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pH-regulated antimony oxychloride nanoparticle
formation on titanium oxide nanostructures: a
photocatalytically active heterojunctionf

Baldzs Buchholcz,® Henrik Haspel,1* Tamas Boldizsar,®
Akos Kukovecz®® and Zoltan Konya*a©

Improving the catalytic activity of heterogeneous photocatalysts has become a hot topic recently. To this
end, considerable progress has been made in the efficient separation of photogenerated charge carriers by
e.g. the realization of heterojunction photocatalysts. V-VI-VII compound semiconductors, namely, bismuth
oxyhalides, are popular photocatalysts. However, results on antimony oxyhalides [Sb,O,X, (X = Br, CL, )],
the very promising alternatives to the well-known Bi,O, X, photomodifiers, are scarce. Here, we report the
successful decoration of titanium oxide nanostructures with 8-11 nm diameter Sb,O,X, nanoparticles for
the first time ever. The product size and stoichiometry could be controlled by the pH of the reactant mix-
ture, while subsequent calcination could transform the structure of the titanate nanotube (TIONT) support
and the prepared antimony oxychloride particles. In contrast to the ease of composite formation in the
Sb,O,X,/TIONT case, anatase TiO, could not facilitate the formation of antimony oxychloride nanoparticles
on its surface. The titanate nanotube-based composites showed activity in a generally accepted quasi-
standard photocatalytic test reaction (methyl orange dye decolorization). We found that the Sb,O,Cl,/
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1. Introduction

In photocatalysis, redox reactions are initiated by incident
UV,' UV-vis,” visible,® or NIR* irradiation, and are promoted
by the presence of a solid catalyst particle. Since only 6%
of the solar radiation energy falls into the UV range, while
half of the total energy arrives in the visible region at the
sea level, efficient harvesting of the sun's energy is of great
importance. It was recognized early on that fast charge car-
rier recombination limits the activity of a photocatalyst due
to the short lifetime of the electron-hole pairs. One solu-
tion to overcome this issue is the construction of semicon-
ductor heterojunctions that can facilitate charge carrier re-
distribution via an internal electric field at the interface. To
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TiONT synthesized at pH = 1 is the most active sample in a broad temperature range.

this end, promotion of photoinduced charge carrier genera-
tion and subsequent electron-hole separation by e.g. semi-
conductor-semiconductor composite structures is a promis-
ing way to go.>®

Multicomponent V-VI-VII semiconductors, such as bis-
muth oxyhalides (Bi,O,X;), are a family of photocatalytically
active materials utilizing UV’ or visible-light irradiation.®° Al-
though the catalytic activity of Bi,O,X, compounds™ and
their composites'" is well-known from the literature, Sb,0,Cl,
structures are mostly used as flame retardants'* and coloring
additives in plastics.”® Recently, PbSbO,Cl (ref. 14) and
PbCl,/Sb,05Cl, (ref. 15) were suggested as promising, high ca-
pacity anode materials for lithium ion batteries. Members of
the antimony oxyhalide family [Sb,O,X, (X = Br, Cl, I)] went
largely unnoticed as possible photocatalysts until now. Stud-
ies on photocatalytic Sb,0,Cl, structures (Sb,05Cl,) have been
initiated very recently,'® and to the best of our knowledge,
only Sb,S3/Sb,05Cl, (ref. 17) and g-C3;N,-Sb,S;/Sb,05Cl, (ref.
18) semiconductor-semiconductor heterostructures were
constructed so far. Furthermore, although antimony
oxychlorides were successfully synthesized with different stoi-
chiometries (like Sb,05Cl,, SbgO,;Cl,, and the trivalent oxide
Sb,0; (ref. 19 and 20)) and in various morphologies in the
past (microspheres,'® nanorods, nanowires>’ etc.), the synthe-
sis of supported Sb,O,Cl, nanoparticles has not been
reported yet.

This journal is © The Royal Society of Chemistry 2017
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Titanate nanotubes are layered Na'- or H'-trititanates [(H,,
Na,_,)Ti;O,] featuring a tubular morphology and relatively
large specific surface area and pore volume: 170-250 m* g
and 0.5-0.8 cm® g, respectively.>' Layered trititanates are
easily ion-exchangeable,” are able to immobilize nano-
particles on their surface®* and can be doped easily by e.g. ni-
trogen.* The stability of trititanates depends on (i) the ex-
changed interlayer ions, (ii) the nanoparticles decorating
their surface and (iii) the doping elements built into their
structure.”>>* Moreover, a proton-exchanged multiwalled
trititanate nanostructure can be transformed into high sur-
face area tubular anatase TiO,,>" too.

Here we report the successful fabrication of a Type II
(staggered) heterojunction  between  antimony
oxychloride/antimony oxide nanoparticles and different tita-
nium oxide phases. As-prepared and annealed titanate nano-
tubes and anatase TiO, were considered as potential catalyst
supports in this study. The photocatalytic activity of the com-
posites was characterized in organic dye decolorization tests
using methyl orange as the substrate. Although studies on
bismuth oxyhalide decorated TiO, structures, like BiOX (Cl,
Br, 1) and BiOCI nanoparticles on anatase>*® and rutile,”” or
both*® BiOCl on mesoporous® and bismuth-doped TiO,,*
BiOCI and BiOI on TiO, nanofibers,*'? can be found in the
literature, Sb,O,Cl, nanoparticle decorated nanostructures
and their photocatalytic activity are described here for the
first time.

n-n

2. Experimental
2.1. Synthesis of titanate nanotubes

Titanate nanotubes were prepared via a hydrothermal
route.” In a typical synthesis, 50 g of titanium(iv) oxide pow-
der (99.8% anatase, Sigma-Aldrich) and 1 L 10 M aqueous
NaOH solution (99.93%, Molar) were mixed for 1 hour. The
obtained white suspension was transferred into a PTFE-lined
stainless steel autoclave (diameter 120 mm, height 250 mm)
and kept at 130 °C for 24 hours while rotating the autoclave
continuously at 3 rpm around its short axis. The white pre-
cipitate was washed with 0.01 M aqueous HCI solution (Mo-
lar) to neutral pH and finally, the remaining NaCl was
washed out with deionized water. The resulting titanate
nanotubes were dried in air at 60 °C for 48 hours.

Since the Na' content of layered trititanates affects their
phase transformations, Na* was replaced by H" by a one week
long acidic washing using 0.01 mol dm™ aqueous HCI solu-
tion. The remaining NaCl was washed out of the system with
deionized water. The obtained sample consisted of proton-
exchanged titanate nanotubes (described with the approxi-
mate formula H,Na,_,Ti;O,, where x > 1.98). It was dried at
60 °C for 2 days, labelled “TiONT” and used in all subsequent
experiments in this form.

2.2. Preparation of the photocatalysts

Three different types of SbOCI nanoparticles were synthe-
sized directly on the support surface via a solvothermal route,

This journal is © The Royal Society of Chemistry 2017
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as reported by Chen et al,”® The stoichiometry of the anti-
mony oxychloride samples was controlled by the pH of the
synthesis medium. SbCl; (=99%, Sigma-Aldrich) was added
to 0.28 dm® of a vigorously stirred 50/50 v/v% mixture of eth-
ylene glycol and ion-exchanged water before the as-prepared
TiONTs were added to the suspension. The pH of the me-
dium was 1-2 at this step, while pH = 4-5 and pH = 8-9 sam-
ples were prepared by adding the necessary amount of 6 mol
dm™ NaOH solution. These three samples were labeled “pH
17, “pH 4” and “pH 8~, respectively. After 1 hour of intensive
stirring, the suspension was transferred into a 0.4 dm® PTFE-
lined stainless steel autoclave and kept at 120 °C for 12
hours. The overall antimony content was 15 wt% for all com-
posites. The pale yellowish product was washed with deion-
ized water to remove chloride ions and dried at 60 °C for 24
hours. The pristine and nanoparticle decorated samples were
subjected to thermal annealing at 100, 200, 300 and 400 °C
for 1 h. The product materials were characterized after each
annealing step. Commercial anatase TiO, was decorated and
heat treated by following exactly the same protocol and used
as the reference material.

2.3. Characterization methods

The morphology of the samples was studied using a FEI
Tecnai G* 20 X-Twin transmission electron microscope (TEM)
operated at 200 kV. Elemental analysis was carried out using
a Rontec QX2 energy dispersive X-ray spectrometer mounted
in a Hitachi S-4700 Type II FE-SEM instrument. The band
gaps of the as-prepared TiONT and the composites were de-
termined using an Ocean Optics USB4000 UV-vis spectrome-
ter with a DH-2000-BAL UV-vis-NIR light source and a diffuse
reflectance probe. The crystallinity of the structures was in-
vestigated by means of a Rigaku Miniflex II X-ray diffractome-
ter (XRD) using a Cu Ka X-ray source (1 = 0.1542 nm) at 30
kv and 15 mA. Diffractograms were recorded in the 10-70°
20 range at a 4° min "' scan rate. The flat band potential of
the pH 1 sample was determined in 0.5 M Na,SO, solution in
a three-electrode configuration using an ACM Instruments
Gill AC electrochemical workstation, as described in the ESI}
in more detail.

2.4. Photocatalytic experiments

The photocatalytic activity of the pristine and heat-treated
TiONTs and Sb,O,Cl,/TiONT composites was tested by methyl
orange (MO) degradation under UV/vis irradiation using a 40
W Medicor Q 250 mercury vapor lamp. The reaction took
place at 25 °C in a batch reactor thermostated using a Julabo
F12 thermostat. The spectrum of the light source is depicted
in Fig. S1.} In each experiment, a 10 mg sample was continu-
ously stirred in 10 mg 1I™' aqueous methyl orange solution
and irradiated for 5, 10 and 15 minutes. Before every mea-
surement, the solution was stirred in the dark for one hour
to reach the adsorption-desorption equilibrium. The change
in methyl orange concentration was monitored at the

CrysttngComm, 2017, 19, 1408-1416 | 1409
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wavelength of maximum absorption of the solution (1 = 464
nm) using a Hitachi U-2001 UV-vis spectrophotometer.

3. Results and discussion
3.1. Morphology of the photocatalysts

The morphology of the as-prepared titanate nanotubes and
the composites can be seen in the TEM images in Fig. 1. The
elongated, open-ended trititanate structures had 5-6 nm in-
ner and 10-11 nm outer diameters; the separation between
nanotube walls was 0.79 nm. The average length of the tubes
was between 100 and 300 nm. Since the success of the
Sb,O,Cl, decoration cannot be unambiguously confirmed
solely via TEM investigations, the presence of antimony in all
samples was confirmed using EDS. The relevant energy dis-
persive X-ray spectra are shown in Fig. S2.f The emission
lines at 3.189, 3.600, 3.844, and 4.101 keV are characteristic
of the LI, La, LB, and LB, antimony X-ray lines, while the Ly,
line at 4.348 keV is masked by the intensive Ko emission of
titanium at 4.508 keV.

It can be seen in Fig. 1a2 and a3 that Sb,O,Cl, nano-
particles were successfully synthesized on the titanate surface
with average diameters of 7.8 + 1.7, 10.4 + 2.3, and 11.4 + 2.8
nm at pH = 1 (Fig. 1a2), pH = 4 (Fig. 1a3), and pH = 8
(Fig. 1a4), respectively. These sizes are comparable with the
outer diameter of the support. The solvothermal synthesis
did not destroy the tubular morphology. As nanoparticles
form bridges between adjacent nanotubes, a quasi-
continuous heterojunction network emerges. Interestingly,
nanoparticles were not formed under the same synthesis con-
ditions when anatase TiO, was used as the support, as clearly
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demonstrated in Fig. S3.f The 70-150 nm large anatase
grains are unevenly covered by irregularly shaped Sb,O,Cl,
clusters measuring tens of nanometers in diameter. The pres-
ence of Sb,0,Cl,/TiONT heterojunctions is clearly seen in Fig.
b1-3 in the case of pH = 1, pH = 4, pH = 8, respectively. The
interplanar spacing value was ~0.36 nm for the Sb,0,Cl,
nanoparticles at pH = 1 and pH = 4, which corresponds to
the Sb,05Cl, and SbgO,,Cl, (111) lattice planes. At pH = 8,
the d spacing value was 0.349 nm, which matches the (111)
lattice plane of orthorhombic Sb,0; well.

It is widely known that the structure and morphology of
TiONTs change during heat treatment. The wall structure of
the protonated trititanate tube collapses at 400 °C, and the
material transforms into anatase tubes or wires.*>”* At ele-
vated temperatures, anatase nanotubes convert first into ana-
tase nanorods, then at higher temperature into mixed phase
rutile/anatase nanorods.”>** Nanoparticles decorating the
TiONT surface and ions in ion exchange positions also influ-
ence the transformation temperature and the resulting struc-
ture. The effect of 400 °C calcination on the Sb,O,CIL/TiONT
composites is demonstrated in Fig. 2.

The pristine TiONT has lost its tubular morphology upon
thermal treatment as 40-70 nm long nanorods were formed
(Fig. 2a). The Sb,O,CL/TiONT composite synthesized at pH =
1 (Fig. 2b) contains elongated rod-like fragments and more
regularly shaped particles with a 10-15 nm diameter as well.
Samples prepared at pH = 4 and 8 exhibit even more diverse
morphologies accompanied by a higher polydispersity
(Fig. 2c and d).

In summary, the TEM investigation proved that it is pos-

sible to decorate TiONTs but not anatase TiO, with

_ d=104+23nm . d=114+28nm
(al) = (a4) 8
W 8 20 8
g 10 5
RNV, | || N 5
Y 8 4 8 12 16 20 o
(@]

Diameter (nm)

Fig. 1 TEM images of pristine titanate nanotubes (TIONT) (al), and nanotubes decorated with Sb,O,Cl, nanoparticles synthesized at pH = 1 (a2),
pH = 4 (a3), and pH = 8 (a4). Inset graphs depict the corresponding particle size distributions, as determined from TEM images. HRTEM images of
Sb,O,CL,/TIONT heterojunctions are shown in (b1-3) for pH = 1, pH = 4 and pH = 8, respectively.
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Fig. 2 TEM images demonstrating the effect of calcination at 400 °C
on pristine titanate nanotubes (TIONT) (a), and on nanotubes
decorated with Sb,O,Cl, nanoparticles synthesized at pH = 1 (b), pH =
4 (c), and pH = 8 (d).

antimony oxychloride nanoparticles with diameters between
8 and 11 nm. A possible reason behind the inferior perfor-
mance of anatase TiO, as a support material is that layered
trititanates offer more possibilities for anchoring SbO" cat-
ions on their surface via Coulombic interaction. The pres-
ence of SbyO,Cl, particles and the pH of the synthesis
medium affect the morphology of the calcined product

(Fig. 2).

3.2. Crystal phase of the photocatalysts

Anatase TiO, transforms into rutile at elevated (700-1000 °C)
temperatures.>® However, as mentioned above, protonated
trititanates can be converted into anatase even under milder
conditions, e.g. at around 400 °C, when decorated with nano-
particles.” These particles can promote either the preserva-
tion or, in contrast, the destruction of the original
structure.>**®

The structures and stoichiometries of antimony oxides
and oxychlorides are still under debate. Although the litera-
ture on antimony oxychloride is scarce, some reactions and
products with different compositions and structures have
been proposed already. It was reported that in the reaction of
antimony chloride and water, SbOCI, Sb,05Cl, and Sb,0; can
be formed according to the following equations:"®

SbCl; + H,O — SbOCI + 2HCI (1)
4SbOCl + H,0 — Sb,05Cl, + 2HCI (2)
NH,OH + HCI — NH,CI + H,O (3)

This journal is © The Royal Society of Chemistry 2017
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4SbOCI + 2NH,OH — Sb,0; + 2NH,CI + H,O (4)
Sb,0;5Cl, + 2NH,OH — 2Sb,0; + 2NH,CI + H,O (5)

However, other authors reported different reaction path-
ways to describe the formation of SbgO;4Cl, and Sb,03:

8SbCl; + 17H,0 — Sbg0;,Cl,(H,0)s + 22HCl Room tempera-
ture [19] (6)

8SbCl, + 11H,0 — Sbg04;Cl, + 22HCl 70 °C in water bath
or 180 °C (hydrothermal) [19] (7)

Sbg04;Cl, + H,O — 4Sb,0; + 2HCI 70 °C in water bath or
180 °C (hydrothermal) [19] (8)

2SbCl; + 30H — Sb,0; + 3HCI + 3CI” 9)

cubic senarmontite — orthorhombic valentinite High tem-
perature [19] (10)

High temperature calcination could significantly alter the
stoichiometry and/or the corresponding structure of anti-
mony oxychloride products. The thermal behavior of the
SbOCl, Sb,05Cl, and Sb,0; product line was suggested to be
described by the following non-stoichiometric
transformations:*®

192-296 °C  SbOCI(s) — Sb,05Cl,(s) + Sb,05(g) (11)
425-521 °C  Sb,05Cl,(s) — SbgO4;Cl,(s) + Sb,05(g)  (12)
496-608 °C Sb3011C12(S) — 0O, + Sb204(g) (13)

The thermal transformation and decomposition of

SbgO,;Cl, was assumed according to these non-
stoichiometric transformations:*
0-130 °C  SbgO;,Cl,(H,0)s — SbgO,,Cly(H,0); (14)
140-400 °C  Sbg0,;Cl,(H,0); — SbgOy;Cl, (15)
400-550 °C  SbgO4;Cl, — Sb,0; (senarmontite) (16)

Fig. 3 depicts the XRD patterns of the Sb,0,CL/TiONT
composites synthesized at pH = 1, 4 and 8 over pristine
TiONT (a), and the samples calcined at 100 °C (b), 200 °C (c),
300 °C (d), and 400 °C (d) for 1 h.

The non-heat-treated TiIONT sample exhibits the character-
istic reflections of the layered trititanate phase at 20 = 9.3°;
24.4°; 25.5% 27.8° and 48.5°.*"*° The XRD patterns of the
composites prepared at pH = 4 and 8 suggest low crystallinity
anatase along with some remaining trititanate phase, as
evidenced by the asymmetric reflection at 24.4°. The compos-
ite prepared at pH = 8 is a ternary phase composed of
trititanate, anatase and orthorhombic valentinite Sb,O;

CrystEngComm, 2017, 19, 1408-1416 | 1411
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Fig. 3 XRD patterns of the as-prepared (a) and heat-treated TIONT composites calcined at 100 °C (b), 200 °C (c), 300 °C (d), and 400 °C (e). Re-
flections assigned to the protonated trititanate phase are marked by “e”, while those characteristic of anatase TiO, are marked by “V”. Peaks iden-
tified by the symbols “*”, “0”, “” and “®” belong to SbgO,;Cl,, valentinite Sb,0O3, senarmontite Sb,03, and cervantite Sb,O,4, respectively.

(JCPDS: 11-0689). No indication of the antimony precursor
can be found in the patterns because it was in an amorphous
form in the system.

After 1 h calcination at 100 and 200 °C, the as-prepared
trititanate as well as the pH 1 and pH 4 composites
completely transformed into anatase with a lower and a
somewhat higher crystallinity degree, respectively. The pH
8 composite contains a trititanate phase and valentinite
seems to stabilize the trititanate structure in both cases. Af-
ter heat treatment at 300 °C, all samples show anatase
TiO, reflections. The baseline between 26 = 26° and 35° is el-
evated in the patterns of the composites. This broad feature
is again characteristic of the amorphous phase. This effect in-
creases with pH, along with the disappearance of the
valentinite reflection at 28.3°. This seems to be a transi-
tional state between valentinite and other SbOCI phases. At
400 °C, the as-prepared TiONT formed highly crystalline an-
atase. In the pH 4 composite, monoclinic SbgO4;Cl, (JCPDS:
77-1183) and some cubic senarmontite Sb,0; (JCPDS:
050534) can be found. In the pH 8 composite, valentinite
transformed into cubic senarmontite Sb,0; (JCPDS: 050534)
and orthorhombic cervantite Sb,0, (JCPDS: 11-0694) on the
surface of the titania. The B-Sb,O; structure can turn into
amorphous antimony oxide before it recrystallizes into
senarmontite (a-Sb,03). In the absence of a support (e.g., ti-
tanate or TiO,), this phase transition takes place at lower
temperatures (300-400 °C) instead of ~445 °C.*” TiO, is a
good example that demonstrates the role of the support's

1412 | CrystEngComm, 2017, 19, 1408-1416

surface in antimony oxide formation, since trivalent Sb in
Sb,0; can be oxidized to Sb(v) antimony oxide (Sb,Os), as
reported earlier.®® Although XRD patterns do not allow the
direct identification of antimony oxychloride or antimony
oxide below 400 °C in this supported system, the literature
data indicate that the formation of Sb,0sCl, is favored at
pH = 1, while SbgO;,Cl,(H,0) and/or SbgO4,Cl, are preferred
at pH = 4,">%°

The XRD patterns of the composites formed on ana-
tase TiO, are shown in Fig. S5.f The commercial TiO, ex-
hibits the same crystal structure at all temperatures (ana-
tase, JCPDS: 21-1272). SbgO;;Cl,(H,0)s (orthorhombic,
JCPDS: 77-1584) formed on the non-heat-treated samples
in both the pH = 1 and the pH = 4 cases. Reflections in
the profile of the pH = 8 sample indicate the presence of
valentinite and senarmontite Sb,O; as well as anatase
TiO,. After calcination at 100 °C, no change was ob-
served, but at 200 °C the antimony oxychloride hydrate
partially (and later, completely) lost its crystal water in
the pH = 1 and pH = 4 cases and transformed into
Sbg0,,Cl,. No changes were found in the pH 8 composite.
At 300 °C, pH = 1 and pH = 4 oxychloride hydrates were
completely converted to oxychloride. During heat treat-
ment at 400 °C, oxychlorides in composites pH = 1 and
pH = 4 were converted to cervantite Sb,0, and
senarmontite Sb,0O; antimony oxides. The pH = 8 sample
contained valentinite Sb,0; besides the senarmontite anti-
mony oxides.

This journal is © The Royal Society of Chemistry 2017
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3.3. Optical properties and band gap energies of the
structures

The band gap energy of semiconductors is of vital impor-
tance in photocatalysis. The system studied here was
constructed from n-type semiconductors (as indicated by the
slope of the Mott-Schottky plot in Fig. S12t), namely: titanate
and TiO, nanotubes and anatase TiO, particles in direct con-
tact with various Sb,0,Cl, nanoparticles. The optical proper-
ties and band gaps of the pristine materials and composites
were determined from the diffuse reflectance UV-vis spectra.
The spectra of the TiONT and TiO, based composites are
shown in the absorbance and Kubelka-Munk formalisms in
Fig. S6-S9,} respectively. Both sets of spectra show optical ab-
sorption mainly in the UV regime in all the samples, with an
elevated baseline absorption in the visible range for the
TiONT-based composites. This feature likely originates from
the Sb,O,Cl, particles and the vacancy states of the support.
It gave a yellowish color to the materials. Furthermore, the
absorption edge in the spectra after Sb,0,Cl, decoration be-
came less steep, indicating a band gap narrowing effect in
the structure. The optical behavior of all the TiO, composites
is basically the same (Fig. S8 and S97); their characteristics
are unchanged except for a mild elevation of the baseline in
the visible region. The corresponding band gaps were calcu-
lated from the Kubelka-Munk plots,>® suggesting indirect
band gaps in all composites (earlier in Sb,05Cl, a direct band
gap was suggested'®). Although the band gap in the anatase
composites remains constant (3.26 eV), nanoparticle decora-
tion in TiONT composites affects these values, as summa-
rized in Table S1.}

Trititanate nanostructures are wide band gap semiconduc-
tors with band gap energies between 3.30 and 3.40 eV. The
value of 3.36 eV (~370 nm) obtained here can thus be consid-
ered as a typical value.>”*® Upon calcination, TIONTSs trans-
form into 1D anatase along with the narrowing of the band
gap to ~3.20 eV. The decoration of the pristine nanotubes
with nanoparticles decreased the energy required for charge
carrier generation to as low as 3.05 + 0.02 eV in the pH 1
composite. Nevertheless, the band gap energy remained in
the 3.00-3.10 eV region for all the samples, thus confirming
the qualitative findings from the UV-vis spectra in Fig. S6.f
As absorption at 400 nm means an artificial borderline be-
tween UV and VIS with a corresponding band gap of 3.10 eV,
the values summarized in Table S1f imply that our photo-
catalytic system is mainly active in the UV regime. The origin
of the band gap narrowing is yet unclear, although it is likely
connected to the structural and compositional variation dur-
ing heat treatment. A study on nanosized BiOX (X = Cl, Br, I)
showed particle size dependent band gaps in this semicon-
ductor family,** and this effect probably occurs in the struc-
tures studied here as well.

3.4. Photocatalytic tests

The decolorization of water soluble organic dyes (in particu-
lar, of methyl orange (MO) dye) is one of the universally ac-
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cepted quasi-standard photocatalytic tests. Therefore, the
photocatalytic activity of the samples was tested in this reac-
tion. The photocatalytic curves (variation of the MO concen-
tration with the irradiation time) for the TiIONT composites
are depicted in Fig. S107 in a linearized representation: In(Cy/
C) is plotted against time, where C and C, are the apparent
and initial dye concentrations, respectively. The lines are lin-
ear fits to the data according to the In(Cy/C) = kt first-order
rate equation, where k is the apparent rate constant. Al-
though the pristine TIONT could not change the MO concen-
tration in the experiment, decoration with Sb,0,Cl, nano-
particles at pH = 1 and 4 enhanced the activity of the system.
The particles synthesized at pH = 8, however, do not show
any significant effect. Their activities decreased after calcina-
tion, with the pH 1 sample preserving most of its activity.
Interestingly, anatase TiO, based composites showed very low
activities: after the first 5 minutes of each experiment, the de-
colorization efficiency declined even more significantly. From
that point on, the decolorization reaction did not follow a
first-order kinetic anymore, as shown in Fig. S11.f Here, only
the first part of the experiments was evaluated. The apparent
rate constants for all the samples are summarized in Tables
S2 and S37 for the TiONT and TiO, based composites, respec-
tively, and are also plotted in Fig. 4 for comparison. In Table
S4t the photocatalytic MO decolorization activities of various
antimony and bismuth oxyhalogenide containing photo-
catalysts are summarized. It should be noted here that direct
comparison between different solid catalysts based on reac-
tion rates or the decomposed amount of material, even in the
same decolorization reaction, is not possible.*> Recently, con-
siderable efforts have been made in the standardization of
photocatalytic experiments, which in turn would ensure effec-
tive benchmarking of photocatalysts.**

The pristine titanate nanotubes in Fig. 4a do not exhibit
any activity in the test reaction even after heat treatment up
to 400 °C. On the other hand, the nanoparticle decorated
nanotubes were found to be active in the dye decolorization
tests. The composites synthesized at pH = 1 and 4 had the
highest activity among all the catalysts investigated. After cal-
cination, the pH 1 composite remained active up to 300 °C,
while the activity of pH 4 declined monotonously. The pH
8 sample reached its peak activity at 100 °C, however, the cor-
responding rate constant remained low in the whole tempera-
ture range studied. All the composites show low activity at
400 °C, along with the emergence of the anatase phase. The
TiO, based composites in Fig. 4b show very low (i.e., one or-
der of magnitude lower) activity in each experiment com-
pared to the TiONT based composites. Moreover, their behav-
ior was independent of any subsequent heat treatment
applied to the pristine samples. The magnified inset panel
highlights the activity drop after calcination at 400 °C. Since
these samples were based on commercial anatase, the decline
in activity cannot stem from the appearance of the anatase
crystal phase, and therefore, its origin is unclear yet. We
found that the Sb,0,Cl/TiONT sample synthesized at pH = 1
is the most active in a broad temperature range.
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Fig. 4 Variation of the apparent reaction rate constants in methyl orange decolorization with the calcination temperature in TIONT- (a), and TiO,-
based (b) Sb,O,Cl, composites. Lines connecting the data points serve as a guide for the eyes.

3.5. Band structure and photocatalysis mechanism

Constructing a composite photocatalyst can be favorable as
hybrid structures steer charge kinetics, and heterojunctions
promote the separation of photogenerated charge carriers.
This hinders charge recombination and prolongs the lifetime
of electron-hole pairs.” If both constituents of a composite
can be excited by the incoming irradiation, then electron-
hole pairs are generated in both materials. The electrons are
then transported from the component with a higher conduc-
tion band to that with a lower one, while the holes are re-
moved from the lower valence band material to that with a
higher valence band edge. This type of excitation scheme
usually happens under UV>"° or UV-vis irradiation. The lat-
ter is also the case in this study. Fig. 5 shows the band dia-
gram of the TiONT based composites, and the band align-
ment before and after heterojunction formation.

Band edge energies for different antimony oxychlorides
are almost completely missing from the literature. Data for
certain Sb,05Cl, compositions have only been published re-
cently.'® Therefore, Mott-Schottky analysis on our pH 1
composite (SbgO;,Cl,/TiONT) was performed, and the result
is shown in Fig. S12.f The sample is an n-type semiconductor
with a conduction band edge of -0.42 V(NHE) (-4.02 eV on
the vacuum scale). Taking the average band gap of all the
composites (3.08 + 0.06 eV from Table S17}) into account, the
valence band edge of +2.66 V(NHE) (~7.10 eV on the vacuum
scale) was obtained. The values for TIONT and methyl orange
were extracted from the theoretical work of Xu et al** and
Saleh et al,*® respectively. The prepared composites are,
therefore, n-n heterojunctions, in which both parts can be
excited by the applied UV/vis irradiation. Further electrons
can be present in the system as the organic dye in the solu-
tion can sensitize the structure. After the excitation of the
conjugated © electron system of methyl orange, the excited
dye can transfer electrons to the conduction band of the
photocatalyst. This is a widely known phenomenon,*® which
takes place in dye decolorization experiments under visible
light irradiation.”” The structure is a Type II (staggered)
heterostructure® with inversed band positions compared to

1414 | CrysttngComm, 2017, 19, 1408-1416

that of the BiOCl/TiO, composites. In the latter, BiOCl band
edges were found at more negative potentials (vs. NHE) than
those of the TiO, support.*® This means an opposite charge
transport between the heterojunction parts. After band align-
ment, photogenerated electrons flow towards the conduction
band of TiONT, while holes are transported to the valence
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Fig. 5 Schematic illustration of the band structure and alignment
before (a) and after contact (b) of the Sb,O,Cl, nanoparticles and
TiONT support. Transport of the generated charge carriers and a
possible mechanism of the photocatalytic dye degradation are also
depicted.
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band of the SbOCI nanoparticles due to the favorable band
edge positions. Charge separation is further promoted by the
development of an inner electric field at the junction of the
Sb,0,Cl, nanoparticles and the TiONT support. Although our
composites are n-n type heterostructures and the difference
between work functions is considerably smaller in them than
in a p-n structure, the developing electric field can still in-
duce charge redistribution in the structure.” This hinders the
recombination of charge carriers and thus results in a
prolonged carrier lifetime. The longer charge carrier lifetime
and the sensitized conduction band then result in the en-
hanced generation of reactive species at the photocatalyst's
surface. This implies an improved photocatalytic activity.

4. Conclusions

While bismuth oxyhalides are popular photocatalysts in the
literature today, studies on the photocatalytic activity of anti-
mony oxyhalides are scarce. Here, we reported the successful
decoration of different titanium oxide nanostructures with
Sb,0,Cl, nanoparticles for the first time ever. The size and
stoichiometry of the product could be controlled by the pH of
the synthesis medium. Subsequent calcination could further
transform the as-prepared titanate and Sb,O,Cl, structures.
While Sb,0,CL/TiONT composites formed easily, anatase
TiO, could not facilitate antimony oxychloride nanoparticle
formation. The TiONT based composites exhibited apprecia-
ble activity in the generally accepted organic dye (methyl or-
ange) photocatalytic decolorization experiments. Sb,0,CL;/
TiONT synthesized at pH = 1 was the most active photo-
catalyst in a broad temperature range due to the formation of
heterojunctions between the Sb,O,Cl, and TiONT compo-
nents, as clearly demonstrated by our experiments.
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