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ABSTRACT: Exfoliated crystalline niobium oxides containing exposed but interconnected NbOg octahedra with different degrees
of structural distortions and defects have recently shown to catalyse Brensted acid (BA), Lewis acid (LA) and Photo catalysed (PC)
reactions efficiently but their structure-activity relationships are far from clear. Here, three exfoliated crystalline niobium oxides,
namely HSr,Nb;0,,, HCa,Nb;0,, and HNb;Og are synthesised, extensively characterized and tested for selected BA, LA and PC
reactions for the first time in a comparative manner. It is revealed that the three reactions show different structural origins: BA is
found to associate mainly with acidic hydroxyl groups of edge shared NbOg octahedra as proton donors; LA to vacant band position
of Nb*" to receive electron pairs from substrate at excited state; PC to terminal Nb=0 like of NbOg octahedra for photon capture
and charge transfer to long-lived surface adsorbed substrate complex via associated oxygen-vacancy in close proximity. It is be-
lieved that such understanding of the structure-activity relationships could lead to tailored designs of NbOx catalysts for industrial

important reactions.

Introduction

Niobium oxides possess many interesting physiochemical
properties such as high water-tolerant Brgnsted and Lewis
acidities, semiconducting and photo and electrochromic prop-
erties which enable the materials for a wide variety of applica-
tions such as for gas sensing, catalysis, electronics, optical
devices and displays." The structures and morphologies of
niobium oxides such as HNb;Og, HiNbgO;;, HSr,NbsO;,
HCa,Nbs;0,, and HTiNbOs can also be easily altered, which
provide structural means to achieve tunable properties for
these exciting applications.>® Recently, it has been observed
that exfoliated 2D niobium oxide structures with mostly ex-
posed cation and anion sites exhibit more superior acid and
photo catalytic performance than bulk materials. However,
there is at present, a lack of understanding on their structure-
activity relationships of the niobium oxides in correlating the
above properties.

In general, solid acids are broadly classified into two types,
Brgnsted and Lewis acids. They exhibit different functions in
acid catalytic reactions. The Brgnsted acid is capable of trans-
ferring protons to substrate whereas Lewis acid facilitates the
formation of a Lewis acid-substrate complex intermediate by
the transfer of electron pairs in electrophile-nucleophile inter-
action, resulting in the polarization of the substrate. Conse-
quently, Brgnsted acidity can catalyse many hydrolysis and
hydration reactions whilst Lewis acidity catalyses typical
Meerwein-Ponndorf-Verley (MPV),” Baeyer-Villiger oxida-
tion® and glucose isomerization® reactions. Niobium oxides

possess both Brgnsted and Lewis acid properties, which act as
versatile catalysts to activate multistep reactions involving
both acid functions. For instance, water-tolerant H;PO,-treated
Nb,Os can catalyse glucose transformation into 5-
(hydroxylmethyl) furfural under mild reaction conditions.™
But, there is still poor understanding on the chemical nature of
Bransted sites and the structural definition of Lewis acidity.
Additionally, structural correlation with photocatalytic proper-
ties of niobium oxides is scarcely represented in the literature.
It is generally thought to relate to electronic band structure,
degree of oxygen-vacancy and efficiency of electron and hole-
pairs generation under light irradiation, etc."* In some instanc-
es, these features and surface acidity of niobium oxide are
somehow linked to achieve desirable redox reactions but no
structural model is yet given. A substrate-Lewis acid sites
surface complex structure has recently been proposed during
the photo-oxidation reaction of benzylic alcohol on thin layer
HNb,0g.* But no discussion is yet given how the photon is
captured on a specific site of niobium oxide structure and how
it subsequently leads to the formation of products.

In this paper, highly crystalline thin layers of related struc-
tures of exfoliated (ex) HSr,Nb;O,, exHCa,NbsO,, and
exHNb;Og were carefully synthesized through an exfoliation
process (as shown in the Method section) from their respective
bulk materials. These exfoliated sheets maintain the 2D crystal
structures, forming precisely defined atomic structures. This
can facilitate examination of the origins of solid Brgnsted and
Lewis acidity and more importantly photocatalysis in relation-



ships with these acidities based on an atomic scale and quan-
tum chemical levels in comparative manner, which is not well
understood for most solid acid materials. Thus, their structural
integrities, degrees of distortion of octahedra and defects, acid-
ities and band structures of these thin layered structures have
been extensively characterized with XRD, multi-nuclear solid
state NMR, EPR, XPS, CV, UV-vis, TRPL, etc. Model reac-
tions including hydrolysis of ethyl acetate (Brgnsted acid cata-
lysed reaction); conversion of pyruvic aldehyde to lactic acid
(Lewis acid catalysed reaction) and air oxidation of benzyl
alcohol to benzylaldehyde and hydrogen production from wa-
ter (photocatalysis) by niobium oxides have been examined,
respectively. The structural aspects of the unique photocatalyt-
ic properties of these high surface 2-D layered niobium oxide
structures are particularly discussed.

Experimental section
Materials and Synthesis

KNb3Og, KSr,Nb;0,, and KCa,Nb;O4, as chemical precursors

were first synthesized by conventional solid state syntheses
from their physical mixture using stoichiometric amounts of
K,CO3, Nb,Os, Sr,CO; and Ca,CO;. **™ The protonated forms
were then produced by agitation of these obtained powders in
excess 4M HCI solution repeatedly over 24 h. The preparation
of exfoliated samples was conducted by using an intercalator
reagent, the TBAOH (tetra butyl ammonium hydroxide) solu-
tion. The host crystals of HNbz;Og HSr,Nb;Oy, and
HCa,Nb;0,, possessing layer structures were held by acidic
protons within their crystallographic planes. When they were
soaked in aqueous TBAOH solution (pH > 11.0), the amine
molecules were known to insert into each layers, resulting in
layer segregation by weakening the interlayer stacking.>® After
centrifuging at 3,000 rpm for 5 min and the supernatant solu-
tion was mixed with 1M HNOs, giving a white precipitate
immediately. The obtained precipitate was then washed with
distilled water until the pH of the filtrated solution became
neutral and the sample was then dried at 80 °C.

As for the synthesis of the Pt nanoparticles, a mixture of hex-
achloroplatinic  acid; H,PtClgs6H,O (62.1 mg), PVP
(Mw=45000) (133 mg) and ethanol (180 ml) were refluxed for
3 h. The solvent was evaporated and the residue was dispersed
into water/ethanol co-solvents (Vyster! Vetmano=1:1) (50 ml).* Pt
loading on catalysts was prepared by sonicating the mixture of
niobium oxides and Pt colloidal solution for 3 h. Following
that this dispersed solution was centrifuged at 5000 rpm for 5
min and the obtained precipitate was washed by water and
ethanol. Finally, the filtrated samples were naturally dried at
ambient temperature for a few days. In order to remove the
PVP residue the obtained samples were placed under UV irra-
diation, which led to photo-decomposition of the PVP layer
that encapsulated the nanoparticles.'’

Catalytic reactions

Hydrolysis of ethyl acetate into ethanol was carried out in a
sealed Pyrex tube containing the mixture of ethyl acetate (1.9
mL), water (0.1 mL) and catalyst (0.12 mmol). After 20 h at
333 K, ethanol product was extracted into water layer by add-
ing water (5 mL) into the product solution, followed by its
analysis using high performance liquid chromatography
(HPLC). Catalytic activities of exfoliated niobium oxides were
examined for the conversion of pyruvic aldehyde to lactic acid

in water. This reaction involved heating the mixture of catalyst
(0.05 g) and 2.0 mL of aqueous pyruvic aldehyde (0.1 M) in a
sealed Pyrex tube at 383 K for 2 h. The product solution was
analyzed by HPLC. For photocatalytic oxidation of benzylic
alcohol to benzylaldehyde reaction, a mixture of benzyl alco-
hol (0.0270 g), catalytst (20 mg) and benzotrifluoride (BTF)
(7.5 mL) were stirred in a tight closed flask (25 mL) under UV
irradiation for 20 h after the solution was pre-saturated with
di-oxygen molecule. The resultant solution was then analyzed
by "H NMR (Bruker Avance 111 HD nanobay 400MHz NMR).

For the hydrogen evolution experiments, the reaction was
conducted by dispersed catalysts (20 mg) in a 100 mL co-
solvent ((methanol (10 mL) and distilled water (90 mL)). Prior
to that the solution was bubbled with 5% CH,/Ar where CH,
was used as an internal reference. This mixture was agitated
under UV irradiation for 2 h and the obtained gas was ana-
lyzed by gas chromatography (Agilent 7890A) fitted with a
Flame lonisation Detector (FID).

NMR measurements

All solid state “Nb NMR spectra were recorded at 14.1 T ( »
0 =146.71 MHz) and 19.9 T ( v, = 208.10 MHz) by Bruker
Avance I+ and Avance Il spectrometers, respectively. A
Bruker static 5 mm broadband probe was used at each field.
The spectra were referenced to the primary standard; saturated
K[NbClg] in dry acetonitrile ( &, = 0 ppm).® A solid echo
(/4 — 1 — m/4) pulse sequence employing a 250 kHz non-
selective pulse was utilised, with a relaxation time of 500 ms
determined and a minimum of 4096 transients were collected
for each experiment. The resonances with a width of over 250
kHz were collected via a variable offset cumulative frequency
stepped (VOCS) method.”*? Spectral simulations were com-
pleted using the Topspin SOLA function. To fit the exfoliated
samples, the isotropic shift ( ) and broadening parameters
where allowed to iterate whilst the CSA and quadrupolar de-
termined interactions were fixed to the previously determined
bulk crystal parameters (Table S2). If it was no longer viable
to distinguish the resonance (due to the dramatic broadening
caused by exfoliation), then that fit was removed from the
deconvolution.

The '"H MAS solid state NMR data was collected at 14.1 T
(7o =599.44 MHz) by a Bruker Avance ll+ spectrometer. A
30 kHz MAS frequency was facilitated by a Bruker 2.5 mm
double air bearing HX probe. The spectra were referenced to
the secondary standard alanine which gives three resonances at
Ji = 1.1 (CHy3), 3.5 (CH) and 8.5 (COOH) ppm with respect
to TMS ( J'i, = 0 ppm).

TRPL measurements

The sample was excited by a frequency-trippled Ti:Sapphire
laser (266 nm) giving ~150 fs pulses with a repetition frequen-
cy of ~7.57 MHz. This beam was passed through a reflecting
x36 objective lens (0.5 NA) onto the sample. The emitted sig-
nal was passed back through the same lens to an Andor Sham-
rock 303i spectrometer using an iDus 420 CCD. For time-
resolved PL, the beam was directed to an output slit in the
spectrometer (selecting a window of ~10 nm) and passed to a
PMT detector (Becker and Hickl PMH-100, with an IRF ~ 200
ps) connected to a PicoQuant TimeHarp 260 TCSPC card
(resolution 25 ps).



XPS measurements

XPS measurements were recorded on a Thermo Scientific K-
Alfa XPS instrument equipped with micro-focused mono-
chromated Al X-ray source. The source was operated at 12
keV and a 400 micron spot size was used. The analyzer oper-
ated at the analyzer energy (CAE) of 200 eV for survey scans
and 50 eV for detailed scans. Charge neutralization was ap-
plied using a combined low energy/ ion flood source. The data
acquisition and analysis were conducted with CasaXPS (Casa
software Ltd.). The peak position was referenced to C1s peak
of the carbon tape at 285.00 eV* and peak fitting was applied
by using Lorentzian / Gaussian (L/G) 30 % curve.

UV-vis, XRD, BET surface area analyzer, Raman spectra,
XPS, CV, EPR and TEM measurements

Crystalline phase of the samples were identified by powder
XRD; X’ pert Pro (PANalytical) operating in Bragg-Brentano
focusing geometry and using Cuka radiation (\= 1.5418 A)
from a generator operating at 40 kV and 40 mA. TEM images
of the samples were recorded by JEOL 2010 electron micro-
scope with a high resolution pole piece. The UV-vis adsorp-
tion spectra were recorded with UV-vis spectrometer (Lambda
7508, Perkin Elmer) with potassium bromide as the reference.

Specific surface area was derived from the corresponding ad-
sorption isotherms with a conventional BET nitrogen adsorp-
tion apparatus (micromeritics 3flex). The samples were dried
at 150 °C under vacuum for 24 h prior to the experiments.

Raman spectra were measured with via Raman Microscope
(Renishaw) with a laser excitation wavelength of 532 nm.
Exposure time of 10 sec and 8 number scans were adopted for
each experiment. These samples were also dried at 150 °C
before the measurements.

For CV measurements (lvium, CompactStat), the scan was
recorded by measuring the potential across the membrane
hosting catalysts on the tip of electrode, which was prepared
by drying the mixture of catalysts (10 mg), Nafion (Nafion D-
521 dispersion, 5% wi/w in water and 1-propanol, >0.92 meg/g
exchange capacity) (10 ul) and milliQ water (1 ml) in order to
stabilize the membrane. Electrolyte used was 0.1 M aqueous
KCI solution. A sweeping voltage in the range of 0.3 V to -1.4
V at 50 mV s™ was used.

Figure 1. Two views (a, b) of crystal structures of niobium oxides of (i)
HSrNb3O0, (ii) HCa;Nb3Oq0 and (iii) HNb3Og according to ISCD database.
GaussView5.0 was used to reproduce the structures. Atoms are colour labelled
as follows: Nb (green), Sr (dark blue) and Ca (light blue).

Results and Discussion

Structural analysis of exfoliated niobium oxide layers

Fig. 1(a) shows the bulk Nb(IV) containing structures,
HSr,Nb;O;0, HCa;Nb30,4 and HNb;Og The first two belong to
the class of layered perovskite structures, AB,Nb;O,, contain-
ing 12 corner shared NbOg units with Sr** or Ca’* at the B
sites. These compounds consist of negatively charged perov-
skite sheets that stack to form a two-dimensional layered struc-
ture interleaved with H* in the A sites for compensation of the
negative charge of sheets. It is noted from Figure 1(i) that Sr**
ion (1.58 A in 12 coordination) at the B site fits very well to
the layered perovskite structure. However, the occupancy of
smaller Ca”" cations (ionic radius of 1.48 A with higher charge
density clearly reduce the dimensions of perovskite layer, de-
crease the symmetry (see Fig. 1(ii)) cause a substantial distor-
tion to individual NbOg units with pronounced off-centre Nb**
of a perfect octahedral geometry than that of larger Sr** ions.?
On the other hand, apart from corner-sharing NbOg HNb;Os,
the structure also contains edge-sharing NbOg”® and the H*
cations are emplaced between the 2D anion sheets. The XRD
patterns of bulk and exfoliated HSr,Nb;0,,, HCa,Nb;O,, and
HNb3;Og samples were collected and are shown in Fig. 2(a).
Notice that the intensities of (004) and (006) peaks due to lay-
er stacking along z-axis for exHSr,Nb;O4, and exHCa,Nb;O4,
significantly decrease after exfoliation although much broader
and weaker (002) diffraction peaks are still observed even
after the exfoliation process. This indicates that there was no
long range layer stacking of the materials but thin exfoliated
layers are produced. The TEM images of the exfoliated sam-
ples shown in Fig. 2(b) indeed depict the thin nanosheets mor-
phology, where flake-like 2D nanosheets structure ranging
from 1-8 layers is clearly evident for the samples.
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Figure 2. (@) XRD patterns of (i) HSr,NbsOyo, (ii) HCa,NbsOy and (iii)
HNb3Os, :(I) hydrated crystal precursor, (1) formed from (I) by calcination at
150 °C for 3 h. (I11) synthesized by exfoliation from (I1) and (1V) formed from
(3) by calcination at 150 °C for 3 h. (b) TEM and HRTEM images of
exHSr,Nb3Os0 ((i) and (ii)), exHCa,Nb3Oy ((iii) and (iv)) and exHNb3Og ((V)



Proton sites on shared NbOg units and Brgnsted acidity (BA)

The solid state '"H MAS NMR (SSNMR) spectra shown in
Fig. 3 (a), (c), (e) reflect the different chemical environment of
protons in HSr,Nb;0,, HCa,Nb;0,, and HNb;Og, respectively,
which are resident between the three bulk negatively charged
crystalline niobium layer oxides of strongest BA in the range
between 9.8 to 11.2 ppm. They have clearly shifted to lower
frequencies along with weaker and broadened peak intensity,
as observed in their exfoliated counterparts due to the collapse
of the layer structures.** As a result, analysis of '"H SSNMR
spectroscopy can reflect the new chemical environment of
surface attached protons on different degrees of connectivity
of the NbOg octahedra over these different forms of exfoliated
niobium oxides. For the surface exposed sheets, the 'H chemi-
cal shift indicates acidity, and hydrogen species with a high
downfield shift are expected to possess stronger Brgnsted
acidity. Clearly, the layered structure of exHSr,Nb;Oy, con-
tains stacked NbOg octahedra in highest symmetry with pri-
marily shared corners giving the lowest average proton chemi-
cal shift value (the distribution curve with the most probable
peak at 8, = 4.6 ppm as shown in Fig. 3b) with the weakest
BA (Fig. 3b). Comparatively, the structural distorted octahedra
in the case exHCa,Nb;O,, can give stronger BA sites (assigned
peak at &= 6.3 ppm as shown in Fig. 3d). Conversely, the
layered structure of HNb3;Og contains stacked NbOg octahedra
with shared edges, giving a group of strongest BA amongst all
the exofilated samples (assigned as &= 7.0 6.5 and 5.9 ppm
in Fig. 3f). It is to note that the strongly acidic BA site on
Group IV-VI oxides is associated with exposed bridging hy-
droxyl groups between octahedra with shared edges or faces
while the weaker BA corresponds to a proton localized on a
terminal oxygen.**? According to the BET analysis (Fig. S1),
exHSr,Nb;0,,, exHCa,Nb;0,, and ex HNb;Og give surface
areas of 53, 56 and 112 m?/g, respectively. Thus, the quantity
and strength of Brgnsted acidity follow exHNbzOg >
exHCa,;Nb;O, > exHSr,Nb;Oy. It is noted that the activity for
the BA catalyzed hydrolysis of ethyl acetate reaction® also
gives the same order as above. The measured rates for ethanol
production from ethyl acetate over exHSr,Nb;Oy,
exHCa,Nb;0;y and exHNb;Og are 0.10, 0.12 and 0.20
umol/min, respectively (Fig. 4).

Figure 3. The 'H MAS (30 kHz) NMR at 14.1 T for (a) HSr,NbsOy, , (b)
exHSr,Nb301p (¢) HCa;Nb3040, (d) exHCa,Nb3O10, (€) HNb3Og and (f) exHNb3Os.
The isotropic shift (dis,) are given above each resonances.
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Figure 4. Catalytic performance of hydrolysis of ethyl acetate. A mixture of 1.9
mL ethyl acetate, 0.1 ml water and 50 mg catalyst was heated in a vacuum vial
with fluoro-rubber cap at 333 K for 20 h.

Distorted NbOg units and Lewis acidity (LA)

In general, the position of LUMO of Lewis acid sites (cation-
ic sites) are responsible for the formation of transient LA-
nucleophilic reactant adduct that consequently, enhances LA
catalytic reactions.”® The LUMO energy can correspond to the
conduction band edge in the solid catalyst, inferring that Lewis
acids with lower energy of the conduction band edge are ad-
vantageous for activating Lewis acid catalyzed reaction.

Fig. 5 shows (a) UV-vis spectra for layered and exfoliated
HSr,Nb;0,4, HCa,Nb3;0,4 and HNb3;Og and (b) corresponding
Kubelka-Munk plots against the energy of light. The estimated
band gap energies of exHSr,Nb;O,, exHCa,Nbs;O,, and
exHNb,Os, are 3.30, 3.39, 3.29 eV, respectively.”” Further,
using the equation of Ecs = 1.23—Eg/2,% the lowest conduc-
tion band potential of each niobium oxides; exHSr,Nb;Oyy,
exHCa,Nb;0,, and exHNb;Og are estimated to —0.42, —0.47
and —0.42 eV. Interestingly, these results show that
exHCa,Nb;0,, has a more negative CB edge potential, pre-
sumably reflecting the degree of structural distortion of the
NbOs units due to the polarization of the Ca®* in B site. This
observation matches with our EXAFS data (Table S1) which
shows significant distortion of NbOs units to off-centre Nb>*
from perfect octahedral geometry, giving longer Nb-O bonds
(2.51 A) when facing the high charge density Ca®* in B site in
exHCa,;Nb;O, (to maintain charge neutrality shorter Nb-O
bonds of 1.66 A are simultaneously created). The degrees of
distortion for both exHSr,Nb;0;, and exHNb;Og are similar
but marginal. Blasse et al. reported the relationship between
crystal structures and energy delocalization of perovskite
structures consisting of corner-sharing NbOg octahedral
units.?? According to their study, the relatively stronger inter-
action between NbQg octahedra with B cations results in local-
ization of the excited state energy, because a bond angle of
Nb—O-Nb is far from the ideal angle of 180°, i.e., the NbOg
octahedral units are tilted. The localization of excited state
energy clearly causes the position of absorption band edge to
be shifted to shorter wavelength with weaker Lewis acidity.
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Figure 5. (a) UV-vis absorption spectra of (i) exHSr,Nb3Oyy (ii) exHCa;Nb3O4o
and (iii) exHNb3Og; (b) Transformed Kubelka-Muck plot versus energy of light
of (i) exHSr,Nb304, (ii) exHCa,Nb3zO1 and (iii) exHNb3Og
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Figure 6. (a) XPS spectra of (i) exHSr,NbzOy, (i) exHCa,NbzOy and (iii)
exHNb3;Og. The spectra fitting was conducted by Casa XPS. (b) Cyclic voltam-

mograms of exHSr,Nb;0g, exHCa,Nb3O10 and (c) exHNb3Os.
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Figure 7. The catalytic yield of lactic acid from after 2h reaction over three
exfoliated samples is shown. A mixture of catalyst (50 mg) and 2.0 mL aque-
ous pyruvic aldehyde solution (0.1 M) were heated in a vacuum vial with
fluoro-rubber cap at 383 K. Comparison can be made with normalized quanti-
ty of catalysts (in mg or in mmol marked in red).

The chemical nature of niobium species has been further in-
vestigated by XPS as shown in Fig. 6(a). Note that the main
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signals of Nb3ds, and Nb3ds;, of exHSr,Nb;O, and
exHNb;Og appear at slightly higher binding energy (BE) than
that of exHCa,Nb;Oy. In case of exHSr,Nb;O;, and
exHNb;Og, BE of Nb3dj, were seen at 210.35 eV and 210.43
eV, respectively and however, for exHCa,NbsO,, this peak
was observed at 209.52 eV indicative of the more distorted
and reduced nature of exHCa,Nb;0;,. Therefore, the conduc-
tion band level of Nb®" in exHCa,Nb3O, is apparently higher
compared to the other two exfoliated niobium oxide samples
due to the polarization distortion of NbOg by the Ca**. Cyclic
Voltammetry (CV) has also been used to probe the reduction
potential of Nb®* sites in exHCa,Nb;O5. As shown in Fig.
6(b), the reduction potential of exHNb;Og was —0.82 V (V vs
Vage)), Which is slightly higher than that of —0.86 V of
exHSr,Nb;O,,. However, for the exHCa,Nb;O,, it again
shows that the significant lowest voltage of —1.10 V is re-
quired to reduce Nb®" site in exHCa,Nb;O;o. As a result, from
the correlation of conduction band energy level with Lewis
acidity of the three exfoliated samples, the Lewis acidity order
is expected to be exHNb;Og>exHSr,Nb;01>> exHCa,Nb3;O4,
This result is good agreement with the results of UV-vis,
EXAFS and XPS, etc.

It is well-accepted that Lewis acids can promote the conver-
sion of pyruvic aldehyde to lactic acid.”® Their catalytic per-
formance depends on the LUMO energy position in homoge-
neous Lewis acid site or the lowest conduction band position
in solid Lewis acids.”® Thus, this reaction can be used as a
chemical probe to illustrate the effectiveness of the exfoliated
niobium oxide samples. Fig. 7 shows the conversion of pyru-
vic aldehyde and vyield of lactic acid over exHSr,Nb;O,
exHCa,;Nbs044 and exHNb;Og. Despite the small difference in
catalytic activity of exHSr,Nb;O;, and exHNb;Og, they con-
sistently exhibit higher yield of lactic acid than exHCa,Nbz;O4,
per gram or mole of sample per unit time. The apparent low
catalytic performance of exHCa,Nbs;Oy, can clearly be at-
tributed to its higher conduction band energy due to structural
distortion, which weakens the binding of pyruvic aldehyde to
lead to lactic acid in the transition state. Thus, the polarization
distortion of NbOg by B site cation appears to play an im-
portant role in determining the Lewis acidity of the layered Nb
oxide structures.

Distorted NbOg, Nb=0, lattice vacancies and photocatalysis

As stated, photocatalysis is a complex phenomenon and there
is so far very little knowledge how the structures of exfoliated
niobium oxides correlate to their photo-activity. However, it is
believed that the samples must contain ‘chromophore’ groups
that can capture appropriate photonic energy and transfer it to
substrate-solid complex to catalyse chemical reactions at long-
er timescale. Thus, elucidations on the chemical nature of the
‘chromophore’ groups and the sites for substrate-solid com-
plex are crucially important in understanding their structure-
activity relationship in photocatalysis. It is also noted that this
lifetime for this substrate-solid complex for energy transfer in
redox manner in photocatalysis should be long enough to initi-
ate typical chemical reactions (10™ to 10° s).* Therefore, the
formation of stable substrate-niobium oxide complexes via
Lewis acid-base interaction would be considered to be prefer-
able for an effective electron migration under UV irradiation.
In addition, the contribution of oxygen-vacancy sites cannot
be underestimated since trapping substrate onto oxygen-
vacancy site favours binding stabilization.
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Figure 8. (a) ESR spectra of (i) exHSr,NbsOyo, (ii) exHCa,NbzOyo and (iii)
exHNb3Og measured at ambient temperature. (b) Raman scattering spectra of (i)
HSr,Nb3Oyp (i) eXHSrNb3O1g, (iii) HCa;Nb3Og (iv) exHCa;Nb3O1o, (V) HNb3Og,
(vi) exHNb3Og.

First, ESR was used to demonstrate the formation of oxygen-
vacancy sites in these exfoliated samples. As shown in Fig.
8(a), exHNb;Og give a clear signal at g=2.01, which is as-
signed to free unpaired electron trapped in oxygen-vacancy
site (O,).* Only very weak or marginal signal is observed in
exHCa,;Nb;0y, followed by exHSr,Nb;O,o. Therefore, oxy-
gen-vacancy O, sites were mainly produced in the exHNb;Og
structure with highest density of these three samples above.
Interestingly, another small signal at g=1.98 is noted in
exHCa,Nb;0;,, which could be assigned to the Nb*". The Nb**
species generally give a very short spin relaxation time ac-
cording to previous work.* This signal can only be confirmed
at super-cold temperature (~4K).**

Fig. 8(b) shows the Raman spectra of bulk crystalline and
exfoliated HSr,Nb;0;5, HCa,Nb3;0;0 and HNb;Og. It is inter-
esting to see the energetic lattice vibration of 950-990 cm™,
which can be assigned to terminal Nb=0O bond.** Thus, the
signal of 961 cm™ for exHCa,Nb;0, is apparently higher in
wavenumber than that of exHSr,Nb;O;, (941 cm™), presuma-
bly due to polarization distortion NbOg by the smaller size
Ca?* (B site) in the layer perovskite structure, as discussed.
However, it is interesting to reveal that both bulk HNb;Og and
exHNb;Os give the most intense and sharp signal at 981 cm™
which clearly suggest the highest content of Nb=0. It is not
yet known the reason why HNb;Og structure can give rise to a
higher degree of Nb=0 (reflected by Raman) and O, (reflected
by ESR) defects presumably their formation may relate to the
electronic and structural effects caused by the edge sharing
octahedral (see Sl). Such simultaneous formation of terminal
Nb=0 and O, of NbOg in HNb;Og structure could maintain the
oxidation state of Nb (+5). Xiong et al. * have also recently
reported the detection of Nb=O from Raman spectroscopy
over their ultrathin Nb;Og nanosheet. Based on the valence-
shell electron-pair repulsion theory, they argued that the
increasing Nb-O bond order will cause an enhanced repulsion
effect on the Nb—O bond in the equatorial position of the
octahedral NbOg structure. To release these repulsions, the
charge centers of the Nb—O bond should be away from the
central Nb atom, thus resulting in the stretching of the Nb—-O
bond, hence, facilitating the simultaneously generation of O,
defect from their nanosheet.

Static photo-luminescence (PL) and time resolved photo-
luminescence (TRPL) analyses have therefore been conducted
to reveal the fundamental photo-electron excitation and energy
transfer processes in the time domain.
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Figure 9. (a) PL spectra of (i) exHSr,Nb3Oy, (ii) exHCaNb3O44 and (iii)
exHNb3;Og and (b) TRPL spectra of (i) exHSr,NbsO, (ii) exHCa;NbsO19
and (iii) exHNb3Og. The decay curve is fitted by a red line according to the
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Table 1. Experimental measured TRPL parameters of exHNb3Og,
eXHSerbgolo and eXHCasz3Om.

Catalyst Fast Component Slow Component
Decay Con- . Decay Con- .
stant (ps) Amplitude stant (ps) Amplitude
exHSr,Nb;0y 552 1312 2033 1654
exHCa,;Nb30y 343 1382 1796 2098
exHNb;Og 165 9861 1532 3408
CcB
Nb LUMO
4d —_—
. LUMO !
5 0
% 0
W HOMO
Vo ﬂ'_e'_e'_"';-}_n‘ i i :
. =l HOMO '
(]
2p
VB

Niobium oxide Benzyl alcohol Pyruvic aldehyde

Scheme 1. Schematic of an energy diagram depicting CB edge (mainly contribut-
ed by vacant 4d band of Nb), VB edge (mainly contributed by filled O2p band)
and oxygen-vacancies with electron transfer under UV irradiation and their rela-

tionship with HOMO levels of benzyl alcohol and pyruvic aldehyde.

Fig. 9(a) shows the PL spectra of exHNb;Og, exHSr,Nb;O4
and exHCa,;Nb;0,,. Clearly, exHNb;Og with the highest con-
tent of Nb=0 terminal bonds gives the highest PL signal 400-
700 nm followed by exHCa,Nb;O,, and then exHSr,Nb;O44
upon 266 nm excitation. Thus, it is evident that Nb=0 can act
as a ‘chromophore’ to take up this photon energy which can
then be transferred to radiative processes from 400- 700 nm
through lattice relaxation. TRPL decay curves recorded during
the UV irradiation are shown in Fig. 9(b). Table 1 summarizes
the decay constants and amplitudes of each decay components.
There is a fast decay component of the radiative recombina-
tion of the excited electrons and holes due to relaxation of the
excited Nb=0 structure. The relaxation times of excited Nb=0



bond in exHNb;Og, exHCa,Nb;0,, and exHSr,Nb;O,, are
inversely related to their Raman vibration frequencies (Nb=0
bond strength) as: (165 ps, 981 cm™), (343 ps, 961 cm™) and
(552 ps, 941 cm™), respectively. On the other hand, there is
also a slow decay observed, which is a component ascribed to
the recombination of excited electrons and holes of Nb-O. The
decay constant of the fast component is measured to be 165 ps
of exHNb;Og, which is substantially faster than that of
exHSr,Nb;0,4 (552 ps) and exHCa,Nb;O4, (343 ps). In addi-
tion, its amplitude in the exHNb;Og case is more than 7-fold
higher than that of exHSr,Nb;Og and exHCa,Nb;O,,, again
reflecting the Nb=0O chromophore captures the photon energy
and the larger amount gives a faster relaxation. In contrast, the
slow components (t~ 1.5- 2.0 ns) show no pronounced differ-
ence in terms of lifetime and amplitude for all the three exfoli-
ated samples. It is thought that the co-existence of O, in a
close proximity in exHNb;Og may offer a recombination cen-
tre or intermediate pathway for rapid relaxation of excited
Nb=0 after capturing photon energy, as shown in Scheme 1.
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Interestingly, we note from Fig. 8(b) that there is no signifi-
cant change of the Raman Nb=0O peak of exHNb;Og at 981
cm™ in comparison to the bulk crystalline (982 cm™) although
exHSr,;Nb;044 and exHCa,Nb;0,, show clear red shifts bg/ 16
cm™ and 23 cm?, respectively after exfoliation. The *Nb
NMR spectra shown in Fig. 10 also provide similar structural
information with that observed in Raman spectra. The exfolia-
tion of the samples causes a decrease in the local symmetry;
this gives a corresponding broadening in the **Nb spectra. The
chemical shift of **Nb has been shown to depend on the oxy-
gen coordination of the niobium site.*® The large positive shift
observed (~300 ppm) during exfoliation of the HSr,Nb;Oy,
and HCa,Nb;0,, complexes is attributed to the relaxation of
NbOs units during the exfoliation process. In contrast, the
exHNb;Og spectra show no obvious shift. This result implies
the formation of Nb=0O terminal bonds stabilise the niobium
site and prevent structural relaxation. It is noted from Table 2
that the broadening of the spectra after exfoliation for the
exHSr,Nb;0,, and exHCa,Nb;O;, mean they can no longer be
reliably deconvoluted to the substituted crystal sites. This is
expected as the symmetry has been dramatically reduced due
the distortion of the NbOg units. Conversely, despite the

broadening of the exHNb;Og, the resonance can still be decov-
oluted into two niobium sites: this is expected as the formation
of Nb=O terminal bonds would maintain some of the local
symmetry. The ESR data (Fig 8(a)) shows an appreciable in-
crease in oxygen vacancies for the exHNb;Og sample, when
compared to the lack of shift in the corresponding SSNMR
and Raman data, it can be presumed that the oxygen vacancies
also alleviate distortions of the NbOg units. As stated, many
physiochemical properties of niobium oxides are derived from
their structural distortion and presence of defect sites. The
exposure of [NbO] sites by exfoliation is useful to enhance
these properties provided that the structure is still maintained.
Notably, the structure rigidity of HNb;Og structure is clearly
retained after the exfoliation process.

Table 2. Experimentally measured **Nb isotropic shift (5is,) data for the

crystal and exfoliated samples. To determine the dis, the line broadening

and shift parameters were allowed to iterate in the Topspin SOLA func-

tion, all other NMR interactions were kept constant. Where no di, could
be reasonably measured ‘na’ has been added to the table.

Niobate Site Siso/ppm Siso/PpPM
System
CRYSTAL EXFOLIATED
HSrNb3O40 A -981 Na
B —996 Na
C -1013 794
HCa;Nb;Os A -1053 Na
B —1055 —763
HNb3Og A -1072 —1063
B —1046 —1050

Fig. 11(a) shows the catalytic performance for the photo-
oxidation of benzylalcohol to benzaldehyde™ as a test reaction
for the three exfoliated samples. The exHNb;Og sample gives
41 % yield of aldehyde from the photo-oxidation of benzyl
alcohol, which is significantly higher than that of
exHSr,Nb;04, (18 %) and exHCa,Nb;O49 (29 %) with the
same amount of catalyst used (0.05 mmol). It is generally
thought that substrate adsorption takes place mainly on a Lew-
is acid site in a photocatalyst."”> However, Lewis acid catalysed
reactions can be fundamentally different from photocatalysis.
Particularly, the compatible timescale for photon energy trans-
fer is crucially important in photocatalysis where stable com-
plex between substrate-catalyst is required. In contrast, the
Lewis acid site-substrate transition state at excited state does
not need to couple with capture and transfer of photon energy.
Interestingly, it is apparent that the order of Lewis acidity of
the three exfoliated samples previously derived (exHNb;Og>
exHSr,Nb;0y4 >> exHCa,Nb30,4) is not consistent with the
order of catalytic performance in this photo-oxidation reaction.
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Similarly, photocatalytic hydrogen evolution over Pt loaded
exfoliated samples has also been evaluated under UV excita-
tion using sacrificial reagent (methanol).*® No H, production
was collected over the exfoliated samples without Pt. Fig.
11(b) clearly shows the results of hydrogen evolution rates in
the presence of the three exfoliated samples upon irradiation.
The catalytic rate order for the Pt loaded sample are
exHNb3;Og> exHCa,Nb;0,0> exHSr,Nb;04,, which also cor-
roborates well with that of photocatalytic oxidation of benzyl
alcohol. We note that the photocatalysis of the two reactions
clearly reflects the same order as their relative content of
Nb=0 and O,. It is believed that the presence of Nb=0O as
‘chromophore’ is responsible to capture the photon while the
presence of O, can offer trapping of oxygenated substrate.

Scheme 2. Proposed reaction mechanism of benzyl alcohol oxidation

over exfoliated niobium oxides under UV irradiation.

Considering the reaction scheme from energy perspective, it
is argued that the introduction of O, in exHNb;Og can compete
with the direct affinity for substrate of Lewis acidic Nb®* to
form a more stable substrate-catalyst complex. Particularly,
conjugated carbonyl group from benzaldehyde is expected to
give lower HOMO position than the reactive pyruvic aldehyde
(Scheme 1). The high HOMO energy of pyruvic aldehyde is
relatively favourable to interact with CB edge of Nb Lewis
acid site directly but only at excited state whereas benzalde-
hyde is anticipated to interact relatively more easily with oxy-

gen vacancy site at compatible energy level to effective bind-
ing of this substrate for sufficient time to induce photocataly-
sis.

As a result, Scheme 2 summarises a proposed mechanism of
superior photocatalytic activity for benzyl alcohol oxidation
over exHNb;Og layers from this present study. First, the oxy-
gen vacant site strongly binds the hydroxyl group in benzyl
alcohol. This allows the ‘chromophore’ group (Nb=0) in close
proximity to transfer its photon energy for chemical conver-
sion. The UV photon energy captured by Nb=0O produces ex-
cited electrons on Nb®* Lewis acid site to interact with ad-
sorbed benzyl alcohol specie via conjugated phenolic ring and
prolongs charge separation in this stable LA-complex (photo-
catalytic reduction). Under this prolonged period of time, elec-
tron deficient terminal and bridging oxygens can abstract hy-
drogen atoms from the adsorbed benzyl alcohol as shown in
the scheme. The activation of a di-oxygen molecule from the
air by the regenerated oxygen vacant site after desorption of
benzaldehyde can also take up the hydrogen atoms forming
hydrogen peroxide as a side product (photocatalytic oxida-
tion).” For the hydrogen evolution from water splitting, it is
thought that for the capture of photons by Nb=0 in exHNb;Og
allows the excited electrons to migrate to Pt surface (2 nm Pt
particle, shown in Fig. S2) at the materials interface for cata-
Iytic reduction of H* in appropriate timescale® while the hole
(positively charge terminal oxygen) will oxidise the adsorbed
methanol at the prolonged relaxation time.

Conclusion

Exfoliated crystalline niobium oxides containing exposed but
interconnected NbOg octahedra with different degrees of struc-
tural distortions and defects have been demonstrated to cata-
lyse Bransted acid (BA), Lewis acid (LA) and Photo catalysed
(PC) reactions efficiently. It is shown that the catalytic per-
formances of these reactions are highly dependent on the
structural connectivity of the NbOg octahedra, their distortions
and defects. Their structure-activity relationships are carefully
studied in this comparative study. We believe that this work
could lead to understanding and rational optimization of Nb
oxides structures for more efficient catalysis in these reactions.
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