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A B S T R A C T   

The photocatalytic properties of TiO2 are primarily determined by its crystallinity and crystalline phase ratios. To 
improve the photocatalytic properties of TiO2, greater control over the formation of crystalline and amorphous 
phases during synthesis is therefore required. In this study, we demonstrate how the addition of minute amounts 
of three organic compounds (isopropanol, acetone and acetic acid) during hydrothermal treatment affects the 
amorphous and crystalline phase ratios: the addition of isopropanol or acetone accelerates the phase transition 
from anatase and brookite to rutile, whereas the addition of acetic acid inhibits the transformation of anatase to 
rutile, increasing the content of amorphous phase compared to samples where no organic compound was added. 
We show that the combination of the organic compound added, along with the duration of the hydrothermal 
treatment, can be used to tailor the phase composition of TiO2, so as to obtain either: i) TiO2 with a high content 
of both rutile and amorphous phase, ii) TiO2 with a high rutile content and iii) TiO2 with different ratios of all 
four phases, when the duration of synthesis is short (2–4 h). The materials synthesized exhibited high photo
catalytic activity (in most cases higher than P25), which is attributed to the beneficial phase composition and 
high specific surface area.   

1. Introduction 

TiO2 is chemically stable and biologically inert, non-toxic and does 
not release chemicals into the environment, which can be a concern with 
some other photocatalysts [1]. These favourable properties make tita
nium dioxide one of the most promising photocatalysts for various ap
plications. To fully utilize the potential of TiO2, however, it is important 
to properly tailor its properties, including the amount and distribution of 
crystalline and amorphous phases, the ratio of crystalline phases, any 
exposed crystal facets, the band gap energy, particle size, and specific 
surface area [2–4]. These properties influence the photocatalytic prop
erties of the material and can be tailored through modification of the 
synthesis procedure. TiO2 can be doped and modified with other ma
terials, so as to influence a crucial property of the photocatalyst, i.e. the 
ratio between the crystalline phases (anatase, brookite and rutile) and 
the amount of amorphous phase. It is therefore important to understand 

the influence of the synthesis parameters on the final phase ratios and 
thus be able to propose the optimal synthesis procedure for the phase 
ratios desired. These parameters depend on the synthesis procedure used 
and the crystallization step. It is well known that, in the absence of any 
other modification, the use of an annealing temperature over 550 ◦C will 
yield rutile [5]. A mixture with a low pH value also leads to a greater 
yield of rutile [6,7]. The addition of certain elements, such as Cu and Ce, 
can influence particle growth and the crystalline phase ratio. This could 
be due to the induced charge balance leading to vacancies, or because of 
grain boundary pinning [8,9]. 

Amorphous phase is generally considered to be detrimental to pho
tocatalytic activity, due to a high number of defects, which act as 
recombination centers [10,11]. There is a growing body of literature, 
however, that focuses on the benefits of amorphous phase [12–14]. On 
its own, amorphous phase exhibits poor photocatalytic activity, due to 
the short lifetime of charge carriers [15,16], caused by a high 
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concentration of oxygen defects and Ti3+ species. The combination of 
amorphous phase with crystalline materials and the formation of het
erojunctions can, however, produce highly active materials [17]. The 
beneficial effect of amorphous phase in the degradation of caffeine, for 
example, has been attributed to the faster adsorption of oxygen mole
cules on the surface and the increased lifetime of photogenerated holes 
[14]. Amorphous phase is also present in Evonik P25 TiO2, a commercial 
photocatalyst material known for its high activity, which is used as a 
benchmark in many scientific publications [18]. Unfortunately, the 
majority of reports on photocatalytic TiO2 do not contain data regarding 
the amorphous phase of materials, rather only data with respect to the 
crystalline phases. Given the potential of amorphous phase to contribute 
to the photocatalytic activity of crystalline materials, it is worthwhile 
exploring photocatalysts containing various amounts of amorphous 
phase as well as the formation of different TiO2 phases. 

The main analytical methods used to either confirm the presence of 
or quantify the amount of amorphous phase in a sample are X-ray 
powder diffraction (XRD) and transmission electron microscopy (TEM), 
with each method presenting its own set of difficulties. In the former, an 
(external or internal) standard is needed and the diffraction patterns are 
solved for both the standard and the samples. Additionally, solving 
diffraction patterns to quantify both the phase content and amorphous 
phase is difficult, and often made for a specific crystallite size and strain 
[19,20]. TEM, on the other hand, can clearly show the difference be
tween the crystalline parts, with the crystal lattice planes visible against 
the less ordered amorphous phase. The downside of this method is that it 
is difficult to quantify and it does not usually account for the whole 
sample. This may be resolved through the analysis of multiple locations 
on a sample divided by a grid, but this is a very time-consuming process. 

The environment during the crystallization step can significantly 
influence crystal nucleation and growth, and thus determines the phase 
ratio in polymorphic materials. By adapting the environment during 
crystallization, we can therefore engineer the photocatalyst’s structure. 
One parameter of synthesis that has been studied to a lesser extent is the 
addition of organic compounds during the synthesis process. Ouzzine 
et al. [21] investigated the addition of acetic acid and isopropanol as 
hydrolyzing agents during synthesis and reported their influence on the 
crystal composition of the final material. With the addition of acetic 
acid, thermal treatment yielded only anatase up to 500 ◦C, anatase and 
rutile between 500 ◦C and 800 ◦C, and only rutile above 800 ◦C. The 
addition of isopropanol yielded only the anatase phase up to 400 ◦C, 
mixed phases at 500 ◦C and only rutile at temperatures of 600 ◦C and 
above. The addition of isopropanol therefore decreased the temperature 
needed for the formation of rutile, as only rutile was present at tem
peratures of 600 ◦C and above. Wang et al. [22] compared the degra
dation of isopropanol in TiO2 with different anatase:rutile ratios. Faster 
degradation was observed in the TiO2 with higher ratios of anatase. They 
hypothesized that the amount of water adsorbed on the TiO2 and the 
lower specific surface area may be responsible for the higher activity 
observed in the anatase phase compared to in the rutile phase. One 
recent research study [23] investigated the effect of the anatase, rutile 
and brookite ratios on the photocatalytic activity of hydrothermally 
synthesized TiO2. An anatase:brookite ratio of 61:39 elicited the highest 
photodegradation rate of levofloxacin. They attributed the highest ac
tivity rate to the large specific surface area, the lowest charge recom
bination rate and the most negative flat potential. TiO2 with an anatase: 
brookite ratio of 68:32 had a lower specific surface area and exhibited 
significantly lower activity. Shie and Weng [24] added ethanol during 
TiO2 synthesis to achieve an anatase:rutile ratio of 59:41 - this ratio 
elicited the fastest photodegradation of formaldehyde, being the only 
sample out of five to surpass the activity of P25. The high activity was 
attributed to the “antenna effect” of rutile and the activation effect of the 
anatase phase. The influence of organic compounds during the hydro
thermal synthesis of TiO2 has not yet been thoroughly investigated, let 
alone specific parameters (with respect to the combination of organic 
compounds and the duration of hydrothermal treatment) determined to 

produce TiO2 with the crystalline and amorphous phase ratios desired. 
To determine the effect of this and the optimal conditions for the 

hydrothermal synthesis of TiO2 with specific phase ratios, we investi
gated the effect of the addition of small amounts of selected organic 
compounds, namely isopropyl alcohol (IPA), acetone (ACE) and acetic 
acid (AA), during the hydrothermal crystallization of TiO2. We studied 
the influence of these compounds on the development of crystalline 
phases and the amount of amorphous phase formed during 48 h of hy
drothermal treatment, as well as the subsequent effect on the morpho
logical and photocatalytic properties of the end material. 

2. Materials and methods 

2.1. Synthesis of TiO2 

Titanium oxysulphate (TiOSO4) (Sigma Aldrich 29 % ≥ as TiO2) was 
used as the titanium source. This precursor was dissolved in purified 
water at a ratio of 15 wt%, using magnetic stirring in ambient condi
tions. A 10 % ammonia solution, prepared by diluting a 25 % solution 
(Sigma-Aldrich, NH4OH), was instantaneously added to the TiOSO4 
solution and the mixture stirred vigorously until a pH value of 8 was 
achieved. The moment the ammonia was added, a white viscous gel 
immediately started to form in the reaction mixture. The gel obtained 
was then filtered and rinsed several times to remove any sulphate and 
ammonium ions. The absence of sulphate ions in the filtrate was indi
cated by the absence of BaSO4 upon mixing it with BaCl2 (Kemika) - a 
salt that is insoluble in this particular medium. The rinsed gel was 
dispersed in purified water, using the amount required to attain a TiO2 
concentration of 5 wt%. Nitric acid (Sigma Aldrich, HNO3 content ≥65 
%) was added to the gel as a peptizing agent, utilizing a 1:1 M ratio 
between TiO2 and HNO3. The mixture was then dispersed, using a me
chanical stirrer at 4500 rpm for at least 30 min. 30 g of the mixture was 
transferred into a standard Teflon-lined stainless-steel autoclave with a 
capacity of 50 mL, and the organic compounds -namely IPA, ACE and AA 
(all supplied by Honeywell) - were added to the autoclaves. The molar 
ratio between the TiO2 and the organic compound was 1:0.5. The au
toclaves were then sealed and put into a preheated oven at 200 ◦C. After 
2 h, 4 h, 18 h and 48 h of treatment the autoclaves were taken out of the 
oven and left to cool at an ambient temperature. The samples obtained 
were then thoroughly rinsed with purified water and dried in an oven for 
24 h at 40 ◦C. 

2.2. Characterization 

X-ray powder diffraction (XRD) was used to determine the ratios 
between anatase, rutile and brookite as well as the amount of amor
phous phase in the samples. A θ/θ diffractometer (PANalytical Empy
rean, The Netherlands) equipped with a real time multiple strip (RTMS) 
detector (PIXcel 1D, PANalytical, The Netherlands) with Cu Kα radiation 
was used for the analysis, with the voltage set at 45 kV and a current of 
40 mA. The diffraction was measured between 20 and 80◦ 2θ with a 
0.02◦ 2θ step size and a virtual time of 250 s per step. On the side of the 
incident beam we used a 0.25◦ divergence slit and 0.5◦ anti-scattering 
slit, 0.04 rad Soller slits and a 10 mm copper mask. The samples were 
prepared in a 16 mm radius holder, filling them from the back to avoid 
preferential orientation. 

The crystallite size of the anatase and rutile phases were calculated 
from the integral broadening of the reflection peaks using the Scherrer 
equation (1), where τ is the mean crystallite size, λ the X-ray wave
length, βm the integral breadth of the sample, βs the standard integral 
breadth and θ the Bragg angle, using a shape factor value, K, of 0.89 and 
the LaB6 standard to account for the instrumental broadening. The 
crystallite sizes were calculated from peaks at approx. 25.3◦ 2θ, 
belonging to the reflection of anatase (101), and the peak at approx. 
27.4◦ 2θ, belonging to the reflection of rutile (110). 
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The Rietveld and reference intensity ratio methods were combined to 
determine the amorphous and crystalline fractions in the samples. To 
this end, 10 wt% α− Al2O3 (NIST 676a [25]) was mixed with the samples 
and treated as an additional phase in the refinements [19,26]. The 
refined weight fractions of the individual crystalline phases (Wic) were 
thus rescaled with respect to the known weight fraction of the added 
standard (Ws). The aim of this was to determine the actual weight (Wi) of 
each crystalline phase, according to the equation 

Wi =
1

1 − Ws

[(
WS

WSC

)

Wic

]

(2)  

where Wsc is the refined weight fraction of the internal standard. By 
knowing the weight fractions of each of the crystalline phases, the 
amorphous fraction (Wa) is therefore given by the difference between 1 
and the “as-received” components (Wi), i.e. the TiO2 polymorphs in the 
specimens, as follows: 

Wa =1 −
∑

i
Wi (3) 

The errors associated with the calculation of both the amorphous and 
crystalline phase fractions were calculated according to the procedure 
proposed by Madsen and Scarlett [27]. The Rietveld data analysis was 
assessed using the GSAS-EXPGUI software suite [28,29]. Instrumental 
broadening, determined through the refinement of the LaB6 standard 
(NIST SRM 660b), was considered in all Rietveld refinements. These 
were accomplished by refining the following parameters: scale-factors, 
zero-point, 6 coefficients of the shifted Chebyshev function to fit the 
background, and unit cell parameters. The profile was modelled using 
the Thompson-Cox-Hasting formulation of the pseudo-Voigt function 
[30]. Two Lorentzian (LX and LY) terms, peak correction for asymmetry, 
as well as sample displacement effects were all refined. On the contrary, 
the Gaussian parameter (GW, an angle independent term) of the 
pseudo-Voigt profile shape function of the phases constituting the 
samples was constrained to the value obtained for α-alumina (NIST SRM 
676a). The starting atomic parameters for anatase, rutile, and brookite, 
respectively described in the space groups I41/amd, P42/mnm and Pbca, 
were taken from the literature [5,31]. The BET specific surface area was 
determined using nitrogen adsorption-desorption isotherms at 77 K 
using a Micrometrics ASAP 2020 instrument (USA). Micrographs of the 
samples for determining size and morphology were taken on a probe 
Cs-corrected Scanning Transmission Electron Microscope (STEM), 
model JEOL ARM200 CF (Jeol Ltd., Tokyo, Japan). A small amount of 
the sample investigated was deposited on a lacey carbon coated Cu TEM 
grid in powder form and investigated at an accelerating voltage of 80 kV. 

2.3. Photocatalytic activity measurement 

The photocatalytic activity of the samples was measured in a sealed 
gas-solid reactor system with continuous flow. IPA was used as the 
substrate for catalysis. The concentrations of IPA and ACE (the first 
oxidation product of IPA degradation) were continually monitored using 
Fourier-transform infrared spectroscopy. A schematic diagram of the 
reactor system has been published previously [32]. Approximately 40 
mg of the sample was evenly spread over a glass disc, 60 mm in diam
eter, and put into the reactor, which was then hermetically sealed. The 
air in the reactor was directed through a dryer to lower the relative 
humidity to below 6 %. IPA was then injected into the reactor and 
allowed to evaporate. When the adsorption-desorption equilibrium was 
reached (at approx. 1 h), the sample was illuminated with a Xenon lamp 
producing light in both UV (approx. 20 W/m2 in 300–400 nm) and the 
visible region (approx. 240 W/m2 in 400–800 nm). The degree of ac
tivity was calculated from the slope of a linear fit to the initial linear 
section (covering a 6 min time span) of the ACE concentration curve. 

Photocatalytic reaction cycles were performed as detailed above, 
with one slight modification (~33 % relative humidity instead of <6 %), 
maintaining at least 16 h between each run. Each cycle consisted of a 30- 
min period of irradiation with UV and visible light. 

2.4. Diffuse reflectance spectroscopy 

Samples were prepared as a 1 w/w% mixture with BaSO4 (Kemika). 
The spectra were collected in the range 250–800 nm using a 1 nm step 
and a 12 cm integrating sphere (PerkinElmer Lambda 1050) with the 
specular component excluded. The resulting reflectance was divided by 
the reflectance of pure BaSO4. 

3. Results and discussion 

The hydrothermal synthesis of TiO2 from titanium oxysulphate over 
2, 4, 18 or 48 h, with and without the addition of various organic 
compounds (IPA, ACE, AA and without as a control) yielded 16 different 
TiO2 samples. Each sample was named in the format T-x-y, where x and 
y represent the organic compounds added (IPA, ACE, AA, none) and the 
duration of hydrothermal treatment in hours (2, 4, 18, 48), respectively. 
XRD analysis was performed with Al2O3 as an internal standard so as to 
determine the absolute phase contents, including that of the amorphous 
phase. The content of the crystalline phases and the amorphous phase in 
the synthesized TiO2 were calculated from diffractograms, with the re
sults summarized in Fig. 1. The general trend observed is a decrease in 
the amount of amorphous phase as the duration of hydrothermal 
treatment increases, and an increase in the rutile content at the expense 
of anatase and brookite. This is to be expected, since rutile is the most 
thermodynamically stable crystalline phase and is generally the final 
product of the crystallization and crystal reforming process. The various 
different sample groups (i.e. T-none, T-IPA, T-ACE and T-AA) exhibit 
different rates of crystallization and phase transitions according to the 
duration of hydrothermal treatment. The time-dependent evolution of 
the various phase contents is presented in Fig. 2. T-none features one of 
the fastest crystallization rates of all the sample groups (Fig. 2A). 
Anatase increases initially but then decreases (Fig. 2B). Some, although 
not all, of this increase can be attributed to crystallization from the 
amorphous phase. The rutile content steadily increases (Fig. 2C), while 
the brookite content steadily decreases (Fig. 2D). In addition to the ex
pected transition of anatase to rutile, a transition from brookite to 
anatase can also be observed, since the increase in anatase between 2 
and 4 h is greater than the concurrent decrease in the amorphous phase 
content. While this is unusual, it has been observed previously, having 
been reported by Zhu et al. [33]. Their observation yielded the concept 
of a critical grain size of brookite Dc, which is the size at which brookite 
transforms to rutile. Particles smaller than Dc transform to anatase and 

Fig. 1. Absolute content of the amorphous and crystalline phases, as deter
mined by XRD. 2, 4, 18 and 48 on the x-axis refer to the hydrothermal treat
ment time in hours. None, IPA, ACE and AA refer to the organic 
compounds added. 
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then to rutile. After 2 h treatment, the T-IPA samples have a higher 
content of amorphous phase than T-none, and this continues to be higher 
even after 48 h (Fig. 2A). T-IPA exhibits the lowest content of anatase 
accompanied by the fastest decrease, with a small increase observed 
between 4 and 18 h (Fig. 2B). We cannot confirm whether the increase in 
the amount of anatase in the T-IPA samples is due to the transition of the 
amorphous phase or the transition of brookite to anatase. In T-IPA, a 
quick increase is observed in the rutile content alongside a gradual 
decrease in the brookite content (Fig. 2C and D). Between 4 and 18 h of 
hydrothermal treatment, brookite is either transformed into rutile or, 
partially, to anatase. T-ACE shows rapid crystallization and exhibits the 
lowest overall content of amorphous phase (Fig. 2A). This sample group 
has the lowest anatase content as well as the fastest decrease, with 
values comparable to the T-IPA group (Fig. 2B). The rutile content in
creases quickly and is higher than all the other samples at all four time 
points (Fig. 2C). In this group, brookite is transformed into anatase more 
quickly (between 2 and 4 h) compared to the more gradual transition 
observed in the groups T-none and T-IPA (Fig. 2D). T-AA exhibits the 
highest content of amorphous phase at any given time (Fig. 2A). The 
addition of acetic acid seems to inhibit crystallization, as these samples 
contain more amorphous phase than any other sample group. Interest
ingly, the anatase content stays at around 50 wt%, regardless of the 
duration of hydrothermal treatment (Fig. 2B). It is likely that the tran
sition from anatase to rutile is taking place, but at a slow pace. At the 
same time, anatase can crystallize from the amorphous phase, such that 
content remains almost constant in the T-AA samples, regardless of the 
treatment duration. T-AA has the lowest rutile content, and this does not 
increase after 18 h (Fig. 2C). Brookite is absent from the T-AA samples. 
The above data show that ACE and IPA significantly favor the transition 
to rutile. AA, on the other hand, hinders the transition to both brookite 
and rutile. Additionally, AA decreases the rate of crystallization, given 
the slow decrease observed in the amorphous phase content. The less 
thermodynamically stable polymorphs, anatase and brookite, are usu
ally produced via kinetically-controlled routes of synthesis [34], i.e. 
they may be formed from the amorphous phase more quickly, but will be 
transformed to rutile given the appropriate conditions. Rutile has lower 
bulk and a higher surface energy than anatase. Surface energy becomes 
the prevailing factor in smaller particles, so anatase is more stable than 
rutile when the particle size is small. Calculations have shown that, due 
to the bulk and surface energies, anatase is the most stable phase at a 
very small scale, when the particle size is below 11 nm, whereas brookite 
is most stable when the particle size is between 11 nm and 35 nm and 
rutile the most stable at particle sizes above 35 nm [35]. The energy 
differences are, however, sufficiently small that the reverse transitions 
are also possible when critical sizes apply [36]. 

Reflections in diffractograms can be indexed as anatase (JCPDS, no. 
21–1272): 25.3◦, 37.9◦, 48.1◦, 54.0◦, 62.9◦, 68.8◦, 70.0◦, 75.3◦; as rutile 

(JCPDS, no. 21–1276): 27.4◦, 36.1◦, 39.2◦, 41.2◦, 44.0◦, 54.3◦, 56.5◦, 
62.8◦, 64.0◦, 69.0◦, 69.8◦; and as brookite (JCPDS, no. 04-022-2622): 
25.3◦, 30.5◦, 47.9◦, 54.1◦, 62.9◦. Broad peaks due to small crystallite 
size and low crystallinity in some samples cause overlap of certain re
flections. Close-up images showing the time evolution of the diffracto
grams for anatase (101) (25.3◦), rutile (110) (27.4◦) and brookite (121) 
(30.5◦) are presented in Fig. 3, while the full diffractograms are supplied 
in Figs. S1–S4. As the (120) and (111) reflections of brookite overlap 
with anatase (101), a less intensive reflection of brookite was selected 
[37]. In the case of T-none (Fig. 3A), a decrease in the peak width is 
observed in the anatase (101) reflection, which is associated with an 
increase in the crystallite size. The peak of the rutile (110) reflection 
increases substantially in all four sample groups. While the Rietveld 
analysis showed the presence of brookite, the peak of the (121) reflec
tion exhibits a low intensity in T-none (Fig. 3A). T-IPA (Fig. 3B) exhibits 
a stark decrease in the intensity of anatase (101). This observation is 
similar to that for the T-ACE samples (Fig. 3C), but occurs to a lesser 
degree, with the anatase content in T-ACE-48 being higher than that of 
T-IPA-48. Across all the samples, the peak of brookite (121) is most 
evident in T-ACE-2. A narrowing of the peak of the anatase (101) 
reflection can be observed in T-AA (Fig. 3D). 

The specific surface area (SSA) of the samples, presented in Fig. 4A, 
was determined by nitrogen sorption using the Brunauer-Emmet-Teller 
(BET) model. The average crystallite size of anatase and rutile, calcu
lated using the Scherrer equation from the integral breadth of the 
anatase (101) and rutile (110) reflections at approx. 25.3◦ 2θ and 27.4◦

2θ, respectively, are presented alongside the SSA data in Fig. 4A. The 
size of rutile in T-none-2 and T-AA-2 and the size of anatase in T-IPA-48 
are not presented, as the respective content in these samples was too low 
to allow a reliable calculation. It should be noted that the Scherrer 
equation does not take into account the different shape of crystallites, as 
the same shape factor of 0.89 was used for all calculations to make it 
easier to compare the different phases. The average crystallite sizes 
calculated should therefore be viewed as values indicating the peak 
broadening rather than as absolute crystallite sizes. This holds especially 
true of rutile, which is present in the form of rods, with a high aspect 
ratio. Due to the overlap of anatase (101) and brookite (120)/(111), the 
crystallite size was also calculated using the peak of the anatase (200) 
reflection (at approx. 48.1◦ 2θ), which yielded comparable results (data 
not shown). The reaction conditions are not expected to produce porous 
materials, therefore the surface area can be related to the crystallite size. 
As depicted in Fig. 4, the SSA values are high when the length of the 
hydrothermal treatment is short. This is due to the small size of the 
crystallites, as shown by the calculations, and can be observed by the 
broad peaks evident in Fig. 3. In all cases, the SSA decreased as the 
duration of hydrothermal treatment was extended. The largest changes 
are seen at 2, 4 and 18 h. Prolonging the synthesis time to 48 h had less 

Fig. 2. Time evolution plots showing the content of (A) amorphous phase, (B) anatase, (C) rutile and (D) brookite for each sample group (T-none, T-IPA, T-ACE and 
T-AA) according to the duration of hydrothermal treatment. Note: scales on the y-axes differ. 
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of an effect on the SSA. In most cases, the decrease in SSA coincides with 
a decrease in the amorphous phase content, an increase in the rutile 
content and an increase in the crystallite size of both rutile and anatase. 
The size of anatase increases in all cases except in T-IPA-48, where the 
amount of anatase is too low for the reliable determination of size. The 
crystallite size of rutile, on the other hand, increases from 2 to 18 h, 
followed by a more modest increase or even a small decrease at 48 h. An 
increase in the crystallite size of rutile can be observed both in the case 
of a significant increase in rutile content (T-none), as well as in the case 
of only a slight increase (T-AA). A decrease in SSA is associated with the 
growth of rutile crystallites, as presented in Fig. 4B. In each sample 
group, the most significant decrease in SSA (from 4 to 18 h in T-none, 
from 2 to 4 h in T-IPA, from 4 to 18 h in T-ACE and from 4 to 18 h in T- 
AA) is associated with a large increase in the crystallite size of rutile, 
even if the rutile content does not substantially increase, as was the case 
with T-AA. An interesting observation is made when evaluating the 
difference in the SSA of the T-IPA and T-ACE samples between 2 and 4 h 
of hydrothermal treatment. A significant drop (from ~240 m2/g to 
~100 m2/g) is observed in the SSA of the T-IPA samples, which co
incides with significant growth in the rutile content (from 11 wt% to 47 
wt%). The SSA of the T-ACE samples, however, only decreases from 
~200 m2/g to ~150 m2/g over the same period, while the rutile content 
increases from 19 wt% to 71 wt%. As explained above, particle growth 
in TiO2 is also associated with phase transition. Generally, the particles 
of anatase are smaller than those of rutile, which is mostly present in the 

form of larger, elongated particles [7,38]. 
To analyze the morphology and visually confirm the size of the 

crystallites, TEM analysis was performed on two samples (T-none-2 and 
T-none-4). The well-defined crystal planes of the T-none-2 sample can be 
seen in Fig. 5 (further micrographs at lower magnifications are pre
sented in Fig. S5). The particles in the micrographs show typical planes 
throughout the individual particles, with barely any amorphous mate
rial visible at the edges of the crystals. The particles measure approxi
mately 3–15 nm in diameter, which aligns well with the calculated 
values (Fig. 4A). The majority of the particles are loosely spherical in 
shape, with the presence of some truncated octahedrons (Fig. 5A), which 
is a typical shape for anatase. The other two polymorphs of TiO2 could 
not be seen in the micrographs. The presence of rutile and brookite in T- 
none-2 is, however, confirmed by both XRD and selected area diffraction 
(SAED) patterns (Fig. 1 and Fig. S6). It is expected for particles to be 
prevalent in the anatase form, since this is the most stable polymorph of 
TiO2 for particles of this size. In the case of T-none-2, however, the 
hydrothermal treatment was not long enough for particles to grow and 
transform into the rutile polymorph. The process of growth and transi
tion has begun, but the reaction was stopped after 2 h of hydrothermal 
treatment. The micrographs of T-none-4 in Fig. 6 show well-defined 
crystals, similar to those seen in T-none-2. Rutile can be clearly seen 
in the form of elongated particles, with a pyramid-shaped end (further 
micrographs at lower magnifications are presented in Fig. S7). The rutile 
crystals are larger than those of anatase, measuring over 40 nm in length 

Fig. 3. Time evolution of the diffractograms in three regions (anatase (101), rutile (110) and brookite (121)) for the four different sample groups, T-none (A), T-IPA 
(B), T-ACE (C) and T-AA (D). The labels on the graphs refer to the duration of hydrothermal treatment (in hours). The plots are offset on the y-axis. 

Fig. 4. A: BET specific surface area (bars) and crystallite size (symbols) of the anatase and rutile phases in the four different sample groups (T-none, T-IPA, T-ACE and 
T-AA). B: BET specific surface area versus the crystallite size of rutile. 
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and approximately 10 nm in width. Even the anatase particles are larger 
in sample T-none-4 than in sample T-none-2, measuring about 7–20 nm 
as opposed to 3–15 nm. This is expected, due to the longer duration of 
the hydrothermal treatment. In the case of T-none-4, there is more time 
available for the crystallites to rearrange, transform into a thermody
namically more stable form and grow. XRD showed the brookite poly
morph to be present in a significant amount (15 wt%), although this 
value was slightly lower when evaluated by SAED (Fig. S8).”It is 
apparent that longer hydrothermal treatment leads to particle growth 
and transition of the crystal form. 

The photocatalytic activity of the synthesized samples was deter
mined in a gas-solid system by monitoring the oxidation of isopropanol 
into acetone over a solid TiO2 film irradiated with UV and visible light. 
Among the most prominent factors that influence photocatalytic activity 
are crystallinity and crystal phase composition, particle size, particle 
shape, SSA, optical absorption and surface chemistry [4,39]. The general 
trend in all samples is an increase in activity between 2 h of hydro
thermal treatment and 4 h of treatment, which is followed by a decrease 
in activity in the 18 h and 48 h samples (Fig. 7). The fact that the samples 
that underwent 4 h of hydrothermal treatment exhibited the highest 
activity can be explained by the favourable combination of the increase 
in the crystalline phase content, whilst retaining a relatively high SSA 
compared to the 2-h samples. The lower activity of the 18- and 48-h 
samples compared to the 4-h samples is consistent with an increase in 
the rutile fraction (except for in the case of T-AA) and a decrease in the 
SSA. The small phase transitions evident in the T-AA samples can hardly 
be the major reason for the diminished activity, so it can therefore be 

ascribed to a decrease in SSA and the concurrent particle growth, as 
would be expected. The samples without any organic compound added 
(T-none) are generally the most active. The activity in T-none-4 and 
T-none-18 is almost identical, despite their properties, such as SSA and 
phase composition, being fundamentally different. The longest hydro
thermal treatment, i.e. 48 h, yielded the least active materials in three 
out of the four sample groups. The exception is T-IPA, where the activity 
of T-IPA-48 is on a par with that of T-IPA-18. A shift in phase compo
sition seems to play an important role in increasing the activity – to the 

Fig. 5. TEM micrographs of the sample T-none-2 at two levels of magnification. The majority of the material is anatase, consisting of particles with diameters of 
3–15 nm and possessing well-defined crystal planes. 

Fig. 6. TEM micrographs of the sample T-none-4 at two levels of magnification. The majority of particles are in the anatase polymorph, with some clearly-defined 
rutile particles present. 

Fig. 7. Photocatalytic activity, presented as the formation rate of acetone 
produced from isopropanol, in all sample groups (T-none, T-IPA, T-ACE and T- 
AA), with P25 as a reference. 
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extent that it offsets the decrease in SSA. With the exception of T-IPA-2, 
all materials display higher activity than the reference, P25. The dif
ferences in activity cannot be easily connected with any individual 
property. Rather, we hypothesize that a favourable combination of 
crystallinity, phase composition and SSA contributes to the increase in 
activity. 

Five cycles of the photocatalytic reaction were performed for the two 
photocatalysts with the highest activity, namely T-none-18 and T-AA-4. 
The experiment was conducted in the reaction chamber at a relative 
humidity of approx. 33 %, so the absolute values are not directly com
parable with the activity values shown in Fig. 7. The results for T-none- 
18 (Fig. S9) show a slight increase in activity after the first cycle, fol
lowed by steady activity between 125 % and 131 % of the initial value 
from thereon in. We cannot say whether this is due to an experimental 
error in the first cycle or due to activation of the photocatalyst with UV 
light. T-AA-4 exhibits steady activity between 95 % and 102 % of the 
initial value. These results indicate good stability in these two 
photocatalysts. 

Little variation is seen between the diffuse reflectance measurements 
of the selected samples (Fig. S10). The calculated band gaps were 3.01 
eV and 3.05 eV for T-none-4 and T-none-18, respectively, and 3.09 eV 
and 2.99 eV for T-AA-4 and T-AA-18, respectively. Most values lie be
tween the respective values for rutile (3.0 eV) and anatase (3.2 eV). To 
analyze the effect of photocatalysis on the absorption and reflectance of 
light, T-none-18 and T-AA-4 were analysed after 5 cycles of photo
catalytic measurements (2.5 h of UV and visible light irradiation). The 
values obtained (3.03 eV and 3.10 eV for T-none-18 and T-AA-4, 
respectively) match well against the values of the pristine samples ob
tained before the irradiation. 

4. Conclusions 

A total of 16 TiO2 samples were synthesized by varying two pa
rameters - namely, the organic compound added (IPA, ACE, AA or none) 
and the duration of the hydrothermal treatment. All samples exhibited a 
decrease in the amount of amorphous phase and an increase in the 
amount of rutile as the duration of the hydrothermal treatment 
increased. The organic compounds added significantly affected the ra
tios of the crystalline and amorphous phase. The T-none samples 
exhibited a gradual increase in the amount of rutile as the duration of 
the hydrothermal treatment increased. The T-ACE samples exhibited the 
least amount of amorphous phase and the fastest transition into rutile. 
The T-IPA samples exhibited accelerated rutile growth compared to T- 
none, but not to the same extent as in T-ACE. The T-AA samples contain 
the highest amount of amorphous phase, with anatase being the primary 
crystalline phase. Furthermore, a decrease in the specific surface area of 
the materials was observed when the duration of hydrothermal treat
ment was longer, which aligns well with rutile crystallite growth. While 
anatase crystallites grow steadily up to 48 h, rutile particles only grow 
up to 18 h, with a subsequent inhibition of growth or a slight decrease in 
size. Particle growth also determines the phase transitions, based on the 
stability of the polymorphs at a specific size. Photocatalytic activity, 
measured as the formation rate of acetone from isopropanol, was highest 
in all sample groups after 4 h of hydrothermal treatment, with shorter (2 
h) and longer (18 and 48 h) periods of treatment leading to the pro
duction of less active materials. Five cycles of photocatalytic tests 
showed good stability with respect to the activity of the two selected 
samples (T-none-18 and T-AA-4). The results presented demonstrate 
that organic additives affect phase transition rates and significantly in
fluence the phase composition of hydrothermally synthesized TiO2, even 
when the duration of hydrothermal treatment is short (2 or 4 h). The 
addition of organic compounds presents a route to tailor the phase 
composition of TiO2, by either increasing (IPA or ACE) or decreasing 
(AA) the speed of crystallization and conversion to rutile. By combining 
these with a specific duration of hydrothermal treatment, several 
desirable materials can be obtained. The combination of AA with a very 

short treatment duration (2 h) yields TiO2 with equal amounts of anatase 
and amorphous phase and little rutile. The fastest way to get highly 
crystalline TiO2 with a high rutile content (71 %) is to use ACE and a 
short treatment time (4 h), as longer treatment times further increase the 
rutile content up to only 80 %. A TiO2 combining all four of the phases 
considered can be synthesized using either IPA or ACE and a very short 
treatment duration (2 h), or without the addition of any compound, 
using very short to moderate treatment times (2–18 h). The optimal 
combination should be selected based on the final ratio desired between 
the four different phases. 
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synthesis and characterization of rutile nanoparticles with amorphous surface layer 
for photocatalytic degradation of caffeine, Appl. Catal., B 140–141 (2013) 9–15, 
https://doi.org/10.1016/j.apcatb.2013.03.045. 

[15] S. Pan, X. Liu, M. Guo, S. fung Yu, H. Huang, H. Fan, G. Li, Engineering the 
intermediate band states in amorphous Ti3+-doped TiO2 for hybrid dye-sensitized 
solar cell applications, J. Mater. Chem. A 3 (2015) 11437–11443, https://doi.org/ 
10.1039/C5TA00956A. 

[16] Y. Ide, N. Inami, H. Hattori, K. Saito, M. Sohmiya, N. Tsunoji, K. Komaguchi, 
T. Sano, Y. Bando, D. Golberg, Y. Sugahara, Remarkable charge separation and 
photocatalytic efficiency enhancement through interconnection of TiO2 
nanoparticles by hydrothermal treatment, Angew. Chem. Int. Ed. 55 (2016) 
3600–3605, https://doi.org/10.1002/anie.201510000. 

[17] S. Sun, P. Song, J. Cui, S. Liang, Amorphous TiO2 nanostructures: synthesis, 
fundamental properties and photocatalytic applications, Catal. Sci. Technol. 9 
(2019) 4198–4215, https://doi.org/10.1039/C9CY01020C. 

[18] D.M. Tobaldi, R.C. Pullar, M.P. Seabra, J.A. Labrincha, Fully quantitative X-ray 
characterisation of Evonik aeroxide TiO2 P25®, Mater. Lett. 122 (2014) 345–347, 
https://doi.org/10.1016/j.matlet.2014.02.055. 

[19] A.F. Gualtieri, Accuracy of XRPD QPA using the combined Rietveld–RIR method, 
J. Appl. Crystallogr. 33 (2000) 267–278, https://doi.org/10.1107/ 
S002188989901643X. 

[20] L.B. McCusker, R.B. Von Dreele, D.E. Cox, D. Louër, P. Scardi, Rietveld refinement 
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