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ABSTRACT

The electronic structure and optical properties of Pd modified TiO, nanotubes (NTs) with
vertically aligned nanotubular structure grown by a two-step electrochemical anodization method
have been studied using X-ray spectroscopy. X-ray Absorption Near Edge Structure (XANES) at
Ti Ls;»- and O K-edge has been used to investigate the TiO, NTs before and after Pd
modification. It is found that Pd nanoparticles (NPs) are uniformly coated on the NTs’ surface.

Pd L;-edge of the deposited Pd NPs shows a more intense whiteline and a blue shift for the Pd



Ls-edge absorption threshold relative to Pd metal, indicating charge-depletion from Pd 4d orbital
as a result NP formation. The lattice of Pd is slightly contracted upon NP formation albeit it
remains fcc as revealed from the Extended X-ray Absorption Fine Structure (EXAFS) analysis at
the Pd K-edge. X-ray Excited Optical Luminescence (XEOL) together with XANES with
element and site specificity is used to study the optical luminescence from TiO, NTs. It is found
that the defect-originated XEOL intensity drops noticeably in the Pd NPs coated NTs, suggesting
a Pd NP-TiO, interaction mediated reduction in the radiative recombination of electrons and
holes. Further evidence is provided by Ti 2p resonant inelastic X-ray scattering (RIXS) in which
no low energy loss features (d-d transition) are observed. The implications of these results are

discussed.

KEYWORDS. electronic structure, X-ray absorption near edge structure, extended X-ray

absorption fine structure, X-ray excited optical luminescence, resonant inelastic X-ray scattering.



INTRODUCTION

As arguably one of the most versatile semiconductors, TiO, has drawn a great deal of
attentions due to its low-cost, non-toxic and superior photocatalytic properties among many other
desirable properties. These properties of TiO, make it a robust material for solar cells," and

® applications among many others.”'* Particularly, one-dimensional (1D) TiO,

photocatalysis*
nanomaterials, such as nanowires (NWs), nanorods (NRs), nanobelts (NBs) and nanotubes (NT5s)
are of great scientific interests due to their unique architecture and associated intrinsic properties

1415 Of the above mentioned

which can effectively improve photocatalytic efficiency.
morphologies, TiO, NTs have been widely used as the effective 1D nanostructure to enhance
photocatalytic property of TiO,. This is because the nanotubular structure can facilitate electron
mobility along the tube axis, thus greatly reducing interface recombination.'® However, the
intrinsic defects (e.g., oxygen vacancies) within crystalline TiO, NTs impose significant
restrictions on their photocatalytic performance. Recently, construction of TiO, NTs-based
heterojunctions with noble metals attract great attention in photocatalysis, of which systems
using silver, gold and platinum achieve the greatest success.'"* The reason is that once the TiO
absorbs light and produces electrons and holes, the involvement of noble metals which have
great electron affinity will be the electron trap sites, thus retarding the recombination of excited
electron-hole pairs to mediate photocatalytic performance. In addition, palladium, as another
noble metal, has been widely used as an industrial photocatalyst. For example, the decoration of
Pd onto TiO, NTs has been founded recently to retard the electron-hole recombination, thus
enhancing photocatalysis in water-splitting.°

To achieve the synergetic effect between Pd and TiO, NTs for the design of efficient

photocatalyst, the control of physical and chemical properties of TiO, NTs as a substrate is



crucial. Of which the morphology and crystal phase of TiO, NTs are the top two key factors for
Pd modification and photocatalysis performance. While TiO, NTs synthesized under
conventional techniques like sol-gel***' and hydrothermal method*? suffer the severely
morphological limitation (disordered nanostructures and small surface area) resulting in the fast
recombination of photoelectrons on the conduction band and holes on the valence band of TiO..
In contrast, electrochemical anodization, as a productive and growth-controllable synthesis
technique of TiO, NTs, can grow vertically aligned TiO, NTs on Ti substrate in only one
direction. These anodic NTs can provide not only well-ordered unidirectional electrical channel
but also a large surface area resulting in superior photocatalytic properties.*® Since the
photocatalytic performance of TiO, NTs is particularly related to its geometry and alignment,
TiO, NTs with smooth top surface and good nanotubular arrangement are desired to further
enhance the photoactivities. However, it is experimentally challenging to obtain the ideal
geometry prepared by a single step anodization, in which the ideal NT morphology can be hardly
achieved and the disordered architecture severely limits the photocatalytic properties of TiO,
NTs.* Therefore a multi-step anodization method is widely used for TiO, NTs growth since the
ordered hexagonal imprints can be left behind on Ti substrate after the removal of the previously
anodized film. And the following NTs can grow favorably along with these hexagonal imprints,
leading to the extremely ordered TiO, NTs which show the superior photocatalytic performance
and can be used as the ideal substrate for noble metal decoration.*®

In addition, anatase and rutile are the two well-known and photoactive phases of TiO,. The
different distortions of the octahedral environment at the Ti site result in the local symmetry D.q
and Dy for anatase and rutile, respectively. While rutile (density 4.23 g cm®) is the

thermodynamically stable phase, the metastable anatase phase (density 3.78 g cm™) is the more



preferable phase in nanoscale and possesses an overall lower surface energy, thus anatase is more
bioactive and robust for photocatalysis. Usually, the as-prepared TiO, NTs have the amorphous
structure under room temperature anodization and can be crystallized to different phases (anatase
and rutile) using a thermo-controllable method via annealing at different temperatures. The
amorphous to anatase transformation temperature, which is greatly dependent on the morphology
and defects of TiO,, varies from 200 °C ~ 600 °C and a better crystallinity can be achieved using
a higher annealing temperature.***> However, the anatase phase will transform to rutile phase if
the annealing temperature is too high whence the NTs will collapse and shrink to form the
compact rutile structure.*® Thus the phase control of TiO, NTs is a very important issue because
different phase can result in a different photo-reaction mechanism. Previous studies indicate that
anatase phase of TiO. is more stable in closely packed NTs than in loosely packed ones. For
example, NTs synthesized by a multi-step anodization can retard the anatase-to-rutile phase
transformation temperature to as high as 650°C* while NT prepared by single-step anodization
shows a noticeable rutile phase and becomes rutile dominant after annealing at 500°C and
600°C, respectively.”® Therefore, a multi-step electrochemical anodization method can be used to
grow unidirectionally ordered TiO, NTs and becomes an easier way to control and retain the
anatase phase. The obtained NT structure is highly favorable for Pd modification to achieve a
better photocatalytic performance.®

It is well documented that the existence of Schottky potential barrier at the interface between
Pd NPs (metal) and TiO, NTs (semiconductor) facilitates electron transfer from the conduction
band of TiO, to Pd as the electron affinity of anatase (~4.2 eV)* is lower than the work function
of Pd (~5.12 eV),”® which can effectively reduce the electron-hole recombination so that

enhanced photoactivity can be achieved.®* Although many works have been reported to achieve
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superior photocatalytic performance of TiO, NTs upon Pd decoration,
knowledge, a comprehensive understanding of the synergetic effect between noble metal and
TiO,is lacking. Thus the objective of this work is to provide insights into electronic structure and
its interplay with optical properties of Pd NPs coated TiO, NTs.

Investigation of electronic structure using X-ray absorption fine structure (XAFS), which is
generally called X-ray absorption spectroscopy (XAS) for short, refers to the modulation of the
X-ray absorption coefficient of the core level of the element of interest. Traditionally, XAFS can
be divided into X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS). Of which XANES is a powerful tool to probe the local symmetry and
unoccupied electronic states of materials at the near edge region (~20 eV below and ~50 eV
above the absorption threshold);* EXAFS, on the other hand, can reveal the interatomic distance
and coordination number of the site of interest in the materials at the extended absorption region
(~50 eV and up to ~1000 eV above the absorption threshold).* If the material of interest is light-
emitting, then its absorption coefficient modification also can be tracked by the optical yield.
Optical photons induced by X-ray absorption is called X-ray excited optical luminescence
(XEOL), and can be element and excitation channel specific. ** As a photon-in and photon-out
technique, XEOL uses a tunable X-ray source to selectively excite a core level electron and then
tracks the energy transfers into optical channels. Absorption across an edge turns on a new Auger
channel and will change the thermalization process of the electrons and the holes, of which the
radiative recombination is responsible for optical emission. Thus XEOL, in combination with
XANES, can reveal the luminescence mechanism of materials with element and site specificity.
Resonant inelastic X-ray scattering (RIXS), a complementary tool of XANES, is related to X-ray

emission spectroscopy (XES) at resonance in the study of the electronic structure of occupied



states. The concerted dipole transition processes of excitation and de-excitation involved in RIXS
makes it an extremely powerful tool for studying the electronic structure of the valence band in
the ground state and electronic excitations.”

Herein we report the XANES and XEOL studies of TiO, NTs prepared under controlled
conditions to reveal the synergetic effects of vertically aligned TiO, NTs and uniformly coated
Pd NPs through the analysis of Ti Ls,-edge, O K-edge, Pd L;- and K-edge as well as related
optical luminescence excited by X-rays. In addition, RIXS is also used to pinpoint the effect of

Pd modification on the Ti 3d states via d-d transitions analysis.

EXPERIMENTAL SECTION

Highly ordered TiO, NTs were prepared by electrochemical anodization using a custom-made
two-electrode cell. A Ti metal foil (2 cm % 0.5 cm, 0.1 mm thick, Goodfellow) was used as the
anode for NT growth while a Pt wire was the cathode. During the anodic oxidation process, 0.3
wt. % of ammonium fluoride (NH4F, ACS, 98.0% min, Alfa Aesar) and 2 vol. % of deionized
water together with ethylene glycol were used as the electrolyte. In order to grow an ideal
nanotubular structure for palladium deposition, a two-step anodization method was used: Ti foil
was firstly anodized at 50 V (Hewlett-Packard-6209B DC power supply) for 4 h, and
ultrasonically rinsed in 1 M HCI to peel off the first layer. Subsequently, a second anodization
was performed at 50 V for 1 h to obtain the vertically aligned NTs. The as-prepared NTs (APNT)
attached on Ti foil were crystalized through annealing at 450 °C for 2 h (denoted as NT450).

A hydrothermal method® was used for palladium modification. Briefly, a 13 ml solution
consisting of 150 mg of polyvinylpyrrolidone (PVP, average M,, ~55,000, Sigma-Aldrich), 50

mg of sodium iodide (Nal, ACS reagent, > 99.5%, Sigma-Aldrich) and 1.3 mg of palladium



chloride (PdCl,, ~99%, Sigma-Aldrich) together with NT450 were transferred into a 30 ml
Teflon-lined stainless-steel autoclave and then heated at 180 °C for 1 h under sealing.
Subsequently, the palladium coated NTs (henceforth denoted as PCNT450) were washed with
ethanol and dried with N gas.

The morphology of NT450 and PCNT450 was revealed using scanning electron microscopy
(SEM, LEO 1540XB), the related SEM images are shown in Figure S1, the vertically aligned
NTs have a diameter of ~100 nm with an average wall thickness of ~30 nm. After palladium
modification (Figure S1b), the NPs with the diameter of ~10 nm are uniformly deposited on the
orifice, the inner and outer tube-wall without changing the morphology of NTs.

The XRD spectra were collected using a Rigaku rotating-anode X-ray diffractometer with Co
K, radiation from 2-82° with a scan rate of 20 = 10° min™ as shown in Figure S2. Clearly, the
structure of the APNT is amorphous, so only diffraction signal from Ti substrate is observed.
After annealing at 450°C, NT450 and PCNT450 only present diffraction patterns consistent with
anatase phase. A noticeable palladium diffraction peak (200) is located at 20 = 55.5° in PCNT450
and no other additional Pd peaks are detected, indicating that the size of Pd NPs deposited on the
surface of NTs is very small,® which is consistent with the SEM result.

XAFS spectra were recorded at the Canadian Light Source (CLS) located at the University of
Saskatchewan (Saskatoon, SK, Canada). The Ti Lj,-edge and O K-edge were obtained on the
Spherical Grating Monochromator (SGM, E/AE > 5000) beamline.* Pd Ls-edge was measured
on the Soft X-Ray Microcharacterization Beamline (SXRMB, E/AE > 5000)* while Pd K-edge
was collected on the Hard X-ray MicroAnalysis (HXMA, E/AE > 5000) beamline.* The surface-
sensitive total electron yield (TEY) and bulk-sensitive fluorescence yield (FLY) were used for

absorption spectra collection. An Ocean Optics QE 65000 spectrometer was used for tracking



XEOL spectra during the XAFS spectra collection (i.e., XAFS and XEOL were measured
simultaneously by using different detectors). Photoluminescence yield (PLY), as a reflection of
XEOL intensity variation which is also treated as optical-XANES, was tracked as the excitation
energy tuned from below to above the edge of interest. All spectra were normalized to the
incident photon flux. The resonant inelastic X-ray scattering (RIXS) spectra of NT450 and
PCNT450 were collected at beamline 8.0.1 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL). Ti 2p RIXS spectra were measured using a high-

resolution grazing incidence grating spectrometer with a resolution of 0.4 eV.*!

RESULTS AND DISCUSSION

The effect of Pd decoration to the electronic structure of TiO, NTs substrate can be revealed by
the investigation of Ti Ls,-edge and O K-edge as shown in Figure 1, in which the XANES
spectra of commercial anatase and rutile (Sigma-Aldrich) are used as standards for comparison.
Fine structures at Ti L3,-edge arise from transitions from 2ps, and 2pi» to unoccupied 3ds, and
3ds,, states of Ti site according to the dipole selection rule (Al = £1, Aj = 0, £1). From Figure 1a,
several resonances are presented in the TEY spectra of all samples: two weak pre-edge peaks (p:
and p,), two L; characteristic peaks t; and e; (further splitting into e; and e;;) and two L,
characteristic peaks t, and e,. Of which the origin of pre-edge feature p; and p, is multiplet
splitting due to core hole-d electron interactions.** The energy region from 457.5 to 462 eV is
the Ls;-edge, peak t; and e; are transitions to t,, and e, states, respectively.* A further splitting of
the second peak of Ls-edge (e;) into e;; and ey, is due to the local distortion at the Ti site from the
octahedron (Oy) structure. The relative intensity of e;; and e, can be used to distinguish

between the anatase and rutile crystal structure of TiO,. The higher intensity of e;; over e, as



shown in Figure 1a indicates that anatase (D.s symmetry) is the dominant structure in NT450 and
PCNT450,*> ® which is also in good accordance with the XANES profile of standard anatase
sample presented in Figure 1a.

The energy region from 462 to 470 eV is the L,-edge region, and peak t, and e, are transitions
to trs and ey states, respectively.* Compared with the e; peak splitting at Ls-edge, however, we
cannot find e, peak splitting in this L,-edge region which is partly due to the life-time broadening
(core-hole effect) because of Coster-Kronig transitions and partly due to the interference of L -
edge EXAFS underneath. The non-splitting e; feature, together with the shorter energy distance
between t, and e;, of APNT is due to its amorphous structure, which is consistent with XRD

result and previous studies.”® *

(a) (b)

Anatase

TEY (a.u.)
TEY (a.u.)
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Figure 1. (a) Ti Ls,-edge and (b) O K-edge XANES spectra of APNT, NT450, PCNT450,
commercial anatase and rutile (Sigma-Aldrich); All spectra are normalized to the edge jump (flat

region of the absorption above the threshold); All except the APNT are shifted vertically for

clarity.
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Fine structures at the O K-edge (Figure 1b) arise from dipole transitions from 1s to unoccupied
2p states of O site; different types of features presented in Figure 1b are due to transitions to the
hybridized states between O 2p and Ti 3d or Ti 4sp: The pre-edge within energy region from 529
to 536 eV is transition from O 1s to unoccupied O 2p-Ti 3d hybridized states.* And the splitting
into two intense peak A; and A, is due to splitting of Ti 3d band and transitions to t,, and e,
states, respectively, which, as a common feature in transitional metal oxides, clearly shows the
strong hybridization between O 2p and Ti 3d orbitals. Peaks B; and B, are transitions from O 1s
to O 2p-Ti 4sp hybridized bands while the appearance of higher energy resonance peak C located
at ~553eV reflects the long range order in these crystalline samples. It is worth noting that the
further peak splitting of B, into B, and B,, together with energy shifts of peak B; and C indicates
the totally different local environment of O site in rutile phase (D2 symmetry) compared to
anatase phase (D.s symmetry). Therefore by comparing the O K-edge XANES of anatase and
rutile (Figure 1b), we can conclude that both NT450 and PCNT450 display anatase structure by
sharing the similar O K-edge XANES spectra pattern. The broad pre-edge feature, together with

2645 which is

the absence of peak C, of APNT at the O K-edge indicates its amorphous structure,
in good accordance with Ti Lj,-edge XANES study. Therefore, both the XANES spectra from Ti
Ls,-edge and O K-edge do not show any noticeable difference before and after Pd modification,
indicating Pd NPs in this work are only coated on the surface of NTs.* %

To provide evidence of Pd NPs coating onto NTs, the study of Pd itself is necessary and the Pd
Ls-edge XAFS spectra are shown in Figure 2a. Of which the Pd Ls-edge of Pd foil and PdCl,
(Sigma-Aldrich) are shown as standards for comparison. From Figure 2a, the Pd Ls-edge XAFS

spectra of PCNT450 and Pd foil have the similar spectral features. The oscillating patterns (peak

f to h) are the EXAFS signature of fcc metallic Pd,”* indicating Pd(II) is successfully reduced
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to Pd(0). After the reaction, a brown color can be observed in the post-reaction solution which
can easily make starch solution turn blue. Thus it shows that I" is oxidized to I, having served as
the reducing agent to convert Pd(II) to the Pd nuclei on the surface of TiO, NTs and for
subsequent Pd NPs growth. This observation is consistent with the result of SEM where Pd NPs
are uniformly deposited on the surface of TiO, NTs.

In the Pd Li-edge XANES, the first intense peak, so-called whiteline (WL) appears as a sharp
resonance just above the threshold; it arises from 2p;, to 4d states transitions, and the area
underneath the WL is proportional to the unoccupied densities of states of the Pd d-band above
the Fermi level;* i.e., that the larger the area under WL, the higher the unoccupied d-hole count
of Pd 4d states, which often correlates to improved catalytic activity. From Figure 2, several
interesting observations are noted: First, a significant increase in the WL intensity of PdCl, and a
slightly enhanced WL of PCNT450 relative to Pd foil can be seen (Figure 2a and 2b); Second,
compared with the absorption threshold (the first maximum of the first derivative of XANES) of
Pd foil (E,= 3173 eV), the Pd Ls-edge absorption threshold of PCNT450 and PdCl, shifts by 0.6
eV and 0.9 eV, respectively, to the higher energy region (Figure 2c). Meanwhile, upon palladium
NPs formation, the Pd Ls-edge of PCNT450 shows a noticeable broadening in all resonance
peaks than that of Pd foil (Figure 2b). More interestingly, a closer observation within Pd L3 post-
edge region of PCNT450 shows that while peak b slightly shifts to lower energy, all other
features (d ~ h) shift with progressive larger separation to the corresponding peaks in Pd metal

(the inset of Figure 2b).
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Figure 2. (a) Pd L;-edge XAFS spectra of Pd foil, PCNT450 and PdCl,; (b) A close Pd L;-edge
comparison between Pd foil and PCNT450, the inset is their post-edge comparison; (c) XANES
spectra and their first derivatives near Pd L;-edge whiteline region of Pd foil, PCNT450 and
PdCl; (the vertical dash lines indicate their absorption threshold (E,)). All XAFS spectra are

normalized to the edge jump.

For PdCl,, together with its high-energy-shifted absorption threshold, the intense WL intensity

is mainly due to its expected 4d electron configuration of Pd(II) although covalence will reduce
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the total d hole to be less than 2.* The enhanced WL and slightly broadened feature of PCNT450
relative to the bulk Pd foil indicate a d-charge depletion in Pd 4d band upon NPs formation,
which is consistent with the +0.6 eV shift of its absorption threshold since reduced Pd d-d
interaction at the nanoparticle surface due to a reduction in coordination number, and the
interaction between Pd and TiO, will both contribute to d charge depletion on Pd site. Then a
more effective hybridization between d and s, p orbitals of Pd would yield positive threshold
shift as 4d charge screens the core hole better than 5s and 5p.*® The energy-shifted features at the
Pd L; post-edge can be revealed through K-edge EXAFS analysis (see below) and the shift of
these features (d ~ h) to a higher energy region often indicates a shorter Pd-Pd bond distance

(contracted fcc structure) in the NP relative to bulk. According to a d-hole count calculation

50-51 47, 49
d 1,

metho and the 0.36 d-hole count of palladium meta a 0.38 d-hole count is obtained for
PCNT450, which is ~ 5.6 % increase compared to the metal foil.

Further confirmation of Pd decoration on TiO, NTs is achieved by the Pd K-edge EXAFS
study. The similar XAFS oscillation patterns between PCNT450 and Pd foil (Figure 3a) indicate
that they have the same fcc structure. The broadening of the Pd K-edge XANES features (inset of
Figure 3a) of PCNT450 compared to the sharp features observed in bulk Pd foil results from the
degradation of long-range order and disorder due to the truncation of the lattice for Pd NPs
formation (surface), and to some extent the Pd and TiO, NT interface. It is worth noting that the
oscillation pattern of EXAFS is composed of phase and amplitude, in which the former includes
bond length and phase information while the latter provides backscattering amplitude, bond
length, and coordination number, etc. Since Fourier transform technique can be used to separate

the phase and amplitude, and chemical transferability of phase and amplitude works well

between Pd NPs and bulk Pd foil due to their similar systems. Thus the Fourier transform process
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of the EXAFS oscillations can be used to obtain the bond length difference from the phase
analysis and the relative degree of disorder from the amplitude between PCNT450 and Pd foil.**
>2 Figure 3b shows the Fourier transform of the EXAFS with k weighting (k range: 2.5-15 A™! for
Pd foil while 2.5-13 A" for PCNT450). It is evident that the bond length of the first shell of Pd
NPs is smaller than that of bulk Pd foil.

Assuming chemical transferability of the phases and amplitude of Pd NPs and bulk Pd foil, a
Fourier back-transform of the first shell from the R space to k space with identical filter window
as indicated by two black solid bars (R range: 1.5 - 3.0 A, the inset of Figure 3b) can be used to
obtain the difference of the first shell Pd-Pd interatomic distance. Qualitatively, since r =
(21/Akmax — B)/2, where 1 and k are the bond length and wave vector, respectively. 3 is a constant
for low Z scatterers or in the high k region for Pd where the phase of the backscatterer is nearly
linear in k.** So the larger the Aku., the shorter the bond, which is the case for PCNT450,
suggesting the shorter Pd-Pd bond length of Pd NPs than the bulk Pd foil. And the reduction in
amplitude indicates the disorder structure of Pd NPs due to the truncation of the lattice and the
decrease of coordination number at the surface. With an assumption that the phase and the

backscattering amplitude of Pd are the same in both Pd NP and Pd metal (a reasonable

assumption of chemical transferability), the fitted Ar = 0.14 A, which was derived from fitting
the phase function of Pd NP (extracted from the filtered Fourier back-transform of the first Pd-Pd
shell) with that of the Pd metal with a known first shell Pd-Pd distance of 2.75 A. Intuitively, the
fitting result is a little large and it is, probably, due to the partially oxidized shell of Pd NP,
resulting in the increase of electron density on the surface and shrinkage of the Pd NP. Because
electron transfer from the central Pd atoms to the surface Pd atoms will strength the

hybridization between two Pd atoms, thus decreasing the bond distance of Pd-Pd.
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Figure 3. (a) Pd K-edge XAFS of PCNT450 and Pd foil (the PCNT450 spectrum is vertically

shifted for comparison); the inset is the Pd K-edge XANES. (b) Fourier transform of the EXAFS

for PCNT450 and Pd foil; Note that the bond length difference cannot be directly read off since

the Pd backscatter phase is not linear in k space; the inset shows the Fourier back transform with

a filter window at the first shell (R range: 1.5-3.0 A).

Hence, it is no doubt that the obtained Pd NPs coating on TiO, NTs show the typical fcc but
contracted crystal structure. And the consequent increase of Pd 4d hole count upon NPs
formation should be responsible for the superior photoactivity of Pd/TiO, heterostructure in

water-splitting.°
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Figure 4. XEOL spectra of NT450 and PCNT450 collected with excitation photon energy at 575
eV normalized to incident flux (well above O K-edge, the inset is the XEOL spectrum of

commercial anatase collected at 575 eV).

The effect of palladium coating to the optical property of TiO, NTs can be observed with
XEOL as shown in Figure 4, in which NT450, like commercial anatase sample, exhibits one
broad luminescence band centered at ~500 nm while the wavelength of green emission band
shifts to ~550 nm in PCNT450 with a comparatively sharp reduction in its intensity. A thorough
luminescence mechanism revelation for these two green emission bands is fully discussed in the
supporting information (DISCUSSION and Figure S3). Surface defects of anatase are mainly
contributed to the observed luminescence of NT450 and PCNT450, which is consistent with a
previous XANES and XEOL study of pure NTs* and photoluminescence (PL) studies of Pd
modified TiO,.>*** The red shift of PCNT450 XEOL spectrum, compared with the XEOL spectra
of NT450 and commercial anatase, is almost certainly due to the surface modification of TiO,
NTs upon Pd coating. The sharp decrease of XEOL intensity of PCNT450 indicates the reduction
of surface defects of anatase by either healing upon Pd NPs coating®® or suppressing with the

preferred deposition of Pd NPs on such surface sites. And the absorption of incident photon by
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Pd which does not contribute directly to energy transfer to the optical channel. It should be noted
that in pure anatase NTs, photo-excited electrons can be trapped by the surface defects. For Pd
modified NTs, on one hand, the photo-generated electrons at TiO, conduction band can
recombine with valence holes via surface defects which is similar to the recombination process
of pure NTs; on the other hand, they can be captured by Pd site at the interface between Pd and
TiO, since the equalized Femi energy level of PCNT450 (once Pd and TiO; are in contact, their
Fermi level will equalize and a subsequent Schottky barrier layer will be formed at their
interface) is still lower than the energy level of the conduction band of TiO,. Thus electrons on
the conduction band of TiO, prefer to transfer to the Pd site, indicating that Pd can act as the
electron sink on the surface of TiO,, hence effectively slowing down the recombination rate of
radiative recombination of electrons and holes.

Resonant inelastic X-ray scattering (RIXS) spectroscopy (or RXES) is also used to pinpoint
the effect of Pd modification to the Ti 3d states of anatase TiO, NTs as shown in Figure 5. The
energy loss (Figure 5b) scale is obtained via subtracting the measured emission energy from the

excitation energy. Earlier Ti 2p RIXS studies of TiO, have been well-established via

37, 41, 56 57
1 1

experimenta and theoretical® analysis. And it is well documented that three components
are included in Ti 2p RIXS (shown in Figure 5b):*"*® normal Ti 3d - Ti 2p emissions at fixed
photon emission energy (the energy loss scale of these peaks vary as the excitation energy
increases and are proportional to the change of the excitation energy) are indicated by the short
solid bars; elastic scattering features (which have emission energies equal to the excitation
energies) are located at the 0 eV on the energy loss scale; and inelastic scattering features such as

charge-transfer features which are shown as constant energy loss peaks (ci, ¢, and c;) are located

between elastic scattering features and normal Ti 3d - Ti 2p emission peaks. The origin of some
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weak energy loss features located between 0 eV and 5 eV below the excitation energy is quite
interesting and can be assigned to d-d transitions as inelastic scattering features (shake-up).*"*® In
Figure 5b, these d-d transition features are clearly presented in NT450 especially when the
excitation energy reaches the t,-resonance (spectrum a and c) and eg-resonance (spectrum e and
f), which, to the best of our knowledge, have not been reported before in Ti 2p RIXS spectra of
both pure anatase and rutile TiO, nanomaterials. And all these energy loss features are totally
quenched upon palladium modification. Previous Ti 2p RIXS study of lithium doped nanoporous
anatase TiO," and La,Sr;,TiO;*® indicate that the presence of d-d transition features is due to an
extra electron localized at the Ti t,, states, i.e., ty states are partially occupied instead of the Ti
3d(0) configuration of TiO,. Therefore, we can attribute the origins of these inelastic scattering
features to the reduction of Ti(IV) to Ti(III) (Ti d band is no longer empty) resulting from the
defects presented in NT450. More interestingly, the disappearance of these low energy loss
features in PCNT450 clearly indicates the coated Pd NPs can effectively heal the defects,
especially defects at the interface between Pd and TiO,, to decrease the recombination
probability of photo-excited electron-hole pairs. Thus decoration of Pd NPs onto TiO, NTs can
efficiently elongate the lifetime of photoactive electron-hole pairs, which is consistent with the

XEOL reduction of PCNT450.
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Figure 5. (a) Ti 2p XANES; (b) Ti 2p RIXS spectra of NT450 and PCNT450 excited at the
photon energies indicated in the XANES spectrum and each pair RIXS spectra of NT450 and
PCNT450 are normalized to their corresponding Ti 3d — Ti 2p emission (indicated by solid bars),

respectively. The elastic peak is at 0 energy loss.

CONCLUSIONS
Vertically well-aligned TiO, NTs are obtained using a two-step electrochemical anodization
process, this ideal nanotubular morphology favors the uniform deposition of Pd NPs on the

surface of NTs (inner and outer tube-wall). Several findings are highlighted here: (1) Pd NPs are
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only coated on NTs without the noticeable change of electronic structure of pure NTs via Ti Lj»-
and O K-edge analysis; (2) Pd NP is contracted compared to Pd metal; (3) The sharp reduction of
XEOL intensity of Pd modified NTs compared with pure NTs, together with RIXS analysis,
indicates that the coated Pd NPs can partially heal the surface defects of anatase. And Pd can
remove electrons from the conduction band to efficiently hamper the radiative recombination

process.
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