silica and
gibbsite are set to 8 and 13.8 sites per nm2, respectively.30

The values for the equilibrium constant Ki are determined
by fitting the calculated force curves to the experimental data.
In order to extract the diffuse charge from an asymmetric
system (silica–water–gibbsite) we first need to characterize the
charge on the tip. This is done by measuring the tip–sample
interaction force for a symmetric system (silica–water–silica) for
each electrolyte condition. Once the charge of the tip is known,
the charge on gibbsite can be determined. This procedure
results in accurate values for the surface charge densities on
both surfaces, but the Ki values of the surface reactions are less
accurate. As explained in Zhao et al.34 any combination of
surface reactions that generates the same surface charge gives
rise to the same interaction force in the AFM measurement. A
reliable measurement of the Ki values (or pKi values, pKi =
−log Ki) based on force–distance curves for a limited set of fluid
compositions is impossible when several surface reactions
occur simultaneously. Therefore, we will only discuss the
surface charge density (σS) on the surfaces and not pKi values.

Error analysis

In this section, we discuss the influence of several parameters
on the accuracy of the surface charge determination. First, we
consider the distance range in which the forces are analyzed.
In Fig. S4† we show interaction force–distance curves calcu-
lated with the DLVO theory and the charge regulation model
(black lines) and from which the surface charge and the
surface potential of the silicon oxide and gibbsite surfaces are
determined. The lower limit for the fitting range is set to
1.5 nm, in order to minimize the influence of short range
forces, since they are not included in the model. The upper
boundary was set to 9 nm, above which the tip–sample inter-
action force is negligible. Changing the upper limit of the
fitting boundary to 10 nm leads to a 1% change in the result-
ing charge. Variation of the lower limit from 1 to 3.5 nm
results in a maximum of 15% change in the surface charge.

Other parameters that can introduce inaccuracies in the
surface charge calculation are: the instrument sensitivity and

the choice of the absolute zero on the distance scale.
Practically, these two parameters can be extracted from a force
curve recorded in contact mode. The linear part of the force
curve in the “contact regime” is assumed to be the zero dis-
tance (separation) and its slope determines the sensitivity
expressed in V nm−1. This calibration needs to be done for
each type of sample surface and electrolyte condition. Since we
make use of heterogeneous samples, this procedure needs to
be done for each approach, which is not possible.
Furthermore, it is undesirable to bring the cantilever tip into
hard contact with the sample, since we want to minimize
changes of the tip apex during the spectroscopy measure-
ments. Also, hard contact can lead to the contamination of the
tip. Therefore, in our experiments, the “0” on the distance axis
was taken at the point where the amplitude is 80% of its free
amplitude. The uncertainty in zero leads to an error in the
absolute values obtained from the surface charge fitting. To
estimate how large this error is, we fit the surface charge for 32
approaches while we shift each tip–sample distance by −0.5
and 0.5 nm (Fig. S2b†). We calculate the mean error for both
shifts, which results in a 20% error in the average surface
charge. Additionally, imperfections in the geometry of the tip,
surface roughness, size of the tip comparing to Debye length,
etc., can cause small deviations from the force curves in
theoretical models,54,55 which are more hard to quantify.
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