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We use X-ray photoemission and a near ambient pressure with a liquid microjet setup to investigate the
electronic structure of FeOOH nanoparticles dispersed in aqueous solution. In particular, we show that
by using X-ray resonant photoemission in dilute solutions, we can overcome the limits of conventional
photoemission such as low nanoparticle-to-solvent signal ratio, and local nanoparticle charging and
measure the valence band structure of FeOOH nanoparticles in aqueous solution with chemical
specificity. The resonant photoemission signal across the Fe 2ps,, absorption edge is measured for 2
wt% aqueous solutions of FeOOH nanoparticles (NPs) and the valence band maximum (VBM) of the
hydrated FeOOH nanoparticles is determined. We compare the obtained VBM value in aqueous solution

to that of FeOOH NPs in the dry phase. We show that the valence band edge position of NPs in the
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Accepted 30th May 2021 iquid phase can be accurately predicted from the values obtained in the dry phase provide a
a simple potential shift due to solution chemistry is applied. Our results demonstrate the suitability of
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Introduction

Since the work of Fujishima and Honda on the production of
hydrogen from the photoelectrochemical splitting of water,*
metal oxide based materials have been used as the photoactive
element in (photo)electrochemical cells for the production and
storage of clean energy. In addition to energy storage in water
splitting devices and energy conversion in dye-sensitized solar
cells,>® heterogeneous photocatalysis involving metal oxides
immersed in electrolyte solutions has been employed for
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conventional non-resonant photoemission technique fails.

a number of other applications including the removal of
pollutants from water, photocatalytic organic synthesis and
antitumoral medical applications.

Exploiting the unique properties of nanoscale objects, such
as increased surface area, decreased charge carrier path or
variations of band gap due to quantum size effects, is one of the
strategies employed to enhance the efficiency of existing semi-
conductors and metal oxides in (photo)electrochemical
devices.* The determination of the band edges of nanosized
materials used in such systems, where the nanoparticle (NP)
semiconductor operates in aqueous electrolyte solutions, is of
fundamental importance to understand the device operation
since the position of the band edges gives information on the
reductive and oxidative power of the generated electrons and
holes.>® Experimental determination of the relative energies of
the band edges is critical to assess whether charge transfer can
take place, since charge transfer occurs when an electron in the
semiconductor conduction band reduces an electron acceptor
species in the electrolyte and/or a hole in the semiconductor
valence band oxidizes an electron donor species in solution.

The position of the band edges of a semiconductor cannot be
easily predicted or taken from the literature due to the depen-
dence on its surface charge and, for a semiconductor in contact
with an electrolyte solution, the influence of the ionic condi-
tions of the electrolyte. Additionally, the structural arrangement
and composition of the semiconductor surface, which depends
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on the synthetic strategy used, also directly affects the band
edge position. Here, in situ experimental methods can give
a direct insight into the NP band edge position.

Most of the (photo)electrochemical methods available to
measure band edges under in operando conditions are based on
the determination of the so-called flat-band potential, i.e. the
potential at which the bending of semiconductor bands at the
semiconductor/electrolyte interface is zero.” The determination
of the flat-band potential gives directly the position of the
conduction band edge with respect to the normal hydrogen
electrode (NHE). However, it is well known that the various
techniques for determining the flat-band potential can yield
different results and could mislead the analysis of photo-
electrode performance.® Furthermore, the valence band edge is
determined only indirectly by adding the optical band gap of the
material as no known experiment can directly interrogate its
position.

The magnitude of the band bending is directly related to the
space-charge layer that arises in the semiconductor during the
thermodynamic equilibration process via electron transfer
through the interface. For nanosized objects, the space-charge
layer thickness cannot exceed the size of the nano-object (i.e.
the radius in case of spherical nanoparticles), restraining the
possible barrier height at the interface. This means that in the
absence of a strong applied field, the bands in a nanoparticle
are essentially flat and most electrochemical methods cannot be
applied to measure the band edge position. To the best of our
knowledge, the only method available to measure the conduc-
tion band edge in the case of nanoparticles in aqueous solution
is the one developed by Roy® which exploits the pH dependence
of band edges. This method requires the nanoparticle solution
to be stable over a broad range of pH and therefore can be used
only with a limited number of nanoparticles in aqueous
solution.

Spectroscopic methods such as ultraviolet or X-ray photo-
emission spectroscopy (XPS) give the possibility to directly
probe the position of the valence band maximum relative to the
vacuum level (VL) of the system through the measurement of
the ionization energy (IE). Although traditionally limited to
(ultra)high vacuum conditions, and therefore applicable to the
dry state measurements only, XPS can nowadays be coupled
with a liquid microjet in order to measure aqueous samples
such as nanoparticle solutions.' Limitations in this approach
have to date prevented the direct measurement of valence band
edges from nanoparticle solutions because strong signals from
the solvent dominate the region of the spectra in question.

Here we show that X-ray resonant photoemission spectros-
copy (RPES), an extension of XPS, can be used to selectively
enhance and identify the valence band features of nanoparticles
dispersed in aqueous solution and ultimately to determine the
valence band edge of such objects with chemical resolution.
RPES in thin films has been extensively used in studies of
ultrafast electron delocalization**® and also for spectral
recognition with chemical and oxidation state selectivity in the
valence electronic structure in complex systems."””" In partic-
ular, in RPES, the photon energy is tuned to the atom-specific
absorption edge, whereupon the process of core hole creation
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and decay with autoionization resonantly enhances the VB
electron emission. The strength of resonances reflects the
spatial overlap among the core and the excited and the VB
wavefunctions involved in the RPES, allowing chemical and
orbital recognition of the VB spectral features. Notably, recent
work by Ali et al has demonstrated the power of RPES in
enhancing the photoemission signal in liquid dispersed
systems."”

In this work we use RPES for FeOOH NPs dispersed in
aqueous solutions to evidence the Fe related photoemission
signal in the upper valence band of the NP and determine the
energy position of the valence band edge in the FeOOH NPs.

Experimental

We use the near ambient pressure XPS endstation of the Swiss
Light Source® in conjunction with a liquid microjet* to inves-
tigate the electronic structure of iron oxide nanoparticles
dispersed in aqueous solution. The photon energy resolution
was better than 150 meV and the overall photoemission spectra
resolution was better than 300 meV.>* The NP aqueous solution,
purchased from PlasmaChem, has a certified nanoparticle
concentration of 2 wt% and contains spherical iron oxide NPs
with a mean size of 6 nm. The pH of the solution, measured
before injecting the solution into the microjet with a four point
calibrated pH meter, is 1.7(+0.1). Through powder X-ray
diffraction measurements of an evaporated aliquot of the
nanoparticle solution (ESI Fig. S1t), we are able to identify the
crystalline structure of the NPs as goethite (FeOOH). Moreover,
the NPs are declared by the producing company to be ligand-
free, and the XPS survey of the solution (ESI Fig. S21) does not
show any detectable element characteristic of a ligand, such as
carbon or nitrogen.

Results and discussion

Fig. 1 shows the comparison of the valence band spectra of 2
wt% FeOOH nanoparticles in water (red trace) and of 0.05 M
NaCl electrolyte solution (blue trace), both taken with a photon
energy of 706.47(+0.14) eV. The high photon energy used for the
VB measurement provides higher kinetic energies and therefore
larger escape depths of emitted electrons, allowing probing of
a larger sample volume. During the measurement, the liquid jet
was biased with —25 V in order to separate the gas phase from
the liquid phase VB contributions and eliminate the former
from the valence band region.”® No shifting or broadening of
spectral features due to sample charging is observed, as
demonstrated by comparing the spectra measured with
different photon fluxes (ESI Fig. S31). The overall shape of the
0.05 M NaCl spectrum is virtually indistinguishable from that of
FeOOH NPs, as evidenced by the absence of any features in the
difference spectrum (Fig. 1, black trace).

The evidently featureless difference spectrum indicates that
the solvent (water) spectral features completely dominate the
valence band signal of the NP aqueous solution in this energy
range. This may be expected especially for diluted solutions and
in cases where the valence band orbitals of NPs and of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of the valence band region of 0.05 M NaCl (blue
trace) and 2 wt% FeOOH NP aqueous solutions (red trace). The spectra
were taken while the jet was biased with —25 V and the photon energy
was hy = 706.47 eV. The 0.05 M NaCl curve is aligned and intensity
scaled to the FeOOH curve, revealing no significant spectral differ-
ences (black line). The 1b; peak of water is labelled.

solvent are energetically degenerate. However, for iron oxides,
the valence band edge is expected to lie between 6 and 8 eV
below the vacuum level,*® which is considerably higher than the
highest lying orbital (1b,) of water (i.e. closer to the vacuum
level).?”* The lack of any detectable signal above the 1b, peak of
water can be rationalized when considering the NP spatial
distribution at the liquid/gas interface. In fact, depending on
their hydrophilicity, the NP spatial distribution is not exclu-
sively concentrated at the liquid/gas interface but may also
extend into the liquid phase.*** The water layer then strongly
attenuates the photoelectrons generated from the more hydro-
philic NPs farther from the interface, resulting in a valence
band spectrum where only the features of the solvent are
evident. This makes XPS measurements of the NP VB edge in
dilute solutions practically unfeasible.

In order to increase the NP signal relative to that of the
solvent, a straightforward strategy would be to increase the
concentration of NPs in the solution. However, the concentra-
tion range is limited by the stability of the solution and typically
low concentrations are required in order to avoid NP precipi-
tation. Moreover, charging effects can be observed in the XP
spectra when using higher NP concentrations or too high
photon fluxes, both of which prevent quantitative determina-
tion of the band edge position. Finally, low concentrated solu-
tions are easier to synthesize and, particularly for expensive
materials, reduce the overall cost of liquid jet experiments since
several hundred milliliters of solution are consumed.

An alternative strategy to selectively enhance the photoelec-
tron signal coming from the NPs is to tune the photon energy to
an absorption edge characteristic of the NP constituents and to
perform a resonant photoemission spectroscopy (RPES)
measurement. Here, the photon energy is swept across an
element specific absorption edge and the VB photoemission
spectra are collected at each photon energy. The whole set of
RPE spectra can be represented in a 2D color map of photo-
emission intensity (see Fig. 2) as a function of photon energy

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 RPES color map of a 2 wt% FeOOH NP aqueous solution taken
as the photon energy is swept across the Fe Ls-edge. The spectral
feature at an |IE of about 7.5 eV resonates in correspondence to the Lz
eg resonance at 710.0 eV photon energy. On the right side of the RPES
map, the NEXAFS signal obtained by integrating the PE intensity over
the Fe LMV Auger energy window (from 560 eV to 640 eV kinetic
energy) is shown. The off-resonance (red trace) and on-resonance PE
spectra (green trace), measured with a photon energy of 706.5 and
710.0 eV, respectively, are directly compared in the bottom part of the
figure. The schematic energy diagram shows the participant decay
channel following the Fe 2p — e4 excitation.

(vertical scale) and electron ionization energy (abscissa). Across
the absorption resonance, the direct photoemission from the
valence band is rivaled by indirect, Auger mediated processes of
core-hole creation and subsequent de-excitation through auto-
ionization termed participant Auger decay (see the inset of Fig. 2
and ESIt for details). Although energetically degenerate with
direct photoemission, the intensity of the participant Auger
decay usually dominates the spectrum due to the resonant
increase of the photon absorption cross-section when the
photon energy is tuned to the absorption edge. The chemical
specificity of RPES is a direct consequence of the resonant
nature of the process in which the initial, atomically localized
core orbital, the intermediate empty orbital and the final
valence orbital need to overlap.** Observation of VB resonances
therefore evidences the specific element involvement in the VB
features.

The Fe L; near-edge X-ray absorption fine structure (NEXAFS)
spectrum of the 2 wt% FeOOH aqueous solution is shown on
the right hand side of the RPES map (Fig. 2, open circles). It is
obtained by integrating the total signal measured in the Fe LMV
Auger energy window (from 560 eV to 640 eV kinetic energy), in
order to compare the absorption peak position with the VB
resonances in the RPES map. In this photon energy range, the
NEXAFS spectrum shows two peaks that, according to previous
results on iron oxide systems, can be attributed to the crystal-
field splitting of the Fe 3d orbitals due to the octahedral
symmetry around the iron site.** The position of both the main
(eg) and the minor peak (t,g) at 710.0 eV and 708.5 eV, respec-
tively, yield a crystal field splitting of 1.5(+0.1) eV, and the
relative peak intensities are consistent with the NEXAFS
absorption spectra reported for goethite nano-objects in a non-
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aqueous environment.** From this close resemblance of our Fe
NEXAFS with that of goethite NPs in the dry phase, we conclude
that the contribution from other iron species, such as dispersed
Fe' ions, is negligible. In fact, the NEXAFS spectrum of Fe' ions
is significantly different from our spectrum,® with the main
absorption peak of Fe' ions occurring at 708.4 €V, whereas it has
a minimum at 710.0 €V, where the FeOOH 2p — e, resonance
lies. We can therefore safely assign the observed resonances to
the dispersed FeOOH NPs.

Next, we turn to the Fe L;-edge RPES map of the 2 wt%
FeOOH aqueous solution shown in Fig. 2. Under off-resonance
conditions, ie. with the photon energy set just below the
absorption edge (hv = 706.5 eV), the valence band spectrum of
the NP aqueous solution closely resembles that of a low elec-
trolyte concentration water solution (red trace, below the RPES
map, compare to Fig. 1). However, when the photon energy is
swept across the Fe-L; edge, the appearance of additional
features on the lower IE side of the valence band region is
observed (green trace, below the RPES map). The two photo-
emission spectra have been collected over several repeated
scans in order to obtain a better signal/noise ratio (36 scans for
the on-resonance and 40 scans for the off-resonance spectrum).
The additional features in the valence band photoemission
resonate in correspondence to the two NEXAFS peaks with the
highest intensity enhancement at the e, absorption peak at
a photon energy of 710.0 eV. Since the matrix element for the
resonant photoemission process requires spatial overlap
between the wavefunctions of the three orbitals involved in the
process, ie. the empty orbitals (t,g, €,), the occupied valence
band orbitals and the core-shell wavefunction (Fe 2p),"* we
conclude that the observed VB spectral resonances are related to
NPs and must have to a certain degree iron character. In other
words, the resonating VB orbitals at an IE of about 7.5 eV in
Fig. 2 are at least partially spread over the Fe sites of the NPs.
Moreover, the fact that the observed photoemission resonances
occur exactly in correspondence with the Fe 2p — t,,/e, NEXAFS
transition ensures that the resonating features are character-
istic of iron belonging to a FeOOH crystalline phase.

We obtain the Fe 2p — e, resonant photoemission spectrum
of the 2 wt% FeOOH NP solution as the difference between the
on-resonance and off-resonance spectra, shown in Fig. 3a. A
Shirley type inelastic background has been subtracted for both
the on- and off-resonance spectra before subtraction. The
ionization energy (IE) scale has been corrected by 0.63(£0.08)
eV in order to account for the vacuum level offset between the
solution and the photoelectron analyzer (see ESI Fig. S47).>° A
tentative fit of the spectral features, following the one reported
in the work by Ali et al.,"” is shown. Such resonant photoemis-
sion spectra are in general composed of both participant decay
and spectator/normal Auger decay channels;"* however, only the
participant channel is energetically degenerate with direct VB
photoemission and gives the projection of the VB on the Fe sites
of the FeOOH NPs (see ESI Fig. S51 for the RPES energy level
diagram). Both the spectator and normal Auger channels are
found at a significantly lower KE (higher IE) due to their energy
loss decay process and therefore do not play any role in the
valence band maximum position. We also note that the
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Fig. 3 (A) Valence band region of 2 wt% FeOOH NP aqueous solution
taken at the resonant Fe Lz-edge (~710.0 eV) after subtraction of the
pre-edge (non-resonant) signal and Shirley type background. The
ionization energy scale has been corrected by the work function offset
(psol — Gana = 0.63(£0.08) eV) determined from the secondary elec-
tron energy distribution curve (SEEDC). The fits of the spectral features
in Fig. 3a follow the ones reported by H. Ali et al. for aqueous solution
of Fe,O3 NPs.*” (B) Close-up view of the VB leading edge. Thick black
lines show the linear fits of the background and the leading edge used
to determine the fit line intersection, i.e. the onset of the valence band
maximum (VBM), which is found to be at 6.97(+0.16) eV below the
vacuum level. Blue dashed lines show the 95% confidence bands of the
fits with additional Monte Carlo error analysis represented by the 2D
probability density of the fit line intersection position (2D color map,
see also the inset), resulting in a £0.03 eV statistical error. The overall
error of 0.16 eV additionally accounts for the experimental resolution
(FWHM = 0.3 eV) and energy calibration error (+0.08 eV).

resonant spectra, for the Fe 2p — e, and the 2p — t,, excita-
tions, exhibit an identical VBM edge, proving that this resonant
feature comes from the Fe NPs (see ESI Fig. S67). It is
commonplace to extrapolate the valence band maximum (VBM)
by separately fitting the linear part of the valence band leading
edge and the constant background in the low IE part of the
spectrum to determine the intersection of the two straight line
segments, Fig. 3b. This linear extrapolation method is often
used to determine the VBM, and it has been shown to give
accurate results for oxides provided that the magnitude of the
experimental resolution (FWHM = 0.3 eV) is lower than the
width of the rising VB edge (1 eV, Fig. 3a).*® Extrapolating the
leading edge to the level of background intensity removes the
resolution-induced tail and gives a VBM equal to Ey =
6.97(£0.16) eV (relative to the vacuum level of the solution).

This result is the first experimentally obtained value of the
VBM for FeOOH nanoparticles measured in aqueous solution.
However, it is worth noting that this value depends on the
specific pH of the solution, and a change of the latter would
result in a different measured position of the VBM. This is
a consequence of the formation of the so-called Helmholtz
double layer,” a potential drop at the liquid side of the NP
surface caused by an accumulation of charges on the surface of
the NP compensated by a layer of mobile hydrated ions close to
the NP surface. The Helmholtz double layer at semiconductors
immersed in aqueous solutions typically forms by adsorption
and desorption of hydronium (H") and hydroxyl (OH™) ions
present in solution which charge the surface either positively or
negatively depending on the pH of the aqueous solution. The
schematic energy level diagram of a liquid microjet setup, with
NPs dispersed in aqueous solution, is shown in Fig. 4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic energy level diagram of a liquid jet setup when NPs
immersed in an aqueous solution are measured. At the interface
between the NPs and the aqueous solution, a potential arises (Helm-
holtz potential Uy) due to the specific distribution of ions at the liquid
side of the NP surface.

The VBM position of FeOOH NPs immersed in solution can
be related to that of NPs dispersed in vacuum, and therefore
without any kind of environment (referred hereafter as “pris-
tine”), by a simple energy shift as

Ey = EY — qUn. 1)

Here Ey is the position of the valence band edge at the NP
surface in the solution, qUy is the potential energy shift of the
band edge due to the Helmholtz layer and EY is the band edge at
the pristine NP surface with no Helmholtz layer (Uy = 0).
Expressing the Helmholtz potential energy as a function of the
pH of the solution, eqn (1) becomes

Ey = EY + 2.3kT(pH — pHpzc) (2)

where k is the Boltzmann constant, 7T is the temperature of the
solution and pHp;c is the pH value of the point of zero charge,
where the H" and OH ™ are adsorbed in equal amounts, and the
net surface charge is zero.” For the sake of comparison, it is
beneficial to estimate the VBM position of pristine NPs, i.e. at
the pH of point of zero charge, where the Helmholtz potential
drop equals 0. The pHpyc is a parameter specific to the material
used, and here we use the average value reported for FeOOH by
Kosmulski®**** as pHpyc = 8.5(+0.2). Using the pH of our
FeOOH aqueous suspension of 1.7(+0.1), and the temperature
of the liquid jet of about 255(£0.10) K,* we obtain the estimate
VBM of pristine FeOOH NPs as Ey = 7.31(£0.17) eV. We can
compare our results to the theoretically predicted VBM value for
bulk FeOOH of EY = 7.68 eV.?® This value is calculated as the
sum of the absolute electronegativity x of the compound and
half the band gap E,. It is important to mention that since the
theoretical value is calculated for a bulk material, a direct
comparison with our estimated VBM would not be appropriate
because nanosized materials’ quantum effects, which among
other things cause an increase in the band gap value with
respect to bulk materials,* cannot be neglected. However, if we
consider a smaller band gap, the theoretically predicted VBM

© 2021 The Author(s). Published by the Royal Society of Chemistry
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will decrease and it will be closer to our estimated value. This
suggests that Nernst like potential correction® in liquid jet
solutions with different pH is appropriate when the electronic
structure of NPs in chemically different environments are
properly accounted for.

Conclusions

In conclusion, we have used X-ray resonant photoemission from
a liquid microjet source to measure the electronic structure of
(goethite) FeOOH nanoparticles in aqueous solution, where
conventional non-resonant photoemission signal is below the
detection limit. We show that RPES tuned to an absorption edge
of nanoparticle constituents is a suitable technique for the
determination of the VB edge energies of dispersed nano-
particles in solution, owing to its chemical specificity and
resonant enhancement of the NP VB signal. In particular, due to
resonant nature of the electron emission, the VB spectral
features at the e, and t,, resonances across the Fe L; absorption
edge are directly related to the Fe constituents of the FeOOH
NPs used in this study. This enables us to identify and
successfully disentangle the NP related spectral features from
the dominant spectral features of the solution. We determine
the VBM of the FeOOH NPs in aqueous solution at the point of
zero charge pH to lie £y = 7.31(%0.17) eV below the vacuum
level. We show that in solutions with different pH, a general
Nernst relation for the potential correction may be applied to
relate the electronic levels of nanoparticles in chemically
different environments.
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