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In situ surface monitoring of energy materials
during processing: impact of defect disorder on
surface versus bulk semiconducting properties of
photocatalytic hematite (Fe,O5)
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Rational design of surface properties of oxide semiconductors for energy conversion requires in situ surface
characterization. This work considers in situ monitoring of surface semiconducting properties of hematite
(FexOs) during isothermal oxidation and reduction at 1140 K, and the related charge transfer at the Fe,Oz—
O, interface using the measurements of work function (WF) changes during successive oxidation and
reduction experiments under two extreme oxygen activities of 44 kPa and 220 Pa. The obtained results indi-
cate that prolonged annealing of Fe,Os leads to the formation of an n-type surface layer on top of the bulk
phase of hematite that exhibits intrinsic semiconducting properties. The derived theoretical model shows
that the reactivity of Fe,Os with oxygen involves two parallel processes: (i) fast bulk diffusion of defects asso-
ciated with penetration of oxygen activity into the oxide lattice, and (ii) slow surface segregation of defects,
derived from the bulk phase, and resulting in the formation of a quasi-isolated surface structure (QISS) that
plays a critical role in the performance of energy materials. The obtained results led to derivation of theoreti-
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1. Introduction
Background

The performance of materials for electrochemical energy conver-
sion systems, such as solar cells for water oxidation, is profoundly
affected by surface defect disorder.' Therefore, the development of
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cal models that explain the role of the QISS in the performance of energy materials.

novel energy materials requires surface defect engineering (SDE)
that allows imposition of an optimal surface defect disorder
required for desired performance. The main hurdle in addressing
this objective is that the science of defect chemistry is derived at
elevated temperatures, corresponding to defect equilibria,>™ while
the performance of energy conversion systems, such as photoca-
talysts for solar water splitting, takes place at room temperature.
Therefore, the development of SDE for energy materials requires
expansion of defect chemistry into surface defect chemistry in
order to assess defect equilibria within the surface layer.

The present work uses the hematite phase (Fe,O;) as a
template for photosensitive oxide semiconductors (POSs) for
in situ surface monitoring during oxidation and reduction at
elevated temperatures. Here we show that the reactivity of POSs
with oxygen should be considered in terms of two parallel
processes: (i) oxygen activity penetration from the surface to
the bulk phase, and (ii) surface segregation of defects trans-
ported in the opposite direction. The latter process results in
building-up of a quasi-isolated surface structure (QISS) that
plays a critical role in the charge transfer associated with energy
conversion or any other surface activated process.

Defect chemistry

The influence of structural defects on the reactivity of ionic
solids resulted in the development of defect chemistry that is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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limited to the bulk phase.”™ The progress in defect chemistry of
metal oxides made so far allows assessment of defect disorder,
and the related semiconducting properties, within a wide range
of oxygen activities and temperatures. Recent studies, however,
indicate that the reactivity of solids is determined by defect
disorder of the surface layer.”>” These studies signal the need
for expansion of defect chemistry into the surface layer and the
development of SDE for processing of novel energy materials
with desired properties required for specific applications. Such
studies, however, require a tool that has the capacity to assess
surface defect disorder at elevated temperatures corresponding
to defect equilibria. Efforts to build such a tool, led to the
development of the high-temperature electron probe (HTEP),
that is based on work function (WF) measurements.” **

The HTEP has been used in studies of surface properties of
NiO,® Fe0,”' vSz,'"'? C00,"*® BaTiO;'* and TiO,.'® These
studies indicate that progress in the development of SDE
requires recognition that defect disorder is well defined only
in gas/solid equilibrium, when the surface layer is in equili-
brium with both the gas phase and the bulk phase.”*> The
hematite phase, Fe,03, is not an exception.

Defect chemistry from surface perspective

Studies of surface properties of solids, such as metal oxides, are
commonly preceded by meticulous surface cleaning leading to
removal of surface contaminations.'® However, the surface
cleaning procedures, commonly performed in vacuo and
applied before surface characterizations, result in changes
of the intrinsic defect disorder within the surface layer.
Therefore, the key advantage of surface studies in gas/solid
equilibrium is the opportunity to consider surface properties in
thermodynamic terms when defect-related properties of metal
oxides are determined by the temperature and oxygen activity of
the surrounding gas phase. So far, little is known about the
surface properties of metal oxides in gas/solid equilibrium
when defect disorder is governed by thermodynamic terms.

Rationale of high-temperature studies

Defect chemistry considers defect-related properties at elevated
temperatures corresponding to gas/solid equilibrium when defect
disorder is governed by thermodynamic terms and is free of
kinetic terms. While most energy conversion devices operate
around room temperature when the kinetic terms assume sub-
stantial values, studies at elevated temperatures allow an under-
standing of the impact of thermodynamic terms on changes of
properties in performance conditions. So far, little is known about
the impact of thermodynamic terms on surface properties. In
other words, modifications of defect-related surface properties in
a controlled manner require elevated temperatures that are
indispensable for SDE. Therefore, the objective of this work is
to assess the impact of thermodynamics on the surface properties
of hematite as a template for nonstoichiometric compounds.

Applied aspects

Hematite is one of the most abundant oxides, which has been
identified as a promising photocatalytic material’’ ' owing to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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its relatively narrow band gap of 2.1 eV. While photocatalytic
reactivity of oxide semiconductors is profoundly affected by
light absorption, which is related to the width of bandgap,
recent studies indicate that it is mostly determined by surface
population of defects acting as active sites.”'>**> The hematite
phase exhibits a very low non-stoichiometry and intrinsic
semiconducting properties.>*>® This, consequently, suggests
that the bulk phase of hematite is almost stoichiometric.>* So
far, however, little is known about the surface defect disorder of
Fe,O; and its impact on reactivity. While the reactivity-related
applied aspects of solids are determined by surface defect
disorder, the related reports on properties of hematite are
limited to the bulk phase. Here we show that the HTEP can
offer a quantitative assessment of surface semiconducting
properties and provide some hints regarding its local defect
disorder.

Significance of the emerging area of surface defect chemistry

As postulated earlier, reactivity of ionic solids, such as metal
oxides, is determined by surface properties, particularly defect
disorder and the related semiconducting properties.” However,
most of surface sensitive tools operate at room temperature and
in vacuum.'® On the other hand, the rational design of energy
conversion systems requires an in situ surface studies in the
conditions of the gas phase and temperature that are relevant
to specific applications.?* This study, which represents a
pioneering approach for in situ monitoring of surface semi-
conducting properties of hematite at elevated temperatures
(corresponding to defect equilibria) opens new areas of high-
temperature surface science and defect engineering. The latter,
which results in processing of new energy conversion systems
based on crystalline solids, is expected to result in enhanced
energy security and reduction of global warming.

Objectives

This work aims to understand the effect of prolonged annealing
of the hematite phase on surface defect disorder and the
resulting reactivity with oxygen. The WF data will be considered
in terms of surface properties reflecting changes in both (i) the
position of Fermi level at the surface, and (ii) a defect-related
parameter (exponent of oxygen activity) that can be compared
to the analogous parameter derived for the bulk phase.” The
experimental part of this study is preceded by a definition of
terms and concepts, and the discussion of the physical mean-
ing of WF changes at elevated temperatures.

2. Defect chemistry of hematite
Basic concept of defect chemistry

Defect disorder in oxides is commonly studied by monitoring
gas/solid equilibration under controlled oxygen activity.>™
Typically, the equilibration process in the metal oxide/oxygen
system can be described as propagation of new oxygen activity
within the oxide lattice upon altering the oxygen activity in the
surrounding gas phase. The progress of equilibration is

Energy Adv, 2024, 3, 614-624 | 615
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commonly monitored by measurements of bulk defect-related
properties, such as electrical conductivity, and these may be
used to determine diffusion data.>*** The models usually
employed assume that the gas/solid equilibration is rate-
controlled by chemical diffusion within the bulk phase while
the surface reaction is much faster.> **° However, verification
of this assumption requires performing gas/solid equilibration
from the surface perspective. Hence, the purpose of this work is
to address this objective by analyzing the WF changes of Fe,O;
during oxidation and reduction at elevated temperatures.

Defect chemistry of hematite

Studies of hematite’s bulk defect disorder indicate that its
predominant ionic defects are oxygen vacancies.”*?® Chang
and Wagner™ reported that the concentration of intrinsic ionic
defects in Fe,O; is much lower than that of electronic defects
and that its semiconducting properties in the range 1223-
1695 K are intrinsic. This conclusion was supported by both
Gleitzer et al.,”” showing that the electrical properties of
a-Fe,O; are largely independent of oxygen activity, and Wang
et al.>® who observed that the electrical properties of hematite
at moderate temperatures (523-673 K) are largely p(O,) inde-
pendent. The ab initio calculations of Lee and Han®' and
Shousha et al®** show that both iron interstitials and iron
vacancies are also present in pure Fe,Os;. Kraushofer et al®
reported extensive surface studies of Fe,O; (1102) single crystal
using low energy electron diffraction (LEED), X-ray photoelec-
tron spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS), scanning tunneling microscopy (STM), and atomic force
microscopy (AFM), during oxidation and reduction. These
results collectively highlight the complications inherent in
the characterization of surface defect-related properties that
are typically examined in a controlled environment of ultra-
high vacuum and ambient temperature. Such conditions are
incommensurate with the actual surroundings of Fe,O3
employed for practical applications. Studies of surface semi-
conducting properties of hematite by Adam et al.** dealt with
the effect of prolonged annealing on the contact potential
difference (CPD) between the surface of hematite and platinum
covered with a thin layer of PtO,. Since surface monitoring of
the charge transfer at the Fe,03;-O, interface is expected to offer
an insight into the role of surface defect disorder in reactivity,
this work aims to convert the CPD data reported before into WF
changes of Fe,0;.

High-temperature electron probe

The reactivity of metal oxides is determined by their ability to
transfer charge across the gas/solid interface. The related key
quantity has been considered in terms of the Fermi level, Ef,
that is commonly determined by the measurements of thermo-
electric power. However, the Er determined in this way corre-
sponds to the bulk phase.’® Because the reactivity of solids
depends on surface defect disorder,”™” the ability to transfer
charge should be considered in terms of the surface position of
the Fermi level. The HTEP may be used to determine the effect
of oxygen activity on the change of surface Fermi level position
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between two gas-solid equilibrium states.” Consequently, the
HTEP is uniquely positioned for direct diagnosis of surface
reactivity in gas-solid equilibrium in terms of the WF changes
that can be considered as an unequivocal surface property
that is well reproducible and independent of surface cleaning
procedures, if any.

3. Reactivity mechanism

The reactivity of metal oxides with oxygen may be considered in
terms of oxygen chemisorption, oxygen incorporation into the
surface layer and the transport through this layer, and oxygen
transport within the bulk phase.”'® Progression of oxygen
chemisorption is determined by the charge transfer between
the physically adsorbed oxygen species and the surface layer,
leading to the formation of differently ionized oxygen species.
The related charge neutrality condition requires that the charge
of chemisorbed (molecular and atomic) oxygen species is com-
pensated by the space charge within the boundary layer. At
elevated temperatures, chemisorbed oxygen species are quickly
incorporated into the surface layer in the form of doubly ionized
oxygen ions,”"” then these species migrate through the electric
fields within the space charge layer. It has been shown that these
fields have a substantial impact on surface segregation of
defects, which is rate controlled by diffusion.*® So far, little is
known about the impact of the segregation-induced electric field
on reactivity and the charge transfer at the gas/solid interface.
The challenge in understanding the mechanism of this process
requires iz situ surface monitoring that allows assessment of the
local equilibration kinetics within the surface layer. Such mon-
itoring can be performed with the HTEP, thanks to its unique
ability to operate at elevated temperatures and in the gas phase
of controlled oxygen activity.

4. Definition of terms and concepts
Effect of oxygen activity on semiconducting properties

Ionization of ionic defects results in the formation of quasi-free
electrons. Their concentration in equilibrium can be derived
from the mass-action law within a framework of the theoretical
defect disorder model:*

2
1 —AH¢
n = const p(Oy)mexp meT (1)

where 1/m,, is the parameter related to defect disorder and AH;
is the enthalpy related to the formation of defects. Verification
of selected models involves the measurements of defect-related
properties, such as electrical conductivity (¢), which is a bulk
property, or WF (@), which is a defect-related surface property.
Typically, examination of the isothermal effect of oxygen activ-
ity on these properties may be expressed by eqn (2) and (3),
respectively:”
1 dlogo

m,  0logp(0y) )

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00482a

Open Access Article. Published on 31 January 2024. Downloaded on 2/12/2026 2:29:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1 —loge 0P

kT 9logp(0n) (3)

my
where e is the Euler number, p(O,) is oxygen activity, and the
parameters 1/m, and 1/mg correspond to defect disorder
in the bulk phase and at the surface, respectively. The WF of
a semiconductor is defined in Fig. 1 in terms of WF compo-
nents including, the external WF, y, the WF related to surface
charge, &5, and the internal WF component related to the
Fermi level, &;,.”

As seen in Fig. 1, the change in WF reflects the change in
surface position of the Fermi level, Er, when the surface crystal-
line structure remains unchanged and the component y is
constant, and the change of the chemisorption related WF
component ®g can be ignored. The latter assumption is usually
correct at elevated temperatures. Then, we have:

A® = —AE; 4)

where A® denotes WF changes during oxidation or reduction.
The HTEP instrument measures the changes in contact
potential difference (CPD) between the studied specimen and
the reference electrode, which in this case is made of platinum
covered with a thin layer of PtO,.'* Therefore, the specimen’s
WF changes can be obtained from the following expression:

A® = ¢(ACPD) + A®,¢ (5)

where @, denotes WF of the reference specimen, e is an
elementary charge, and CPD is the contact potential difference.
The component A®,¢ can be determined from eqn (3) assum-
ing that the parameter mq, of the surface layer of PtO, is equal to
4. Possible presence of the surface charge during oxidation
and reduction experiments at elevated temperatures affects the
WF component @g, which at these temperatures is related only
weakly to oxygen chemisorption that results in a decrease of
surface energy. At the same time, surface segregation enriches
the surface layer in selected lattice elements derived from the
bulk phase. On the other hand, the potential change of the
external WF component, y, signals formation of the surface
structure on top of the bulk phase.

\ 5 BT
X
st ®
'(I)S
E. ‘
I(bin
EF _____________ G e

Fig. 1 Definition of work function for an n-type semiconductor.
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Surface cleaning versus heating to equilibrium

Commonly applied surface cleaning procedures include exposure
to vacuum or ion bombardment. While these procedures are
critical for removal of adsorbed impurities,'® their key disadvan-
tage is imposition of a surface defect disorder that is affected by a
range of effects, such as (i) time exposure to vacuum, (ii) oxygen
activity of the applied vacuum, and (iii) the time and energy
of species used for bombardment that are not well-defined.
Therefore, the results of defect-related surface sensitive tools,
such as scanning tunnelling microscopy (STM), are reflective of
surface properties that are profoundly affected by the applied
cleaning procedures rather than intrinsic surface properties.
An alternative type of surface processing of oxides is heating
to the level of gas/solid equilibrium. Then the surface layer is
well-defined by the gas/solid equilibrium. The advantage of this
type of procedure is an outstanding reproducibility of surface
properties that are well-defined by conditions of the equilibrium.
Consequently, this kind of surface characterization results in
unequivocal surface properties. However, this experimental
approach requires a surface sensitive tool that allows surface
characterization at elevated temperatures corresponding to gas/
solid equilibrium.

Surface sensitive tool operating at elevated temperatures
corresponding to defect equilibria

Here we report the use of the HTEP in surface monitoring of
Fe,0; at 1140 K and consider charge transfer at the Fe,03/0,
interface during establishment of the gas/solid equilibrium.
This experimental approach aims to understand the gas/solid
equilibration from surface perspective.

5. Aim

Gas/solid equilibration from surface perspective

While it has been commonly assumed that the gas/solid
equilibration of the metal oxide/oxygen system is rate determined
by bulk diffusion and the surface reaction is fast,>*?° the use of
WF measurements in surface monitoring of the charge transfer
during oxidation of metal oxides indicates that the equilibration is
rate controlled by surface segregation of defects derived from the
bulk phase.”" The objective of this work is to examine the gas/
solid equilibration for the Fe,0;-O, system using the HTEP.

Effect of prolonged annealing on surface properties

In this paper we use the CPD data of the Fe,O;-PtO, system
reported earlier®® to determine WF changes of the Fe,O; phase
using the defect-related parameter of the surface layer of PtO,,
1/mg [eqn (3)]."* The previous work was focused on the char-
acterization of the effect of surface mechanical treatment, such
as grinding and polishing, in terms of the CPD data of the
studied system. It has been shown that irreversible surface
defects, such as grooves, have a profound effect on surface
properties. The present work aims to perform a quantitative
analysis of surface semiconducting properties of Fe,O; and the
related disorder of point defects, which are thermodynamically

Energy Adv, 2024, 3, 614-624 | 617
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reversible. The analysis is focused on properties of the surface
layer that is free of grooves as they were removed during
the initial stage of annealing. Here we show that prolonged
annealing of Fe,O; leads to the formation of a segregation-
induced n-type surface layer on top of the intrinsic bulk phase.

Thermodynamic framework

This work aims to assess surface properties in terms of the
thermodynamic framework when the surface layer is equili-
brated with both the gas phase and the bulk phase. This is a
pioneering approach to in situ surface monitoring because it
investigates the influence of thermodynamics on surface prop-
erties during prolonged annealing.

Adsorption versus surface segregation

Surface characterization is commonly preceded by surface
contaminations caused by adsorption of species derived from
the gas phase."® Surface segregation of species derived from the
bulk phase is a phenomenon that is governed by the same law.
So far, however, little is known about the effect of segregation
on surface properties due to the lack of a tool that allows in situ
surface monitoring during segregation-induced changes in
surface properties. Here we show that the HTEP instrument
is uniquely positioned to determine the effect of segregation-
induced surface enrichment.

6. Experimental
Specimen

The polycrystalline specimen of Fe,O; was supplied by Merck.
Powder of average grain size of approximately 50 pm was
initially pressed into slabs (1 mm x 8 mm x 8 mm), then
sintered at 1673 K in air for 10 h, and finally polished with
0.1 pm diamond powder. SEM images of the polished speci-
mens before annealing have been reported elsewhere.**

Instrument

The description of the HTEP instrument has been provided
before.” The studied specimen is placed on the lower electrode
and forms a dynamic capacitor with the upper reference Pt
electrode attached to the vibration system.

Procedure

Desired oxygen activity in the reaction chamber was imposed by
the argon-oxygen mixture of controlled composition flowing
through the reactor. Isothermal rapid changes of oxygen activ-
ity result in a CPD change that assumes stable values within 10—
20 min. A zirconia oxygen sensor was employed to determine
the ambient oxygen activity in the gas phase. The raw CPD
results for the Fe,O;-PtO, system determined during annealing
at 1140 K in the gas phase of controlled oxygen activity have
been initially reported elsewhere.* Eqn (5) was used to convert
the CPD changes into WF changes of hematite during the
prolonged annealing and the associated experiments of oxida-
tion and reduction at 1140 K.

618 | Energy Adv, 2024, 3, 614-624
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Experimental testing and characterization

The testing procedure applied in this work involves the follow-
ing characterizations:

(1) The determination of the effect of oxygen activity on
changes in the surface position of the Fermi level, defined by
eqn (4), which is considered as a collective surface property.

(2) The determination of the effect of prolonged annealing
on defect-related quantities for the bulk phase, 1/m,, and the
surface layer, 1/mg4, which are considered as local properties
associated with the predominant type of defects.

7. Results

Earlier work

The raw CPD results, corresponding to prolonged annealing of
the Fe,03;-PtO, system at 1140 K, including both oxidation and
reduction experiments, were obtained earlier.>* These studies
sought to understand the effects of polishing of the hematite
specimen on its surface properties during prolonged annealing.
It has been shown that the surface reactivity with oxygen
involves two steps: a preliminary step, lasting 30 h, associated
with removal of microscopic grooves left after polishing, and a
subsequent step of equilibration with the gas phase for the
surface free of grooves. These studies indicate that the reactivity
mechanisms for these two types of surfaces are different.

Present work

The present work evaluates the reactivity mechanism at the
Fe,0;-0, interface and the related charge transfer for the
specimen with an annealed surface that is free of grooves.
The objective is to assess the effect of prolonged annealing of
the hematite specimen on the WF changes at 1140 K and the
associated changes of both the surface Fermi level and the
defect-related parameter 1/mg at t > 30 h. This, consequently,
requires conversion of the previously reported CPD data*®* into
WEF changes of the hematite surface and analysis of the results.

Present results

The obtained WF changes induced by isothermal oxidation and
reduction experiments performed during the prolonged anneal-
ing at 1140 K are represented in Fig. 2(a).

As seen in Fig. 2(a), long annealing results in the following
character of the WF changes (dashed lines) with time, ¢

(1) For ¢ < 30 h, oxidation and reduction results in insig-
nificant WF changes that have been considered before.**

(2) At around 30 h, oxidation and reduction practically do
not result in WF changes.

(3) For ¢t > 30 h oxidation and reduction lead to WF decrease
in both cases, although the change is more pronounced for
reduction runs.

The WF changes within oxidation and reduction experi-
ments are shown in Fig. 2(a) as thick arrows. The related data
were assumed to be stable when they did not change substan-
tially within 10-20 min.** Each arrow represents a single
oxidation or reduction run, starting with a rapid change of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen activity in the gas phase. The arrow’s head-points
represent the final “stable”” values at the end of an individual
run. It is easy to notice that those “stable” values, interpolated
with blue and red dashed lines in Fig. 2(a), are not really stable
but exhibit a slow drift. Only after over 300 h annealing the WF
changes assumes constant values, indicating a state of thermo-
dynamic equilibrium. The WF changes shown in Fig. 2(a), are
further represented in terms of (i) the WF components involving
both the surface charge, A®s, and the external WF changes, Ay,
and (ii) the defect-related surface parameter, 1/mg, in Fig. 2(b)
and 2(c), respectively.

8. Discussion

The obtained WF data that have been determined in gas/solid
equilibrium can be considered as unequivocal intrinsic surface
properties that are not affected by surface processing procedures,

=S N I B B N N L N I B S ) D B B =

Fe203 PC |

AD [eV]

A ., 0
OXIDATION (0): p(O,) = 4.4-10° Pa o
-0.6[~ REDUCTION (R): p(0,) = 2.0-10 Pa

C b b b b
AL LS N N N I B N B B

-ADg [eV]

1/m

N I\ T T T T T I T T I T T I T IO Y

0 50 100 150 200 250 300
TIME OF ANNEALING [h]

Fig. 2 Surface properties of polycrystalline specimen of the hematite
phase during prolonged annealing at 1140 K, including (a) the excursions
in WF during successive oxidation (O) and reduction (R) experiments, (b)
variations in the WF component &s in both oxidizing and reducing
conditions, and (c) changes in the defect-related parameter for the surface
layer 1/m¢ determined experimentally in the present work, and the defect-
related parameter, 1/m,, for the bulk phase corresponding to the intrinsic
defect disorder.2*?’
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such as cleaning. These results are considered in terms of (i)
surface equilibration mechanism, (ii) surface defect disorder, and
(iii) surface semiconducting properties.

Influence of temperature on diffusion rate

The effect of temperature on diffusion can be described accord-
ing to the following expression:®

D= Dyexp &%) (©)

where:
2
Ep = %AHf + AI'Imob (7)

where AH; and AH,., are enthalpy terms related to the
formation and the mobility of defects, D, involves entropy
terms and other parameters, such as frequency of jumps, and
m is a defect disorder-related quantity. The self-diffusion
coefficient, D, is related to the chemical diffusion coefficient,
De¢hem, according to the following expression:

1
Depem = (1 + |ZDDF¢1 (8)

where z is the valency of diffusing defect species, and Ny is the
concentration of the defect species. Eqn (6) leads to the
conclusion that at lower temperatures, when defect disorder
is quenched, diffusion is determined by defect’s mobility.
However, at higher temperatures, when changes in oxygen
activity result in the formation/removal of defects and their
transport, the effect of temperature on diffusion should be
considered in terms of both enthalpy terms mentioned above.
Eqn (8) defines the chemical diffusion coefficient that charac-
terizes the transport of defects in concentration gradients.

Surface equilibration mechanism

Stationary versus equilibrium states. The arrows representing
the WF changes during oxidation and reduction experiments
(Fig. 2(a)), indicate that the final WF data is considered as stable.
However, the observed drift of the WF changes representing the
effect of annealing on surface properties, demonstrates that the
“stable” WF data at the end of a specific run represent a
stationary state, rather than a true equilibrium. The prolonged
drift of WF changes suggests the progression of a slow surface
reaction that is associated with segregation of defects, as it has
been observed during prolonged annealing of TiO,."> The full
gas/solid equilibrium in the Fe,0;-0, system is established after
300 h at 1140 K.

Equilibration kinetics. Imposing of a new oxygen activity in
the reaction chamber at 1140 K results in a rapid change of
surface potential within minutes, which is followed by a slow
drift.>* The effect shown in Fig. 2, which reflects surface
reaction, is in apparent disagreement with the present under-
standing of the reactivity of metal oxides assuming that surface
reactions are typically rapid and not rate-controlling.>**° The
most feasible explanation of this effect is the formation of the
segregation induced QISS.”"?
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Fig. 3 Schematic representation of transport processes during gas/solid
equilibration of ionic solids.

The key question here is: what is the reason for the excep-
tionally long time required for surface equilibration of ionic
solids, such as hematite? The answer to this question requires
recognition that equilibration of metal oxides during oxidation
and reduction involves two parallel processes (Fig. 3):

(1) Penetration of oxygen activity from the gas/solid interface
towards the bulk phase, and

(2) Segregation of lattice species derived from the bulk phase
and migrating to the surface.

Effect of segregation on gas/solid equilibration. The reported
studies agree that the bulk phase of hematite is an intrinsic ionic
conductor, and that its predominant defects are oxygen vacancies
and iron vacancies at comparable concentrations.>*® The results
obtained in this work, which show that prolonged annealing
results in WF decrease in both oxidizing and reducing conditions
(Fig. 2(a) and (b)), indicate that the surface layer during the
annealing process is enriched with donor-type defects, such as
oxygen vacancies and iron interstitials. Moreover, the observed
evolution of the parameter 1/mg from zero at ¢ = 30 h, to 0.7 after

View Article Online
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300 h of annealing at 1140 K (Fig. 2(c)) indicates that the defects
within the surface layer after the annealing cannot be considered
in terms of the ideal defect model. It is reasonable to expect that
the increased concentration of defects within the surface layer
results in increased interactions between defects, leading to the
formation of complex structural lateral features that can be
considered as QISS. Consequently, surface segregation of donor-
type defects in Fe,O;, such as oxygen vacancies or iron intersti-
tials, instigates a build-up of a surface layer that exhibits n-type
semiconducting properties on top of the intrinsically conducting
bulk phase of hematite. The mechanism of segregation is sche-
matically represented in Fig. 4, showing the transport of iron ions
from the lattice sites in the bulk phase to interstitial sites at the
surface (Fig. 4(a)), and diffusion of oxygen vacancies derived from
the bulk phase to the surface via the substitutional mechanism
(Fig. 4(b)).

While the driving force of oxygen penetration is the differ-
ence in the chemical potential of oxygen between the gas phase
and the lattice, the driving force in defect segregation is the
difference in the chemical potential of segregating species
between the bulk phase and the surface layer. In both cases,
the difference diminishes with time until the driving force
disappears. The observed long period of time required for
surface equilibration, compared to the time of bulk equili-
bration, has been observed for both single crystals and poly-
crystalline specimens.” Oxygen penetration from the gas phase
can be treated as occuring in semi-infinite system from con-
stant oxygen activity. Segregation, on the other hand, proceeds
from a finite system, limited by the size of the specimen. Here,
the concentration of species available for migration decreases
with time within the bulk phase. Additionally, the expected
appearance of the QISS with different bulk defect disorder
changes the local environment of the segregating species, and
hence their chemical potential as well. It is likely that these
factors together lead to a much weaker segregation driving

b)

Fig. 4 Schematic representation of surface segregation of (a) cation interstitials, and (b) oxygen vacancies in ionic solids, where yellow points represent

Fe interstitials and squares are oxygen vacancies.
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force and longer times necessary to achieve equilibrium. Owing
to the dynamic character of the driving force of segregation, the
equilibrium state is being approached asymptotically over a
long period of time.

Surface defect disorder

Defect-related surface properties. The observed WF changes
shown in Fig. 2(a) and (b), which reflect an increase of the
surface Fermi level position during oxidation and reduction
experiments, by 0.2 eV and 0.6 eV, respectively, suggest that the
applied prolonged annealing results in building-up of an n-type
surface layer on top of the intrinsic bulk phase of hematite. As
shown in Fig. 2(c), the defect-related parameter 1/mg, repre-
senting an average ionization degree of all defects within the
surface layer, increases during the annealing from the initial
value of 1/mg = 0 at t = 30 h, to the final value of 1/mg4 = 0.7, and
these changes are consistent with the formation of a surface
local structure. At the same time, the bulk-related parameter
1/m, remains constant. The character of the observed depen-
dence of 1/mg versus time (for ¢t > 30 h), which is similar to the
dependence observed for TiO, during annealing,'® suggests
that the applied prolonged oxidation and reduction result in
building up of the QISS. This effect is consistent with the
expected long-range lateral interactions between defects within
the surface layer that is enriched by segregation.” The most
surprising aspect of the obtained results is (i) the exceptionally
long time required for equilibration of the surface layer, which
is substantially longer than that required for bulk equilibration,
and (ii) the increased surface Fermi level as a result of increased
oxygen activity in the surrounding gas phase. It is very surpris-
ing that oxidation of the bulk phase results in reduction of the
surface layer.

Surface versus bulk defect disorder. Bulk properties of
hematite in gas/solid equilibrium, within the oxygen activity
range similar to that in this work, have been attested to as
intrinsic semiconducting properties by both Change and
Wagner* in the temperature range 1223-1695 K, as well as
Gleitzer et al.”” at 1253 K. Its intrinsic conduction is considered
in terms of the Schottky-type defect disorder®® according to
Kroger-Vink notation.?”

nil < 3Vy + 2V{, (10)

As seen in Fig. 2b, both reduction and oxidation experi-
ments increase the surface Fermi level position. Such donor-
like behavior could be explained by reaction (eqn (11)) occuring
close to the surface:

3
F€203 — ZFG;“ =+ 6¢’ + EOQ

(11)
Alternatively, segregation-induced enrichment of the surface
layer with donor-type defects may also be considered in terms
of surface segregation of iron ions removed from their lattice
sites in the bulk phase, where these defects are electrically
neutral, and transported into interstitial positions in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface layer where these ions act as donor-type defects:

(Fef)g— (Fef™ + 3¢') (12)

where the subscripts B and S correspond to the bulk and the
surface layer, respectively. Surface segregation expressed by
eqn (12) results in imposition of negative surface charge.

Surface semiconducting properties

Work function as defect-related surface property. Despite
the complexity of defect disorder in crystals, the measurements
of the WF changes allows to distinguish between the impact of
donor- and acceptor-type defects on semiconducting properties.
While the performed experiments included surface monitoring
during oxidation and reduction, the determined WF changes
indicate that in both cases the surface layer is reduced.

The obtained results imply that the surface of Fe,O; is
predominantly enriched with a donor-type defects, and their
concentration exceeds their local solubility limit, hence trigger-
ing formation of the QISS.

Surface defect engineering (SDE)

Surface defect engineering. The development of SDE is
needed for the creation of active sites required for desired charge
transfer.*® The obtained results indicate that the established
time and p(O,) dependence of segregation may be used for the
imposition of an optimal defect disorder that is required for
desired performance by deliberate termination of the process at
different stages of segregation.’® The analysis of the WF changes
during prolonged annealing indicates that segregation of intrin-
sic defects results in the formation of the QISS. The results of
this study demonstrate that the HTEP is uniquely positioned for
in situ monitoring of surface segregation of intrinsic defects and
the consequent impact on semiconducting properties. This case
study on hematite and the reported effects may be used to tailor
surface semiconducting properties and the associated reactivity.
The insights gained in this work are relevant and directly
applicable to further studies of surface defect properties and
behaviour of intrinsically doped photoactive oxides in general.

Significance. The significance of the reported WF data,
representing the in situ monitoring of the gas/solid reactivity
from surface perspective, can be considered in terms of the
following points:

(1) The performance of energy materials, in terms of energy
conversion efficiency, stability and reproducibility, requires
recognition that their reactivity is profoundly affected by surface
segregation that cannot be ignored even at room temperature.

(2) The reactivity of energy materials is determined by the
QISS that is formed in the applied operational environment.
Therefore, progress in processing of energy materials with
desired performance requires SDE that can be guided by the
HTEP instrument.
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9. Surface restructures
Relevance of high-temperature studies to applications

The results, acquired at 1140 K, raise a pertinent question regard-
ing their applicability to practical conditions, given that most
devices do not operate at such elevated temperatures. It is generally
true that many energy materials operate at ambient or moderate
temperatures. However, a large majority of them are synthesized,
fabricated, or processed at high temperatures and oxygen environ-
ments relevant to the experimental conditions employed in this
study. Extended exposure to such temperatures and oxygen activ-
ities results in changes in their surface structure and properties as
reported here. However, the significance of surface properties
studied at elevated temperatures also involves the thermodynamic
framework. So far, little is known about the impact of thermo-
dynamics on surface properties. First, this framework allows the
determination of surface properties that are independent of surface
processing procedures, such as cleaning. The key significance of
this approach is that for the first-time surface properties and bulk
properties can be assessed in terms of a single concept of thermo-
dynamics forming a bridge between solid-state science and surface
science. The bridge opens access to the discovery of new materials
with well-defined surface properties that can be predicted by
thermodynamics. Moreover, this approach also opens-up new areas
of high-temperature surface science and interface engineering.

Adsorption versus segregation

Surface reconstructions are commonly expected in recognition of
the tendency of the surface to decrease the excess of surface
energy. However, it has been commonly assumed that the key
phenomenon associated with reduction of surface energy is
adsorption of species derived from the gas phase. There is little
information about surface segregation, which is the phenomenon
of adsorption of species derived from the bulk phase. While the
latter phenomenon has a substantial impact on surface proper-
ties, quantitative assessment of the related effect on surface
properties is not a trivial matter. The results obtained in the
present work indicate that the consequences of surface segrega-
tion of intrinsic defects on surface properties are substantial in
terms of the resulting build-up of the QISS and the capacity to
transfer charge. The reported data show that the HTEP is uniquely
positioned for surface monitoring of the surface re-structure
because of the QISS build-up. The latter effect indicates that:

(1) Surface segregation may be applied in SDE for modifica-
tion of surface reactivity in a controlled manner,

(2) Surface segregation is profoundly affected by oxygen
activity, and

(3) The rate of surface segregation, which is markedly slower
than that of the gas/solid kinetics that is rate-controlled by
lattice diffusion, imposes the need for a better understanding
of the impact of the segregation-induced electric fields on
surface restructure in operational conditions.

Impact of segregation on data reproducibility

It has been shown that metal oxides in the operational environ-
ment are covered by a segregation-induced low-dimensional
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View Article Online

Paper

quasi-isolated surface structure (QISS) formed on top of the
bulk phase. Therefore, the reactivity of energy materials based
on oxides is determined by this surface structure rather than
the structure beneath the QISS. Moreover, processing of oxide
semiconductors for solar water splitting entails recognition
that (i) reproducible performance of solar cells requires the
formation of a stable QISS, and (ii) the energy conversion
efficiency is determined by its defect disorder. Consequently,
the HTEP instrument that is positioned for in situ characteriza-
tion of surface properties in gas/solid equilibrium, opens-up
the area of high-temperature surface science dealing with
unequivocal surface properties that are independent of surface
processing procedures, such as cleaning.

10. Summary
The hematite phase

The in situ surface characterization of Fe,O; by WF measure-
ments in controlled oxygen activity indicates that surface
semiconducting properties of the hematite phase change from
intrinsic to n-type properties during annealing at 1140 K. This
effect indicates a critical role of surface segregation of donor-
type intrinsic defects (Fe interstitials and/or oxygen vacancies)
in that transition, which are derived from lattice sites in the
bulk phase. The equilibration within the Fe,0;-O, system is
rate-controlled by surface reaction, rather than bulk diffusion.
The proposed surface reaction is the segregation-induced for-
mation of the QISS that is charged negatively with respect to the
bulk phase. Long annealing results in a slow drift of the defect-
related parameter 1/mg. Its final value may be considered as an
unequivocal surface property that is determined solely by the
conditions of the equilibrium: oxygen activity and the tempera-
ture of annealing.

Other energy materials

The in situ monitoring of the charge transfer for other energy
materials based on oxide semiconductors resulted in similar
observations of surface reconstructions, leading to the for-
mation of the QISS. It has been documented that isothermal
oxidation and reduction at elevated temperatures lead to
monotonous changes of defect-related surface quantities,
including both 1/mg (eqn (3)) and Eg (eqn (4)), over a prolonged
period of time for NiO,® FeO,>'° Y-doped ZrO,,"""* BaTiO;"*
and TiO,." In an exceptional case of CoO, imposition of
monotonous changes of oxygen activity resulted in stepwise
changes of the Fermi level suggesting the formation of a range
of p(0,)-sensitive surface structures.’* In several instances,
both single crystals and polycrystalline specimens have been
studied.” The observed effects confirm that the interpretation
of the reactivity of energy materials requires recognition that (i)
the phenomenon of surface segregation of species derived from
the bulk phase leads to self-assembled QISS, and (ii) the
reactivity and the related charge transfer are profoundly
affected by the local defect disorder of this surface structure
in operational conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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11. Conclusions

The established effect of surface defects on the performance of
oxide materials in energy conversion, such as water oxidation,
imposes the need to understand the impact of defects on the
charge transfer associated with transitions of surface equili-
bria. Moreover, there is a need to develop SDE that allows
imposition of an optimal surface defect disorder required for
desired performance. Such studies require a defect-related
surface sensitive tool that enables in situ characterization of
the effect of surface defects on the charge transfer associated
with surface reactions. The HTEP reported here is the tool that
allows for advancement in the field of processing of energy
materials. Furthermore, the HTEP offers unique capacity for
in situ monitoring of the surface Fermi level during surface
reactions, which allows experimental insight into the related
charge transfer that is critical for the reaction progress. The
related experimental studies show that:

(1) Surface semiconducting properties of oxide materials are
profoundly affected by surface segregation leading to the
formation of the QISS, which has a profound impact on the
performance of materials for energy conversion devices, such
as solar cells, fuel cells, catalysts and photocatalysts, and

(2) The HTEP is uniquely positioned for in situ surface
monitoring of the effect of surface segregation of defects on
surface semiconducting properties.
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