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Abstract: Facet-engineered anatase TiO, with NiO nanoparticles heterocontacts were successfully prepared by selective
photodeposition of NiO nanoparticles onto the {101} facet of the top-truncated bipyramidal TiO, anatase nanocrystals coexposed
with {001} and {101} facets. The morphology and electronic properties of the resulting 0.1-10 wt % NiO-decorated TiO, were
investigated by X-ray diffraction, high-resolution electron microscopy, N, sorption analysis, and UV-vis spectroscopy.
Furthermore, a careful determination of the energy band alignment diagram was conducted by a model experiment using XPS and
UPS to verify charge separation at the interface of the NiO—TiO, heterostructure. The model experiment was performed by
stepwise deposition of NiO onto oriented TiO, substrates and in-situ photoelectron spectroscopy measurements without breaking
vacuum. Core levels showed shifts of 0.58 eV toward lower binding energies, meaning an upward band bending in TiO, at the
NiO-TiO, interface. Furthermore, 0.1 wt % NiO-TiO, exhibited 50% higher activities than the pure TiO, for methylene blue
(MB) photodecomposition under UV irradiation. This enhanced photocatalytic activity of NiO-TiO, nanocomposites was related
to the internal electric field developed at the p—n NiO-TiO; heterojunction, leading to vectorial charge separation. Finally,
mechanistic studies conducted in the presence of carrier or radical scavengers revealed that holes dominantly contributed to the
photocatalytic reactions in the case of NiO-TiO, photocatalysts while electrons played the main role in photocatalysis for the pure
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1. Introduction

Chemical reactions on titanium dioxide (TiO,) surfaces have attracted worldwide attention in the fields of energy
conversion,(1-3) energy storage,(4,5) and photocatalysis(6-8) because of the relatively high abundance, low cost,
environmental friendliness, high chemical stability, and both outstanding optical and electronic properties of TiO,-based
systems. Thus, TiO, materials, mainly as anatase polymorph, showed a great ability for decomposition of various pollutants in air
or water,(7) carbon dioxide reduction,(9) and water splitting(6) under light illumination. Nonetheless, pure TiO, materials still
suffer from some limitations for practical use in photocatalysis stemming from too fast recombination of photogenerated
electron—hole pairs and too slow redox reactions.(10) A first efficient way to improve the photocatalytic activity consists in
building heterojunction nanocomposites combining TiO, nanostructures with other metals(7,11,12) or semiconductors.(13-16)
For instance, coupling TiO, to noble metal cocatalysts with large work function, e.g., platinum and rhodium, enables to enhance
the photogeneration quantum yield in minority carriers by separating electron—hole pairs with a Schottky barrier at the interface
and subsequently transferring them to acceptor molecules.(7,11,12) Furthermore, along with providing reaction sites, these
noble metals have beneficial effects on the kinetics of the photocatalytic reactions, for instance, by decreasing the overpotential
and the activation energy for hydrogen evolution from water according to the volcano plot for metal-hydrogen bonding
energy.(17) However, the use of noble metals led to further drawbacks such as their scarcity and cost and their ability to
catalyze the back-reaction of the formation of water from hydrogen and oxygen, limiting the photocatalytic activity for water
splitting. Thus, transition metal oxides that have a negligible activity for water formation have been chosen as cocatalysts to
avoid back-reactions.(18)
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On the other hand, the selective deposition of Pt and PbO, on specific orientations of rutile and anatase particles was first
reported by Ohno et al.,(19) revealing that the different facets of a crystal exposed to the surface promote the separation of
photoinduced electrons and holes.(20-23) More recently, this approach was also exploited to obtain dual heterojunction
photocatalysts(24) or spatially separated bicocatalysts onto TiO,.(25) These findings have therefore triggered crystal facet
engineering of TiO, particles. Crystallographic surface orientation and structures indeed play a crucial role in photocatalysis with
metal oxide semiconductors since the surface atomic structures rule the physisorption/chemisorption of reactive species,
surface transfer and trapping of photoinduced charge carriers, and, as a consequence, redox processes.(26) Over the past
decade, many efforts have been devoted to maximizing the surface area of the highest energy {001} facet of anatase crystals,
which was believed to be the most reactive, to reach high photocatalytic efficiencies.(27-29) By contrast, improved
photocatalytic efficiencies were reported for particles exposing both low-energy facets {101} as reduction reaction sites and
high-energy facets {001} as oxidation reaction sites.(30-33) These findings were recently related to the lower Fermi level of the
{001}facets compared to that of the {101}facets which induces a potential difference at the interface between both facets,
favoring the spatial separation of the photogenerated electrons and holes.(34) As a result, the presence of both {101} and {001}
facets in anatase nanocrystals is relevant to obtain high photocatalytic activities. Moreover, enhanced photocatalytic activities
could be reached with TiO,-based materials via the formation of a p—n heterojunction by combining appropriate p-type metal
oxide cocatalysts together with facet engineering of TiO, nanocrystals for their synergetic effect.(12) In this context, nickel oxide
(NiO), which is rather abundant and reactive, is one of the most investigated cocatalysts in combination with TiO, and can act as
both reduction and oxidation cocatalysts. Thus, various NiO—-TiO, nanostructures with a random distribution of NiO onto TiO,
have been reported which led to improved photocatalytic properties for pollutant degradation(35-41) or hydrogen
production.(37,42,43) However, the selective deposition of NiO onto oriented TiO, nanoparticles has never been achieved, and
both electronic and photocatalytic properties of the resulting heterostructures have not been investigated yet. Furthermore,
even though different energy band alighments at the NiO-TiO, interface have been proposed for NiO species randomly
distributed onto nanoparticles TiO,,(40,43,44) the energy band alignment of well-defined NiO—anatase (101) and NiO—anastase
(001) interfaces still remains unknown.

In the following, we described the selective deposition of NiO onto the {101} facet of anatase TiO, nanoparticles coexposed with
{001} and {101} facets by employing an original photodeposition method. The formation of cubic NiO particles on the {101} facet
was clearly evidenced by high-resolution transmission electron microscopy (HRTEM), high-resolution scanning transmission
electron microscopy (HRSTEM), and energy dispersive X-ray spectroscopy (EDX) mapping. Furthermore, a so-called interface
experiment(45) was performed by in-situ X-ray (XPS) and ultraviolet (UPS) photoelectron spectroscopy measurements during
stepwise NiO deposition via dc sputtering onto a stoichiometric single crystal anatase (101) surface. An energy band alignment
of the NiO-anatase (101) interface was experimentally derived from the obtained XP and UP spectra of the interface
experiment. Finally, photocatalytic activities of the obtained nanocomposites as a function of NiO loading were examined by
degradation of methylene blue (MB) under UV irradiation, and mechanistic aspects were investigated by comparing the
degradation rate determined with those obtained in the presence of hole and radical scavengers. The main species ruling the
photocatalytic properties of the NiO-TiO, nanomaterials appeared to be different from that governing those of pure TiO,
nanocrystals.

2. Experimental section
2.1. Photocatalysts preparation

All the chemicals were purchased in analytical grade and used without any further purification. Crystalline TiO, anatase particles
coexposed with {001} and {101} facets obtained by gas-phase reaction were provided by Prof. Ohtani’s group.(31,46) According
to SEM images recorded at different magnifications, the shape of these nanoparticles is rather uniform (Figure S1). NiO-TiO,
anatase heterostructured photocatalysts were synthesized in two steps. First, Ni-B was selectively deposited onto the {101}
facet of the anatase particles by photodeposition.(47) 1.27 g of boric acid (Sigma-Aldrich) was added to 70 mL of distilled water
under stirring. The solution was sonicated for 5 min. Potassium hydroxide was then progressively added to the solution until
reaching pH = 9.2 under stirring, and 30 mL of distilled water was added to the solution. The resulting solution is referred as a
KBi buffer. The KBi buffer, deionized water, and nickel(ll) nitrate hexahydrate solution (34 mM, Sigma-Aldrich) were stirred and
subsequently centrifuged at 4000 rpm for 10 min to remove a slight amount of precipitated nickel hydroxide, which has a light-
green color. 500 mg of the single crystalline anatase particles was dispersed into the solution, treated with sonication for 10 min,
and stirred for 1 h. To realize the photodeposition of Ni-B onto the anatase particles, the solution was irradiated by UV light
under stirring for 3 h. After washing with distilled water three times, the resulting particles were dried at 70 °C and dried under
vacuum for 1 h to obtain Ni-B deposited onto the {101} facet of the anatase particles. The {101} facet of anatase crystals was
found to accumulate photogenerated electrons,(20) and thus nickel nitrate (Ni**) is supposed to be reduced to Ni-B (Ni°)
selectively on the {101} facet of anatase crystals under UV irradiation. The resulting Ni-B/TiO, heterostructured particles were
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then annealed at 400 °C for 4 h to oxidize deposited Ni—B and achieve the target NiO-TiO, photocatalysts where NiO is
selectively deposited onto the {101} facet of the anatase particles coexposed with {001} and {101} facets. Photocatalysts
containing 0.1, 0,2, 0.5, 1, and 10 wt % of NiO were obtained by adding 0.2, 0.4, 1, 2, and 20 mL of nickel nitrate solution (34
mM), respectively, as a precursor added to 500 mg of anatase particles. The KBi buffer/nickel nitrate solution ratio was fixed at
2.5, and distilled water was also added to reach 100 mL of the total volume of the precursor solution containing KBi buffer and
nickel nitrate. The resulting photocatalysts are hereafter named 0.1 wt % NiO-TiO,, 0.2 wt % NiO-TiO,, 0.5 wt % NiO-TiO,, 1 wt
% NiO-TiO,, and 10 wt % NiO-TiO,.

2.2. Photocatalyst characterization

XRD analyses were performed using a Bruker AXS diffractometer (D2 PHASER A26-X1-A2BOD3A) equipped with a Cu anode (Ka
radiation).(48) DRS spectra were recorded with an UV—vis—NIR Cary 5000E spectrophotometer endowed with an integrating
sphere and by using a Suprasil cell bearing a quartz window. Halon standard (6 mm deepand 1 g cm™ density) was employed as
a reference. Specific surface areas (Sger) were determined by applying the BET (Brunauer—Emmett—Teller) equation(49) between
0.1 and 0.3 relative pressures of N, adsorption—desorption isotherms recorded at 77 K with an ASAP2010 Micromeritics
apparatus. HRTEM images were taken with a JEOL JEM 2200F (JEOL, Tokyo, Japan) operating at an acceleration voltage of 200 kV
(wavelength A = 2.51 pm) equipped with a Schottky type FEG and an EDX system (Oxford, Wiesbaden, Germany). For the sample
preparation for HRTEM, HRSTEM, and EDX, the photocatalysts nanoparticles were dispersed in ethanol under ultrasound
sonication, and a few droplets of the suspension were placed on holey carbon grids (Cu-300HD, Pacific Grid-Tech).

Electronic properties of the synthesized photocatalysts were investigated with DAISY-MAT(50) consisting of a multitechnique
surface analysis system (Physical Electronics PHI 5700). XP spectra were measured by using monochromatic Al Ka (1486.6 eV)
radiation with an energy resolution of 0.4 eV as determined from the broadening of the Fermi edge of a sputter-cleaned Ag
substrate. Binding energies of core levels and the valence band maximum Eyg can be obtained with an accuracy of 50 meV and
100 meV, respectively. Binding energies determined by XPS were calibrated by the Fermi level position of the sputter-cleaned Ag
sample. Thus, all binding energies are provided with respect to the calibrated Fermi level set to 0 eV. Photocatalyst samples
were pressed onto indium foils as a conductive substrate to avoid a charging problem and transferred into the XPS chamber
without any further treatments.

2.3. Photocatalyst experiments

Photocatalytic properties of the different NiO-TiO, nanocomposites were determined by decomposition of MB (Alfa Aesar)
under UV-light illumination using a previously established procedure.(51) Typically, a suspension of photocatalyst (50 mg) in a
MB aqueous solution (10 mg/L, 50 mL) was introduced into a Pyrex beaker and was then illuminated with a 125 W high-pressure
mercury lamp (Philips, HPL-N 125 W/542 E27) positioned 60 mm above the solution. After stirring in the dark for 30 min to reach
adsorption/desorption equilibrium and switching on the light, 2 mL of the suspensions was collected at given irradiation time
intervals and then centrifuged (4000 rpm, 10 min) to remove the photocatalyst particles from the MB solution. The remaining
MB amount was monitored by UV—vis spectroscopy following the change in absorption at A,,., = 664 nm by using a Shimadzu
UV-1650 pc spectrophotometer. Blank experiments were also conducted with catalysts in the dark and without catalysts under
light irradiation.

Furthermore, the same experiments were reproduced in the presence of different scavengers for charge carriers and radicals to
investigate the role of radicals in the photocatalytic reactions. Potassium iodide (KI), isopropanol (IPA), and 1,4-benzoquinone
(BQ) were selected as holes, hydroxyl radicals (OH), and superoxide radicals ('02_) scavengers, respectively.(52-55) The
concentration of KI, IPA, and BQwas 4 x 10, 1 x 10, and 1 x 107> M, respectively.

2.4. Interface model experiment

Natural anatase crystals were employed for both (101) and (001) surfaces (SurfaceNet GmbH, Germany). The size of the
substrates is 5 x 5 x 1 mm”>. A surface roughness less than a lattice constant was achieved after epi-polishing. As-is surfaces are
contaminated from the air and the polishing step. Cleaning cycles of Ar® ion sputtering with an energy of 1 keV for 15 min and
annealing under vacuum at 873 K for 30 min were repeated until no remaining emissions from contaminations were observed
by XPS. This cleaning procedure has been often employed to remove the contamination and achieve clean TiO, surfaces.(56)
However, Ar sputtering not only leads to a highly reduced surface, and thus forms O vacancies and Ti** surface states, but also
partially ruins the crystallinity of the surface and introduces an amorphous phase.(57) The O vacancy concentration for the (101)
and (001) surfaces prepared by the procedure is expected to be 7 £ 2% and 1 + 2%, respectively.(58) Therefore, the sputtered
surfaces were oxidized by an O plasma at room temperature in an atmosphere of 7.5 x 10~ mbar 0, for 15 min to reoxidize the
surface and subsequently annealed at 873 K in UHV to recrystallize the surface. Here the O plasma was selected to replenish the



Page |4

lattice O instead of annealing in O, atmosphere, which has been generally used for oxidation, as this annealing procedure can
form additional incomplete reconstructions for rutile surfaces,(59) which could be also formed for anatase surfaces. It may also
result in iron oxide surface contaminations as at elevated temperatures Fe surface segregation, which is typical contamination in
natural anatase crystals, may take place.(57) Furthermore, atomic O in the O plasma is more oxidative than a molecular O,
during annealing in an O atmosphere.(60) The reoxidized and recrystallized surfaces were treated with an O plasma at the same
conditions mentioned above to oxidized them as they were slightly reduced due to annealing under vacuum at the elevated
temperature. This further oxidation procedure is expected to introduce adsorbed O atoms such as peroxo species adsorbed on
the surfaces. Finally, the stoichiometric surfaces were obtained by removing adsorbed O atoms by annealing the oxidized
surfaces in UHV condition at 473 K for 20 min.(61)

To experimentally determine energy band alignments of NiO and oriented anatase surfaces, the interface model experiments
were performed in DAISY-MAT capable of XPS and UPS and different deposition chambers in UHV without breaking the vacuum.
This system allowed the in-situ characterization of the prepared surfaces and interfaces. NiO was grown on the stoichiometric
anatase (001) and (101) substrates by using a direct current (dc) reactive magnetron sputter deposition from a metallic Ni target
with 40 W of dc power under a 20% 0,/80% Ar mixture atmosphere at 0.5 Pa pressure and room temperature. The gas flow of
oxygen and argon was kept at 4 and 16 sccm, respectively, during the deposition. The target-to-substrate distance was set to 8.4
cm. The deposition rate was about 2.0 nm min™". We are aware of possible additional defect states induced by sputter
deposition of oxides. However, a number of systematic studies on different oxides have proven that for our experimental
conditions this approach is applicable. After each stepwise deposition of NiO by dc sputtering onto the substrates, XPS spectra
were recorded without breaking the vacuum to follow shifts of the binding energies of core level emission lines and the
evolution of peak shapes. To determine work function and ionization potentials of the stoichiometric anatase substrates and
NiO films at the end of all the stepwise deposition, UPS spectra were recorded in normal emission with He | radiation (hv = 21.2
eV) from a He discharge lamp and a negative sample bias of 4.0 V. The total energy resolution of UPS was 0.2 eV. No charging
problems were observed during the XPS and UPS measurements. Binding energies obtained by XPS and UPS were calibrated by
the Fermi level energy of the sputter-cleaned Ag sample. Hence, all the binding energies are given with respect to the calibrated
Fermi level position set to 0 eV. More details of the DAISY-MAT system and the experimental approach in performing the
experiments may be found elsewhere.(45)

3. Results and discussion

3.1. Characterization of photocatalysts

To prepare well-defined heterostructure NiO-TiO, particles, the electroless nickel plating strategy was adapted to deposit
amorphous Ni—B catalyst on specific facets of TiO, nanocrystals.(47) Instead of using silver-based materials as a reducing agent,
UV-light combined with the charge separation offered by the different redox properties of {101} and {001} facets were exploited
for the selective deposition of amorphous Ni—B on the {101} facets which led to NiO particles after further calcination (Scheme
1).

400°C, air

el

H,BO,, KOH

ﬁ
Ni(NO,),, H,O

Truncated TiO, Truncated Ni-B/TiO, Truncated NiO-TiO,
bipyramids bipyramids bipyramids

Scheme 1. Preparation Strategy for Selective Deposition of NiO onto {101} Anatase TiO, Facets

Regardless of the NiO loading, the main diffraction peaks observed in the XRD patterns can be indexed as the (101), (004), (200),
(105), (211), (204), (116), (220), and (215) diffraction lines of the anatase phase of TiO, (Figure 1). The weak feature at 27.5° (26)
can be attributed to the presence of small amounts of the rutile polymorph (110 diffraction line) due to the high temperature
(1573 K) used to synthesize the oriented TiO, particles.(31,46) Peaks assigned to NiO were not observed clearly probably due to
the small crystalline domain size (nanometers order) of the NiO species. It is indeed well-known that the crystallite size is
inversely proportional to the full width at half-maximum (fwhm) of each peak, which yields broadened and attenuated signals in
the XRD patterns.(62)
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Figure 1. XRD patterns of the pure TiO, (a, black), 0.1 (b, orange), 0.2 (c, magenta), 0.5 (d, blue), 1.0 (e, red), and 10 wt % (f, olive) NiO-TiO,
composites.

The morphology of the different materials was then studied by TEM, HR-TEM, and EDX analyses (Figures 2 and 3). A square
shape of the particle indicates that the {001} facet of the anatase single crystal is parallel to the sample carbon grid as anatase
single crystals coexposed with {001} and {101} facets have a bipyramidal shape with truncation of their top and bottom edges
(Figure 2A). A gradation of the contrast observed at the edge of the particle can be caused by thinner parts of the sample and
might represent a slope of the {101} facet. Figure 2B shows TiO, particles with other angles showing both {001} and {101} facets.
STEM images, EDX elemental mapping, and HR-TEM images of 10 wt % NiO-TiO, depicted in Figure 3 clearly indicate that Ni
elements are selectively distributed at the {101} facets, which constitute the edge of the particle (Figures 3E and 3F). HR-TEM
images confirm the selective deposition of 2—3 nm of NiO particles onto the {101} facet (Figures 3G and 3H). The interplanar
spacings of 0.18 and 0.20 nm match with the {200} and {111} planes of the face-centered cubic (fcc) crystalline phase of NiO.
STEM images before and after electron beam irradiation also indicate the selective deposition of NiO onto the {101} facet of
anatase (Figures 3A and 3B). Moreover, selected area diffraction patterns clearly confirm that NiO particles were selectively
deposited on the {101} anatase facet, with no diffraction feature typical of NiO being detected on the {001} anatase facet (Figure

S2).

Figure 2. Bright-field TEM images of the pure TiO, recorded along (A) the [001] zone axis and (B) the tilted along the [010] direction.
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Figure 3. Bright-field STEM images of 10 wt % NiO-TiO, (A) before and (B) after electron beam irradiation. EDX elemental mapping of (C) Ti, (D)
O, (E) Ni, and (F) overlay. HRTEM images (G, H).

N, sorption analyses were performed to determine the textural properties of the nanocomposites prepared. Regardless of the
nickel oxide content, the sample showed a type Il adsorption—desorption isotherm typical of nonporous or macroporous solids
with BET specific areas of about (13.4-14.0) £ 0.4 m’ g_1 and total pore volumes of (0.036-0.044) + 0.001 cm? g_1 (Table 1 and
Figure S3). These data are consistent with TEM data showing rather well-dispersed nanoparticles with few aggregates.
Moreover, depositing up to 10 wt % NiO does not change significantly specific surface areas and total pore volumes.

Table 1. Textural Properties (Sypr and Total Pore Volume) along with Apparent (K, ) and Normalized Rate Constant (K,,,)
for the Photodecomposition of MB Using TiO, and NiO—TiO, Photocatalysts

sample SeET (ml g_]) total pore volume (cm3 g_]) Kﬂpp (min_l) Koo (mg m™2 min_l)
pure TiO, 134 + 04 0.036 + 0.001 0.0623 4.65
0.1 wt % NiO-TiO, 13.5 + 0.4 0.041 + 0.001 0.0961 7.11
0.2 wt % NiO-TiO, 14.0 + 0.4 0.042 + 0.001 0.0169 1.21
0.5 wt % NiO-TiO, 140 + 0.4 0.032 + 0.001 0.0101 0.72
1 wt % NiO-TiO, 140 + 0.4 0.044 + 0.001 0.0096 0.68
10 wt % NiO-TiO, 13.7 + 0.4 0.042 = 0.001 0.0032 0.24

Optical properties of photocatalysts were investigated by DRS (Figure 4). Heterostructured NiO—TiO, samples exhibit visible light
absorption of which edges shift toward lower energies with increasing the NiO loading even though the band gap of NiO has
been reported to be 3.4-4.3 eV, which corresponds to an absorption edge of 288-365 nm.(63,64) The origin of the visible light
absorption exhibited by NiO—TiO, nanocomposites can be ascribed to Ti-Ni bondings at the NiO-TiO, interface or interfacial
defect states.(65) DFT calculations revealed that after modification of the TiO, surface with NiO clusters new states appear
above the valence band and just below the conduction band of TiO,.(30,66) Then, this might result in the narrowed band gap
found for NiO-TiO, samples and thus the visible light absorption. Nonetheless, it was not possible to determine accurately the
optical band gap of the various materials prepared by using the conventional Tauc plot analysis postulating that TiO, is an
indirect semiconductor(67,68) due to the complex composite nature of these materials.(69)

To obtain a deeper understanding of the electronic properties of pure TiO, and heterostructured NiO-TiO,, XPS measurements
were carried out. In addition to carbon, nitrogen, and calcium species which are typical contaminations of ex-situ samples
synthesized chemically, emissions from titanium, oxygen, nickel, and indium were detected in the survey spectra (Figure S4).
High-resolution scanning for Ni 2p, O 1s, and Ti 2p core level emissions and valence band region emissions are shown in Figure 5.
The Fermi level shifts toward a lower energy level from 3.38 eV for pure TiO, to 3.07, 3.12, 3.15, and 2.20 eV for 0.1, 0.2, 1, and
10 wt % NiO-TiO,, respectively (Figure 5D). The 0.5 wt % NiO-TiO, sample does not show any bending, which is evidently related
to a smaller amount of Ni as deposited onto the analyzed area (comparing the Ni 2p vs Ti 2p substrate energies). Core levels of
prepared samples follow the shift of the Fermi level position except for the 10 wt % NiO-TiO, sample, the valence band edge of
which is affected not only by the Fermi level shift of the TiO, but also directly by the presence of O 2p orbitals of NiO. The exact
analysis of the binding energy values and the possible influence of band bending and possible charging effects are hard to
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discriminate for the samples with different and inhomogeneous distributions of NiO deposits onto nanostructured supports
pressed into indium. Therefore, the shifts can only be qualitatively related to the buildup of space charge layers, and details of
the contact formation are given from independent layer-by-layer heterojunction formation experiments (see section 3.2). The
emission from the Ti 2p3/, doublet contains only the Ti* line at 459.47 eV without Ti*" for the pure TiO, and the peak shifts to
the lower binding energy by 140 meV with the presence of NiO (Figure 5C). O 1s spectra show an intense peak assigned to Ti—-O
bonds accompanying a shoulder at 1.6 eV lower binding energy from the main emission line (Figure 5B). The main line of O 1s
emission also shows an upward bending with NiO as well as the Ti 2p3/, peaks. The presence of Ni was evidenced by the Ni 2p3/,
emission line at 856.64 eV with a satellite line at a binding energy higher than that of the main peak by 7.7 eV for the NiO-TiO,
samples (Figure 5A). Although typical NiO shows a main peak of Ni 2p3,, accompanying a shoulder peak at 1.5 eV higher binding
energy position which is known as induced by a nonscreening effect,(70,71) the emission of our samples shows broadened
shapes, typical also for small thicknesses, from which the main and satellite peaks cannot be distinguished. This broadening
might be attributed to the ultrathin layer of NiO on the anatase particles as the typical intensity pattern of the satellite of NiO is
pronounced when the thickness is less than a few nanometers, resulting in the overlapping of the main and satellite peaks which
cannot be clearly identified.

F(R)

G . : : :
200 400 600 800
Wavelength (nm)

Figure 4. UV-vis diffuse absorption of pure TiO, (a, black) and NiO-TiO, nanocomposites containing 0.1 (b, orange), 0.2 (c, magenta), 0.5 (d,
blue), 1.0 (e, red), and 10 wt % (f, olive) NiO.

:1 e

T T T T T 1 T = Tk & T & 1
870 865 860 855 850 534 532 530 528 466 464 462 460 458 12 8 4 0

Binding energy (eV)

A Ni2p

Intensity (a.u.)

Figure 5. XPS spectra of (A) Ni 2p, (B) O 1s, (C) Ti 2p and (D) valence band emissions for the pure TiO, (a, black), NiO-TiO, containing 0.1 (b,
orange), 0.2 (c, magenta), 0.5 (d, blue), 1.0 (e, red), and 10 wt % (f, olive).

3.2. Interface analysis
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To obtain further insight into the interface properties of the NiO—anatase heterojunction, in-situ interface
experiments were performed by XPS and UPS measurements after each deposition step of NiO with increasing
thickness onto the stoichiometric anatase (101) and (001) substrates. Figure 6 presents the core level photoelectron spectra
recorded during the stepwise deposition for the stoichiometric anatase (101) substrate (for anatase (001) see Figure S5).
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Figure 6. (A) XPS and (B) UPS spectra of the interface experiment performed by stepwise NiO deposition onto the stoichiometric anatase (101)
substrate.

The emission of Ti 2p shows the typical doublet peak, but only the Ti 2p3/; line is employed to follow the peak shift during the
deposition. Complex main line splitting caused by multiplet contributions and satellite structures at higher binding energies
cause difficulty in identifying and interpreting NiO spectra. A binding energy of 853.8 eV is assigned to Ni 2p3/, spectra for Ni** of
NiO, which is clearly observed after completing NiO deposition of thicker than 2.5 nm which shows the expected two satellite
peaks (compared to the 50 nm thick NiO layer, which is representative of pure NiO undisturbed by the substrate). The spectral
feature within the main satellite at a binding energy of around 861 eV indicates that mostly NiO starts to form already from the
very beginning of the deposition sequence. The shoulder appearing at a binding energy 1.5 eV higher than the one of the main
emission is assigned to a satellite emission of the Ni** rather than Ni** species. This satellite is a so-called nonlocal screening
satellite which appears by a screening process due to oxygen atoms belonging to the octahedral NiOg coordination.(70) A broad
emission at the low coverage of NiO is evident and might be associated with an imperfect octahedral structure due to surface
effects.(71) With increasing the thickness of the NiO layer, the typical NiO emission signature is detected. The contribution of
both the nonlocal and surface effects prevents a determination of the exact binding energy peak position. Thus, the main
satellite peak of Ni 2ps/, at about 7 eV higher binding energy from the main line of Ni 2p;/,, which is characteristic for Ni2+, is
adopted instead of the main peak to follow the peak shift in the course of NiO deposition.

The Ti 2p;/, peak at the beginning of the NiO deposition is rather sharp and symmetric, indicating a mostly stoichiometric surface
with dominant Ti*" oxidation state (Figure 6). However, the asymmetry of the Ti 2p line to lower binding energy evidently
increases, suggesting a slight increase of Ti** states during NiO deposition. In the O 1s region, a shoulder peak is observed at
higher binding energy than the main peak by 2.3 eV which might be related to the initial formation of the O poor surface species
and possible contributions of adsorbed OH".

The evolution of the Fermi level (E; — Eygw) of NiO and anatase substrates obtained by following the core level of Ni 2p satellite
and Ti 2p;/,, respectively, is shown in Figure 7.

The values E; — Eygy of pristine stoichiometric anatase substrates and the NiO top layer correspond to the values of Eyg as
determined from the valence band spectra. The Fermi level of the uncovered anatase (101) substrate is higher than that of the
(001) substrate by 90 meV. This might be due to a higher density of oxygen vacancies on the surface and subsurface of the (101)
substrate than that of the (001). The Fermi level of both NiO and anatase shows a parallel shift to lower binding energy,
indicating that the band bending occurs only in the anatase substrates and the emission line of Ni 2p just follows the band
bending in anatase. The Fermi level shift is attributed to the contact formation between NiO and anatase, forming the p—n
junction leading to band bending in contact. It is worth mentioning that the Fermi level of anatase (101) shows a smaller band
bending than that of the anatase (001) by 210 meV. This is attributed to stable oxygen subsurface oxygen vacancies of the
anatase (101) which would pin the Fermi level at 2.16 eV.
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Figure 7. Fermi level (Er — E ;) measured during stepwise deposition of NiO onto the stoichiometric anatase (101) substrate.

The work function of the uncovered anatase substrates and top layers of deposited NiO was derived from the binding energies
of the secondary electron edge Es; according to @ = hv — Ege. The work function of the stoichiometric anatase (101) and (001)
substrates is 5.58 and 5.63 eV, respectively. The work function of NiO on the anatase (101) and (001) substrates is 5.15 and 5.17
eV, respectively. No noticeable difference in work function of NiO indicates that NiO on both orientations of anatase would
possess similar stoichiometry without being influenced by different surface coordination of these orientations.

Finally, the band alignments at the interface of NiO—anatase (101) and NiO—anatase (001) as experimentally established by using
the above data are shown in Figure 8 and Figure S6.
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Figure 8. Band energy diagrams of p-NiO-n-TiO, anatase (101) before and after contact as determined from the experimental data. The
important values are given in the figures.

As is evident from these diagrams, the band bending at the interface of p-doped NiO and n-doped TiO, for the anatase (001) is
larger than that for the anatase (101) by 210 meV. In p-NiO the Fermi level is pinned by a high concentration of defect states
(Ni*" related states) in the bulk of the material as there is no additional band bending observed in the NiO layers. The pinning
level is found at a value of E; — Eygy between 0.68 and 0.75 eV. Strong band bending within the TiO, substrates is achieved by
the deposition of thin NiO layers of thicknesses larger than 1 nm, which would contribute to charge carriers separation in
nanoparticle photocatalyst systems. The fact that the space charge layer observed for the NiO particles on the {101} facets of
TiO, is considerably smaller can be understood based on the different surface properties of the two facets which have already
been discussed in details in a previous paper. For small particles the space charge layer is inhomogeneous, and only a small
fraction is detected for the rare areas. Second, for small dimensions of the NiO overlayer onto TiO, substrates the complete
space charge layer may not be found due to exhaustion of charge carriers.

3.3. Photocatalytic properties
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To examine the photocatalytic activity of the pure TiO, and NiO-TiO, nanomaterials, the photodecomposition of methylene blue
(MB) was performed under UV illumination.

Figure 9A shows stepwise attenuation of the characteristic absorption peaks of MB during its photocatalytic decomposition in
the presence of 0.1 wt % NiO-TiO,. A slight hypsochromic shift of the maximum absorption wavelength, from 664 to 650 nm
after 40 min of irradiation, was observed, which suggests the demethylation of methylene blue yielding Azur B and Azur A
chromophore intermediates.(72,73) Finally, MB was completely decolorized within 60 min under UV-light irradiation, evidencing
the high photocatalytic efficiency of the 0.1 wt % NiO-TiO, heterostructure. The photocatalytic activities of pure TiO, and NiO-
TiO, photocatalysts with various NiO contents are shown in Figure 9B. For quantitative evaluation of the reaction kinetics of the
MB degradation, a pseudo-first-order model expressed as In(C/Co) = —K,,,t Was applied. Here, C, and C correspond to the
concentration of MB in solution at time 0 and t, respectively, and K, stands for the apparent first-order rate constant for MB
degradation. K,,, can be obtained from the slope of the curve In(C/Co) vs t. Regardless of the photocatalyst used, the MB
degradation follows the pseudo-first-order reaction kinetics at the beginning of the process. Furthermore, to avoid the influence
of the surface area of the photocatalysts on the rate constant, the normalized rate constant (K,om) defined as Knom = Kapp/Sser
was calculated as summarized in Table 1. The 0.1 wt % NiO-TiO, photocatalyst shows the highest activity, and its K,orm is higher
than that of the pure TiO, by 50%. This result confirms the key role of the combination of NiO with TiO, for enhancing the
photocatalytic activities which can be attributed to the enhanced charge separation due to the electric field at the interface of
the p—n junction between NiO and TiO, as described below.
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Figure 9. (A) Absorbance change in the visible range of methylene blue solution after various illumination times for 0.1 wt % NiO-TiO,: before
irradiation (black), 10 min (red), 20 min (blue), 30 min (magenta), 40 min (olive), 50 min (cyan), and 60 min (purple). (B) Pseudo-first-order
kinetics expressed by In(C/C,) vs irradiation time t of the degradation of MB for the pure TiO, (a, black), NiO-TiO, containing 0.1 (b, orange), 0.2
(c, magenta), 0.5 (d, blue), 1.0 (e, red), and 10 wt % (f, olive) NiO.

3.4. Mechanistic consideration

According to literature data, the following mechanism can be proposed.(37) After light absorption by the photocatalyst, the
photoexcited electron and holes are transferred to TiO, and NiO, respectively, at the p—n junction. The electrons transferred to
TiO, take part in the reduction of dissolved oxygen, forming a superoxide radical O, . The O, radicals react with H,O to
produce hydroxyl radicals OH® which are strong oxidizing agents leading to dye decomposition. At the same time, the holes
transferred to NiO directly react with surface adsorbed dyes leading to the dye degradation and also oxidize the surface hydroxyl
groups or physisorbed H,0 forming OH®. Thus, the charge carriers, the lifetime of which is prolonged by spatial charge
separation at the p—n junction, would acquire a higher probability to encounter reactants producing radicals in the solution and
then account for the high photocatalytic activities.

To obtain a deeper understanding of the photodecomposition mechanism in the presence of TiO, and NiO-TiO, nanomaterials,
potassium iodide (KI), isopropyl alcohol (IPA), and 1,4-benzoquinone (BQ) were employed as hole (h*), hydroxyl radical (OH"),
and superoxide radical (‘0™ scavengers, respectively, for MB degradation. The corresponding kinetic rate constants for MB
decomposition normalized by that without scavengers are reported in Figure 10.
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Figure 10. Kinetic rate constants for MB decomposition normalized by that without scavengers for pure TiO, (black) and 0.1 wt % NiO-TiO,
(orange) without scavengers or in the presence of potassium iodide (Kl), isopropanol (IPA), and 1,4-benzoquinone (BQ).

First of all, it can be clearly seen that the species involved in the photocatalytic decomposition of MB depend on the
photocatalyst used. Thus, for pure TiO, photocatalyst, the degradation efficiency of MB decreased obviously in the presence of
BQ while it was almost not affected by the addition of KI and IPA. This means that ‘0* radicals, which are created via
photogenerated electrons, are the dominant active species in the photocatalytic reaction whereas OH" radicals play a minor
role. The TiO, crystals used in this study have an averaged aspect ratio (B/A),(74) which is defined by the ratio of the short B and
long A sides of the top-truncated bipyramidal crystal, of around 0.7.(31) The value corresponds to 72% exposure of the {101}
facet, and thus it is expected that electrons, which are supposed to be accumulated onto the majority (101) facet, are relevant in
photocatalysis for the pure TiO,. By contrast, photocatalytic activities of 0.1 wt % NiO-TiO, nanomaterials were decreased by
addition of Kl and IPA, whereas BQ has almost no effect. Although both holes and electrons would contribute to create OH" and
oxidize the MB, BQ as a scavenger of *0” created by only electrons did not affect much the photocatalytic activities. This reveals
that holes mainly dictate the photocatalytic MB decomposition on the 0.1 wt % NiO-TiO, photocatalysts. Despite the TiO,
crystals used mainly expose {101} facets acting as electron sinks, NiO deposited onto the {101} facets would not only effectively
collect holes at the p—n NiO-TiO, {101} junction but also catalyze the reaction by lowering the activation energy, and therefore
holes can be competitive rather than electrons. However, simultaneous consumption of both electrons and holes is required to
achieve optimal photocatalytic performances since the accumulation of electrons or holes might result in a higher
recombination rate. The deposition of more than 0.2 wt % NiO onto TiO, might cover the naked (101) anatase surface more than
enough and generate unreacted electrons. These charge carriers will accumulate and trigger a higher possibility of the
recombination. Thus, for this NiO-TiO, (101) system, the 0.1 wt % NiO-TiO, photocatalyst showed the best photocatalytic
activity.

4. Conclusion

The selective photodeposition of NiO nanoparticles onto the {101} facets of oriented TiO, anatase nanocrystals coexposed with
{001} and {101} facets was achieved for the first time to yield efficient NiO—anatase TiO, photocatalysts. The NiO-TiO,
heterostructure nanoparticles showed light absorption properties shifted toward visible light region compared to those of pure
TiO,. Furthermore, interface model experiments of NiO deposited onto TiO, substrates were conducted and compared to NiO—
TiO, faceted nanostructures to experimentally determine the energy band alignment diagrams of the NiO-oriented TiO,
heterostructure. The 0.58 eV shifts of core levels toward lower binding energy were assigned to an upward band bending in TiO,
anatase (101) substrates which is expected to favor electron—hole charge separation at the interface. The difference of band
bending of only smaller than 0.3 eV is related to size effects. The 0.1 wt % NiO-TiO, actually showed 50% higher photocatalytic
activity than the pure TiO, for MB photodegradation due to effective charge separation by the internal electric field formed at
the p—n NiO-TiO, heterojunction. Finally, further mechanistic studies performed by using carrier and radical scavengers revealed
that holes dominantly dictate the photocatalytic reactions for NiO-TiO, nanocomposites whereas electrons mainly participate in
the photocatalytic reactions rather than holes for the pure TiO,. These results underline the key role of selective deposition of
NiO onto anatase TiO, nanocrystals on photocatalytic processes. This work will inspire optimal designs of heterostructure
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systems for the efficient photocatalytic process by combining an appropriate choice of cocatalysts and selective deposition onto
the specific facet of supported photocatalyst crystals.

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsanm.9b00729.
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