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1. Introduction

The preparation of nanomaterials, the investigation of their new, unknown properties and
their potential applications nowadays belong to the most important research fields. As the
nanomaterials became conspicuous, the demand for such technological methods has increased,
by which the most suitable structure, physicochemical characteristics etc. can be designed. In
the case of chemical processes taking place on the surface of the materials (e.g. at
photocatalysis, gas sensing) the optimal morphology and the size of specific surface area are
particularly important, but for example the adsorption ability or the band gap energy can be also
significant at different kinds of utilizations. From this point of view, the hydrothermal method
offers a proper option, as the small differences in the reaction conditions can result significant
changes in the properties of the products.

Due to its promising properties, tungsten-oxides (WQO3), tungstates (ZnWQO4, CaWOs,
Bi2WOe) and molybdenum-oxides (MoOs) are intensively examined materials with potential
applications. Possible fields of utilizations are (photo)catalysis, gas sensing, as well as the usage
in electrochemical or solar cells [1-4]. Additionally, they are often prepared by hydrothermal
processes.

During my PhD work | investigated the role of different reaction parameters (reaction
temperature and time, pH of the precursor solution, additives) in the hydrothermal preparation
of WOs, Bi,WOe and MoOQs, focusing on the formation of crystalline phases and morphology.
One of the goals was to investigate such parameters which have not been studied at all or about
which not enough data are available in the literature. On the other hand, other aim was to
contribute, and extend the knowledge of the hydrothermal preparation of the mentioned
compounds, thus provide further assistance to their synthesis with the desired phase and/ or
morphology.

The hydrothermal synthesis of WO3 was based on the reaction of sodium tungsten
(Na2WOg4) and hydrochloric acid (HCI). During the experiments | studied the effects of
additives with different cations (NazSOas, FeSO4, (NH4)2Fe(SO0s)2, NH4Fe(S0s),, FeCls) and
then additives with different anions (Na2SOs, NaClO4, NasPOs). Among them I was the first to
study FeSOa, NH4Fe(SO4)2, NaClO4 and NasPOas. Then, the pH of the precursor solution was
reduced from the generally used 1 to the value of 0.1. To clarify the effects of pH 0.1, reactions
with and without various additives (CH3COOH, Na,SO4 and NaClO4) were carried out, which
have not been reported in the literature yet. In order to understand the role of the reaction
temperature, each synthesis was performed at 180 and 200 ° C.

For the hydrothermal preparation of Bi,WOs the reaction of Na,WO4, HNOz and
Bi(NO3)3 was used. Although, it is known that the pH of the precursor solution also plays a role
in the formation of phases and in the process of crystal growth, mostly a part of if e.g., pH 1-7,
1-11, 4-8 etc. is investigated. So far only a few reports deal with the effect of the entire pH
range. Therefore, after changing the reaction temperature (150/ 170/ 200 °C) and time (6/ 12/
24 h) to determine the parameters that result the most crystalline Bi.WQOs phase, the pH of the
reaction solution was also investigated. | was the first to study the entire pH range using 0.3/

[1] J. Huang, X. Xu, C. Gu, G. Fu, W. Wang, J. Liu, Flower-like and hollow sphere-like WO3 porous nanostructures:
Selective synthesis and their photocatalysis property, Mater. Res. Bull. 47 (2012) 3224-3232.
d0i:10.1016/j.materresbull.2012.08.009.

[2] H. Huang, H. Chen, Y. Xia, X. Tao, Y. Gan, X. Weng, W. Zhang, Controllable synthesis and visible-light-responsive
photocatalytic activity of Bi2WO6 fluffy microsphere with hierarchical architecture, J. Colloid Interface Sci. 370
(2012) 132-138. doi:10.1016/j.jcis.2011.12.056.

[3] W. Zeng, H. Zhang, Y. Li, W. Chen, Net-like MoO3 porous architectures: synthesis and their sensing properties, J.
Mater. Sci. Mater. Electron. 25 (2014) 338-342. doi:10.1007/s10854-013-1591-6.

[4] B. Gao, H. Fan, X. Zhang, Hydrothermal synthesis of single crystal MoO3 nanobelts and their electrochemical
properties as cathode electrode materials for rechargeable lithium batteries, J. Phys. Chem. Solids. 73 (2012) 423—
429. doi:10.1016/j.jpcs.2011.11.019.
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0.6/ 1.25/ 2.5/ 5.5/ 7.5/ 9.5/ 11.5 and 13.5 values, including the strongly acidic (pH <1 ) and
also strongly alkaline (pH> 13) parts.

Finally, the reaction conditions in the hydrothermal synthesis of MoOs were examined.
So far only a-(orthorhombic) and h-(hexagonal) phases of the different MoO3 polymorphs have
been prepared by this method, the metastable B- (monoclinic) MoOs not yet. As in the case of
the preparation of MoO3s the highest temperature is typically 200-210 °C, | chose alss 240 °C
besides 90 and 210 °C. The reactions were carried out not only at different temperatures (90/
210/ 240°C) and with different durations (3/ 6h), but various additives -
cetyltrimethylammonium bromide (CTAB) and chromium chloride (CrCls) — were also used. |
was the first to study the effects of two reaction times, 3 and 6 h, and two additives, CTAB and
CrCls at such high temperature, at 240 °C.

2.  Literature background

Hydrothermal method

The hydrothermal synthesis has become one of the most popular methods for preparing
nanoscale materials in the recent decades, due to its simplicity and low energy demand. In the
hydrothermal syntheses, the morphology and stoichiometry of the products can be easily
controlled, and a large variety of nanopowders, composites and coatings can be produced with
narrow particle size distribution, high purity and high degree of crystallinity. The hydrothermal
process is a water-phase reaction taking place in a closed system (usually a pressure vessel, an
autoclave) at a temperature higher than room temperature (usually at 100-250 ° C) and a
pressure higher than the atmospheric. Due to the high pressure generated, under normal
circumstances insoluble reactants can be also used and metastable phases can be also prepared
[5]. In many cases, there is no need for a post-heat treatment to increase crystallinity.

Hydrothermal preparation of tungsten-oxides

The preparation of WOz by hydrothermal process, using Na;WOs and HCI starting
materials, has been reported in many studies. An interesting feature of this reaction is that due
to slight variations in the circumstances significant differences in the crystalline phases
(orthorhombic, hexagonal, monoclinic) as well as in the morphology can occur.

It is known that depending on the quality of the additives, the morphology of the
hexagonal (h-) WOz varies considerably. If (NH4).SO4 is added to the starting materials,
nanofibers are formed, when Li>SO4 or Na;SO4 are used, nanorods are obtained. K.SO4 gives
nanoribbon appearance, while Rb2SO4 results an urchin-like morphology, namely nanorods
growing from the surface of microsphere. At the same time, not only the quality of the additives,
but also the quantity has effect on the length and direction-dependent aggregation of the formed
rods/ fibers [6,7].

The duration of the hydrothermal reaction is also an important parameter, as the length,
diameter and uniform appearance of the h-WO3 rods also vary depending on this [8,9].

[5] K. Byrappa, T. Adschiri, Hydrothermal technology for nanotechnology, Prog. Cryst. Growth Charact. Mater. 53 (2007)
117-166. doi:10.1016/j.pcrysgrow.2007.04.001.
[6] Z.Gu, T. Zhai, B. Gao, X. Sheng, Y. Wang, H. Fu, Y. Ma, J. Yao, Controllable Assembly of WO3 Nanorods/Nanowires
into Hierarchical Nanostructures, J. Phys. Chem. B. 110 (2006) 23829-23836. d0i:10.1021/jp065170y.
[7] Z. Gu, Y. Ma, W. Yang, G. Zhang, J. Yao, Self-assembly of highly oriented one-dimensional h-WO3 nanostructures,
Chem. Commun. (2005) 3597. d0i:10.1039/b505429j.
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Increasing the amount of NaCl additive results transformation from 2D diamond-shaped forms
to 3D nanoflower layout [10].

Increasing the pH value of the precursor solution, in addition to influencing the
arrangement of the obtained rods, also affects the band gap energy of the products [11].
According to other reports, the different morphologies have role, for example, in the
photocatalytic activity [12] or the gas sensing properties of the WOs3 products [13].

It can be seen that the additives used in the hydrothermal reaction of Na,WO4 and HCI
have a decisive role in the obtained morphology of the product. However, effects of some
additives have not been investigated yet or there is no available information about them in the
literature. It is known, for example, that the presence of SO4% anion leads to the formation of
nanorod-like h-WOs3, when used along with NH4* or Na* cations. On the other hand, if NH4*
and Fe?* are together present with sulphate, the product consists of FeWQ4 phase and even this
is the case when FeCls is used. However, the effect of single Fe?* cation, and the NH4" together
with Fe** ion, as well as the role of complex anions, e.g. ClO4 and PO4*, have not been studied
yet.

Interestingly, mostly orthorhombic (0-) WOs3-H2O and h-WOs are synthesized
hydrothermally, while the preparation of monoclinic (m-) WOs by this method is generally
carried out using a post- calcination step. However, the feasibility of a one-step, possibly
additive-free synthesis would be useful, since m-WO3 has much more advantageous properties
than of other, WO3 phases in photocatalysis or gas sensing [14].

Hydrothermal preparation of bismuth-tungstate

The most commonly used hydrothermal synthesis of BioWOs is the reaction between
Na2WOs, HNOs in the presence of Bi(NOs)s. Similarly to WO3, Bi2WOe can also be produced
with a variety of morphologies, which can be achieved by the appropriate choice of temperature,
reaction time, pH and additives.

The different pH values used in the syntheses not only affect the morphology of BioWOs,
but the absorption and the band gap of the samples also depend very much on this, which all
have a significant effect on photocatalytic efficiency [15,16]. It was found that in the case of
Bi2WOe prepared at different temperatures (100-240 °C) and durations (2-36 h), both the
uniform nanoplate morphology and the degree of crystallinity, together with the size

[8] Z. Gu, H. Li, T. Zhai, W. Yang, Y. Xia, Y. Ma, J. Yao, Large-scale synthesis of single-crystal hexagonal tungsten
trioxide nanowires and electrochemical lithium intercalation into the nanocrystals, J. Solid State Chem. 180 (2007)
98-105. doi:10.1016/j.jssc.2006.09.020.

[9] H. Hassani, E. Marzbanrad, C. Zamani, B. Raissi, Effect of hydrothermal duration on synthesis of WO3 nanorods, J.
Mater. Sci. Mater. Electron. 22 (2011) 1264-1268. doi:10.1007/s10854-011-0297-x.

[10] A.A. Rashid, N.H. Saad, D.B.C. Sheng, M.A.M. Akhir, Hydrothermal Synthesis Of Tungsten Oxide (WO3)
Nanostructures Using Sodium Chloride As Structure Directing Agent, Exp. Fndings. 2 (2015) 1572-.
d0i:10.13140/RG.2.1.3242.7126.

[11] Zheng, F. et al, Hydrothermal Preparation and Optical Properties of Orientation-Controlled WO3 Nanorod Arrays on
ITO Substrates. CrystEngComm 2013, 15 (2), 277-284. https://doi.org/10.1039/c2ce25996f.

[12] Zhang, Y. etal, Morphology Control and Photocatalytic Characterization of WO3 Nanofiber Bundles. Chinese Chem.
Lett. 2018, 29 (9), 1350-1354. https://doi.org/10.1016/j.cclet.2018.03.009.

[13] Yu, W. et al, Controlled Synthesis of Monodisperse WO3-H20 Square Nanoplates and Their Gas Sensing Properties.
Appl. Surf. Sci. 2015, 349, 380-386. https://doi.org/10.1016/j.apsusc.2015.04.226.

[14] P. Chen, L. Zhu, S. Fang, C. Wang, G. Shan, Photocatalytic Degradation Efficiency and Mechanism of Microcystin-
RR by Mesoporous Bi2WO6 under Near Ultraviolet Light, Environ. Sci. Technol. 46 (2012) 2345-2351.
doi:10.1021/es2036338.

[15] Y. Zhao, Y. Wang, E. Liu, J. Fan, X. Hu, Bi2WO6 nanoflowers: An efficient visible light photocatalytic activity for
Ceftriaxone sodium degradation, Appl. Surf. Sci. 436 (2017) 854-864. doi:10.1016/j.apsusc.2017.12.064.

[16] C. Zhang, Y. Zhu, Synthesis of Square Bi2WO6 Nanoplates as High-Activity Visible-Light-Driven Photocatalysts,
Chem. Mater. 17 (2005) 3537-3545. doi:10.1021/cm0501517.
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of the specific surface are highly dependent on both parameters, however more strongly on the
reaction temperature [17].

Hydrothermal preparation of molybdenum-oxides

MoOs can be prepared with various crystal structures (hexagonal and orthorhombic) and
different morphologies which is usually carried out with the usage of (NH4)sM07024
(ammonium-heptamolybdate, AHM) and nitric acid (HNO3). It is an interesting fact that the
third phase, the metastable, monoclinic MoOs, has not been synthetized by hydrothermal
method yet.

Various additives are often used to influence the morphology of the resulting MoOs. The
CTAB additive with different concentrations (0-1 mM) benefits the transformation of the initial
nanoribbon morphology into an urchin-like and plate-like forms [18]. The addition of CrCls
typically leads to a mesh-like morphology of the a-MoO3 phase, while polyvinylpyrrolidone
(PVP) favors the formation of irregular, variable-sized particles, both after a heating step of 500
°C[19,20].

Furthermore, the amount of PEG additive, acid concentration and reaction duration also
play an important role in the formation of morphology. Increasing the concentration of acid,
besides, affects the composition of the crystalline phase (hexagonal or orthorhombic), as well
as photocatalytic activity [21,22]. Similarly, changes in the temperature of hydrothermal
synthesis (140-200 °C) and duration (5-62 h) and also their combined effect play an important
role in the appearance of the crystalline phase and morphology [23].

[17] Li, Y.; Liu, T.; Li, T.; Peng, X. Hydrothermal Fabrication of Controlled Morphologies of MoO3 with CTAB:
Structure and Growth. Mater. Lett. 2015, 140, 48-50. https://doi.org/10.1016/j.matlet.2014.10.153.

[18] Y. Li, T. Liu, T. Li, X. Peng, Hydrothermal fabrication of controlled morphologies of MoO3 with CTAB: Structure
and growth, Mater. Lett. 140 (2015) 48-50. doi:10.1016/j.matlet.2014.10.153.

[19] W. Zeng, H. Zhang, Y. Li, W. Chen, Net-like MoO3 porous architectures: synthesis and their sensing properties, J
Mater Sci: Mater Electron (2014) 25:338-342. doi: 10.1007/s10854-013-1591-6.

[20] Z.Gou, T. Liu, W. Zeng, W. Yu, Y. Chen, Morphology-controllable synthesis and gas-sensing properties of a-M0oO3,
J Mater Sci: Mater Electron (2013) 24:1018-1023. doi:10.1007/s10854-012-0869-4.

[21] L. Huang, W. Fang, Y. Yang, J. Wu, H. Yu, X. Dong, T. Wang, Z. Liu, B. Zhao, Three-dimensional MoO3
nanoflowers assembled with nanosheets for rhodamine B degradation under visible light, Mater. Res. Bull. 108 (2018)
38-45. doi:10.1016/j.materresbull.2018.08.036.

[22] X.W. Lou, H.C. Zeng, Hydrothermal synthesis of a-M0oO3 nanorods via acidification of ammonium heptamolybdate
tetrahydrate, Chem. Mater. 14 (2002) 4781-4789. d0i:10.1021/cm0206237.

[23] X. W. Lou, H. C. Zeng, Hydrothermal Synthesis of r-MoO3 Nanorods via Acidification of Ammonium
Heptamolybdate Tetrahydrate, Chem. Mater. 2002, 14, 4781-4789. doi: 10.1021/cm0206237



3. Experimental methods

During my work, for the hydrothermal reactions | used a stainless steel pressure vessel,
an autoclave equipped with a teflon liner. After preparing the reaction solution it was transferred
into the autoclave which was placed in a furnace at certain temperatures and times. Finally, the
products were filtered and dried.

The crystalline phase and the morphology of each sample were identified by X-ray
powder diffraction (XRD) and scanning electron microscopy (SEM), respectively. Some
samples were further studied by other characterization methods: their elemental composition
was investigated by energy-dispersive X-ray spectroscopy (EDX), their detailed morphology
by transmission electron microscopy (TEM), and the specific surface area by nitrogen
adsorption. In addition, I investigated their structural and light absorption properties by FT-IR,
Raman and absorption (UV-Vis) spectroscopies, based on the latter I also determined the band

gaps.

Hydrothermal production of tungsten-oxides

First, | studied the effect of various additives in the hydrothermal reaction of Na,WOQO4
and HCI, focusing on different cations and anions. Using the same anion (SO4>) | tested Na*
(NazS04), Fe?* (FeSO4), NHs* and Fe?* [(NHa)2Fe(SOs)—Mohr salt], NHs* and Fe?*
[(NH4)Fe(SO4)2 —ammonium iron alum], and the addition of Fe3* (FeCls). Then, using the same
cation (Na®), the following anions were used: SO4> (Na2SQ4), ClOs (NaClOs) and PO.>
(NasPOa), alone or in combination with each other. After this, | reduced the pH of the precursor
from pH 1 to 0.1. I studied the effect of this very acidic (pH 0.1) value without and with various
additives (acetic acid (CH3COOH in 1.25/ 2.5/ 5/ and 7.5 ml), NaClO4 and Na2SO4). Due to the
high similarity of the results in the case of acetic acid, only the results of the 1.25 ml CH;COOH
reaction are shown.

All reactions were performed at 180 °C and 200 °C to investigate the role of the
temperature, with 24 h reaction duration.

Hydrothermal preparation of bismuth-tungstate

In the course of the hydrothermal synthesis of Bi2WOQs | aimed to determine the optimal
reaction conditions for the most crystallized structure. Therefore | changed the reaction
temperature (150/170/200 °C) and duration (6/ 12/ 24 h). Then, | used different precursor
solution pH values (0.3/ 0.6/ 1.25/ 2.5/ 5.5/ 7.5/ 9.5/ 11.5/ 13.5) to investigate the influence of
the entire pH range on the crystalline phases and morphology. When changing temperature and
time, the pH value of the precursor solution was 0.3.

Hydrothermal preparation of molybdenum-oxides

In the hydrothermal reaction for the preparation of MoQ3, increasing the temperature may
lead to different phases, so | raised it from the initial 90 °C to 210 and 240 °C, and also the
duration was changed from 3 h to 6 h. Moreover, various additives were tested: CTAB and
CrCls.



4. Results and discussion

Hydrothermal preparation of tungsten-oxides

In the case of additives with different cations, using Na>SO4 resulted pure h-WO3 with
nanorod morphology at both temperatures, with 50-300 nm thick at 180 °C and 150-200 nm
width at 200 °C (Figure 1, A-B). Regarding FeSO4, a mixture phase containing h-WQOs3, Fe20O3
and FeWO4 formed at 180 °C, the morphology of which was not uniform, i.e. sheets with
nanoscale thickness (FeWOQs) along with smaller (50-100 nm, h-WO3) and larger (1-2 um)
grains (Fe203) formed. However, at 200 °C, pure FeWO4 was obtained in uniform 20-30 nm
thick sheet-forms, which had not been previously reported in the literature (Figure 1, C-D).
With all other additives, i.e. with (NH4)2Fe(SOa4)2, NHsFe(SO4)2 and FeCls, products with
mixed phase and morphology were prepared at both temperatures.

When testing additives with different anions, | found that the usage of NaClO4 additive
gave pure 0-WO3-0.33H20 at 180 °C, and 0-WO3-0.33H20 with a small amount of m-WO3 at
200 °C. In both cases, 50-200 nm thick, square shapes formed (Figure 1, E-F). When
investigating the combined effect of NaxSO4 and NaClO4, pure phase h-WO3 was produced at
180 and 200 °C, similarly to the products obtained when using only Na;SOs (Fig. 1, G-H), but
in this case the rods were more robust in size. In the case of NazPOs, no solid product was
obtained during the experiments, with and without other additives (Na2SO4 or NaClOa). The
phenomenon may be explained by the formation of water-soluble phosphotungstates during the
synthesis.

A) NayS04, 180 °C: B) NazSO4, 200 °C: C) FeSQq, 180 °C: D) FeSO0s, 200 °C:
h- WO3 ‘ h-WOg3, Fe,03, FeWO4

' E) NaCIO4, 180 °oc: F) NaClO4, 200 °C: G) NaCIO4 and Nast4 H) NaCIO4 and Na2304
0-W0s3-0,33 H,0O 0-W0O;-0,33 H,0, m-WO; 180 °C: h-WOj3 200 °C: h-WOs3
i P o - e o P - 7

Figure 1: Products prepared in the hyd rothermal reactlon of Na2WOq4 and HCl using various additives (180 and 200 ° C,
24h,pH 1)

In the hydrothermal reaction of Na;WO4 and HCI, the investigation was then continued
by reducing the pH from 1 to the very acidic 0.1 value. First, hydrothermal reactions were
carried out without additive and then with different additives (CH3COOH, NaClO4, NaxSO4) at
180 and also at 200 °C. Based on the results, I found that independently of the presence and
quality of the additives, m-WO3 was obtained in all cases, with very similar, nanoplate
morphology.

At 180 °C, the samples consisted of mainly sheets with 200-300 nm length, which were
20 to 200 nm thick when no additive was used. This average thickness for the CH3;COOH



additive was only 50-100 nm, while it was 50-150 nm for the NaClO4 additive. However, the
sample prepared with the usage of Na,SO4 had a greater size, thickness of 100-200 nm and a
length of 350-800 nm (Figure 2, A-D).

At 200 °C, the nanosheets were, although, thinner than at 180 °C, only 20-100 nm thick
when no additive, or when CH3COOH or NaClO4 additive was used, but became much longer,
from 200 to 800 nm. However, in the case of the Na,SO4 additive, not only plates, but also 300-
400 nm thick columns with a length of several pm formed. This can be presumably attributed
to the well-known role of SO+, in the anisotropic crystal growth, which also manifests itself
under such a strongly acidic circumstance (Figure 2, E-H).

A) no additive, 180 °C: B) 1.25 ml CH;COOH, C) NaClOs, 180 °C: D) NazS0a, 180 °C:
m- W3 i ] 180 °C: m- W03 m- WO3 _ m-W;::

E) no addltlve 180°C:  F)L25ml CH3COOH G) NaClOs, 200°C:  H) NaySOs, 200 °C:
m- WOs ~200°C: m- WOs3 m- WOs , m-WO;

Figure 2 Products prepared in the hyd rothermal reactlon of Na2WOa4 and HCl using pH 0 1(1 80 and 200 ° C 24 h)

The obtained pure phase products such as h-WOsz (Na:SOs, 180 °C, pH 1), FeWO4
(FeSOa, 200 °C, pH 1) and m-WO3 (1.25 mL CH3COOH, NaClO4, Na»S0s, 180 °C, pH 0.1)
were further studied. Their band gap and specific surface of the m-WOs samples were
determined (Table 1). In the case of the pale yellow m-WQO3z samples the resulting electron
structure was not affected by the quality of the used additive; thus, the band gap did not change
significantly. According to the calculated band gap energies, the prepared materials are capable
of absorbing visible light.

Table 1: Band gap and specific surface area of pure h-WQOs, FeWO4 and m-WOs prepared in the hydrothermal reaction of
Na2WO4 and HCI

m-WQOs3 (1,25 mi
h-WQO3; FeWOq CH,COOH) m-WQO;3; (NaClOs) m-WO3 (NazS0.)
Bang gap energy(eV) 1.73 3.05 2.58 2.58 2.58
Specific surface (m?/g) - - 9.0 11 5.8

Hydrothermal preparation of bismuth-tungstate

In the hydrothermal reaction of Na,WO4, HNO3 and Bi(NOs)s (at pH 0.3), all used
temperatures (150/ 170/ 200 °C) and durations (6/ 12/ 24 h) resulted in pure Bi;WOs phase.
Based on the XRD patterns, | found that raising temperature and time improved crystallinity,
which was indicated by the increasingly narrower and more intensive reflections. A uniform
morphology of 10-20 nm thick and 200-400 nm wide sheets formed only when the reaction



parameters were 200 °C and 24 h. In all other cases a mixture of different forms could be
observed.

In the case of samples prepared at different temperatures | also determined the band gap
and the specific surface area (Table 2), which showed a clear temperature dependence. Higher
temperatures favor an increase in the degree of crystallinity and the formation of larger
crystallites.

Table 2: Band gap and specific surface area of pure of Bi2WO6 samples prepared at different temperatures (24 h, pH 0.3)
Bi,WOs (150 °C)  Bi;WOs (170 °C)  Bi;WOg (200 °C)
Band gap (eV) 2.66 2.68 2.59
Specific surface (m?/g) 35.8 26 21.9

To investigate the effect of the entire pH range, | used the previously determined optimal
conditions (200 °C, 24 h) and studied the morphology and crystalline phases by increasing the
initial 0.3 pH value of precursor solution. In the acidic range (pH 0.3 to 5.5) every sample was
identified as pure Bi2WOs with variable morphology The uniform appearance of sheets
prepared at pH 0.3 gradually transformed into plate and fiber-like forms and other shapes with
different sizes (Figure 3). At alkaline pH values (7.5-13.5), besides Bi;WOs phase,
Bis.84Wo.1606.24 also appeared, with reflections increasingly narrower and more intensive due to
increasing pH, and finally it became the only phase at pH 13.5. This phase transition can also
be followed in the SEM images, as well, as even at pH 7.5 the thicker, octahedral forms
belonging to the Biz.84Wo.1606.24 phase are already visible. Upon further increasing the pH, they
get more and more larger and ultimately it became the only component of morphology.

200 0m N R
(200 °C, 24 h) (Bi2WOs at pH 0.3-5.5 and
Bi3.84W0.1606.24 at pH 7.5-13.5

Hydrothermal preparation of molybdenum-oxides

For the preparation of MoO3,(NH4)sM07024 and HNOs were used as the starting materials
and the role of reaction temperature, time and the addition of CrCl; and CTAB additives were
investigated in the formation of the crystalline phases and morphology.

First, the experiments were performed at 90 °C for 3 h and 6 h. In both cases, the product
was pure, h-MoOz in the form of 10-50 um long hexagonal rods (Figure 4, A). Raising the
temperature to 210 °C resulted a product identified as a mixture of h-MoO3 and a-MoO3z at 3 h
reaction duration but the synthesis for 6 h led to pure a-MoOz. The obtained morphology also
reflected this transformation of the crystalline phases: in the 3 h reaction the hexagonal rods
characteristic of h-MoO3 formed together with nanofibers with a thickness of 100-200 nm and
even several um length. However, a uniform nanofibrous appearance was observed in the 6 h
experiment (Figure 4, B-C). In the case of 240 °C, both the 3 h and also 6 h experiment resulted
in pure a-MoO3 with a morphology consisting of 200-400 nm fibers (Figure 4, D).



When using CTAB additive at 240 °C with both durations, a-MoOz was prepared, as well.
Similar to the reactions carried out without additives at the same temperature, here also
nanofibrous morphology formed, but in this case, the fibers were thinner, only 50-100 nm thick
due to the effect of CTAB on the crystal growth (Figure 4, E). However, when CrCls additive
was tested, it resulted the formation of metastable 3-MoOs in 3 h and also in 6 h synthesis time,
at 240 °C. The hydrothermal preparation of this phase has not been reported in the literature
yet. In contrast to the other phases prepared in the former experiments, the B-MoOz crystallized
in the form of 50-200 nm thick, tightly ordered sheets.

A) 90 °C, 3 h: B) 210 °C, 3 h: C)210°C, 6 h:
. h-MoO3 h- MoOs, a- MoOs

v'.\,

Figure 4: M003 .products with dlfferent phase and morphology prepared in the hydrothermal reactlon of AHM and HNOs

The band gap and the specific area of the different MoOs phases were determined
(Table 3). The value of the band gap indicates that the samples can absorb also some visible
light. The a-MoOs had the highest specific surface area due to its nanofibrous morphology,
while the B-MoOs sheets and, especially the micro-sized h-MoOs columns had the much lower
specific surface area.

Table 3: Band gap and specific surface area of the MoOs phases
90°C,3h: CTAB,240°C,3h: CrCls, 240 °C, 3 h:

h-M003 a-MoOs B-MOOa
Band gap (eV) 3.07 3.33 3.02
Specific surface (m?%g) 0.21 9.6 2.4
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5. Applications

The performed experiments have shown that the reaction conditions (temperature, time,
precursor solution pH and additives) greatly influence the obtained crystalline phases and
morphologies in the hydrothermal preparation of tungsten-oxides, bismuth-tungstate and
molybdenum-oxides. By their careful choice, the certain phase and morphology can be reliably
achieved, which can be easily influenced and modified by changing the reaction parameters.

The crystalline phase formed and the characteristic morphology determine the size of the
specific surface and thus can be decisive in applications that use surface reactions. By
increasing the surface, for example, the (photo)catalytic efficiency, gas detection properties,
etc. can be improved. At the same time, also the crystal structure and the degree of crystallinity
can contribute greatly to the usability.

Nevertheless, successful applications may require further optimization of features, for
example, to reduce band gap energy, which can be achieved by formation of composites (e.g.
with TiOz, ZnO) or doping with noble metal nanoparticles (Pt or Au). However, increasing the
specific surface area can also contribute to efficient use, which can be achieved by the adding
of various additives, surfactants and precise selection of reaction parameters [24,25]. Based on
these, study on the photocatalytic activity and efficiency of the new, hydrothermally previously
not prepared phases (m-WOs, B-MoO3) would be useful in the future.

[24] A. Fujii, Z. Meng, C. Yogi, T. Hashishin, T. Sanada, K. Kojima, Preparation of Pt-loaded WO3 with different types
of morphology and photocatalytic degradation of methylene blue, Surf. Coatings Technol. 271 (2015) 251-258.
doi:10.1016/j.surfcoat.2014.11.070.

[25] H. Huang, K. Liu, K. Chen, Y. Zhang, Y. Zhang, S. Wang, Ce and F Comodification on the Crystal Structure and
Enhanced Photocatalytic Activity of Bi2WO6 Photocatalyst under Visible Light Irradiation, J. Phys. Chem. C. 118
(2014) 14379-14387. doi:10.1021/jp503025bh.
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Thesis statements

| found that in the hydrothermal reaction of Na,WO4 and HCI the FeSO4 additive results
in a mixed phase containing hexagonal WOs3, Fe2Os and FeWOs with nanosheet
morphology at 180 °C, but only pure FeWQO4 forms at 200 °C. The usage of NH4Fe(SOa)2
additive, however, gives a mixed phase product at 180 and also at 200 °C. [1, 4]

| concluded that in the hydrothermal reaction of Na;WO4 and HCI the NaClO4 additive
leads to the formation of orthorhombic WO3.0.33H20 phase in the form of rectangular
nanostructures at 180 and 200 °C, similarly to the addition of NaxSOs alone,
demonstrating the decisive role of Na,SOg in the crystal growth. Furthermore, | found, in
the case of NasPO4 additive solid phase product does not form due to the formation of
water soluble phosphotungstates. [2]

| was the first prepare monoclinic WO3 by a one-step hydrothermal reaction using no
additive, and revealed the primary role of the strongly acidic pH of 0.1 in the formation
of the monoclinic phase.

| found that using a strongly acidic (pH <1) pH in the hydrothermal preparation of
BioWOs results in BiWOg with nanosheet morphology, which transforms into octahedral
Biz.84Wo.1606 24 phase due to the strongly alkaline pH range (pH> 13). [3]

| proved that the monoclinic MoOs can be prepared by a one-step reaction using CrCls as
additive.
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