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We present a multidisciplinary study on the hematite (001)–aqueous solution interface, in

particular the relationship between surface structure (studied via surface diffraction in a

humid atmosphere) and the macroscopic charging (studied via surface- and zeta-

potential measurements in electrolyte solutions as a function of pH). Upon aging in

water changes in the surface structure are observed, that are accompanied by drastic

changes in the zeta-potential. Surprisingly the surface potential is not accordingly

affected. We interpret our results by increasing hydration of the surface with time and

enhanced reactivity of singly-coordinated hydroxyl groups that cause the isoelectric

point of the surface to shift to values that are reminiscent of those typically reported for

hematite particles. In its initial stages after preparation the hematite surface is very flat

and only weakly hydrated. Our model links the entailing weak water structure with the

observed low isoelectric point reminiscent of hydrophobic surfaces. The absence of an

aging effect on the surface potential vs. pH curves is interpreted as domination of the

surface potential by the doubly coordinated hydroxyls, which are present on both surfaces.
Introduction

The solid–aqueous solution interface is of interest in a wide range of scientic
disciplines, including corrosion and corrosion inhibition,1–3 catalyst preparation,4–6
aInstitut für Nukleare Entsorgung, Karlsruhe Institut für Technologie, P.O. Box 3640, 76021 Karlsruhe,

Germany. E-mail: Johannes.luetzenkirchen@kit.edu; frank.heberling@kit.edu; Fax: +49 721 608 2 3927;

Tel: +49 721 608 2 4023
bLaboratory of Physical Chemistry, Department of Chemistry, Faculty of Science, University of Zagreb, Horvatovac

102a, 10001 Zagreb, Croatia. E-mail: nkallay@chem.pmf.hr; tajana@chem.pmf.hr; fsupljika@chem.pmf.hr
cOxford Instruments GmbH, c/o Asylum Research, Hauptstrasse 161, DE-68259 Mannheim, Germany. E-mail:

Florian.Johann@oxinst.com; Ludger.Weisser@oxinst.com
dGeoSoilEnviroCars, University of Chicago, 5640 South Ellis, Chicago, IL 60637, USA. E-mail: eng@cars.

uchicago.edu

† Electronic supplementary information (ESI) available: ESI includes details on the surface diffraction
model and surface complexation modelling for both fresh and aged hematite-001. See DOI:
10.1039/c4fd00260a

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 55

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4fd00260a
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD015180


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
6 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 4
:2

2:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
colloid chemistry,7–9 nanotechnology,10–12 geochemistry,13–15 soil chemistry,16–18

clay and clay mineral chemistry,19–21 environmental chemistry22–24 etc., and over-
laps thereof.25–27 As a consequence many experimental and theoretical studies
exist and highly detailed knowledge has been acquired from various points of
view. Modern experimental techniques probe adsorbate structure,28 surface
structure14 or interfacial water structure.29,30 Theoretical work attempts to yield
more insight into the sometimes difficult interpretation of such data.31 Yet,
several aspects still hamper the full understanding of the interfacial systems. One
important aspect in that context is that different scientic disciplines sometimes
develop independently from each other. Correspondingly, discoveries or obser-
vations made in one discipline are not necessarily taken up in another. A further
drawback is related to the fact that many studies include no more than one
technique to gather experimental or computational data. While the comparison
between experiment and theory is oen included, the precise relation of various
experimental results originating from different techniques is rather sparse. It is
therefore important to establish more accurate links between experiments and
models emerging from different techniques (macroscopic and structural) and
simulations.

Some time ago we reconciled the interfacial behaviour of a-Al2O3 (sapphire)
single crystals with (001) orientation32 in order to nd out whether and which of
the available data could be understood in one phenomenological picture. This
attempt required a review of the available literature including a particular focus
on the origin and treatment of the samples. It was nally postulated that the
remaining data along with our own could be understood by a dual charging
mechanism. The reconciliation included data from non-linear optic techniques
(sum frequency and second harmonic generation), streaming potential and
colloid adhesion studies, contact angle experiments and surface complexation
models all as a function of pH, which is a master variable for the oxide–aqueous
solution interface. The dual charging mechanism that allows an explanation of
the experimental data involves classical protonation and deprotonation of doubly
coordinated aluminol groups which are the only surface hydroxyl groups on the
ideal surface, plus a rather unconventional contribution from ion adsorption in
the electrochemical double layer. The latter (besides being unconventional for the
oxide–electrolyte interface community) has been under hot debate for nearly a
decade by now. It involves the physical adsorption of hydroxide ions and protons
at interfacial water layers with a preference for the hydroxide ion. Strong
adsorption of the hydroxide ion is assumed mostly by experimentalists.33–38

However, others nd that the proton is preferentially adsorbed,39 that the charge
is negligible,40 or that there is no spectroscopic evidence for hydroxide ions at the
surface for very high NaOH concentrations or in the absence of an inert back-
ground electrolyte.41,42

An accepted generic feature is the occurrence of the isoelectric point (IEP) in
aqueous solutions at pH 2 to 4 for surfaces as different as diamond, PTFE, oil,
gases, gold, etc.43–45 Unlike oxide surfaces, all these systems have in common the
absence of surface functional groups that could cause pH dependence. Without
the occurrence of shis in the IEP with changes in electrolyte concentrations and
composition, experimentalists are le with only one solution to the problem that
can explain the charge and the pH dependence at the same time. Even for ice
surfaces the low IEP has been observed.46,47 Especially in the case of ice this is
56 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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surprising, as one would expect the IEP to be where bulk water is neutral. The
simplest interpretation of the low IEPs involves the hydroxide ion to be more
strongly attracted to the interface than the proton or in other words that disso-
ciation of water at interfaces is very different from dissociation of bulk water. On a
similar note the negative charge of gas bubbles in pure water at pH 7 is argued to
be due to the presence of hydroxide ions at the interface in absence of a better
explanation.48

On oxide minerals the protonation and deprotonation of surface hydroxyls has
been traditionally invoked to explain pH-dependent charging. The corresponding
pK values are successfully predicted from the surface structure for well-dened
particles.49–52 For various single crystal samples, the predicted pK values fail to
reproduce the experimentally observed IEP, which nally led us to postulate dual
charging, involving the traditional picture of charged surface hydroxyls plus the
unconventional charging of the adjacent water layer. According to the traditional
picture, points of zero charge for most oxide particles should coincide in the
absence of specic adsorption of background electrolytes and the corresponding
IEPs should be directly related to the pK values of the surfaces, i.e. at pH about 6
in the case of hematite (001) and sapphire (001).30,53,54 Instead, the measured IEPs
are at pH about 4, in the range of those observed for the “inert” surfaces discussed
above. On sapphire (001) the predicted point of zero charge is conrmed in sum
frequency generation studies30 or contact angle investigations,32 while the IEP of 4
is found in other experiments.53,55 Importantly, some of the seemingly contra-
dictory results have been obtained on identical samples.32 The difference can
therefore safely be assumed to be real and can phenomenologically be explained
by a dual charging mechanism.

On sapphire (001) both contributions to the dual chargingmechanism (surface
hydroxyls and water layer) arise from protons and hydroxide ions. The adsorption
of protons to or the release of protons from the surface aluminols would classify
them as surface charge/potential determining ions, whereby their contribution to
charge accumulation is restricted to the plane of the surface hydroxyls. The
second contribution which arises from uptake of protons on or release of protons
from adjacent water layers in turn affects the zeta-potential. In particular on
surfaces like sapphire (001) the surface functional groups (involving only doubly
coordinated oxygens) are rather stable and do not protonate or deprotonate
within the usual pH-range.

Surfaces like silver halides on the other hand do not have the disadvantage
that the same ions affect both surface and zeta-potential, and in particular
protons and hydroxide ions do not affect the surface potential, which is controlled
by silver and halide ions. In such systems simultaneous measurements of surface
and zeta-potential clearly illustrate the difference between the action of the
surface potential/charge determining ions and the action of protons and
hydroxide ions, which were found to inuence the zeta-potential.56

Furthermore, studies of both at single crystals and colloidal particles showed,
that hydroxide ion adsorption at interfacial water layers was more pronounced on
the at surfaces57 in agreement with MD-simulations.58 Knowing both, surface
and zeta-potentials, is therefore key to the understanding of at interfaces with
dened crystallographic orientation, which are oen taken as model substrates to
investigate contaminant uptake, dissolution, growth and other phenomena. In
the case of sapphire,32,59 we relied on surface potentials estimated from surface
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 57
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complexation modelling. For the silver halides both quantities were measured57

thus avoiding model inherent assumptions. A dual charging model was shown to
reproduce all experimental observations qualitatively.57

The present study tries to push the approach further by applying various
experimental techniques to identical samples and investigating the effect of aging
on the hematite (001) surface. There is some indication from previous second
harmonic generation and atomic force microscopy (AFM) experiments which
report relatively low points of zero charge. This suggests that this surface has
unexpected properties similar to sapphire (001).60 In those studies it was reported
that annealing of the surface led to changes in the experimental results, but no
conclusions about the origin of the changes were possible.60 Direct zeta-potential
measurements for hematite (001) are not available to our knowledge but the
hematite (001) surface has seen recent interest from various groups.

Surface diffraction is the major technique to study the structure of the surface
and/or the adjacent water layer and to deduce which surface functional groups are
present61,62 and what kind of water structure forms at the interface.29 An impor-
tant conclusion has been that the water on annealed hematite (001) is weakly
structured.29 Another conclusion was that a bi-domain structure persists at the
surface where the contributions from both domains varied in the different
studies.61,62 In the remainder of the text we will discuss this bi-domain structure
which has been observed by other methods as well.63,64 The two distinct structures
that emerged from these studies are O3–Fe–Fe–R and O3–Fe–O3–R. How these
terminations relate to the bulk hematite structure is displayed in Fig. 1. For the
oxygen terminated surface (O3–Fe–Fe–R, Fig. 1, le) the surface is composed of
doubly coordinated oxygen atoms. By removing the top oxygen layer the double
iron termination (Fe–Fe–O3–R, Fig. 1, 2

nd structure) is obtained. Further removal
of an iron layer yields the single iron termination (Fe–O3–Fe–R, Fig. 1, 3

rd struc-
ture). The fourth option (noted O3–Fe–O3–R, Fig. 1, right) is terminated by singly
coordinated oxygen atoms. It may be understood as the Fe-terminated surface
with water/hydroxide adsorbed to the top Fe atoms. This termination may form
upon addition of Fe-ad atoms onto the oxygen termination,65 with subsequent
rapid hydroxylation.66 The O3–Fe–O3–R-termination may also be understood as an
oxygen termination with iron vacancies in one of the top iron layers (indicated by
transparent iron atoms in Fig. 1, upper panel, right). It is important to note, that
due to the low scattering cross-section of protons, surface diffraction does not
allow to distinguish whether the top oxygen atoms are oxygen (O2�), hydroxide
(OH�), or adsorbed water molecules (H2O).

Another series of studies involved surface potential measurements.67–71 The
bulk part of the data suggests a broad plateau-like region in surface potential vs.
pH curves with an increase at sufficiently low and a decrease at sufficiently high
pH. Various interpretations of the data have been proposed. One interpretation
was based on a shielding mechanism,71 by which reactive groups could not be
protonated or deprotonated, but this mainly explains the kinetics of the reaction
and does not apply to our investigation. Two major difficulties appear in inter-
preting the experimental data: the determination of the point of zero surface
potential and the absolute value of the surface potentials. The points of zero
potential on two different hematite (001) samples have been previously xed at
the mid-pH of the plateau (suggesting a value of about 6)70 or inferred from
numerical procedures (resulting in a value of about pH 8.3).71
58 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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Fig. 1 A selection of chemically distinct surface terminations of hematite (001) (O: red, Fe:
blue). The top panel shows side views of four possible terminations, the lower panel shows
the corresponding top views. In the top views the surface atoms are highlighted in orange
(oxygen) or light blue (iron).
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In our present work we combine CTR and surface potential data and include
zeta-potential measurements. Thus we probe the surface structure and the
concomitant surface potential as well as the water structure and the concomitant
interfacial potential, which results from the net charge within the electrokinetic
shear plane.

A second aspect addresses the aging of the hematite surface. To this end we
have exposed the crystal to solutions for extended periods of times, and followed
the changes with zeta-potential measurements. The initial (referred to as “fresh”)
and nal (referred to as “aged”) states were analysed by surface diffraction to
generate a consistent picture between the structure of the interface and the
concomitant charging properties. The measurements were all performed on
samples from the same source, treated in the same way and subject to similar
time dependence. High resolution atomic force microscopy (AFM) on a fresh
sample conrms various features of the surface diffraction study.
Experimental
Sample origin and preparation

The samples were purchased from “Surfacenet” (Münster, Germany). They are
polished on one side and have dimensions of 10 � 20 mm2. These samples t
exactly into the set-up used for zeta-potential measurements. Samples for surface
potential measurements are smaller so that they allow the construction of a single
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 59
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crystal electrode. For the AFM study a 10 � 10 mm2 sample was used. According
to the supplier the single crystals were produced from a natural crystal. The
exposed crystal face in all experiments is the polished (001) face. Samples were
pre-treated according to a procedure previously established for sapphire (001),32,59

which has been used or adopted by others.72,73 The samples were soaked in
acetone overnight and subsequently washed by ethanol and nally by MilliQ
water. On sapphire (001) this procedure ensures elimination of organic contam-
ination and reproducible results from streaming potential measurements.

Solution preparation and measurement conditions

All solutions were prepared from MilliQ water (18.2 MU cm) and all chemicals
were fromMerck. Solutions are kept under argon during all measurements (in the
surface diffraction measurements under helium) to minimize intrusion of carbon
dioxide. pH titrations were started at high pH. pH was subsequently decreased by
adding acid.

Zeta-potential measurements

Zeta-potential measurements were performed as previously described in
detail.32,57,59,74 We used the SurPass Electrokinetic Analyzer (Anton Paar, Graz,
Austria) to carry out the experiments. In short, two samples were glued with the
unpolished side to two stamps. The exposed polished side (cleaned as described
above) was rinsed by ethanol and MilliQ water and then the stamps were inserted
into a cell to create a rectangular ow channel. The channel width was adjusted to
about 100 mm. An experiment was initiated from a solution of a given electrolyte
concentration (NaCl), in which the pH was increased by adding NaOH (50 mM)
and then a titration was started by adding HCl (50 mM). Equilibration times were
at least 10 minutes per point and at least 4 replicate measurements were per-
formed at each pH. pHmeasurements in the SurPass set-up were performed using
the built-in device, which was calibrated against three buffer solutions. All
measurements were performed at room temperature.

Aer the rst series of measurements the samples were kept in an aqueous
environment (MilliQ water). Subsequent measurements surprisingly led to strong
shis in the zeta-potential. This is unlike observations with sapphire (001) where
the charging behaviour can be reproduced over extended time periods with a
given set of unannealed samples.

Surface potential measurements

Surface potential measurements were performed as previously described.70 The
potential of the Single Crystal (SCr)-hematite electrode was measured by a Met-
rohm 713 pH-meter. A silver/silver chloride electrode, lled with 3 mol dm�3 KCl
solution, with a salt bridge (Metrohm, 6.0729.100) lled with sodium chloride (c¼
10�3 mol dm�3), was used as a reference. pH was measured using a combined
Metrosensor glass electrode (Metrohm, 6.0259.100). The pH-meter was operated
by batteries (Metrohm, 826) and used for the measurements of pH. Systems were
thermostatted at 25.0 �C. The experiments were performed under an argon
atmosphere. The measuring system (thermostatted vessel, electrodes, magnetic
stirrer) was placed in a Faraday cage. The surface of the SCr-hematite electrode
was cleaned with ethanol and rinsed with water before all measurement runs (i.e.
60 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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beyond the standard cleaning procedure). Sodium chloride (c ¼ 10�3 or 10�2 mol
dm�3) was used as background electrolyte. Potentiometric titrations were per-
formed by adding hydrochloric acid (c ¼ 10�1 mol dm�3) or sodium hydroxide (c
¼ 10�1 mol dm�3). Time intervals between additions were between 10 and 15
minutes. Potentiometric titrations were entirely automated. Data were collected
every 4 s.

CTR-data collection

Crystal truncation rod (CTR)-data were recorded at the Advanced Photon Source
(APS at Argonne National Laboratory) at Sector 13 (GSECARS) at the 13 BMC
station.

The samples used for collection of CTR-data include a fresh sample and an
aged sample that had been retained from the last series of zeta-potential
measurements. Beamline optics contain a focusing SI (111) double crystal
monochromator. The photon energy was xed to 15 keV. The sample was oriented
relative to the beam on a Newport 2 + 2 + kappa diffractometer. Measurement of
the specular CTR was performed with the surface normal of the sample in a
horizontal position, while for the measurements of the off specular CTRs the
incident angle of the beam relative to the surface was maintained at a constant
value of 2�. The diffraction signal was recorded by a PILATUS 2D pixel array
detector with 195 � 487 pixels (vertical � horizontal). The size of the beam was
limited by horizontal and vertical slits to 500 mm� 500 mm (vertical� horizontal).

The sample was mounted onto the diffractometer in an environmental sample
cell, which was constantly ushed with humid He-gas (close to 100% relative
humidity) in order to maintain the sample surface fully hydrated during the
measurements.

CTR-data integration

Integration of diffracted intensities from the PILATUS images was performed
using the tdl soware package (https://github.com/xraypy/tdl).

A total of 692 and 654 structure factors were recorded for the fresh and the
aged hematite samples, respectively. The measured structure factors were aver-
aged in the p3m plane group, resulting in 524 and 439 unique structure factors,
respectively. Note that a single hematite (001) termination exhibits p3 symmetry
only. However, in the hematite unit cell 6 chemically equivalent terminations
exist, which are crystallographically distinct, but equally likely to constitute the
actual surface. These terminations are linked by the threefold symmetry axis
along hematite [001] and the glide plane symmetry along the same axis (space
group R�3c). As the surface structure is modelled assuming an equal abundance of
these symmetry related domains at the surface, as in previous studies,61,62 the total
symmetry considered for hematite (001) CTR data reduction may be increased
from p3 to p3m without any loss of information. This reduces the number of
unique structure factors and, correspondingly, reduces the computational effort
during modelling.

CTR-data modelling approach

Data modelling is performed using a modied version of the python interface
structure renement package (https://github.com/xraypy/tdl). The modied
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 61
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version was expanded to allow for the treatment of multiple surface terminations
and symmetry related surface domains, following an approach described earlier.75

The abundance of chemically distinct surface terminations is thereby adjusted as a
tting parameter during datamodelling, while an equally weighted average is taken
over the symmetry related domains. Structure factors of the two chemically distinct
terminations are summed in a coherent fashion. In agreement with previous
studies,61,62 incoherent summation did not yield acceptable ts to the data.

Preliminary modelling approaches, using a single surface termination, failed to
describe the data for both samples by a simple stoichiometric surface termination.
Occupancies of the surface iron sites rather indicated a surface termination con-
sisting of a mixture of O3–Fe–Fe–R and O3–Fe–O3–R domains very similar to
previous results.61,62 In our modelling approach we therefore started with a
linked two domain model as reported by Trainor et al.,62 where the O3–Fe–Fe–R
andO3–Fe–O3–R domains share common structural parameters in layers that are not
directly exposed to the surface or mimicking adsorbed water molecules (modelled as
oxygen atoms, because of the low X-ray scattering cross-section of hydrogen). In
contrast to Trainor et al.62 and Tanwar et al.61 this “linked model” did not yield a
satisfactory description of the CTR data (c2 > 5) for both data sets. Therefore, aer the
initial adjustment of the linkedmodel, the structural parameter space was limited to
a narrow range around the common value (�0.005 in fractional coordinates) and the
model was readjusted with individual parameters for both domains.

All atom displacements are modelled such that the threefold symmetry of the
surface structure is maintained. The iron atoms have xed lateral positions as
they sit on the threefold symmetry axes. The vertical displacement of the oxygen
atoms in one layer is described by one parameter xing the oxygen atoms at equal
vertical positions. Lateral positions of the three oxygen atoms in one layer are
described by two parameters [e.g.: O1: (x, y), O2: (�x + y, �x), O3: (�y, x � y)] to
keep the threefold symmetry.

During the model adjustment the bond valence sums of the iron atoms in the
surface structure according to Brown and Altermatt76 are constrained to stay
within 5% of the nominal iron valence of +III. The bond valence calculations on
the surface oxygen atoms simultaneously yield information, which can be used to
draw conclusions about their protonation states.

AFM measurements

High resolution AFM measurements were carried out using a Cypher ES appa-
ratus (Asylum Research). Both imaging and force spectroscopy were performed in
AC mode with an “Arrow UHFAuD” cantilever from NanoWorld. The cantilever
was excited using blueDrive photothermal excitation with oscillation amplitudes
<1 nm in liquid environments and <5 nm in air. The fresh sample was studied to
gain insight into the roughness of the sample and to try to support results from
the CTR study concerning surface structure of and interfacial water structure on
the fresh sample.

Surface complexation modelling

Surface complexation modelling was performed with a modied version of
FITEQL2. The surface and zeta-potential data were tted to a set of surface
chemical equations involving a model for the electrical double layer (see ESI†).
62 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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Results and discussion
Zeta-potential measurements

Fig. 2 shows the pH function of the zeta-potential as it changes from the fresh
sample to a steady state (aged sample). The initial state of the surface produced
repeatedly an IEP of about 4. Later, the IEP shied gradually to higher pH until it
reached a steady state value of about pH 9.

The initial IEP obtained for the fresh sample was identical to the ones
routinely obtained for “inert” surfaces,77 but also for isostructural sapphire (001)
samples78 or even at samples of TiO2 (ref. 79) or ZnO.80 The occurrence of this
IEP for so many different samples could be challenged in the sense that it is
triggered by themethod or by systematic errors or artefacts. For sapphire (001) the
IEP of about 4 (ref. 32) has been interpreted in terms of charging of the interfacial
water layer adjacent to the surface. Weak ordering of water at both sapphire- and
hematite (001) surfaces29 supports this interpretation. The observation of an IEP
at about pH 9 for the aged hematite sample, i.e. identical to the bulk of IEPs for
hematite particles, suggests that the method is not at the origin of those low IEPs.
The transient change could be due to structural changes at the surface of the
sample and/or changes related to the interfacial water structure.
Surface potential measurements

The surface potential vs. pH response was not prone to signicant changes even
for an extended period of time. We always observed the same overall features with
a broad range of constant potential at pH values between 4 and 9. This plateau-
behaviour could be explained by the MUSIC model as discussed previously.67,70

Briey, the doubly coordinated surface hydroxyls were rather inactive towards
protonation and deprotonation since their pK values are about 0 and 12.54 The
Fig. 2 The effect of aging in aqueous solution on the zeta-potential of the hematite
samples measured in 1 mM NaCl solution.
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Fig. 3 CTR data for the aged (upper graphs, diamonds) and fresh (lower graphs, circles)
are shown along with calculated structure factors (solid lines). The thin dashed lines in the
lower graphs indicate the structure factors expected for bulk terminated hematite. The
data for fresh and aged hematite are offset for clarity.
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Fig. 4 Best fit structural model for the surface of the fresh hematite sample (oxygen: red,
iron: blue). Indicated are the domain and layer nomenclature as used in Table SI1.†
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insensitivity of the surface potential vs. pH curves to aging conrms our previous
claim that a surface with plateau-like behaviour is thermodynamically stable.70
Surface diffraction data

CTR-data and best t model calculations are shown in Fig. 3. As an example the
00L rod (top panel in Fig. 3) indicates that the surface diffraction data change with
time. Clearly between 6 < L < 9 a shoulder is present on the fresh sample that
disappears on the aged sample.

The comparison with the bulk terminated hematite (dashed lines) shows that
the real surfaces are different from the ideal surface. The full lines correspond to
the structural models for the two samples obtained in the present study. The
agreement between experiment andmodel is rather good (c2¼ 3.97 and c2¼ 2.97
for the fresh and aged samples, respectively). Both surfaces are bi-domain, with
different contributions from the two terminations.

The structural parameters corresponding to the best t models are reported in
ESI (Table SI1† for the fresh hematite sample and in Table SI2† for the aged
hematite sample). For comparison, the structural coordinates of the bulk
Fig. 5 Best fit structural model for the surface of the aged hematite sample (oxygen: red,
iron: blue). Indicated are the domain and layer nomenclature as used in Table SI2.†
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terminated hematite structure are given in Table SI3.† Ball and stick represen-
tations of the best t structures for both surfaces are shown in Fig. 4 and 5. The z-
offsets between the two domains in the structural pictures are articial (only for
illustration). The patchwise distribution is probably real, but the dimensions of
the patches cannot be quantied from the CTR-data. The fact that only coherent
addition of the contributions from the two terminations yield reasonable ts to
the data, points, however, towards a small scale mixing of the domains. Inter-
estingly, AFM images of the fresh surface (to be discussed below) support the
patchwise structure and even a recent theoretical study suggests that the patch-
wise organisation is energetically favourable.81

From Fig. 4 and 5, it is clear that the contribution of domain 2 has decreased
upon aging. Furthermore, the distances between the top oxygen atoms and the
rst iron layer on domain 2 is dramatically different. Finally on the aged sample a
water layer is found, which in the sketch is shown over domain 2 for illustrative
purposes only, since such information cannot be obtained from the CTR model.
The occupancy in the water layer is relatively low (�20% of a mono layer), sug-
gesting stronger ordering than for the fresh sample, but clearly not the very strong
ordering found on other cuts of hematite.29

Table 1 shows a compilation of the structure relaxations observed at the
hematite (001)–water interface in this and in previous CTR61,62 and X-ray
reectivity29 studies. DFT results by Trainor et al.62 are listed for comparison.

From a qualitative comparison some remarkable similarities exist. For the
O3–Fe–Fe–R termination (domain 1) the topmost oxygen layer relaxes away from
Fig. 6 Electron density distribution according to the hematite (001) surface structures of
bulk hematite (dashed line), the fresh hematite sample (thick red line), and the aged
hematite sample (blue line), projected onto the surface normal. The origin marks the
arbitrary transition between undisturbed bulk and surface structures. The thick black line
labeled “phase boundary” is placed between the terminating oxygen atoms (O2�, OH�, or
H2O) and the adsorbed water. It is no more than a guide to the eye, since the position is
somewhat arbitrary.
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the underlying iron layer (1O3–2Fe). The two iron layers 2Fe and 3Fe contract.
This contraction extends in most experimental observations (except Tanwar
et al.61) to the iron layers underneath (5Fe–6Fe). The iron layers are marked
in boldface in Table 1. The Fe–Fe contraction also emerges for the 5Fe and 6Fe
layers in the O3–Fe–O3–R termination. For the O3–Fe–O3–R termination
two different trends concerning the relaxations of the topmost layers occur.
For the aged hematite in this study, the annealed hematite by Trainor et al.,62

and in nice agreement with DFT results by Trainor et al.,62 the top oxygen layer
(1 O) contracts towards the 3Fe layer, while the 3Fe–4O3 and 4O3–5Fe layers
expand.

Deviating from this trend, the structure reported by Tanwar et al.61 seems to
be an intermediate case, while for the fresh hematite sample in the present study
we observe an opposite relaxation of 1O3 away from 3Fe.

Based on the CTR results in this study an explanation for the relaxation of 1O3

away from 3Fe on the fresh hematite sample, might be a signicantly weaker
hydration of the surface of the fresh hematite sample compared to the hydration
of the aged hematite sample. The surface hydration of the two samples is best
compared by regarding the electron density distribution of the surface structures
projected onto the surface normal (Fig. 6).

For the aged hematite sample Fig. 6 shows a peak for the partially occupied
adsorbed water layer (�20% of a monolayer) at z ¼ 16 Å and a relatively well
structured rst bulk water layer (z (water)¼ 18.25 Å, U0 ¼ 0.039 Å2). The interlayer
distance between consecutive bulk water layers is, however, small (d (water) ¼
0.81 Å) and the increase in the vibrational distribution from layer to layer is
relatively large, Ū ¼ 0.45 Å2, indicating that bulk water layers beyond the rst layer
are not structurally resolved. The bulk water model used here is identical to the
one presented by Fenter and Sturchio (2004).14

For the fresh hematite sample good ts to the data could only be obtained
without considering distinct adsorbed water molecules. The bulk water prole
included in the best t model is unstructured. Furthermore, it is so far above the
surface that it may not be physically reasonable. The improvement of the model
t by including bulk water into the model is hardly visible on the plots. However,
it has a numerically signicant effect and improves the goodness of t from c2 ¼
4.29 (p ¼ 37) to c2 ¼ 3.97 (p ¼ 41). Best t bulk water parameters are: z (water) ¼
20.62 Å, U0 ¼ 1.3 Å2, d (water) ¼ 1 Å, and Ū ¼ 0.4 Å2.

Comparison of the relative abundance of the two reported surface domains
(reported in Table 1) reveals an interesting trend. Upon chemical mechanical
polishing the abundance of the two domains is similar (44/56: fresh hematite
in this study, 54/46: unreacted hematite in Tanwar et al.61). Prolonged aging in
aqueous solution (aged hematite, this study) as well as mild annealing [8 times
30 min at 600 �C (ref. 62)] favors the formation of the O3–Fe–Fe–R termination.
Only upon extensive annealing (12 h at 1100 �C) a fully O3–Fe–Fe–R terminated
hematite was inferred.29 This agrees with the stability trends reported by
Trainor et al.62 based on DFT calculations. These indicate that the O3–Fe–Fe–R
termination is more stable than O3–Fe–O3–R at elevated temperatures in
dry environments e.g. during annealing. Furthermore, the stability of the
O3–Fe–Fe–R termination is slightly favorable compared to O3–Fe–O3–R at
room temperature in aqueous environments. This agrees well with the
68 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Surface (top)- and zeta (bottom)-potentials for the fresh hematite (001) sample.
Symbols are experimental data and lines are calculated by the proposed surface
complexation model. In the lower graph, two model lines are plotted for the 0.2 mM NaCl
data. The one noted “zeta” points to the model-inherent slip plane distance, while the one
noted “DLP” pertains to the potential at the onset of the diffuse layer.
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observed evolution of the surface termination of hematite from 44% O3–Fe–
Fe–R on fresh hematite to 68% O3–Fe–Fe–R on the aged hematite sample.

The evaluation of the surface diffraction data does not include hydrogen
atoms. However, the surface is expected to be rapidly hydroxylated.66 Cutting
the surface during its manufacturing will result in some termination exposing
iron and/or oxygen. To include hydrogen atoms and the concomitant role of
interfacial water, we used a bond valence analysis based on the CTR results.
The bond valence analyses of the fresh and aged surfaces show some differ-
ences. The bond valence for the various doubly coordinated oxygen atoms
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 69
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Fig. 8 High resolution AFM image of the fresh sample in air (top) and in water (bottom).
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differs by no more than about 0.2 valence units, i.e. there is no signicant
difference. The undersaturation of the doubly coordinated oxygens is about
one valence unit and addition of one proton would satisfy the oxygen valence for
both fresh and aged hematite. This supports the view that these oxygen atoms are
neither protonated nor deprotonated at the conditions of the CTR measurements.
However, concerning the singly coordinated oxygen atoms, the fresh hematite
sample exhibits an undersaturation by 1.75 valence units. The simplest way to
reduce this decit is to assume that the group is doubly protonated and has orig-
inated from adsorption of a water molecule at the iron termination.66 This would
result in a stable, aquo-group terminated conguration and might remain non-
reactive (as is concluded later to explain the zeta-potential data). In turn, on the
aged sample the undersaturation of the singly coordinated oxygen is about 1.45
valence units. In that case two adsorbed protons would not allow a stable cong-
uration. A more likely explanation is therefore interaction with water to yield a
hydroxyl group and involve hydrogen bonding between neighboring hydroxyl
groups or with adjacent water molecules. This would explain the presence of
structured water on the aged surface.
70 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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Surface complexation modelling

For the following it has to be mentioned that CTR data have not been collected at
various pH conditions or even in the presence of salt. Also the amount of water in
our study is much lower than in the work by Catalano.29 A future comprehensive
study should cover such aspects in order to test some of the model assumptions
that are used in the following.
Fresh hematite (001)

Fig. 7 shows the surface- and zeta-potentials of the fresh sample. The surface
potential exhibits the broad at response in the mid pH-range that is believed to
be due to the pK values of the doubly coordinated hydroxyl groups as discussed
above. The point of zero charge of the sample would therefore be at pH about 6.5,
close to the value reported for sapphire (001) based on sum frequency generation
data.30 The surface-potential curves appear to exhibit an ionic strength inuence
similar to observations by Boily et al.67 The zeta-potentials in turn exhibit an IEP at
about pH 4, which appears to decrease with decreasing sodium content. The dual
charging mechanism therefore needs to be involved to explain the data that have
been obtained on identical samples.

Based on the CTR data, the iron-terminated surface is dominant on the fresh
sample. Fig. 3 shows schematically the presence of two domains. These are not
separated by large distances. High resolution AFM (Fig. 8) indicates that the
surface should rather be imagined as a mix of small 10 to 30 nm patches of the
two domains. The CTR data do not show signicant water structuring. This could
explain behavior similar to hydrophobic/inert surfaces. This agrees with previous
studies by Catalano who found weak water ordering on hematite (001).29 Catalano
involved bulk water above the surface studied in his work so that his results
cannot be directly compared to our study, but in a qualitative way between the
fresh and the aged sample the fresh sample surface clearly exhibits weaker water
structuring.

In contrast to the macroscopic data, there is no salt present in the CTR
study. Since the measurement, new evidence has appeared that related faces
(the gibbsite basal plane) cause adsorption and layering of background elec-
trolyte ions in CaCl2-solutions at pH 6.82 This was clearly shown by both AFM
force curves and their interpretation in terms or electrostatic potentials and
direct imaging for a 2 : 1 electrolyte. Even with increasing KCl and NaCl an
increasing positive potential was reported for the gibbsite basal plane. Our
own, unpublished surface potential data for sapphire (001) support the
adsorption of KCl. At a constant pH of about 6 the surface potential increases
with increasing KCl concentration. Finally, the presence of salt hydrates has
been previously postulated based on XPS studies on hematite particles,
wherein particularly with increasing contributions from basal planes an
enhanced presence of salt hydrates was reported.83 Based on the above,
our present model approach for the fresh surface includes the following
features:

– protonation/deprotonation of the surface hydroxyls (based on MUSIC type
calculations52,54) to account for the conventional picture of oxide–aqueous solu-
tion interfaces (no attempt was made to relate pK values directly to the CTR
results, the values are in the expected and previously reported range)
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 71
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– adsorption of NaCl within the Stern plane to account for the experimental
evidence on this phenomenon at gibbsite basal planes and hematite particles

– adsorption of protons and hydroxide ions beyond the NaCl plane to account
for the pH dependence of the zeta-potential and the observed isoelectric point
that is typically found for inert surfaces

– singly coordinated groups are assumed to be inert due to weak interaction
with water as inferred from the CTR data.

A sketch of the interfacial model is given in the ESI (Fig. SI1†) and the model
parameters are given in Table SI4.† Interestingly, simple versions of the model,
including only one or two of the above mechanisms failed to reproduce the
experimental data.

Lines in Fig. 7 show the t to the surface- and zeta-potential based on the
model described above. The surface potential is well described and the inclusion
of the salt interactions allow shis in the surface potential curves with salt
content to be described. The traditional picture does not involve a signicant
effect of background electrolytes on the surface potential56,57 and conventional
surface complexation models agree with this.57

The surface potential cannot be measured on an absolute scale and is there-
fore plotted as the difference (DJ0) to an arbitrary reference potential. The model
inherent surface potential is affected by the salt level assuming adsorption of
NaCl within the Stern plane. Diffuse layer potential data on gibbsite (positive in
the absence of salt) show that addition of NaCl or KCl increases the potential.82

Macroscopic data on gibbsite have been interpreted by adsorption of sodium and
chloride on the basal plane, involving (unlike our model) protons.84 Spectroscopic
data for gibbsite agrees with the adsorption of both sodium and chloride at low
pH.85 Even for hematite particles, such evidence has been presented.83 The rela-
tive change of the surface potential as a function of pH is well described by the
model. For the zeta-potential, the slip-plane separation is the most important
parameter involved. The good description of the zeta-potentials is to a large extent
due to its adjustment. At the lowest salt content, the experimental data at high pH
are between the potential with the assumed slip-plane separation (full line) and
the one at the onset of the diffuse layer (dashed line). We involve a slip plane
distance parameter that is related to the ionic strength (see ESI† for more detailed
information). An individual adjustment of the slip plane distance would yield an
even better t to the data.

Whatever option is chosen, the model is in the correct range of potentials. At
low pH, at the smallest salt content, the mist between experimental and simu-
lated zeta-potentials is largest. Under these conditions the ionic strength is not
constant, since the addition of acid starts affecting the overall value. Therefore,
we have carried out calculations with the correct concentrations of all compo-
nents. This shis the model for nominal 0.2 mM concentrations towards the one
for 1 mM thereby decreasing the mist; while the shi of the IEP is not repro-
duced. Overall, the results warrant additional CTR-investigations in the presence
of NaCl.

High resolution AFM does not show clear terraces on the fresh sample
surface in air. However, the root mean square roughness is estimated to be 1.2
Å under these conditions (Fig. 8, top), comparable to the result from the CTR-
study (1.1 Å), i.e. very low. The various small areas/patches might correspond to
the two domains that are discussed in the context of the CTR-data. Addition of
72 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Surface (top) and zeta (bottom)-potential for the aged hematite-sample, and
model based on the concept and parameters given in ESI.†
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water increases the roughness to between 3.9 and 4.4 Å, addition of 1 mM KCl
solution further increases it to 5 to 7 Å. The addition of aqueous solutions at pH
about 6 thus has a signicant effect on the roughness (Fig. 8, bottom) but this
effect has not been observed in our CTR experiments. For resolution of
hydration water layers86 or adsorbed ions or ion layers our sample is probably
too rough. However, we believe that sufficient circumstantial evidence82–84

exists by now that salt layers are present in related, as well as in very different
systems. Correspondingly, the assumption of salt in the Stern layer on hematite
(001) is considered reasonable.

Force curves with a negative tip probe at pH 6 (not shown) were always
repulsive in water and 1 mM KCl supporting the zeta-potential measurements for
the fresh sample. Additional measurements in 1 mMHCl also produced repulsive
interactions, in line with the shi of the IEP that occurs with decreasing sodium
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 73
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concentration (Fig. 7). In 1 mM HCl potassium/sodium ions are absent
and cannot contribute to the charging of the surface so that a “salt” layer cannot
form.

Our surface complexation model does not need to resort to iron-surface
species similar to acidic groups invoked for sapphire (001) to explain the low
isoelectric point.55 We rely on the CTR-data in this respect and our model is able
to describe the system very well on that basis. We note that many parameters are
involved, but most of them have been taken from associated systems (such as
hydroxide adsorption on inert surfaces or expected protonation/deprotonation
constants of the surface hydroxyls).
Aged hematite (001)

Based on the CTR data, the oxygen-terminated surface (O3–Fe–Fe–R) is domi-
nant on the aged sample. This supports a previous study where an annealed
sample had been le to age and developed a surface potential response that
was interpreted in terms of oxygen-termination.70 The measured surface
potentials of the present sample indeed show the same response (for both
fresh and aged states), while the zeta-potentials evolve with time (Fig. 2). The
IEP of the aged sample is at about pH 9 at the steady state condition, which is
similar to that measured on particles.87 Compared to the data for the fresh
sample, the CTR data for the aged sample show adsorbed water molecules and
the presence of a water lm. This might suggest that the surface rearrange-
ment is related to an increasingly pronounced interaction with water. In this
interpretation the singly-coordinated hydroxyl groups would interact more
strongly with the interfacial water and would be able to affect the electrokinetic
potentials substantially. Surprisingly, the experimental data suggest that these
reactive groups do not contribute to the measured surface potential. In a
model the singly-coordinated groups could be treated as adsorbates.65 This
would be in line with a previous study on sapphire (001),88 where the inten-
tional addition of dissolved aluminum caused a strong shi of the isoelectric
point, similar to the present case. The action of the water can be held
responsible for the difference between the fresh and aged samples. Another
issue could be how the ad-atoms are distributed over the full surface. But this
cannot be inferred from our data. No high resolution AFM images are available
for the aged samples.

The results in Fig. 9 show that the proposed model is capable of describing the
surface (Fig. 9, top) and zeta (Fig. 9, bottom)-potentials in an excellent way.

The data for the aged hematite provide the rst experimental observation via
streaming potential measurements of an IEP around 9 for a at oxide surface that
would be expected based on the available data for particles that are established
with far more popular methods, such as electrophoresis or accoustophoresis. The
low IEPs previously reported for many oxide single crystals79,80 have raised
suspicion,89 since they do not obey “surface chemistry” in terms of the MUSIC
model and because they are rather generic similar to hydrophobic/inert surfaces.
It is interesting to note that the model for the aged hematite (001) surface
produces the slight increase of the surface potential with increasing pHwithin the
plateau region, which has been observed previously,71 and which so far lacked an
explanation.
74 | Faraday Discuss., 2015, 180, 55–79 This journal is © The Royal Society of Chemistry 2015
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Summary of the surface complexation models

Despite the surface characterization of the two samples, a substantial number of
assumptions is involved in the model design. The following points address weak
aspects of our modelling:

– The assumption about the reactivity of the singly coordinated groups is
ultimately linked to the outcome of the zeta-potential measurements. In partic-
ular on the fresh surface inclusion of the singly coordinated groups would not
allow a low isoelectric point to be modelled. The main argument is the lack of
water interaction in the sense that a strongly ordered water lm is not observed.

– The salt layering is unconventional in the sense that it does not involve
proton co-adsorption (for chloride adsorption) or proton release (for sodium
adsorption) unlike the model proposed by Rosenqvist et al.84

– The major parameter for describing the zeta-potential is the slip-plane
separation. We currently have to consider it as a pure tting parameter, but we
expect that in future with the advent of new techniques and enhanced compu-
tational power this parameter can be eliminated.

On the other hand, the model is quite successful in describing experimental
results.

– Our model results offer for the rst time an explanation for an observation
previously reported by Chatman et al.68,71 which was not discussed in detail at the
time. The relatively small increase of measured surface potential with increasing
pH within the plateau region is at odds with all the expectations for common
oxide–water interface models. Apparently the model designed here for the aged
hematite (001) (Fig. 9, top panel) is able to cover this behavior. Actually, the
increase of surface potential with increasing pH reported by Chatman et al.71

could be seen as independent support for our model concept.
– Themodel also has the potential to describe the experimentally observed off-

set of the protonation/deprotonation with variable salt content.67 Usually a
surface complexation would treat such experimental observations with one
consistent set of parameters (extrapolated to innite dilution). However, in the
cited case it was necessary to apply different pK values for the data measured at
the different salt contents.
Conclusions

The present study investigates transient changes at the hematite (001) surface
upon aging in aqueous solutions. We observe changes with time in the zeta-
potential and the surface diffraction data, while the surface potential response
remains unaffected by the structural changes. AFM investigations show that the
presence of water and electrolyte solutions affects the surface roughness of our
sample. The initially very smooth surface becomes rougher in the presence of
water. The surface diffraction data suggest that the fresh surface is not well
hydrated. In particular the singly coordinated groups appear neither to affect the
surface potential–pH response nor to inuence the zeta-potentials of the fresh
surface. A bond-valence analysis of the surface diffraction data supports the lack
of hydration in that these aquo-groups are well satised in terms of bond valence.
With time these reactive groups become more reactive, probably due to a change
in bond distances that triggers or is triggered by interactions with water. In the
This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 180, 55–79 | 75
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case of the fresh hematite, the adjacent water layer, which is expected to be weakly
structured similar to the one on hydrophobic surfaces, dominates the observed
zeta-potentials via preferential hydroxide adsorption in that layer. The inner layer
becomes affected by protonation (low pH) and deprotonation (high pH) of the
doubly coordinated groups, and salt ion adsorption, which allows explanation of
the measured surface potentials, while the singly coordinated groups remain
inactive, similar to previous suggestions.82,83

The surface diffraction data for the aged surface show distinct water adsorp-
tion. Consequently, the model for the aged surface involves both groups and the
action of the singly-coordinated groups explains the high IEP observed. Salt ion
adsorption and doubly coordinated surface groups account for the surface
potential response, which remains unchanged upon aging. The parameters used
in the models are in the range expected based on previous investigations on
related systems.
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