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Ag sensitized TiO, and NiFe,0,4 three-component
nanoheterostructures: synthesis, electronic structure and strongly
enhanced visible light photocatalytic activity

Andris Sutka,**® Tanel K&3mbre,” Rainer P4rna,” Nicola Débelin,” Martins Vanags,” Krisjanis
Smits,d Vambola Kisand ®

This study reports on the synthesis and characterisation of two- and three-component visible light active photocatalytic
nanoparticle heterostructures, based on TiO, and NiFe,0,4 and sensitized with Ag. We observe that Ag content as small as
1 at.% in the TiO,/NiFe,0, heterostructure increases by more than an order of magnitude the rate constant for the visible
light photocatalytic process. We rationalise this in terms of the measured structure and electronic structure data of the
binary and ternary combinations of the component materials and focus on details, which show that an optimised
deposition sequence is vital for attaining the high values of photocatalytic efficiency, because the charge transfer across
the interfaces appears to be sensitive to where the Ag is loaded in the heterostructure. The overall higher visible light
photocatalytic activity of the TiO,/Ag/NiFe,O4 heterostructure was observed and is attributed to enhanced charge carrier

separation efficiency and migration via vectorial electron transfer.

Introduction

Regardless of the large number of research works related
to photocatalysts, a search for alternative efficient and cost
effective visible-light-active photocatalytic materials of limited
ecological footprint remains highly relevant. TiO, is very
commonly used as a photocatalyst to destroy pollutants due to
its relatively high efficiency, high chemical stability, low toxicity
and appropriate flat-band potential.1 Still, the recombination
rate of photo-generated electron-hole pairs on TiO, is rather
high,2 and the band gap (3.2 eV) is too wide to utilise visible
Iight.3 Apart from doping with for example transition metal
cations in order to introduce impurity states in the band gap of
anatase and thereby visible absorption, one way to address
these limitations is by combining TiO, with narrow band-gap
semiconductors and/or noble metals to form two- or three-
component all-solid-state heterostructures,“’9 which apart
from the obvious benefit of introducing visible light absorption
also can achieve much reduced recombination rates by means
of charge separation across the interfaces.>'® For that to be
efficient, the component materials should be chosen such that
growth at interfaces enables intimated contact and the
(conduction and valence) band edge potential differences of
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the component materials favour the photogenerated charge
cross-border migration away from the region of most intense
photoexcited electron-hole pair generation. A number of
systems have been proposed where the three component
heterostructures couple two semiconductors and a noble
metal in an all-solid state Z-scheme®*"*? or hybrid plasmonic
heterostructures with vectorial photogenerated charge
separation.lg'15 Overall, noble metal plasmonic sensitizers in
photocatalytic heterostructures have demonstrated excellent
visible light harvesting properties and effective promotion of
photogenerated charge separation/transfer.14 From among the
known existing plasmonic sensitizers, Ag is more readily
available due to the lower price and its higher terrestrial
abundancy in comparison with Pt, Au or Pd. Additionally, Ag
has high conductivity and electron-storing capacity.15 There
are also several studies where all three components of such
nano-heterostructured systems are semiconducting oxides.'®
% As an example, a recent study of mixed anatase/vanadium
oxide nanowires reported a several times increased sunlight
photocatalytic efficiency when sensitised with silver oxide.'® As
a general trend, three component nanoheterostructures tend
to outperform the two component systems, not least due to
the improved versatility of photogenerated charge carrier
separation.

In the present study, we investigate how coupling
anatase TiO; to nickel ferrite (NiFe,0,4) and/or to
Ag will improve the overall visible light
photocatalytic efficiency. Given the (plasmonic)
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broad spectrum visible absorption of silver
nanoparticles and the relatively narrow band gap
of NiFe,04, as well as the band alignment at the
interfaces of the heterostructures,s’zo'21 such
composition was anticipated to be a good
candidate for improved visible light photocatalytic
performance. NiFe,04 has a 1.56 eV indirect band
gap,??* and its conduction band minimum (CBM)
potential (—1.62 VSCE on the electrochemical scale
at pH = 7)** is more negative than that of TiO, (-
0.5 VSCE)“? (the corresponding CBM positions
relative to the Fermi edge in these materials are
0.2 eV* for anatase and 1.44 eV* for the ferrite;
the latter can be compared to a more moderate
value of 0.75 eV for vanadium oxide used in a
similar system as mentioned above'®), which
results in a sizeable potential gradient that favours
the photoexcited electrons in the ferrite to cross
the interface. The spinel type compounds such as
NiFe,04 are also known for their excellent
chemical and photo-corrosion stability.?* From a
different aspect, NiFe,04 is also ferrimagnetic due
to the uncompensated spins of nickel cations
located at the octahedral sites of the inverse spinel
structure,®® which becomes relevant in allowing
the use of magnetic traps to recover the used
photocatalyst from waste water. The Ag sensitized
three component (TiO,-Ag)/NiFe;04
heterostructure (with the silver photodeposition
on the 25 nm anatase nanoparticles as the initial
and the ferrite co-precipitation as the terminal
synthesis step), where the silver appears (as
shown below) to take the form of 1-2 nm size
metallic nanoparticles, was seen to have superior
photocatalytic activity over the binary
heterostructures, but also over the alternative
ternary heterostructure where the silver was
photodeposited in a terminal step after the co-
precipitation of the ferrite on the anatase (we
speculate this to be the result of the presence of
active adsorption sites on both TiO, and NiFe,0y).
In order to gain more detailed insight into the
processes related to each constituent and
interface, pristine constituents as well as samples
containing their binary combinations (TiO,/Ag,
TiO,/NiFe,0,4) were measured for comparison
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alongside the three component heterostructures
both as regards visible light photocatalytic
efficiency and the electronic structure, which are
to be related to the details of the relatively
straightforward and cost-effective synthesis
sequences.Experimental

2.1. Materials

Anatase TiO, nanoparticles (size <25nm, 99.7%), silver
nitrate  (AgNO;, 99%), nickel  nitrate  hexahydrate
(Ni(NO3),-6H,0, >99%), iron(lll) nitrate  nonahydrate

(Fe(NOs)3-9H,0, =298%), sodium hydroxide (NaOH, 298%),
oxalic acid (C,H,0,4, 98%) and methylene orange (MO) were
purchased from Sigma-Aldrich. All solutions were prepared
with Milli-Q water.

2.2. Sample synthesis

To obtain the TiO2-Ag (TA) sample, Ag was deposited on
the anatase nanoparticles using a standard Ag
photodeposition method.”” The powder material to be Ag-
coated was dispersed at a 1 g/l concentration into an aqueous
solution of AgNO; (2><1074 M). In the next step the pH of the
solution was adjusted to 2.0 by adding 0.1 M of an aqueous
oxalic acid solution. The solution was stirred and irradiated
with UV-vis light using a metal halide lamp (GTV MH400) for 1
h and then left in the dark for 5 h, after which the powder was
filtered and washed with Milli-Q water several times, dried at
60°C overnight and annealed at 150 °C for 3 h. Finally, the
initial white colour of the commercial TiO, anatase
nanopowder changed into a greyish purple/brown for the TA
sample.

To obtain the NiFe,O, nanoparticles, 0.2 M Ni(NOs),-6H,0
and 0.4 M Fe(NO3);-9H,0 aqueous solutions were mixed at a
volume ratio of 1:1, and a 5 M NaOH aqueous solution was
added dropwise until reaching pH=12. The mixture was then
heated to 80 °C and stirred for 3 h in a capped glass vial. The
precipitates obtained after the stirring were washed with Milli-
Q water and dried at 60 °C for 24 h. The binary TiO,/NiFe,0,
(sample TN) and the ternary (TiO,-Ag)/NiFe,O, (sample TAN)
were obtained similarly, but after mixing together 25 ml of the
0.2 M Ni(NO3),-6H,0 and 25 ml of the 0.4 M Fe(NOj3)3-9H,0
aqueous solutions, 1.5 g of commercial TiO, anatase (for
sample TN) or the Ag loaded TiO, anatase (for sample TAN)
nanopowder was dispersed by ultrasonification in the
obtained solution, prior to the dropwise addition of the 5 M
NaOH solution until reaching pH=12. The TiO,/NiFe,0,
theoretical weight ratio 75/25 was found to be optimal in our
previous study.21 The alternatively ordered (TiO,/NiFe,0,)/Ag
(TNA) ternary sample was obtained by subjecting a portion of
the previously obtained binary TN sample to the Ag
photodeposition sequence. Finally, all the samples were
annealed at 150°C for 3 h.

2.3. Sample characterisation

The synthesised powders were analysed by powder X-ray
diffraction (XRD) to determine the crystalline phases present.

This journal is © The Royal Society of Chemistry 20xx
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A CubiX diffractometer (PANalytical, Almelo, The Netherlands)
equipped with a CuKa X-ray tube and a graphite
monochromator in the secondary beam was used to acquire
datasets in a 20 range from 10 to 90° with a step size of 0.015°
and a counting time of 1 second per step. The crystalline
phases were identified by comparing peak positions with the
PDF-4+ database (ICDD 2012) and quantified with Rietveld
refinement using the BGMN version 4.2.22 software. Crystal
structure templates for all identified phases were also adopted
from the PDF-4+ database: TiO, (anatase, PDF# 04-007-0701),
Ag (PDF# 04-001-2617), NiFe,0, (PDF# 04-014-8286), Fe,0;
(hematite, PDF# 04-003-2900), FeO(OH) (goethite, PDF# 04-
015-2989), and Ag,O (PDF# 04-004-5271). During the
refinement it was observed that the fluorescence radiation of
Fe ions in CuKa radiation was effectively eliminated by the
secondary beam monochromator. For major phases, the scale
factor, unit cell dimensions, anisotropic peak broadening, and
texture were refined. For minor phases, peak broadening was
refined isotropically and texture was not refined. The
diffraction pattern of NiFe,0, exhibited excessive peak
broadening due to the nanometre-sized crystallite sizes. The
crystallite size was therefore only refined from the pure
NiFe,0, sample. The obtained value for crystallite size was
used for all other samples containing NiFe,0, as a fixed input
value.

To measure the light absorbance of nanopowder samples,
a Shimadzu UV-Visible spectrophotometer, UV-3700
(Shimadzu Scientific Instruments Kyoto, Japan) with barium
sulphate-coated integrating sphere ISR-240A (wavelength
range from 240 to 800 nm). A Kubelka—Munk conversion was
applied to a diffuse reflectance spectrum to compensate for
differences in raw diffuse reflectance spectra from its
transmission equivalent.28

Scanning electron microscopy (SEM) and elemental
mapping images were recorded using a FElI FIB-SEM Helios
Nanolab 600 instrument equipped with an Oxford INCA 350
EDX system fitted with an X-Max 50 mm SDD-type detector.

The crystallite size and morphology studies were
performed using a transmission electron microscope (TEM,
Tecnai G20, FEI) operated at 200 kV. For better seperation of
different particles, both direct (TEM) and scanning (STEM)
modes were used. Sample elemental analysis EDX (EDAX) for
verification of selected particles was done in the STEM mode.
The samples for TEM were mixed with ethanol and an
ultrasonic bath was used for powder treatment. The obtained
solutions for TEM/STEM studies were placed on a holey carbon
film on 400 mesh copper grid (Agar Scientific S147-4).

Specific surface areas S (mz/g) for synthesized samples
were calculated by Brunauer—Emmett—Teller (BET) method.
Nitrogen adsorption—desorption isotherms were recorded by
using instrument NOVA 1200e; Quantachrome, UK.

The X-ray absorption (XAS) and photoelectron
spectroscopy (XPS) experiments were carried out at the D1011
beamline at the MAX-Il storage ring of the MAX-Lab
synchrotron radiation facility (Lund, Sweden). The beamline is
equipped with a modified SX-700 plane grating
monochromator. The monochromator resolution was better

This journal is © The Royal Society of Chemistry 20xx

than 0.2 eV at the O 1s, 0.3 eV at the Fe 2p and 0.4 eV at the Ni
2p absorption threshold. The spot size at the sample was
approximately 0.5 mm. The XAS data were measured in total
electron yield mode by recording the sample photocurrent.
The XPS spectra were measured by an electron energy
analyser SCIENTA SES-200 in a fixed analyser transmission
(FAT) mode with 200 eV pass energy. The sample powders
were pressed into indium foil and were positioned at a normal
emission towards the photoelectron spectrometer, with 40°
incident angle for the incoming photon beam. The binding
energy scales for XPS experiments were referenced to the
binding energies of the In 3d5/2 (444.6 eV)29 and C 1s
(adventitious carbon at 284.8 eV) peaks in the spectra of the
samples, and the Au 4f lines from a sputter cleaned gold foil
reference sample. Although such calibration is adequate for
most purposes, the possible small energy drifts (primarily of
the excitation energy) that can be present at the beamline did
not completely resolve the doubts related to determining the
Ag oxidation state. Therefore additional care was taken to
ascertain credible distinction between the sub-linewidth
binding energy differences of the Ag 3d peak positions of
metallic (at 368.1 eV binding energy) and oxidised (367.7 eV)
silver in the Ag 3d spectra, in which case the relevant
nanostructured samples, an Ar* sputter cleaned silver foil and
a Ag,0 reference were re-measured at home lab using a
Scienta SES100 spectrometer with non-monochromatised Al-
Ko excitation.

2.4. Determination of photocatalytic activity

Photocatalytic activities were evaluated through the
degradation of MO dye in an aqueous solution under visible
light irradiation, using a 100 W light-emitting diode (LED) light
source (emission band approximately 415-700 nm). MO is a
widely used model dye for photocatalytic experiments, thus
allowing comparison of experimental results between different
studies of the efficiencies of various photocatalytic agents. The
initial concentration of MO in the reaction vessel was fixed at
10 mg/l with a photocatalyst loading of 1 g/I. The rate of the
MO dye degradation was monitored after certain time
intervals by taking 1.4 ml of the samples from each set,
centrifuging and analysing using a spectrophotometer.
Photocatalytic activities of the synthesized samples were
estimated quantitatively by employing the pseudo-first order
reaction and calculating the rate constant (k) of MO
degradation. The kinetic equation for the pseudo-first order
reaction can be written as In(Cy/C)=kt, where C, is the initial
concentration of the MO in solution and C is the MO
concentration after degradation for a period of time (t).4'30

: TOzlAg/NlFezo,,

> ey, NESSPOERY | D) | IR TR W,

| |, TiO,/NiFe,0,/Ag
I )

[ TR 4 oW o, T L MR AR AR
. TO/NiFe,0,
) Y A
) ST, | S| W | N\ W,

TiO,/Ag

Relative intensity

TiOz 0,1-3]3

J\"“" leFeZOA

10 20 30 40 50 60 70 80
0 (deg.)


http://dx.doi.org/10.1039/c6ra00728g

Published on 05 February 2016. Downloaded by Middle East Technical University (Orta Dogu Teknik U) on 05/02/2016 16:42:20.

RSC Advances

Results and discussion

Fig. 1 XRD patterns of the synthesised samples (a): co-
precipitated NiFe,0,, commercial anatase TiO,, TiO,/NiFe,0,,
TiO,-Ag, (TiO,-Ag)/NiFe,0,. Closer view of the co-precipitated
NiFe,0, XRD pattern (b) with the FeOOH (101) reflex marked
by an asterisk.

The XRD data of the samples is displayed in Figure 1. The
anatase TiO, nanoparticles are seen to be free from
polymorphs or contaminations, and to have a crystallite size of
32.1 + 0.6 nm (isotropic Rietveld refinement). The as-
synthesised NiFe,0, sample did not allow phase quantification
due to the nano-crystalline nature of the phase leading to
excessive peak broadening (as also observed elsewhere for
similar samples)sl. The mean NiFe,0, crystallite size obtained
from Rietveld refinement was 1.73 + 0.03 nm. This result was
used as a fixed input value for all other samples containing
NiFe,0,. In the TiO,/NiFe,0, sample the major components
were the two admixed phases TiO, (anatase) and NiFe,0,,
although small amounts (less than 2 wt.%) of Fe,03 (hematite)

50.um

and FeO(OH) (goethite) appeared to be present. The XRD
pattern of the TiO,-Ag (TA) sample was only seen to contain
the reflexes of the anatase crystalline phase, whereas the TiO,-
Ag/NiFe,0, (TAN) pattern appeared to additionally contain the
broad features of the nano-crystalline NiFe,0,.

Fig. 2 SEM images of commercial anatase TiO,, co-precipitated
NiFe,0,, TiO,-Ag, TiO,/NiFe,0,, TiO,-Ag/NiFe,0, and
TiO,/NiFe,0,/Ag heterostructures.

Compared to both the TAN and the TN samples, the TNA
sample contained relatively less NiFe,0,4, which could be partly
dissolved during Ag photodeposition at low pH. The XRD peaks
corresponding either to metallic Ag or to oxidised silver (Ag,0)
were not detected in either of the silver-containing samples TA
or TAN, which is somewhat unexpected even in view of the
estimated low concentration of silver in the former samples,
because metallic Ag exhibits strong XRD pattern even at
relatively low amounts (below 1 % wt) due to the high
symmetry, crystallinity, and scattering intensity of the
structure. However, as seen below from the TEM, EDX, XPS
and optical absorption measurements, the silver is definitely
present, and we take the absence of sharp Ag reflexes here as
an indication of peak broadening due to Ag remaining in the
sample in the form of 1-2 nm size nanoparticles, as seen below
in TEM images.
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The microstructure of the samples was visualised using
SEM. SEM micrographs of the different samples are shown in
Figure 2. Commercial anatase TiO, powder consists of
nanoparticles with a size less than 30 nm, while during co-
precipitation NiFe,0, nanoparticles are formed which are
smaller than 10 nm with narrow size distribution (the smaller
crystallite size as deduced from the XRD data above indicates
that the particles on average consist of more than one
crystallite). One of the reasons for the formation of the
ultrafine spinel ferrite nanoparticles in chemical co-
precipitation is the low process temperature of 80 °C. From
SEM images of the different heterostructures it can be seen
that they exhibit some differences in microstructure in
comparison with non-modified TiO,.

Fig. 3 SEM image and elemental mapping images for TiO,-
Ag/NiFe,0, sample.

The SEM elemental map of the TAN sample in Figure 3
shows that on average all elements are dispersed
homogeneously in the sample powder with no obvious
segregated phases. The EDX spectra (signal averaged over the
image area) indicated that the Ag had been successfully loaded
onto the TiO, sample, and that the relative amount of Ag on
the TiO, after photodeposition is about 0.7 at.%, which is at
least at the level reported previously for deposition under
similar conditions.”’”

© 3 2z 3 4 8 &
Energy (xeV)
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Fig. 4 TEM images of (a) the pristine TiO, nanoparticles, (b) the
TiO,/Ag binary heterostructure showing evenly distributed 1-2
nm size Ag metallic nanoclusters (darker spots) on top of the
larger anatase particles, (c) the (TiO,-Ag)/NiFe,0, (TAN)
ternary heterostructure with Ag and NiFe,0, nanoparticles
distinguishable; the images (d-f) show the STEM micrographs
for TiO,, TiO,/Ag and (TiO,-Ag)/NiFe,0, samples, respectively;
(g) visualises the step-by-step growth schematics during the
binary and the ternary heterostructure formation: the large
red sphere represents an anatase nanoparticle, the blue and
green smaller spheres the Ag and the NiFe,0, smaller size
nanoparticles, respectively); (h) the EDX from select areas on
the (TiO,-Ag)/NiFe,0, sample showing the presence of the
expected elements at select locations.

The nanostructures of the principal samples are depicted
at a higher spatial resolution using TEM and STEM in Figure 4.
The darker areas corresponding to the on average
approximately 2 nm diameter Ag nanoparticles in sample TA
are seen in TEM (Figure 4 b) to have a rather even distribution
over the (larger, ca 20 nm diameter) TiO, nanoparticle surface
(STEM, Figure 4 e). In the STEM images of the ternary TiO,-
Ag/NiFe,0, heterostructure, the regular dark spots
corresponding to Ag (metallic) nanoparticles remain visible,
while the overall average size of the nanostructures apparently
increases and the termination becomes somewhat less
contrasted, which we ascribe to an influence of the deposition
of ferrite nanocluster agglomerates from the precipitate. The
size of co-precipitated NiFe,0, nanoparticles can be estimated
to be quite similar in size to the Ag nanoclusters, in agreement
with the size estimate (above) from the Rietveld analysis. It
can be seen from TEM and STEM images also that the silver
resides on the anatase nanoparticles even after ferrite co-
precipitation. The schematics of the build-up of the obtained
two and three-component heterostructures as deduced from
the TEM images is shown in Figure 4 (g). Successful Ag
photodeposition and NiFe,0, co-precipitation was confirmed
by the EDX spectra measured at different locations within the
TEM images of the ternary TiO,-Ag/NiFe,0, heterostructure.
Particles exhibiting strong (and mutually exclusive) signals of
Ag, Ni and Fe, or Ti, as displayed in Figure 4 (h).

Fe 2p XAS Ni2e XAS

(TIO; - Ag) / NiFe,0, (TIO, - Ag) I NiFe,0,

TI0,/ NIFe,0,1Ag|

Tio,

NiZpys NiZp

O 1s XAS

Ti 2p XAS

(Ti0, - Ag) / NiFe;0,

intensity /a. u.
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Fig. 5 The X-ray absorption spectra at the 3d transition
metal 2p and the O 1s thresholds. The Fe 2p and the Ni 2p
panels are complemented with simulated spectra for the
particular ligand symmetries (and charge state, for Fe 2p),
obtained using the CTM4XAS software>® with crystal field
parameter 10Dq values 1.6 eV (Ni** Oy), -1.1 eV (Ni** Ty), 1.4
eV (Fe** 0,), -0.8 eV (Fe** Ty) and 0.6 eV (Fe’* 0,). (Charge
transfer effects have been neglected).

XAS (Figure 5) and XPS measurements (Figure 6) at Ti 2p,
Fe 2p, Ni 2p, O 1s and Ag 3d core level thresholds were carried
out in order to obtain more detailed information about the
chemical composition of the synthesised samples. For the 3d
transition metals, the spectral shape of the near-edge XAS at
the 2p absorption edges stems from the manifold of allowed
2p-3d atomic multiplet transitions, which is determined by the
occupancy of the partially filled 3d states, and therefore
relates directly to the charge state of the particular transition
metal cation. The atomic multiplet scheme is further
influenced by the (ligand) crystal field symmetry and strength
in a straightforward manner, the former removing degeneracy
from the 3d final states, which can result in additional allowed
transitions while the latter will be proportional to energy
differences between the corresponding peaks (with the
transitions to the 3d levels pointed at ligands appearing at
higher excitation photon energy), summarily resulting in a local
probe of crystal structure and (cation) charge state. Because of
hybridisation with ligand states, even the O 1s XAS shows
related structures near threshold. Similar information
underlies the 3d TM 2p XPS, although here the final state is
(additionally) charged, which tends to smear out the spectral
structure. On the other hand, the XPS chemical binding energy
shifts relate to the charge state in a more linear manner, and
further, the information depths of XPS and XAS differ, which
makes information obtained using these techniques
complementary to each other (the probe depth of XPS is
determined by the inelastic scattering mean free path of the
order of some a few nanometers for the electron kinetic
energies used here, while XAS probe depth when carried out in
the total electron yield (TEY) mode detecting all electrons
irrespective of their kinetic energy is determined by electron
escape depth, which can be estimated to be several tens of
nanometers). However, considering the size estimates of the
component nanoparticles in this study (from TEM and XRD
data above), the XPS probe depth is comparable to both the
silver and the nickel ferrite particles, and the XPS can be here
regarded to be surface specific mainly when the larger anatase
nanoparticles are considered.

The Ti 2p XAS is typical of anatase
significant differences between the samples. Similarly, the O 1s
XAS remains similar to the corresponding anatase spectrum,32
with minor relative intensity rise for the 531 eV narrow and
the 539 eV broad features in the ferrite containing samples as
a NiFe204 contribution to the spectrum.

The Ni 2p XAS of the TAN sample aligns in detail with
previous experimental reports34‘35and corresponds to Ni** in
octahedral (O,) coordination (as expected for NiFe,0,), as

3233 3nd shows no

J. Name., 2013, 00, 1-3 | §



http://dx.doi.org/10.1039/c6ra00728g

Published on 05 February 2016. Downloaded by Middle East Technical University (Orta Dogu Teknik U) on 05/02/2016 16:42:20.

RSC Advances

Page 6 of 10
View Article Online
DOI: 10.1039/C6RA00728G

exemplified by comparison with the simulated curves for the
tetrahedral (T4) and Oy, ligand symmetries at the bottom of the
panel, obtained using the CTM4XAS crystal field multiplet
simulation software package.36 The TAN spectrum is almost
perfectly reproduced by a Ni%* Oy, crystal field multiplet curve
for a somewhat high crystal field splitting value of 10Dg=1.6 eV
(as compared to the considerations laid out in Refs. 3 and 38);
however the experimental intensity ratio of the Ni 2p,,, peaks
appears to be reproduced at similar values even in an earlier
report.38 For the other samples, the curves are very similar,
indicating that Ni is dominantly incorporated at sites
corresponding to the stoichiometric nickel ferrite (a small
contribution from T4 antisite defects as an explanation of the
slight smearing out of the spectral features as compared to the
TAN, however, cannot be completely ruled out for the other
samples).
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Fig. 6 The photoelectron spectra of the photocatalytic

nanoheterostructures and the reference samples (as labelled)

of the Ag 3d (top panel), Ni 2p (middle left), Fe 2p (middle

right) and the Ti 2p core levels.

The Fe 2p XAS of the TAN sample readily reproduces the
sum of the simulated curves of O, and T4 site Fe* in 0Oy,
coordination (as expected for NiFe,0,), as exemplified by
comparison with the simulated curves at the bottom of the
panel. For the TNA sample, however, the Fe 2p XAS shows that
the reversed synthesis steps clearly result in ample amounts of
ferrous iron, which might be expected in view of the relatively
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aggressive environment during silver photodeposition to which
the nickel ferrite in the TNA (but not in the TAN or TN) sample
is subjected. It might be of some interest then that an almost
comparable amount of ferrous iron also in the TN sample, as
indicated by the extra intensity of the 708 eV peak in the 2p;/,
region and significant intensity at 720 eV (below the onset of
the ferric iron features in the 2p,,, region). The comparison of
the Fe 2p spectra appears to indicate that the presence of Ag
nanoparticles does have a stabilising effect for stoichiometric
nickel ferrite growth on the anatase nanoparticles, and that
the improved functionality might be the result of the influence
of the Ag particles on the synthesis.

The 3d TM 2p level XPS supports the assignments based on
the corresponding XAS data, while the Fe 2p XPS of the TAN
sample indicates Fe** charge state and agrees with previous
repor’ts,34’36’39 the TNA (and to a lesser extent, the TN) peaks
are shifted to lower energies with respect to the rest of the
samples, indicating sizable Fe” content. The Ni 2p XPS
indicates decreased Ni content in the TNA sample, while the
spectra of the other samples closely resemble previously
reported (both bulk and nanoparticle) NiFe,O, Ni 2p XPS
data>>*** and indicate Ni** dominantly takes the Oh sites.>®

The Ti 2p XPS remains significantly unchanged, with the Ti
2ps, (at 458.3 eV) and the Ti 2py), (at 464.1 eV) component
peaks, with the binding energies corresponding to Ti“",39 with
no Ti** impurities in any of the samples, indicating that the
anatase nanoparticles are not modified even at the surface by
the (potentially aggressive environments) during the chemical
steps of the synthesis of the binary or ternary
nanoheterostructures.

Because the Ag chemical state information cannot be
obtained from XAS in a similar manner to the 3d TM, the Ag 3d
XPS was additionally referenced to the measured spectra of
metallic and oxidised (Ag,0) Ag 3d XPS. Notably, and at
variation compared to most oxides, the Ag 3d binding energy
decreases (rather than increases) by 0.4 eV, as seen in the
Figure 6 (top panel) and in agreement with previous
reports,“’42 where it is also seen that the Ag 3d XPS peak of
the Ag nanoparticles appears shifted relative to the oxide
peak, and coincides with the metallic silver peak for all the
silver containing nanoheterostructures synthesised in this
study (TA, TNA, TAN). It is also seen that the peak width of the
TAN Ag 3d XPS has become larger, which can be plausibly
attributed to a decreasing (mean) particle size, in line with the
results of an earlier study, which specifically targeted the Ag
nanoparticle size influence on the Ag 3d photoelectron
spectra.”®

—Tio,
- - -TiO/Ag
-+ - TiO,/Ag/NiFe,0,
---=-NiFe,0,
: TiO,/NiFe,0,
\.. - TiO,/NiFe,0,/Ag

Absorption
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Wavelength (nm)
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Fig. 7 The measured UV-vis absorption spectra (Kubelka—Munk
function) of the different photocatalyst samples.

Figure 7 gives UV-vis absorption spectra for commercial
anatase TiO,, co-precipitated NiFe,0, and the multicomponent
photocatalyst heterostructures. For TiO, anatase, the observed
sharp absorption edge lies just below 390 nm (i. e., at the band
gap value of 3.2 eV). The Ag loaded TiO, nanoparticles show an
additional broad absorption band with an onset at
approximately 1.3 eV (950 nm) and maximum at around 500
nm, attributed to a localised surface plasmon resonance (LSPR)
at the Ag nanoparticles.44 The LSPR (mean) frequency and the
strength of the resonance are known to depend on
nanoparticle size and shape, but also the interaction with the
supporting surface (here anatase),“s’46 which can lead to the
observed broad absorption. Visually, the initial white colour of
commercial TiO, anatase nanopowder changed into greyish
purple/brown after silver photodeposition. The NiFe,0,
sample exhibits broad spectrum visible light absorption similar
to that observed by Harish et al.*’” and attributed there to
charge transfer excitations from the O 2p dominated occupied
to the Fe 3d character unoccupied valence states. An
experimental band gap width value of 1.65 eV can be deduced
from the optical absorption (ozhv)l/2 versus photon energy plot,
which recommends the co-precipitated NiFe,0, as a quite
efficient solar light absorber. The optical absorption of the
TiO,/NiFe,0, sample, the TiO, absorption edge below 400 nm
is still discernible, and below this edge the broader and lower
onset energy absorption related to the ferrite. The optical
absorption resembles a superposition of the spectra of the
constituents, apparently containing constituent absorption
thresholds and inflection points, suggesting chemically
unmodified separate nanoparticles of either species.48 Finally,
the heterostructures sensitized by Ag exhibited highest light
absorption over the whole measurement range for the TAN
sample, whereas for the TNA sample the optical absorption
onset appears to align with the ferrite rather than the
(plasmonic) absorption of the silver nanoparticles.

Figure 8 shows the influence of the different
photocatalysts on the optical density change of MO (with the
absorption band centered at approximately 460 nm) and
kinetic linear simulation curves for reaction kinetics of MO
degradation by visible light irradiation using a 100 W LED light
source. There was no measurable decrease in the MO solution
optical density after visible light irradiation for 2 h in the
absence of any photocatalyst. Only a minimal photocatalytic
activity (resulting in a 2% decrease of MO optical density) was
observed for the commercial anatase TiO, nanopowder, which
can be explained as the result of the minimal spectral (tail)
overlap of the light source and the TiO, absorption. The
presence of the Ag-loaded TiO, nanoparticles (sample TA)
gives rise to an 8% decrease of the MO concentration
(corresponding to a rate constant value of krp = 0.7-10° min'l).
This relates to the LSPR absorption at the Ag nanoparticles in
the 500-800 nm range46’47 as seen also in the UV-visible
absorption spectra in Figure 7. It has been reported previously
that Ag nanoparticles on TiO, surface can act as light

This journal is © The Royal Society of Chemistry 20xx
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harvesters and electron injectors into the semiconductor
conduction band, as well as produce catalytic sites for -OH
formation.*’ NiFe,0, co-precipitation on the (non-coated) TiO,
increased the MO degradation to 18% (ki = 1.7-10° min"l),
which is slightly higher than the respective values for the pure
co-precipitated NiFe,0,4 (15%, or kN =1.4-10° min'l). The small
observed enhancement of photocatalytic efficiency appears to
measure the role of interface charge transfer, while the slight
difference of the response of the TA and the TN samples
appears to agree with the estimated larger potential gradient
at a TiO,/NiFe,0, interface, particularly in view of the broader
optical absorption spectrum of silver nanoparticles on TiO,,
although it has to be kept in mind that the Ag content in the
TA sample (which is optimal for the best photocatalytic
activity) is smaller than the relative amount of ferrite in the
TiO,/NiFe,0, sample.
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Fig. 8 (a) Relative amounts of MO photo-decomposed (as
percentages of the initial amount in the solution) during 2
hours of exposure to visible light in the presence of the various
photocatalyst samples; (b) Pseudo-first-order rate constants
and reaction kinetics (inset) for the different photocatalysts.

A relatively quite superior visible light photocatalytic
activity is seen for the TAN produced by NiFe,O, co-
precipitation in the presence of the Ag-loaded TiO,. The
miniature silver content included in the heterostructure of
anatase and the ferrite produces a nearly 20-fold increase of
efficiency (kran = 30-10° min'l) and leads to complete
decomposition of the MO from the solution during 2 hours of
visible light exposure. To exclude the effect of shape and size
of the photocatalytic particles, the BET specific surface areas
for different samples were studied and the pseudo-first-order
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rate constants, k values, were normalised with surface area
(Table 1). The normalised k value for TAN sample was still an
order of magnitude higher than for the other samples. The
magnitude of the activity increase, not least as compared to
the corresponding effects in the binary combinations, appears
to suggest that charge separation and migration across the
interfaces should favour the vectorial electron transfer of
NiFe,0, - TiO, - Ag, as shown schematically in Figure 9,
similar to what has been previously observed for TiO,-Pt/CdS
heterostructures.'® Internal electrical fields created within the
heterostructure facilitate the charge separation and hence
increase photochemical reactivity,49 as the visible light
absorption of the NiFe,0, (and the plasmonic Ag
nanoparticles) becomes then efficiently utilised. These charge
transfer vectors can be viewed against the modest
performance of the alternative ternary (TNA) sample with the
silver deposited on a binary TiO,/NiFe,0, heterostructure,
where the Ag sites will exist on both TiO, and NiFe,0,, possibly
facilitating back transfer and recombination at a direct
silver/ferrite interface. The other reason for reduced
photocatalytic activity is relatively oversized Fe> content in
the TNA sample (although traces of a ferrous component were
also seen in the TN sample Fe 2p XAS, Figure 5) affects
interface charge transfer balance, in which we have previously
observed a growing ferrous content already at a much lower
level to have a negative effect on photocatalytic efficiency.50
Here the presence of Ag nanoparticles appears to have a
stabilising effect in obtaining a more stoichiometric ferrite
species during synthesis (the detailed mechanism of such
possible stabilising effect is a matter of further investigation
outside the scope of this study).

AN A>415nm
27 {/L CE\A 5 o '
4] 4
A- B oo o NIFQZO4
m 3-_7‘ ____________ '--"EFﬁD
T 04 A¥ Ag ——(
< ve = D+
>
w1 TiO,
pH=7
2
3l v

Fig. 9 Schematic representations of electron-hole
separation and energy band matching of the Ag sensitized
(TiO,-Ag)/NiFe,0, three-component heterostructure under
visible light irradiation. The TiO, is not absorbing in the visible
range while the smaller band gap (1.56 eV) ferrite does. Even if
the Ag-sensitized anatase shows a minor photocatalytic
activity due to plasmonic absorption in the silver
nanoparticles, the comparison of binary and ternary
nanoheterostructure photocatalytic activities (above) suggests
that the role of the Ag nanoparticles in this ternary
heterostructure is mainly as an electron scavenger (as
indicated by the arrows), because the sum of the activities of
the binary combinations (TiO,/Ag and TiO,/NiFe,0,) falls an
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order of magnitude short of the observed activity of the
ternary (TiO,-Ag)/NiFe,0, nanoheterostructure.

The ordering of the constituents and interfaces with
suitable band edge gradients proves therefore to be of
principal relevance in achieving high functional efficiency in
the three-component (TiO,-Ag)/NiFe,0, heterostructure
photocatalyst with the suppression of
recombination rate due to effective photogenerated charge
separation dependent also on the sequence of deposition.

the electron-hole

Table 1 The surface area, pore volume, the pseudo-first-order
rate constant and normalised pseudo-first-order rate constant
for different photocatalysts.

Surface Rate Normalised rate
Photocatalyst area Sger constant k constant k’

(m’/g) (min?)  (g/(min-m’)-10°)
TiO, 69.52 0.39-10° 0.56-107
TiO2/NiFe;04 38.07 1.67-10° 4.40-107
TiO2/NiFe;04/Ag 53.35 1.40-10° 2.63-10°
TiO,-Ag 41.39 0.69-10° 1.65-10”
TiO,-Ag/NiFe;0, 84.15 30.0-10° 35.8:10°
NiFe,0, 83.30 1.39-10° 1.67-10”

Conclusions

We have synthesised two- and three-component visible light
active photocatalysts from combinations of TiO,, NiFe,0, and
metallic Ag nanoparticles. The visible light photocatalytic
activity is strongly influenced by the choice of the compound,
which is coupled to anatase TiO,, the number of constituents
included in the heterostructure and the order of deposition (of
whether the ferrite or the photoreduced silver will be a ‘top
layer’).  While silver termination in the ternary
(TiO,/NiFe,0,)/Ag structure showed some cation charge
imbalance in the ferrite and a sizeable, but relatively modest
efficiency (on par with the binary combinations), a large
efficiency gain was observed for the (TiO,-Ag)/NiFe,0, sample
obtained by NiFe,0, co-precipitation in the presence of Ag-
loaded TiO, nanoparticles. There the Ag sensitizer content as
small as on a 1 at% level in the (TiO,-Ag)/NiFe,0,
heterostructure enhanced the rate constant for methylene
orange degradation under visible light by more than an order
of magnitude in comparison to the binary (not Ag-sensitized)
TiO,/NiFe,O, heterostructure. The higher Vvisible light
photocatalytic activity in the three-component TiO,, NiFe,0,
and Ag nanoheterostructures is attributed to an efficient
separation of the visible light photogenerated charge over the
interfaces via vectorial electron transfer NiFe,0, = TiO, = Ag.
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