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Introduction

Among other materials, perovskite-type oxynitrides AB(O,N); have
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Bandgap-Adjustment and Enhanced Surface Photovoltage in Y-
Substituted LaTa'VO,N

Cora Bubeck®?, Marc Widenmeyer>**, Alexandra T. De Denko¢, Gunther Richterd, Mauro Codurief,
Eduardo Salas Colera®g, Eberhard Goering", Hongbin Zhang!, Songhak Yooni, Frank E. Osterloh¢,
Anke Weidenkaffa*

Perovskite-type oxynitrides AB(O,N); are photocatalysts for overall water splitting under visible light illumination. In the past,
structurally labile perovskite-type oxynitrides (e.g. YTaON,) were predicted to be highly suitable. In this work, we tackle the
challenging YTa(O,N); synthesis by Y-substitution in LaTaVO,N resulting in phase-pure LagsYo1TaVO,N, Lags5Yo5TaVO,N, and
Lag;Yo3TaVO,N. By using microcrystalline YTaO, together with an unconventional ammonolysis protocol we synthesized the
highest reported weight fraction (82(2) wt%) of perovskite-type YTa(O,N);. Ta** in La,.Y,TaVO,N was verified by X-ray
photoelectron spectroscopy (XPS) and X-ray near edge absorption structure (XANES) analysis. Density functional theory
(DFT) calculations revealed a transparent conductor-like behavior explaining the unusual red/orange color of the Ta*-
containing perovskites. In combination with crystal structure analysis the DFT calculations identified the orthorhombic strain
as main descriptor for the unexpected trend of the optical bandgap (Egy-03 = Egx=0 < Ecx=01 < Egx=0.25). Surface photovoltage
spectroscopy (SPS) of particulate La,Y,TaVO,N (x = 0, 0.1, 0.25, 0.3) films revealed negative photovoltages at photon
energies exceeding 1.75 eV, confirming that these materials are n-type semiconductors with effective bandgaps of ~1.75 eV
irrespective of the Y content. The photovoltage values increased with the Y content, suggesting an improved carrier
generation and separation in the materials. However, increasing the Y content also slowed down the timescales for
photovoltage generation/decay indicating trap states in the material. Based on our results, we suggest a significantly weaker
as classically assumed impact of reduced B-site metal cations such as Ta* on the photovoltage and charge carrier

recombination rate.

distinctive resistance with a large compositional flexibility allowing a
controlled variation of the electronic properties. Owing to their SWS-
suited optical bandgaps of E; = 2eV, the most thoroughly

attracted much attention particularly as photocatalysts for direct
solar water splitting (SWS).1719 Their perovskite-type structure is of
great scientific and technological interest because it combines
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investigated perovskite-type oxynitrides contain La"' on the A-site
and TiV 1 or Ta¥1271° on the B-site. In former reports, often reduced
transition metal (TM) ions such as reduced Ta species in TaVON20:2
or in LaTaVON,?2 were the origin of a fast charge carrier
recombination and with it of a poor SWS performance. In such cases
the TM ions were handled as defects introducing donor levels close
to the conduction band. It was shown that an elimination of these
defects enhanced the SWS activity?>?! and slowed down the charge
carrier recombination. However, a still remaining question is how a
material and the respective electronic band structure (e.g. non-
degenerate vs. degenerate semiconductor) behaves, if only reduced
TM ions (e.g. Ta*) as B-site cations are present. In accordance with
experimental reports,223-25 LaTaON, was identified as a promising
candidate for SWS also by computational analysis of the bandgap.26-
28 However, DFT-based electronic band structure calculations
showed that the energetic position of the conduction band minimum
(CBM) of LaTaON; does not ideally fit to the redox potential of the
water reduction reaction.?’ Instead, the perovskite-type oxynitride
YTaON,, which to the best of our knowledge has not been
synthesized in single-phase yet, seems to be well-suited.?” Contrary
to LaTaON,, its CBM is predicted to be appropriate for the overall
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water splitting reaction.?’ Y-containing perovskite-type materials are
only rarely studied?*-3! due to the presumable instability as reflected
by the low tolerance factor t as defined by Li et al.3?, e.g. t = 0.912 for
YTaON, and t =
(extension of Goldschmidt’s tolerance factor) locate YTaON, on the
border of the existence field of perovskite-type oxynitrides, whereas

0.898 for YTaO,N. Geometric considerations

YTaO,N is located more or less outside of the existence field.32 This
higher instability, as expressed by the slightly positive heat of
formation,?” combined with the favorable band edge position is
supposed to result in an enhanced reactivity as found for other
catalytic systems.3334 Additionally, the low tolerance factors of
YTaO,N and YTaON,3? require a strong tilting of the octahedral
network classically leading to a widening of the optical bandgap and
a reduced dispersion of the conduction band.?”3% This allows the
adjustment of the CBM to the requirements of the water splitting
reaction as theoretically demonstrated for YTaON,.?” The predicted
metastability with respect to the binary oxides and nitrides?” makes
it very challenging to synthesize perovskite-type YTa(O,N)s, since
typically a defect-fluorite-type phase YTa(O,N,0); sometimes
accompanied by small amounts of perovskite-type phase was
observed.36-39

We have recently reported on the controlled formation of the
perovskite-type oxynitrides LaTa'VO,N and LaTaYON, by a precursor
microstructure controlled ammonolysis.'* A similar concept can also
be applied to the synthesis of yttrium tantalum oxynitrides. In
literature, the usage of a nanocrystalline oxide precursor (n-YTO)
resulted in the formation of a defect-fluorite-type phase33% with a
suitable optical bandgap (Es = 2.2 eV) but without photocatalytic
activity for SWS.3% The usage of microcrystalline YTaO, (m-YTaO,)
allowed the formation of a low crystallized perovskite-type main
phase together with defect-fluorite-type phase and TasNs
impurities.30 Attempts to enhance the crystallinity by raising the
ammonolysis temperature resulted in the transformation to a
defect-fluorite-type main phase.3° For potential photocatalysts for
water splitting and photoanode materials for water oxidation under
visible light not only band gap sizes and band edge positions*®*2 are
important, also the efficiency of charge carrier separation plays an
essential role. As one of the advanced analytical tools, surface
photovoltage spectroscopy (SPS) is typically applied to investigate
the photo-induced charge carrier separation in a material.*3-** This
method provides information about majority charge carrier type
(electron or hole), effective bandgaps, charge transfer timescales,
and reversibility.4647

In this work, a precursor microstructure controlled ammonolysis was
combined with the gradual substitution of Y3* for La3* to tackle the
synthetic challenge of forming YTa(O,N)s. This produced the before
unknown perovskite-type oxynitride family members La;_,Y,TaO,N (x
= 0.1, 0.25, 0.3) and, for x = 1.0, a mixture of perovskite-type main
phase (w = 82(2) wt%) and defect-fluorite-type secondary phase (w
= 18(2) wt%). The expected increasing distortion of the octahedral
network induced by increasing Y content (x < 0.3) was confirmed by
Rietveld refinements of high-resolution powder X-ray diffraction
(HR-PXRD) patterns. However, diffuse reflectance spectroscopy
(DRS) revealed a widening of the optical bandgap only up to x = 0.25

2| J. Name., 2012, 00, 1-3

indicating that for La;_,Y,TaO,N (x<0.3) the distortion of the
octahedral network is an insufficient descriptor for the bandgap size.
Instead it seems that the level of orthorhombic strain € is crucial for
the resulting bandgap. In all synthesized La;_Y,TaVO,N (x=0.1, 0.25,
0.3) compounds the presence of Ta** as main oxidation state was
confirmed via X-ray photoelectron spectroscopy (XPS) and X-ray near
(XANES)
interference

structure respectively.
Superconducting (sQuiD)

measurements were used to characterize the magnetic properties.

edge absorption analysis,

quantum device
Density functional theory (DFT) calculations revealed a different
band structure for La,,Y,TaVO,N in comparison to LaTaYON,
pointing to a transparent conductor-like behavior with a bandgap in
the first case. The experimentally determined optical bandgaps of
around 1.9 eV and low optically active defect concentrations of
LaTa'VO,N** and La;_Y,Ta"VO,N make these d' materials interesting
as potential photocatalysts and as model system to study the
influence of reduced B-site cations on the photo-induced charge
carrier separation processes. SPS measurements revealed n-type
semiconducting behavior of La;_,Y,TaO,N upon visible light exposure
and similar effective bandgaps regardless of the Y content. However,
small Y contents had the fastest reversible charge carrier dynamics
whereas higher contents decelerated it. One reason might be the
level of tilting of the octahedral network and elongation of the
octahedra. Importantly, surface photovoltages of up to -1V were
observed in La;_,Y,TaVO,N (x < 0.3), demonstrating the possibility of
long-lived charge carriers in “Ta*"-only” materials for the first time.

Results and Discussion

Ex situ ammonolysis of Y-substituted nanocrystalline lanthanum
tantalum oxide (n-LTO) (10 mol% Y, 25 mol% Y, 30 mol% Y) with KCI
flux addition lead to red Lag Yo 1TaO,N, orange Lag75Yo.25TaO,N, and
orange Lag7Yo3TaO;N after several cycles (Fig. 1). Characterization of
the oxide precursors is described in the Supplementary Information
(Fig. S1-S4 and Tab. S1-54, Supplementary). The compositions of the
oxynitrides were confirmed via inductively coupled plasma emission
spectroscopy (ICP-OES) and hot gas extraction (HGE). Similar anionic
ratios were previously reported for LaTaO,N.%* In addition, to prove
the observed anionic ratio of O : N = 2 : 1 during in situ experiments
in Y-substituted LaTaO;N
termination experiments and a subsequent reoxidation experiment

in situ ammonolysis with selected

by TGA was performed. The mass changes associated with in situ
ammonolysis of 10 mol% Y-substituted n-LTO were similar to those
previously reported for pure n-LTO (Fig. S5, Supplementary).
However, the specific surface area of 9 m?/g for 10 mol% Y-
substituted n-LTO compared to 7 m?/g for n-LTO was apparently
high enough to achieve the desired O : N ratio of 2:1. This was
confirmed via HGE measurements. Hence, the earlier assumption
that ammonolysis of oxide precursors exhibiting a higher specific
surface area leads to oxynitrides with a higher oxygen content4
could also be demonstrated for 10 mol% Y-substituted LaTaO,N.
Additionally, the assumed “soft” topotactic reaction!* via an
intermediate in space group Cmc2; (alternative description A2,am)

which was suggested for LaTaO,N could be observed for

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Schematic synthesis paths from Y-substituted nanocrystalline lanthanum tantalum oxide (Y-subst. n-LTO),
nanocrystalline yttrium tantalum oxide (n-YTO), and microcrystalline yttrium tantalate (m-YTaO,) to the respective

oxynitrides.

LaggYo.1TaO,N. By chemical analysis and PXRD the black colored
intermediate at 1187 K in space group Cmc2, was identified as
Lao.sY0.1Ta0,.76(8)No.as1yJo.7s(9) (Fig. S5, Fig. S6, and Tab. S5,
Supplementary). After in situ ammonolysis at 1223 K for 10 h and at
1273 K for 14h, respectively, subsequent reoxidation of
LaggYo.1TaO,N to LaggYo1TaO4 was carried out under synthetic air.
The observed mass change of +4.94 % was close to the calculated
+5.0%
LaggYo.1Ta04) confirming an O:N ratio of 2:1 during in situ
experiments. For higher Y-substituted n-LTO (25mol% Y and
30 mol% Y), it was found that repeated ammonolysis cycles at 1273 K

value of Amg. = (reoxidation of LaggYp:TaO,N to

for 14 h with KClI flux addition (Fig. 1) were required to achieve single
phase oxynitrides. In situ ammonolysis studies were abandoned in
these cases for the protection of the TGA device.

HR-PXRD patterns of La;_Y,TaO,N (x = 0.1, 0.25, 0.3) revealed that
all three compounds were phase pure and adopted the space group
Imma (Fig. S7 a)—c), Tab. S6, Supplementary). LaTaO,N has already
been reported to have the same space group.!* In addition to HR-
PXRD, LaggYo.1TaO,N was also studied by neutron diffraction (ND) in
order to receive additional information about the space group and a
potential anionic long-range order (Fig. S8, Tab. S7, Supplementary).
The refined ND data could give no indications of an anionic long-
range order. The absence of long-range ordering is in agreement with
crystal structure data reported in literature.*® Analysis of the unit cell
parameters and unit cell volume obtained by Rietveld refinements of
the HR-PXRD data showed that increasing Y substitution has two

This journal is © The Royal Society of Chemistry 20xx

clear effects: a continuous decrease of the unit cell volume (Tab. 1)
and a higher level of tilting in the octahedral network (Tab. S8 a),
Supplementary) due to the smaller ionic radius324° of Y3*.

The enhanced tilting of the [Ta(O,N)g]>” octahedron due to partial Y3*
substitution is well-known for [B(O,N)s]*~ (B = Ti, Zr)3! and can be
visualized as a continuous reduction of the average Ta—(O/N)-Ta
anglesin La;_,Y,TaO,;N (x=0.1, 0.25, 0.3) (Tab. S8 a), Supplementary).
Moreover, the Ta—(O/N) bond lengths in axial direction (b-axis)
increase with increasing Y content leading to an elongation of the
octahedron (Fig. S9 and Tab. S8 b), Supplementary). At the same
time, the Ta—(O/N) bond lengths in equatorial direction (c-axis)
decrease by increasing Y3* content (Tab. S8 b), Supplementary). The

Tab. 1. Unit cell parameters, volumes, and orthorhombic
strain € of La;_,Y,TaO,N (0 < x < 0.3) in space group type
Imma.

P:::;?t:r LaTaO,N* la, Y, TaON la Y, TaON la ¥, TaON
a(A) 5.7158(5)  5.7093(2) 5.6993(5) 5.7044(2)
b(A)  8.0645(5) 8.0563(2) 8.0845(3) 8.0908(2)
c(A) 5.7442(4)  5.7322(2) 5.6901(6) 5.6709(2)

v, (&) 26478(3) 263.66(1) 262.18(4) 261.73(2)
£(-) 0.0025(1)  0.0020(1) 0.0008(1) 0.0029(1)

J. Name., 2013, 00, 1-3 | 3
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effects of elongation and distortion can be described by different
amplitudes of the R4 mode allowing a distortion of an initially cubic
perovskite (Pm3m) along [111] leading directly to the observed
symmetry lowering to /mma. Even though there is already a
significant tilting level reached, the HR-PXRD data suggest that the
solubility limit of Y3* is not yet surpassed up to x = 0.3 in La,_,Y,TaO,N
(Fig. 2 a)).

For LaTa'VO,N and LaTaYON,! the oxide precursor microstructure
played an important role which phase is formed. The same applies
for the reaction of the nanocrystalline yttrium tantalum oxide (n-
YTO) to its oxynitride. In agreement with literature reports3°3637, it
was not possible to prepare perovskite-type YTa(O,N); by using n-
YTO as precursor. Even by using an expanded tested parameter array
for the ammonolysis temperature (from 973K to 1373 K) in
combination with n-YTO as precursor, only the formation of a defect-
fluorite-type oxynitride phase was possible. In Figure S10 b),
Supplementary, the yellowish,
Yo.96(2)Ta1.05(2)00.85(1)N1.38(2)01.82(3) Synthesized at 1023 K - containing
highly reduced Ta - is shown as an example. Because, the here used

defect-fluorite-type

n-YTO contains smaller crystallites caused by using a calcination
temperature of 873 K instead of 1023 K (Si et al.3) - the onset of the
applied ammonolysis reaction lowered at least by 50 K. In contrast,
by using a microcrystalline yttrium tantalum oxide (m-YTaO,) (Fig.

Journal Name

S10 c), Supplementary), it was possible to synthesize a well-
crystalline perovskite-type main phase YTa(O,N); in space group
Pnma (w = 82(2) wt%) next to YTa(O,N,0), (w = 18(2) wt%) without
XRD-detectable traces of binary nitrides such as TasNs (Fig. S10 d),
Supplementary). In this study, the usage of a microcrystalline
precursor in combination with a higher ammonolysis temperature of
1373 K prior to a cycle at 1273 K and a larger ammonia gas flow as in
ref. 30 allowed the perovskite-type phase formation. In agreement
with the predictions based on the tolerance factor t32 mentioned
above YTa(O,N); crystallized as orthorhombic perovskite phase but
in contrast to La;,Y,TaO,N in space group Pnma. This might be due
to either the unknown O : N ratio or the smaller effective ionic radius
of Y3* compared to La3*. Regarding the dual phase nature of this
sample, a determination of the nitrogen content of the individual
phases by chemical analysis is not applicable. By diffraction methods
a definitive answer could not be provided, as the X-ray scattering
contrast between 0%~ and N3~ is too low and not enough material was
available for ND measurements.

An increase of the specific surface area (Sger) was observed for La;_
«YxTaO,N (x = 0.1, 0.25, 0.3) by comparing the synthesized oxide
precursors (9 m?/g — 14 m?/g) with the respective oxynitrides
(18 m2/g — 28 m?/g). SEM images (Fig. 2 b)) depicted morphologies

a) 2659
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Fig. 2. a) Vegard’s plot of the refined unit cell volume of La;_,Y,TaO;N (x = 0.1, 0.25, 0.3); for x = 0 the unit cell volume of
LaTaO,N* was used as reference. b) SEM images of La;_,Y,TaO,N (x = 0.1, 0.25, 0.3). c) DRS spectra of La;_Y,TaO,N (x=0, 0.1,
0.25, 0.3) plotted as Kubelka-Munk curves together with photographs of the received powders. d) La;_,Y,TaO,N unit cell edges
and selected [Ta'V(O,N)g]*~ octahedra with indicated Ta—X;,—Ta angles (with X = O/N) and dr,—o/n) distances. The O and N
anions are displayed with a reduced radius for visibility reasons.
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similar to that of LaTaO,N* with visibly larger primary particle sizes
compared to the respective oxides (Fig. S2 a)—c), Supplementary).

In addition to the decrease of the unit cell volume and the increase
of the distortion of the octahedral network also the observed color
change from red to orange (Fig. 2 c)) indicated a widening of the
bandgap. DRS measurements and applying the Kubelka-Munk
conversion®® showed a slight change of the optical bandgap from
1.90 eV (LaTaO,N) to 1.96 eV (Lag75Y025TaO,N) with increasing Y
substitution. In contrast Lag ;Yo 3TaO,N (Eg = 1.88 eV) did not follow
this trend even though the average Ta—(O/N)-Ta angle was further
decreased (Tab. S8 a), Supplementary). The samples LaggYo1TaO,N
(Eg = 1.92 eV) and Lag 75Y¢5TaO;,N (Eg = 1.96 eV) showed the same
high color brilliance as LaTaO,N.1* In contrast, Lag;Yo3TaO,N has a
brownish tone originating from optically active defects. The obtained
behavior of the bandgap size upon partial Y3* substitution is more
complex than initially expected and cannot be simply explained by
one effect. In La;Y,TaO,N (x =0, 0.1, 0.25, 0.3) multiple effects play
a distinctive role: i) the effect of distortion of the octahedral network
(decreasing average Ta—(O/N)-Ta angles, (Fig. 2 d), Tab. S8 a),
Supplementary) typically related with a widening of the bandgap and
ii) the elongation of the octahedra (increasing Ta—(O,N) bond lengths
in axial direction, Tab. S8 b), Supplementary) leading to a smaller

bandgap. These counteracting effects can be seen in the unexpected
trend Egx-03 = Egx-0 < Egx=01 < Egx=025 Of the optical bandgap. The
above mentioned Rs™ mode is able to simultaneously describe both
structural effects in La;_,Y,TaO,N (x = 0, 0.1, 0.25, 0.3). Based on DFT
calculations the fixed, determined

using experimentally

als'Chemistry)A

ARTICLE

orthorhombic strain only a slight variation of the R{ mode
amplitude by about 10 % upon partial Y3*-substitution was observed.
This is in accordance with the determined alteration of the unit cell
parameters, bond angles and lengths of the materials (Tab. 1, S8,
Supplementary), and the small resulting effect of the distortion of
the octahedral network on the bandgap size. However, the
experimentally observed changes in the bandgap data require a
more complex description. The obtained variation of the unit cell
parameters with the Y content x together with the different ionic
radii of the A-site cations (r(La3*) and r(Y3*)) resulted in an irregular
variation of the orthorhombic strain ¢ - as defined in equation (1)>! -
of the oxynitrides La;_,Y,TaO;N (x < 0.3) (Tab. 1).

(a-c)
(a+c¢)

&=

(1)

For La;Y,TaO;N (x <0.3) the effect of the strain on the bandgap
seems to dominate in comparison to the effects (distortion and
elongation) resulting from a change in the amplitude of the Ri
mode. A clear correlation between € and Eg can be obtained in the
following way that a larger strain is leading to a smaller band gap and
vice versa. Consequently, Lag;Y3TaO,N has the smallest band gap
within the series because it has the largest strain, while for
Lag75Y025Ta0,N the smallest strain but the largest bandgap is
observed. In comparison to perovskite-type oxides ABOs the effect
of strain on the resulting bandgap in perovskite-type oxynitrides
AB(O,N); is much more complex and, experimentally far less
investigated. DFT calculations suggest the strain is an important
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Fig. 3 a)-c) XPS spectra of the Ta 4f region of La;_,Y,TaO,N (x = 0.1, 0.25, 0.3). Microcrystalline LageYp1TaO, was used as
reference for Ta>* and to determine the chemical shift after ammonolysis. d) The point charge model>>>¢ was applied to the
spectra as described in Bubeck et al.'* e) Normalized X-ray absorption at the Ta L, -edge as function of energy for all measured
compounds and f) valence determination applying the inflection method: plot of the energy shift respective to Ta® against the

valence for all measured compounds.
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Tab. 2. Binding energies of the Ta 4f region of La,_,Y,TaO,N (x = 0.1,
0.25, 0.3) with the respective binding characters determined via the
point charge model.

Compound Egrassrjz (€V)  Egrassss2(eV) Binding Character
LagsY1TaO,N 23.4 25.4 Ta"—(O,N)
24.5 26.4 TaV-(O,N)
Lag.75Yo.,5TaO,N 23.6 25.5 Ta"—(O,N)
24.7 26.6 TaV-(O,N)
Lag;Y,3TaO,N 23.2 25.1 Ta"—(O,N)
24.3 26.2 TaV-(O,N)

parameter for the band structure, since a variation of the strain state
can cause a change of the bandgap of more than 1 eV>2 (for SrTiO3>3
in comparison just 0.1eV). For ABOs; the application of both
compressive and tensile stress results in a reduction of the
bandgap.>? For the oxynitrides such as LaTiO,N, CaTaO,N, SrTaO;N,
and BaTaO,N a multiparameter dependency of the bandgap from the
strain is observed by DFT calculations. The application of both strains
(compressive or tensile) to these materials can either cause a blue-
shift or a red-shift of the bandgap depending on the following
parameters: i) unit cell volume (controlled mainly by the A-site
cation), ii) energetic position and crystal field splitting of the B-site
cations (3d vs. 5d) with respect to the O/N 2p orbitals, iii) direction
of applied strain in relation to the crystal axis, iv) type and degree of
(local) O/N ordering (cis vs. trans), and v) the level of octahedral
rotation and the inversely correlated ferroelectric displacements.5254
Therefore, more combined theoretical and experimental
investigations are required in the future to establish a more generally
valid model to describe the interrelation between strain and
bandgap in perovskite-type oxynitrides. Besides the bandgap size
also the band edge positions must match with the redox potentials
of H,0 for potential SWS catalysts. The conducted electrochemical
experiments and calculations (Tab. S9, Supplementary) did not
deliver a conclusive answer so far if the band edge positions of La;_
Y, TaVO,N are suitable for SWS. The detailed analysis results can be
found in Table S9, Supplementary. Therefore, in the following we
focus on the charge carrier separation behavior and the effects of
Ta* on it.

Like for the samples La;_,Y,TaO,N (Fig. 2 c)) also the defect-fluorite-
type oxynitride YTa(O,N,0), (Tab. S10, Supplementary) showed a
different coloration than expected from the presence of Ta ions
below the 5+ state. Nonetheless, the determined optical band gap of
Ec = 2.2 eV (Fig. S11, Supplementary) was still in agreement with
literature reports.2®39 At lower energies than the optical bandgap no
increasing background was observed pointing to a low optically
active defect concentration as observed for the La-containing
perovskites. In contrast, the color of the mixture of the perovskite-
type YTa(O,N); phase (greenish black) indicated a high concentration

of optically active defects besides an optical bandgap of around 2 eV.
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The composition of La;_Y,TaO,N (x = 0.1, 0.25, 0.3) provides two
possibilities for the oxidation state of Ta (Fig. 3 a)—c)). Either it has an
overall oxidation state of 4+ or it is present as 3+ and 5+ in equal
shares. For a detailed evaluation of the oxidation state of Ta we
analyzed the Ta 4f regions of the XPS spectra. The binding energies
of the Ta 4f;/, and Ta 4fs, orbitals (Tab. 2) obtained from the spectra
(survey spectra in Fig. S12, Supplementary) were consistent with the
values determined for the Ta** compound LaTa'VO,N. As recently
reported for LaTaO,N** by applying the point charge model*>536, a
chemical shift to lower binding energies by more than 0.3 eV
indicates a change of the Ta oxidation state from 5+ to 4+. Therefore,
the binding energies of La;,Y,TaO;N (x=0.1, 0.25, 0.3) are consistent
with either a Ta'V—(O,N) or a Ta"—(O,N) binding character (Tab. 2).
The Ta 4f;; binding energies for the Ta(V)-O binding character of
microcrystalline LaggY01TaOs (Egtassr/z = 25.3 €V), Lag5Y025Ta04
(EgTaap7/2 = 25.2 €V) and Lag 7Y0.3Ta04 (Epassr/2 = 25.3 eV) were used
as Ta®* references, respectively (Fig. 3 a)—c)). In contrast to recent
literature reports on LaTaON,'%14 and PrTaO,N!2 our data did not
provide any evidence of the presence of Ta** in La;_,Y,TaO,N (x=0.1,
0.25, 0.3). The Egrav)asr/2 Values reported there (e.g. 28.03 eV,
27.46 eV'?, and 25.0 eV!¥) significantly exceed our measurement
results. A massive peak broadening or significant double peak
splitting described for the above mentioned compounds? was not
observed either in our measurement data. Thus, the observed
anionic composition of La;,Y,TaO,N can be explained by the
presence of Ta* (d* state). The slightly lower binding energy of the
TaV—(O,N) binding character in Lag;Yo3TaO,N can be attributed to
the higher number of ammonolysis cycles required at 1273 K leading
to an enhanced reduction to Ta3* at the surface and nitrogen
enrichment'® in the chemical environment of the [Ta"(O,N)¢l*
octahedron.

Additionally, the N and O weight fractions were calculated from the
peak areas of the respective fitted orbitals. O/N ratios of 2, 1.92, and
1.79 were determined for 10, 25 and 30 mol% Y-substitution in La;_
YxTaO,N, respectively. This matches quite well with the anionic
compositions determined via reoxidation and HGE measurements
(Tab. S11, Supplementary). The determined O/N ratios support the
above given interpretation of the shifted binding energy by nitrogen
enrichment in the surrounding of Ta. The small difference to the
theoretical O/N ratio of 2 can also be resulting from the overlapping
of N 1s, Y 3s, and Ta 4p orbitals.

Given by the small mean free path of photo-emitted electrons
(normally between 1 and 10 nm>7) XPS is a surface-sensitive method.
Therefore, the assumed change of the oxidation state from Ta** to
Ta** during ammonolysis of the oxide precursors was additionally
studied in the bulk via XANES at the Ta-L,, edge (Fig. 3). As reference
materials, well-defined Ta oxidation states of Ta metal, TaN,
Ba,Ta1503;, TazNs, Lag Yo 1Ta0,, and Ta,05 were used for the XANES
data analysis. The samples LagqYp:TaO,N (ammonolyzed once at
1223 K) and LaggYo.1TaO,N (ammonolyzed twice: 1x at 1223 K, 1x at
1273 K + KCI flux addition) were measured and their determined
normalized absorption was plotted against the energy (Fig. 3 e)). The
Ta-L, absorption edges of both Lag oY 1 TaO,N samples are located in-
between the Ta-L;, absorption edges of the Ta3* and Ta®* reference
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materials and close to the Ta-L, absorption edge of Ba,Ta'V1503,,
which had been synthesized according to Siegrist et al.>8 As expected,
the absorption edge shifted to higher energies with increasing
oxidation state of Ta.5? According to Henderson et al.’ a shift of the
L-edges by about 1.5 eV/valence is expected. For Si even a shift of
2.2 eV/valence5’ was observed. In our case, a shift of 2.1-2.2 eV with
respect to the Ta® reference was determined for LaggYo1TaO,N (1
and 2 cycles). Since the oxidation state or valence state, respectively,
is linearly correlated with the energy shift>’, an oxidation state
between +3.8 and +3.9, close to the expected +4, was obtained in the
bulk (Fig. 3 f)). Hence, a uniform oxidation state could be
demonstrated for the bulk and the surface region. This finding is in
good accordance with the anionic ratio of O : N =2 : 1 obtained from
chemical analysis and XPS data. On closer examination of the curve
shapes of LaggYo1TaO;N, Ba,Tais03,, and LaggYp:TaO4 a double
structure in the white line is visible. According to Rietveld
refinements, Ta is surrounded by six anions in a distorted octahedral
coordination suggesting a crystal field splitting. This crystal field
splitting becomes obvious in the Ta-L;, transition since it probes the
(partially) empty 5d states with electrons from the occupied 2p
states.®0 Crystal field splitting values of 4 eV® and even 5.5 — 6 eV®!
were reported for Ta>* in KTaO; and Ta-substituted TiO, solid
solutions, respectively. For both LaggY,:TaO,N samples a smaller
peak splitting of 2.5eV was observed. This points to a lower
oxidation state since oxidation state and crystal field splitting energy
Additionally,
environment of the centered cation increases the crystal field
splitting according to theoretical models.” Since the effective ionic
radius of Ta% (ro{Ta**) = 0.68 A?) is larger than that of Ta5* (r.{Ta%")
= 0.64 A?7) and the effective radius of K* (r.{(K*) = 1.64 A?") is larger
than those of La3* and Y3+, the distortion in both LagqYo,TaO,N
samples is expected to be lower than that in KTaOs. This is consistent
with our measurements and the fact that refTa%) > r.Ta>*) also

are correlated.5! distortion in the octahedral

explains the different peak splitting values of LaggYo1TaO;N (2.5 eV)
and LaggYo1Ta0, (2.8 eV).

The 5d! electronic configuration of tantalum (Ta*) was further
(Fig. S13 a) and b),
Supplementary). The measured M(H) curves reveal different
saturation magnetizations of 3.46:10™* emu (x = 0.1) and of 9.19-10-

analyzed via SQUID measurements

4emu (x = 0.25) and are equivalent to effective magnetic moments
of 0.0011 ug/Ta (x = 0.1) and 0.0031 ug/Ta (x = 0.25), respectively.
Additionally, to the paramagnetism, Lag 75Yo25Ta'VO,N showed a very
small ferromagnetic-like contribution. To separate the observed
ferromagnetic (FM) contribution, it was subtracted from the low
temperature hysteresis of the sample. Similar FM-like contributions
were also observed in other bulk non-magnetic materials, with
nominal d° contribution, which were identified as non-stoichiometric
surface states.52-%% By applying a Brillouin-Function®> fit (shown in the
insets of Fig. S13 a), b) and c), Supplementary) to investigate the
paramagnetism a magnetic moment of 2.1 g for both samples was
estimated. This is in contrast to the calculated small uz/Ta values for
both samples, showing that just a tiny fraction of the Ta ions show
paramagnetism with a moment of 2.1 ug. The determined 2.1 ugfor
both samples are consistent to surface related Ta3* impurity ions (5d?
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with assumed 2 ug/magnetic ion), which were detected by XPS (Fig.
3 a)—c)). If we assume a 50 % presence of Ta3* in the first 0.1 nm of
each nanoparticle, we can calculate a surface to volume ratio with
which the same reduced total ug/Ta is obtained. This results in typical
particle sizes in the range of 100 —300 nm, consistent to the obtained
SEM results in Figure 2 b). By calculating the quantitative amount of
Ta3* and Ta** for x = 0.1 one Ta3* per 1914 Ta* ions and for x = 0.25
one Ta3* per 670 Ta*" ions are obtained, respectively. This confirms
the small amount of Ta3* and points to the suggested “Ta**-all”
materials and that Ta3* is just located on the samples’ surface. A
similar nearly non-magnetic behavior was already observed for
LaTaVO,N and LaTaVON,* and, hence, a similar orbital hybridization
for La;_,Y,TaO,N is assumed. Fixed magnetic calculations at 0 K (Fig.
S13 d), Supplementary) showed for LaTaYON,, LaTa'VO,N, and
Lag75Yo25TaVO,N a positive energy upon addition of a magnetic
moment pointing to a non-magnetic behavior of the respective
oxynitrides.

The simultaneous presence of reduced B-site cations with d* electron
configuration and a significant optical band gap is quite unusual and
might point to a transparent conductor-like behavior. Indeed, from
the electronic band structure and consequently in the density of
states (DOS) the existence of metallic Ta 5d states was visible (Fig.
S14, Supplementary). Such behavior is well-known from heavily-
doped degenerated semiconductors such as the transparent
conducting fluorine-doped tin oxide (FTO)% and indium-doped tin
oxide (ITO)%”. Another even closer related example is the red metallic
photocatalyst Sr;_[NbO; (Nb**) with an optical band gap of 1.9 eV
showing a very similar electronic band structure®® as La;_,Y,TaO,N. A
detailed discussion of the electronic band structure can be found in
the Supplementary Information, section “Electronic band structure”.
The calculated optical conductivity®! of La;_,Y,TaO,N (Fig. 4a)) agreed
as well with this by showing a strong increase of the conductivity at
energies below around 0.5 eV pointing to the presence of metallic
states. However, at energies higher than 3.5 eV a second increase of
the calculated optical conductivity was obtained caused by the
absorption of photons with an energy higher than the bandgap. For
LaTaVON, as expected no absorption was obtained at energies lower
than the bandgap in the calculated optical conductivity due to the
5d° electronic configuration of Ta%* (Fig. 4 a)).

The ability of the oxynitrides to separate photogenerated charge
carriers under illumination was studied by surface photovoltage
spectroscopy (SPS) of 800-1500 nm thick particulate films on
fluorine doped tin oxide (FTO) substrates. The SPS data are presented
in Fig. 4 b) and c) (for numerical data and photos of the films see Tab.
S12 and Fig. S15, Supplementary). All La;_,Y,TaO;N films produced
negative photovoltage ranging from —0.44V to -1.01V due to
electron injection into the FTO substrate (Fig. 4 d). This indicates that
all samples are n-type semiconductors. As can be seen from the
exemplary calculated electronic band structure of LaTaVON, (Fig. S14
a), Supplementary) a direct bandgap was obtained. This is beneficial
for light-driven applications and light absorption. In contrast, the
band structures of LaTa'VO,N and Lagg75Yo.125Ta'VO,N (Fig. S14 b) and
c), Supplementary) point to a degenerate semiconductor. The
maximum photovoltage was reached at 2.75 eV for most materials,
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Fig. 4 a) Calculated optical conductivity of La;_,Y,TaO;N (x=0, 0.125, 0.25, 0.375) and LaTaON, b) Surface photovoltage spectra
(SPS) of all La;_Y,TaO,N sample films on FTO. ACPD designates the contact potential difference change under illumination, i.e.
the photovoltage. c) Chopped light scans of all La;_,Y,TaO,N samples under monochromatic illumination at 2.48 eV (on: ~300
— 600 s; off: ¥~500 — 960 s). d) Energy diagram of the La;_,Y,TaO,N /FTO interface before and after illumination.

which coincides with the maximum spectral emission intensity from
the Xe-lamp (Fig. S16, Supplementary). The photovoltage value
increases in the order LaTaO;N, LagoYo.1TaO,N < Lag75Yg25TaO,N <
Lag7Yo3TaO,N, suggesting improved charge carrier separation for the
more heavily Y-substituted samples. Based on tangential
approximation of the major photovoltage feature, the effective
bandgaps ranged from 1.65 eV to 1.78 eV. These values are 0.25 eV
to 0.12 eV below the measured optical bandgaps of Eg = 1.9 eV for
Lai_Y,TaO,N (x = 0, 0.1, 0.25, 0.3). The difference indicates a small
concentration of visible light-active states near the band edges in the
materials. These states are observable in SPS even though their
concentration is too small to contribute to the visible absorption
spectra. After concluding the SPS scan, the films were left in the dark
until a stable voltage signal was achieved. Then, chopped light scans
were applied under monochromatic illumination at 2.48 eV to
examine the reversibility of photo-induced charge separation in each
(Fig. 4 c)). The time constants, in Table S12
(Supplementary) correspond to the amount of time required to
achieve 63.21% of the final photovoltage after turning the light on or
off. The sample LaggYo1TaO,N (x = 0.1) had the fastest photovoltage

generation/decay (7,,=7.62 s, 7, = 73 s) compared to e.g. the Y-free

material 7,

8 | J. Name., 2012, 00, 1-3

sample (7, = 22's, o5 = 89 s), suggesting that the introduction of a
small amount of Y improves the charge carrier transport rate. The 1,
and T values of the other samples increased with increasing Y
content, meaning charge carrier transport became slower.
Besides changes in the electronic structure of the material, induced
by Y-substitution, other reasons for the increased t,, times could be
an increase in the particle packing density in the films, resulting from
a change in particle morphology upon substitution with Y3+, or a
change in the concentration of the hole traps at the particle surfaces,
allowing faster the Y-substitution

materials. A strong surface state-dependent photovoltage formation

trapping of photoholes in

due to hole trapping has been observed before e.g. for Fe,0;
nanorod arrays.®® The larger photovoltage values correspond to an
enhanced separation of the photogenerated charge carriers. It has
already been reported that the presence of reduced B-site metal
cations such as Ti" 7971 or TaV 72 can cause fast recombination of
photogenerated electrons and holes vanishing the photovoltage.
However, based on the SPS data in Fig. 4 b), the Ta**-only materials
La;,Y,TaVO,N (x=0,0.1,0.25, 0.3) are able to generate and separate
charge carriers based on the photovoltage. A reason for this might
be hidden in beneficial effects caused by the octahedral network

This journal is © The Royal Society of Chemistry 20xx
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distortion and elongation of the [Ta'V(O,N)¢]?> octahedra as well as
the altered electronic band structure overcompensating the
traditionally assumed detrimental effect of Ta**.

Conclusion

In conclusion, the perovskite-type d* materials LaggYo1Ta'VO;N,
Lag.75Yo.25TavON,
ammonolysis of 10 mol%, 25 mol%, and 30 mol% Y-substituted n-

LagsYosTaVO,N were produced via ex situ

LTO — achieved via Pechini method — successfully expanding the
applicability of our recently published precursor microstructure
controlled ammonolysis. Using n-YTO and m-YTaO,4 as precursors
allowed to synthesize either a defect-fluorite-type phase or the
highest weight fraction of perovskite-type YTa(O,N)s; known so far
next to some remaining YTa(O,N,0),. In the latter, an unconventional
initial ammonolysis step at high temperature was required. For
visible light-driven energy conversion processes the bandgap size is
a crucial material parameter. In this context, the mixture of YTa(O,N);
and defect-fluorite phase showed a greenish black color with an
optical band gap of around 2 eV and a broad range absorption. In
contrast, the pure defect fluorite-phase showed a yellowish color
with a well-defined optical bandgap of 2.2 eV. In La;_,Y,TaVO,N (x <
0.3) increasing Y substitution revealed an unexpected trend of the

optical bandgap (Egx=03 = Egx=0 < Egx=01 < EGx=025) With unusual
colors ranging from red to orange. XPS and XANES data revealed that
the oxidation state of Ta in La;_,Y,TaO,N is predominantly 4+. In
accordance, DFT calculations showed the presence of metallic Ta 5d
states next to a fundamental bandgap obvious from the calculated
optical conductivity. The combination of crystal structure analysis
and DFT calculations suggest orthorhombic strain as the main reason
for the experimentally observed optical bandgap trends. The
octahedral network distortion and elongation of the octahedra play
additional roles.

Furthermore, SPS revealed an unexpected, remarkable photovoltage
and a visible light-driven charge carrier separation even in the
presence of reduced B-site cations, namely Ta** and Ta3'. The
increasing partial substitution of Y3* for La3* in Lay_Y,Ta"VO,N (x = O,
0.1, 0.25, 0.3) indicated an improved charge carrier generation and
separation for the “Ta**-all” materials on the basis of larger
photovoltage values. These results confirm the possibility
of photophysical charge separation in degenerate semiconductors
with large free carrier concentrations (from Ta%* states).

Experimental

Synthesis of Y-substituted n-LTO and La;_,Y,TaO,N

Nanocrystalline Y-substituted n-LTO (xy = 10 mol%, 25 mol%, and
30 mol%) and n-YTO precursors were prepared by the same sol-gel-
related method as described previously.!* Y substitution was
accomplished by providing an appropriate amount of Y(NO3);-6H,0
(Alfa Aesar, 99.9 %) according to the mol% fraction (x =0, 0.1, 0.25,
0.3, 1.0) in addition to La(NO3);-6H,0 (Sigma Aldrich, 99.99 %) in a
second Schlenk flask. Further details about the oxide precursors are
summarized in the Supplementary Information. The oxynitrides La;—
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xYxTaO;N (x <0.3) were prepared from the respective nanocrystalline
oxide precursors via thermal gas flow (ex situ) ammonolysis as
previously reported in detail’* 200 mg of the oxides were
transferred into an Al,03 boat and ammonolyzed once at 1223 K for
10 h under flowing NH3 (300 mL/min, Westfalen AG, > 99.98 %). This
was followed by repeated ex situ ammonolysis cycles with KCl flux
addition (weight ratio 1:1) at 1273 K for 14 h until phase purity was
achieved. The higher the Y substitution the more ammonolysis steps
(up to 10) were required. For the synthesis of yttrium tantalum
oxynitrides the precursors n-YTO and m-YTaO4 were used. The m-
YTaO,4 was prepared by a solid state reaction similar as in Bubeck et
al** For n-YTO the ammonolysis temperature was varied from 973 K
to 1373 K keeping the reaction time constant at 14 h. m-YTaO4 was
ammonolyzed first at 1373 K for 10 h, second for 14 h at 1273 K with
KCI flux addition using several repetitions. The ammonia flow rate
was in both cases the same as for La;_Y,TaO,N (300 mL-min~1).

Caution: ammonia is a toxic and corrosive gas and have to be handled
only by supervised and trained persons in special apparatus not
allowing for emission of ammonia into the laboratory atmosphere.

Films of La;_,Y,TaO,N for Surface Photovoltage Spectroscopy
Fluorine-doped tin oxide (FTO) substrates (12-14 Q/sq, MTI
Corporation) were cleaned by sonication in acetone, methanol,
isopropanol, and water (purified to about 18 MQ-cm resistivity with
a Nano-pure filtration system) for 10 min each, and dried in air.
Separate suspensions of the La;Y,TaO,N powders in water with a
concentration of 0.5 mg:mL™ were prepared. After sonication for
15 minutes, 0.05 mL of each suspension was drop-coated onto the
FTO substrates. The coverage area (0.5 cm x 0.5 cm) was controlled
with a polyester masking tape (Cole Parmer). After drying at ambient
temperature, the films were heated on a hot plate at 373 K for
90 min in air. Photos of the films are included in the Supporting
Information. Films were between 800 nm and 1500 nm thick as
determined with a stylus-type Veeco Dektak profilometer.

Density Functional Theory (DFT) Calculations

The DFT calculations were performed using the full potential local-
orbital minimum-basis method as implemented in the FPLO code.”374
The exchange-correlation functional was parameterized using the
generalized gradient approximation (GGA).”> The lattice parameters
and atomic positions were adopted from the experimental data in
order to have a direct comparison. A 16x16x16k-mesh was used to
guarantee a good convergence. Due to the limited size of the
supercell a simplified model to implement the partial Y substitution
was used by replacing 1, 2 or 3 La by Y. This resulted in
Lag.g75Y0.125TaO;N,  Lag75Yo25TaOyN,  and  LageasYosrsTaO,N  as
representatives of LagoYo.1TaO;N, Lag.75Y0.25TaO3N, and
Lag7Yo3TaO,N, respectively. The virtual crystal approximation was
applied to model the experimentally observed disordered mixture of
O and N atoms in the oxynitrides. In order to understand the
experimental SQUID measurements, fixed moment calculations are
done with the resulting total energies with respect to the total
magnetic moments of the unit cells shown in Fig. S9, Supplementary.
The band structures for the supercells are unfolded into the Brillouin
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zone of the primitive cell (Fig. S14, Supplementary), which allows to
make a direct comparison. The optical conductivities are evaluated
based on the complex dielectric functions including both the
intraband and interband contributions.

Characterization

Powder X-Ray Diffraction (PXRD) measurements were carried out on
a Rigaku Smartlab powder X-ray diffractometer using Ni-filtered Cu-
Kai,2 radiation in order to examine the phase purity and crystal
structure of the oxides and oxynitrides. High-resolution (HR)
synchrotron radiation PXRD measurements of selected oxide and
oxynitride samples were performed at the beam line ID22 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The diffraction data were analyzed by Rietveld refinements’®77 using
FullProf. 2k’8.

A potential long-range order of O and N in the Lag oY, 1TaO,N sample
was investigated via high resolution neutron diffraction at ambient
temperature on SPODI at the Research Neutron Source Heinz Maier-
Leibnitz (FRM 1) in Garching, Germany.”® Approximately 200 mg of
the sample were loaded in a standard vanadium cylinder with 6 mm
outer diameter. The measurement was carried out at a wavelength
of A = 1.54818(2) A using a take-off angle of 155° of the (551) atomic
plane of the Ge monochromator.

The cationic composition of the samples was studied by inductively
coupled plasma emission spectroscopy (ICP-OES) on a Spectro Ciros
CCD ICP-OES instrument. The anionic composition was determined
by hot gas extraction (HGE) using an Eltra ONH-2000 analyzer. Each
sample was measured at least three times.

In situ ammonolysis under flowing NH3 (80 mL-min~ NHz + 8 mL-min~
1 Ar) was carried out via thermogravimetric analysis (TGA) on a
Netzsch STA 449F3 Jupiter with a Perseus-coupled Bruker FTIR
spectrometer (Alpha). The subsequent reoxidation of Lag Yo 1TaO,N
was done under synthetic air (50 mL-min~! syn. air + 20 mL-min~t Ar).
To determine the oxidation state of Ta in La;_,Y,TaO,N and Y-
substituted n-LTO X-ray photoelectron spectroscopy (XPS) was
performed with a Thermo VG Theta Probe 300 XPS system (Thermo
Fisher Scientific). The incident beam had a spot size of 400 um and
was monochromatic with micro-focused Al K, radiation. A carbon
tape was used as sample holder and a flood gun avoided undesirable
charging effects. A Shirley-type inelastic background was chosen for
background subtraction. The XPS spectra were analyzed as described
previously.'*

The morphology of the produced oxides and oxynitrides was
investigated via scanning electron microscopy (SEM) (ZEISS
GeminiSEM 500, 5 kV) using the in-lens detector.

UV-visible diffuse reflectance spectroscopy (DRS) was performed
with a Carry 5000 UV-VIS NIR spectrophotometer. The baseline was
measured with BaSO, as reference. The optical bandgap was
estimated by using the Kubelka-Munk conversion®? and applying the
tangential method432,

Nitrogen sorption was applied to obtain the data to determine
specific surface areas of the materials. First, the samples were
annealed at 393 K to remove adsorbed water. Adsorption and
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desorption isotherms were recorded at liquid nitrogen temperature
with an Autosorb-1-MP (detection limit: Sger > 1m?/g) from
Quantachrome Instruments. The specific surface areas were
determined by the Brunauer-Emmet-Teller8 (BET) method.

X-ray absorption near-edge structure (XANES) characterization was
carried out at the Spanish beamline BM25A SpLine®! at ESRF.
Measurements were performed in transmission mode using three
high precision ionization chambers and an ethanol-cooled (203 K)
double Si(111) crystal monochromator with an energy resolution of
AE/E = 1.4x10™*. Samples were pelletized with cellulose for
transmission measurements. The concentration of the samples was
calculated to obtain an absorption jump of Ay = 1 at the Ta Ly-edge
(9.881 keV). XANES data were normalized using the Athena software
package.8?

Magnetometer surveys were carried out with a commercial VSM
MPMS3 Superconducting Quantum Interference Device (SQUID)
from Quantum Design. This system allows both conventional DC and
VSM-type measurements. The hysteresis loops were measured at 2 K
while the field switched from -4 T to 4 T. For zero field cooling
purposes the magnet was quenched to minimize the residual
magnetic field. Depending on sample and measurement type the
effective sensitivity was in the range of 10%-10=° emu.

Surface photovoltage spectroscopy (SPS) measurements were
performed using a vibrating gold mesh Kelvin probe (3 mm diameter,
Delta PHI Besocke) mounted 1 mm above the film samples. Samples
were placed inside a home-built vacuum chamber (p = 10™* mbar by
a Pfeiffer HiCube 80 Eco turbo pump station). Monochromatic
radiation was provided by a 150 W Xe lamp using an Oriel
Cornerstone 130 monochromator (lp = 1 mW-cm™). It was not
compensated for the variable light intensity of the Xe lamp. A signal
drift in the spectra was corrected by subtracting a dark background
from the raw data. All reported contact potential difference (CPD)
values were corrected by the CPD value in the dark. Effective
bandgaps were obtained from the major photovoltage signals of the
spectra using the tangent method. Charge separation reversibility
was examined with light on/off scans at 2.48 eV monochromatic
illumination.
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