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Abstract Nickel titanate (NiTiO;) nanocrystallites are
synthesized via a solid-state reaction from a precursor
prepared by a homogeneous precipitation method. Ilme-
nite-structural NiTiO; consists of alternating layers of
NiOg and TiOg octahedra. It not only strongly absorbs
ultraviolet light (wavelength <360 nm) but also selectively
absorbs visible light mainly in a wavelength range of
420-540 nm and above 700 nm. The synthetic NiTiO; is a
direct-gap semiconducting material with a band gap of
3.00 eV and has obvious absorbance peaks at 448, 502, and
743 nm, corresponding to the photon energies of 2.77,
2.47, and 1.67 eV, respectively. Nevertheless, NiTiO3 does
not exhibit obvious photocatalytic activity in the degrada-
tion of methylene blue in water. It is proposed that the
visible light absorbance peaks of NiTiO3; mainly originate
from the Ni: d — d charge-transfer transitions within its
valence band. NiTiO; has wide energy gaps from the
hybridized Ni 3d and O 2p orbitals to the Ti 3d orbitals,
which block both Ni** — Ti*" and O*~ — Ti*" charge-
transfer transitions between valence band and conduction
band, and thus baffle its photocatalytic performance.
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1 Introduction

Nickel titanate (NiTiO3) is an ilmenite-structural n-type
semiconducting material with particular magnetic, electric,
and optical properties [1-8]. It exhibits both semicon-
ducting and magnetic behaviors and could be exploited for
applications including microwave devices and varistors [8].
Besides applied as yellow pigments in ceramics or auto-
mobile industry [9-13], NiTiO; is widely studied as a
photocatalyst [14-25]. Although there still are arguments
about its band gaps including 2.12 eV [2], 3.18 eV [3],
2.8 eV [17],3.0-3.1 eV [4, 15, 16, 18, 20], and 3.2 eV [8],
many researchers consider that NiTiO3 possesses narrower
band gaps resulted from Ni*" — Ti*' charge-transfer
transitions than TiO, (3.3 eV for anatase, and 3.1 eV for
rutile [26]) caused by 0’~ - Ti*" transitions and then has
visible light photocatalytic activity. Asahi et al. [27]
reported that yellow nitrogen-doped TiO, has a narrowed
band gap and exhibits optical absorption and photocatalytic
activity under visible light (wavelength <500 nm). They
suggested that the doped nitrogen has substituted partial
oxygen, and the consequential transition N 2p — Ti
3d instead of O 2p — Ti 3d makes a redshift of the
absorption edge of TiO,_,N,. It is interesting to investigate
the optical absorption and photocatalytic activity of
NiTiO3, which are important for its applications in paints
or cosmetics.

In this work, we synthesized NiTiO3 nanocrystallites by
a homogeneous precipitation method and investigated their
optical absorption properties. To synthesize NiTiO3
nanocrystallites, most researchers prepared precursors by
wet chemical methods and then calcined the precursors to
form nano-sized NiTiO; crystallites. The precursors could
be prepared by several methods, including chemical co-
precipitation method [3, 10], sol-gel method [5, 8, 24],
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polymeric precursor method [4, 28], etc. The homogeneous
precipitation method has ever been used to synthesize well-
ordered crystallites including NiTiO; [18, 29, 30]. During
the process, the mixed Ti- and Ni-containing precipitate
gradually forms along with the hydrolysis of urea. Hence,
the well-mixed precursor more easily forms well-ordered
NiTiO; crystallites.

The investigation reveals the synthetic NiTiO;
nanocrystallites having a band gap of 3.00 eV, and obvi-
ously, selectively absorbing visible light with certain
wavelength. Comparing the optical absorption properties
and the band structures of TiO,, NiO, and NiTiOs, we
propose that the wide energy gap from the hybridized Ni
3d and O 2p orbitals to the Ti 3d orbitals baffles the pho-
tocatalytic performance of NiTiOs.

2 Experimental
2.1 Synthesis of NiTiO; nanocrystallites

Stoichiometric TiCly in a hydrochloric acid solution and
Ni(NOs),-6H,O were dissolved in deionized water under
vigorous stirring. Urea was added into the solution as
precipitator to gradually form a Ti- and Ni-containing
precipitate. The gradually thickening suspension was fil-
tered after being stirred for 6 h at the refluxing tempera-
ture. The green filter cake was, respectively, washed with
deionized water and anhydrous ethanol and dried in air
overnight at 130 °C to form the dried precursor of NiTiOs.
After being ground, the precursor was annealed in air
heated at 800 °C for 6 h and finally formed a yellow
product.

2.2 Characterization

The dried precursor was analyzed by thermogravimetric
analysis and differential scanning calorimetry (TG-DSC,
STA 409 PC/PG, NETZSCH) from room temperature to
1100 °C in air flow. The synthetic powder was character-
ized by a power X-ray diffractometer (XRD, D/MAX
2500 V/PC, Rigaku) using Cu Ko radiation
(4 = 0.15406 nm). Its mean crystal size was calculated by
the Scherrer formula. The powder is a mixture of NiTiO3,
rutile, and anatase phases. So their weight fractions were,
respectively, calculated by following formulas [31]:

WNT = KNTINT/(KA + IR + KNTINT)
WR = IR/(KA + IR + KNTINT)
Wa = Kala/(Ka + Ir + KnrInT)

where Wyt, Wg, and W, are the weight fractions of
NiTiOs;, rutile, and anatase, respectively. Int, Ir, and I4,
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respectively, represent the intensities of main diffraction
peaks of NiTiOj3 (104), rutile (110), and anatase (101). Kyt
(= 2.60), Kg (= 3.68), and K, (= 5.05) are the reference
intensity ratios of the three phases, and are, respectively,
selected from JCPDS 76-0334, 84-1284, and 84-1286. The
sample’s microstructures were detected by a field-emission
high-resolution  transmission  electron  microscope
(HRTEM, Tecnai G* F20, FEI) with an energy-dispersive
X-ray spectroscope (EDX). The samples’ ultraviolet—visi-
ble light diffuse reflectance spectra (UV-Vis DRS) were
measured by a JASCO V-570 spectrometer in a wavelength
range of 200-800 nm at room temperature. A commercial
TiO, (P-25, Degussa) was used as reference.

The samples’ photocatalytic performance was estimated
by measuring the decomposition rates of methylene blue
(40 mg) in an aqueous solution (400 ml) with catalyst
powder (200 mg). The reactor was equipped with cooling
water circulating between inner and outer quartz tubes to
keep the reaction at ~30 °C. The mixed methylene blue
solution and catalyst powder in the outer tubes were vig-
orously stirred for 30 min to equably disperse the catalyst
powder before irradiation. Air was pumped into the reactor
to degrade methylene blue. A 300-W high-pressure mer-
cury arc lamp placed in the inner quartz tube was used as
light source. A blank sample without a catalyst was carried
out following the same procedure. After the photolysis, the
remaining methylene blue concentrations in the aqueous
solutions were detected by measuring the absorbance at
665 nm using a HP8453 UV-Vis spectrophotometer.

3 Result and discussion

Figure 1 shows the TG-DSC curves of the precursor of
NiTiOs5. The precursor loses ~ 14.4 % weight from room
temperature to 800 °C. The endothermic peak at 100 °C is
attributed to the escape of surface water. The exothermic
phenomenon above 800 °C is caused by the descending
formation enthalpy of NiTiO; with increasing temperature
[32]. According to the results, 800 °C was selected as the
reaction temperature.

Figure 2a shows XRD pattern of the synthetic powder. It
is a mixture of NiTiOj, rutile, and anatase with a weight
ratio of 69/22/9. The mean crystal sizes of NiTiOs, rutile,
and anatase are 40, 42, and 25 nm, respectively. Most TiO,
exists in a rutile phase. It is accepted that the rutile phase is
more stable than the anatase phase at high temperature. No
other distinct Ni-containing compounds, such as NiO, were
detected. It means that almost all Ni had been utilized to
form NiTiO; nanocrystallites. During the synthesis of
NiTiOs, the raw materials contain equimolar Ti*" and Ni*™
ions, but more Ni*" ions lost due to the higher solubility of
Ni-containing precipitate and the filtering and washing
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Fig. 1 TG-DSC curves of the

precursor of NiTiO3 100 —

TG
98 -
96 -
o4

92 -

Weight (%)

90 -

88 -
DSC.

86 -

84 —w

100 200

processes. The product hardly keeps the same metal ratios
with that in raw materials by a homogeneous precipitation
method. The similar problem exists in the conventional
chemical co-precipitation method.

The lattice parameters of the synthetic NiTiO; are R3,
a = 5.029003) A, ¢ = 13.7895(2) A, V = 302.03 A>, Z =
6, and D, = 5.0998 g cm . They consist with the reported
data of NiTiOjs in literature [8, 25, 28, 37] and the JCPDS
33-0960. The rhombohedral unit cell of NiTiOs is illustrated
in Fig. 2b. The alternating layers of Ni and Ti atoms are
perpendicular to the ¢ axes. The O atoms between the transi-
tion metal layers are octahedrally coordinated with the cen-
tered Ni or Ti atoms.

Figure 3a presents the nanosized particles agglomerate
together. Figure 3b is an enlarged image and exhibits the
particles’ crystal structures. There are different lattice
spaces of 0.25 and 0.35 nm, respectively, corresponding to
the (110) layers of NiTiO3 and (101) layers of rutile. An
EDX spectrum indicates that the ratio of Ni/Ti/O in a
selected small area is 18.9/20.2/60.9, namely Nigo3
Ti; 00Os. So the selected area almost contains NiTiOs3.

Figure 4a shows the samples’ UV-Vis DRS. Degussa
P-25 strongly absorbs UV light (wavelength <320 nm) and
has an absorption edge of ~410 nm. It hardly selectively
absorbs visible light. As comparison, the synthetic powder
shows a redshift for its UV absorption edge. Its absorbance
in visible light region is mainly caused by NiTiO3 because
the doped TiO, hardly absorbs visible light [32]. NiTiO3
not only strongly absorbs UV light (<360 nm) but also
selectively absorbs visible light mainly within 420-540 nm
and above 700 nm. It shows the absorbance peaks at 448,
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502, and 743 nm, which correspond to the photon energies
of 2.77, 2.47, and 1.67 eV, respectively. The high visible
light absorbance centered at 448 nm (violet color) and
743 nm (red color) make NiTiO; showing the comple-
mentary colors of yellow and green.

The band gap of NiTiOj is estimated by the Tauc plot
[15, 34, 35], namely the curve of (ochv)zln versus hv. The «
and hv, respectively, are the absorbance and photon energy.
The n value indicates the transitions from the valence band
(VB) to the conduction band (CB) being direct (n = 1) or
indirect (n = 4). The hv value at the intersection point of
the tangent and the horizontal axis is the band gap energy.

As shown in Fig. 4b, the calculation results indicate that
either NiTiO3 or Degussa P-25 has a direct band gap. The
band gap of Degussa P-25 is ~3.32 eV, which coincides
with the band gap of anatase TiO,. NiTiO3 has a narrower
band gap of 3.00 eV.

The photocatalytic performance of NiTiO; and Degussa
P-25 is evaluated by degrading methylene blue. Figure 5
shows that all methylene blue had been degraded by
Degussa P-25 in 20 min. But, NiTiO5 exhibits rather low
photocatalytic activity. Only 10 % methylene blue degra-
ded in 80 min. The results approve the viewpoint of
Goodenough et al. [15]. They predicted that the geometry
of NiTiO5 makes the oscillator strength for Ni*™ — Ti*"
charge-transfer too weak to have an acceptable response to
visible light.

The optical and photocatalytic properties of NiTiO5 are
closely related with its crystal size, crystal structure, and
band structure. Both experimental and theoretic results
present the redshifts of UV light absorption edges for
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Fig. 2 a XRD pattern of the synthetic NiTiO3-contained powder and
b the unit cell of NiTiO3

nanosized NiTiO5 [3, 7, 19, 23, 33, 36-38]. Nevertheless,
NiTiO; often has absorption peaks near 448, 502, and
745 nm, which almost do not shift with the size of
NiTiO; crystallites [3, 7, 9, 18, 19, 23, 33, 38]. Its yellow
color also indicates NiTiO5; selectively absorbs visible
light. However, the absorbed visible light did not obvi-
ously improve the photocatalytic performance of NiTiO5
in this work.

To understand the optical absorption properties of
NiTiOs;, we simply compare the energy band structures and
density of states (DOSs) of TiO,, NiO, and NiTiO; based
on recent reports mainly using density functional theory
(DFT) or ab initio calculations. Figure 6 shows that there is
a band gap between VB and CB. According to ligand field
theory, as Ti (or Ni) centers the TiOg (or NiOg) octahedron
in the crystal, the Ti 3d or (Ni 3d) orbitals split into 7, and,
e.g., orbitals. The 3d orbitals of metal ions bond with the O
2p orbitals and then form the energy bands.
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Fig. 3 HRTEM images of the synthetic powder. The inset in b is an
EDX spectrum of the selected area

As a typical photocatalyst, nanosized TiO, (anatase or
rutile) has an experimental band gap of 3.1-3.3 V [26].
TiO, consists of TiOg octahedra. The calculated DOSs are
illustrated as Fig. 6a [39-42]. Both VB and CB consist of
the hybridized O 2p and Ti 3d orbitals. Nevertheless, the
VB is predominately formed from O 2p orbitals, and the
CB from Ti 3d orbitals. At the bottom of CB, the high
DOSs peak originates from the dominative Ti 3d (t;g)
antibonding with less O 2p orbitals. Obviously, the elec-
trons in Ti 3d orbitals more often occupy the tzg orbitals
than the low energy levels, e.g., and #,, orbitals.
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Fig. 4 a UV-Vis DRS of the synthetic NiTiO3 and Degussa P-25 at
room temperature and b Tauc plots obtained from the UV-Vis DRS
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Fig. 5 Photocatalytic performance of NiTiO3 and Degussa P-25 in
the degradation of methylene blue in water. A sample without catalyst
is detected as reference

Umebayashi et al. [39] pointed out that the location of tzg
determines the photoexcitation of TiO,, and the dopant #,,
level in the band gap plays a vital role for the visible light
response of TiO,. Experimentally, Degussa P-25 hardly
absorbs visible light, but exhibits nice photocatalytic
activity under UV light. The most charge-transfer transi-
tions in TiO, should occur between O 2p and Ti 3d (tzg),
ie., 0 — Ti*", under UV light.

Figure 6b shows that NiO has a wide band gap of
3.7-4.3 eV [43, 44] and generally is considered as an
insulating material. NiO consists of NiOg octahedra. Its
both VB and CB are predominately from Ni 3d orbitals
[43—46]. Most DOSs of Ni 3d locate within the VB. The
wide energy gap between the nearby DOSs peaks of CB
and VB blocks the charge-transfer transitions by either Ni
3d (thy) — Ni2d (e.g.,”) or O 2p — Ni3d (e.g.,"). NiO (at
300 °C) shows optical absorption lines at 1.13, 1.75, 2.75,
and 2.95 eV [47], which should mainly originate from the
Ni: d — d transitions with low energy gaps in the VB after
absorbing visible light.

Compared with TiO, and NiO, NiTiO; has a more
complicated band structure due to its alternating layers of
NiOg and TiOg octahedra. Its band structure is schemati-
cally shown in Fig. 6¢c. Ruiz-Preciado et al. [37] argued
that the bulk NiTiO5 has a band gap of ~2.55 eV between
the DOSs of Ni 3d and O 2p but with relatively low
mobility of charges. The VB of NiTiO; mainly derives
from the hybridization of Ni 3d and O 2p orbitals; while the
CB predominately consists of Ti 3d orbitals. Being similar
to the case of NiO, most Ni 3d orbitals in NiTiO5 locate in
the VB. The observed absorbance peaks at 1.67, 2.47, and
2.77 eV should be caused by the Ni: d — d transitions in
the VB. The wide energy gap (>5.5 eV) from the hybri-
dized Ni 3d (tzg) and O 2p orbital peak to the predominated
Ti 3d orbital peak in CB baffles the charge-transfer tran-
sitions by both Ni 3d — Ti 3d and O 2p — Ti 3d transi-
tions under visible light.

Ruiz-Preciado et al. [37] argued that the band gap and
optical properties of NiTiO; could be modified by the size
of (NiTiOj3), nanoclusters or the surface roughness
(~19 nm) of NiTiOj3 thin films [25]. They suggested that
the photocatalytic efficiency of NiTiO; may be improved
by a doping procedure to increase the concentration of
photogenerated charge carriers and their lifetime.

In summary, NiTiO;5 has a narrower band gap than TiO,
and also selectively absorbs visible light. Nevertheless,
NiTiO; has a crystal structure consisting of alternating
NiOg and TiOg layers and induces a wide energy gap from
the hybridized Ni 3d and O 2p orbitals to the predominated
Ti 3d orbitals, which blocks both Ni**—Ti*" and O
2p — Ti 3d charge-transfer transitions. These baffle the
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photocatalytic performance of NiTiO3. The yellow color of
NiTiO; originates from its selective absorption of visible
light and reflects the Ni: d — d charge-transfer transitions
occurring in the valence band.

4 Conclusions

We synthesized NiTiO; nanocrystallites via a solid-state
reaction after the precursor being prepared by a homoge-
neous precipitation method. The nanosized NiTiOj is a
direct-gap semiconducting material with a band gap of
3.00 eV. It selectively absorbs visible light at 448, 502, and
743 nm. The stable wavelengths of the absorption peaks
imply that they originate from the Ni: d — d charge-
transfer transitions within the valence band. The NiTiO3
nanoparticles do not exhibit obvious photocatalytic activity
as being used in degrading methylene blue. The mixed
octahedron layer crystal structure and the wide energy gap
are two suggested factors which affect the photocatalytic
activity of NiTiOs.
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