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The shape-tailoring synthesis of different materials is a hot topic nowadays. The essence of morphology-
controlling processes is to tune the geometry of the crystal in such a way that a desired property of the
crystal can be preponderantly enhanced. However, the main issue of such synthesis approaches is to
achieve simple morphological correlations with the applied shape-tailoring agents. This specific situation is
also valid for shape-controlled photocatalytic materials. That is why in the present work Bi,WOg microcrys-
tals were obtained using two shape-tailoring agents: Triton-X and amino acids/(tio)carbamide structures.
The first of these agents was applied as a binary variable (presence or absence), while in the case of the
second one, the Huckel polarity of the chalcogen-carbon double bond (C=O or S) was considered as the
changing parameter. The as-prepared materials were characterized by XRD, DRS, SEM and IR spectroscopy
and their activity was verified under visible light illumination using rhodamine B as the model pollutant to
enhance the general validity of the results. It was found that an empiric geometric function, defined as the
“rose similarity decay constant” (Rspc), showed that a perfect rose shape (low Rspc) or geometries with
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similarly low Rspc exhibited high photocatalytic activity. Moreover, the introduced empiric value was corre-
lated with the Huckel polarity of the samples, thus showing for the first time a direct association between a
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1. Introduction

Semiconductor oxides, such as titanium dioxide (TiO,) and
zinc oxide (ZnO), are still widely used as photocatalysts owing
to their high activity, low cost® and environmentally friendly
features,” such as non-toxicity and biological and chemical in-
ertness.”” To date, TiO, has undoubtedly proven to be the
best photocatalyst for the oxidative decomposition of many
organic compounds under UV irradiation.® Unfortunately, the
band gap of the pure anatase titanium dioxide is relatively
large (~3.2 €V)’ compared with Bi,WOg (~2.7 eV), showing
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structural parameter of the shape-tailoring agent, the obtained crystal geometry and the photoactivity.

that Bi,WOs is excitable under visible light irradiation, and
making possible the exploitation of the visible light emission
component in sunlight.®**°

However, before entering in details concerning Bi,WO, it
should be mentioned first that photocatalytic-based investiga-
tions have experienced multiple booms, resulting in an as-
tonishing number of publications, including many great re-
views, due to the intensive development of shape-tailored
photocatalytic materials,"* which is good in terms of progress
but is disadvantageous in terms of the important details,
such as the clear relationship between a shape-tailoring
agent's structure, the obtained morphology and activity. Al-
though, there are formation mechanisms proposed'>"® in
nearly each of the works considered here, none of them dis-
cuss the structure of the shape-tailoring agents, moreover
they provide no quantification considering this issue.

A large variety of Bi,WO, crystal geometries can be
obtained by using shape-controlling crystallization, including
nanorods,'* nanoplates'® and disc- and fiber-like'® particles.
However, the most commonly obtained shape is the so called
rose-like hierarchical structure, which is built from individual
plates.””'® To obtain this complex shape, surfactants are nec-
essary such as PVP (polyvinylpyrrolidone)," CTAB

CrystEngComm, 2019, 21, 1267-1278 | 1267


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ce01744a&domain=pdf&date_stamp=2019-02-12
http://orcid.org/0000-0003-3196-4868
http://orcid.org/0000-0002-8049-0809
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C8CE01744A
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE021008

Open Access Article. Published on 11 January 2019. Downloaded on 4/3/2026 8:03:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(cetyltrimethylammonium bromide)*® or Triton X-100 (¢
octylphenoxypolyethoxyethanol).”®  Also,  other  shape-
controlling agents have been reported, such as thiourea, thio-
acetamide, urea and glycine.”** In some cases, just varying
the pH value of the reaction mixture was found to be suffi-
cient to control the shape of the crystals.>® All of these shape-
tailoring approaches were applied to increase the photocata-
lytic activity of the obtained nanomaterials, but they also
showed other effects, including band gap changes®® or
changes in the amount of the surface defects.””>®

The number of studies investigating the influence of the
non-surfactant shape-tailoring agents' molecular structure in
the case of bismuth tungstate is much smaller compared to
titanium dioxide,> although several other interesting ap-
proaches have also been investigated, such as shape-tailoring
by pH manipulation.*

This is rather unusual, as the use of non-surfactant addi-
tives are very important in the Ostwald-ripening process.
Therefore, controlling the polarity of the additive molecules
could allow a rigorous control of the crystal morphology and
thus, of the activity. Therefore, in this study, the effects of
the molecular structure of the additive molecules were inves-
tigated on the morpho-structural and photocatalytic proper-
ties of Bi,WOg. Furthermore, the quantification of the molec-
ular structure in polarity terms of the additives and its
relationship with the morphology and activity were also con-
sidered and explored.

2. Experimental
2.1. Materials

All the chemicals used were of analytical grade and applied
without further purification. Bismuth(m) nitrate pentahydrate
(Bi(NO3)3:5H,0, purity 98%) and sodium tungstate dihydrate
(Na,WO,4-2H,0, purity 99%) were purchased from Alfa Aesar.
Triton X-100 (octyl phenol ethoxylate, C;,H,,0(C,H,0),, pu-
rity 98-100%, TRX) was purchased from Merck. Acetic acid
(C,H,40,, concentration 36%) was purchased from Nordic In-
vest. Milli-Q water was used throughout the experimental pro-
cess. The used additives were the following:

- Thiourea (TU) (CH4N,S, purity >99%) from Nordic
Chem,

- Urea (U) (CH4N,O, purity >99%) from Sigma-Aldrich,

- Thioacetamide (TAA) (C,HsNS, purity >99%) from Fluka,

- Acetamide (AA) (C,H5;NO, purity >99%) from Sigma-
Aldrich,

- Acetone (AC) (C¢HgO, purity >99.8%) from VWR,

- Glycine (G) (C,H5NO,, purity >99%) from Sigma-Aldrich,

- Alanine (A) (C3H;NO,, purity >99%) from ReAnal,

- Phenylalanine (FA) (CoH;;NO,, purity >99%) from Sigma-
Aldrich.

2.2. Synthesis of Bi,WO, microparticles

In a typical synthesis, 2.13 g Bi(NO;);-5H,0 was dissolved in
43 mL 36% acetic acid, yielding a transparent solution (solu-
tion A). Solution B was prepared by dissolving 0.71 g Na,WO,
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2H,0 in 69 mL Milli-Q water, followed by the addition of
0.62 mL Triton X-100 under vigorous stirring. Finally, the
shape-controlling agents were individually added to the metal
ion/surfactant aqueous solution in the same concentration
(0.625 mM).

Solution B was added slowly, dropwise into solution A un-
der vigorous stirring. After the appearance of a yellowish pre-
cipitation, the amorphous suspension was stirred for an addi-
tional 1 h at room temperature, then sealed in a 174 mL
Teflon-lined stainless-steel autoclave, maintained at 180 °C
for 15 h and then cooled to room temperature naturally. The
obtained dispersion was centrifuged at 3000 rpm for 10 min
and washed with absolute ethanol and Milli-Q water 5 times,
before being finally dried at 80 °C for 24 h.

These samples were coded as follows: TU, TU + TRX, U, U
+ TRX, TAA, TAA + TRX, AA, AA + TRX, A, A + TRX, FA, FA +
TRX, G, G + TRX, AC, AC + TRX, TRX and PURE, where the
first letter marks the catalysts obtained in the presence of ad-
ditives with various structures (the specifications and the ab-
breviations of the additives can be found in section 2.1.),
while the TRX abbreviation stands for Triton X-100. PURE
was the name given to the catalyst made without any
additives.

Thus, two main sample series were fabricated. In all of
them, the reference term was the polarity of the carbon-chal-
cogen (O or S) double bond. In one case, the thiourea/urea/
acetone triangle's (AC, TAA, AA, U, TU) variations were tested,;
while in the other case, the carbon chain (G, A, FA) of the
amino acids was varied to verify if alternative shape-tailor ap-
proaches could be linked in the same way to the activity and
morphology.

2.3. Methods and instrumentations

X-ray diffraction (XRD) measurements were used to deter-
mine the crystalline phase composition and to estimate the
mean crystallite size of the samples. The XRD patterns were
recorded using a Rigaku MiniFlex II powder diffractometer
using Cu-Ko radiation (2 = 0.15406 nm), equipped with a
graphite monochromator. The diffractograms were recorded
in a 26° range from 20° to 80°, with a speed of 3 (26°) min™"
Scherrer's equation was applied to evaluate the primary crys-
tallite size. The morphology of the particles was analysed by
cold field-emission scanning electron microscopy (SEM)
(Hitachi S-4700 Type II) operating at 10 kV. The surface pro-
file of the particles was evaluated by considering the image
of 50 particles and applying the profile plot function in
Image]J software.

The particle geometry was approached by utilizing the
rose similarity decay constant (Rspc), a parameter developed
for this special case to quantify morphological issues. How-
ever, before evaluation, a pre-definition of rose shape was
emitted to distinguish non-rose like and rose-like geometries:

¢ Diameter asymmetry permitted (circularity): 1:1.2.

e Homogeneous building blocks: 20% variance in crystal
size.

This journal is © The Royal Society of Chemistry 2019
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The Rgspc value was created to approximate the hierarchi-
cal crystal geometries and for quantification of the geometry.
It was determined as follows:

Ny is the number of local maxima at a given surface
profile.

n is the number of acquired profiles, with a minimum
of 4.

Rgpc is a value between 0 and n. If the obtained value is 0,
then we have a geometrically perfect rose shape; while if this
value equals 7 (in our case 4, the hierarchical particle is not
rose like). The steps of the evaluation are illustrated in Fig. 1.
Briefly, the SEM micrographs were converted to black and
white images. Four total profiling lines were drawn for a sin-
gle particle and their profile evaluated, using the black and
white oscillation in the specific image. The data was col-
lected, and the above-mentioned equation was applied. Al-
though, this approach may link in a very simple way the
photoactivity to a quantified morphology specific value, it
does not entirely replace the classical structure-morphology-
activity analytical approach, but instead provides a fast and
reliable insight on the existence of the relationship between
the morphology and activity (black-box approach).

The specific surface areas of the catalysts were determined
by N, adsorption at 77 K, using a BELCAT-A device. The spe-
cific surface area was calculated via the BET method.
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A JASCO-V650 spectrophotometer with an integration
sphere (ILV-724) was used to record the diffuse reflectance
spectra of the synthesized Bi,WOsg crystals in the 250-800
nm wavelength range. The diffuse reflectance spectra were
differentiated as a function of the wavelength (dR/dA). The
derivation was performed between 300 nm and 650 nm, in
order to evaluate the possible electron-transition bands.*
Kubelka-Munk/Tauc plots were also used to determine the
band-gap values of the photocatalysts, but due to the uncer-
tain values provided by this method, they were omitted
from the interpretation of the results, but they are included
in Table 1.

The infrared spectra were recorded using a Jasco 6000
(Jasco, Tokyo, Japan) spectrometer, at room temperature, in
the range 400-4000 cm™ and at a spectral resolution of 4
cm ™ using the well-known KBr pellet technique.

2.4. Photocatalytic activity

The photocatalytic activity was determined by the photo-
degradation of rhodamine B (RhB) at 25 °C. 6 x 6 W fluores-
cent UV lamps (Anax = 365 nm) or 4 x 24 W conventional en-
ergy saving lamps (iymac > 400 nm) with a cut-off filter
(NaNO,) were used as the light source. Aqueous suspension
of RhB (100 mL 5 x 10> mol dm) and 0.1 g Bi,WO, powder
were placed and suspended wusing an
ultrasonication bath. Prior to irradiation, the suspension was
stirred in the dark for 30 min to ensure adsorption/desorp-
tion equilibrium. After the lamps were switched on, and at
every 30 min, 2 mL of the suspension was collected,
centrifuged and filtered. The concentration of the rhodamine
B was determined using an Agilent 8453 UV-vis spectropho-
tometer (detection wavelength = 553 nm). The spectrum of
the lamps are shown in the ESIT (Fig. S1).
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Fig. 1 The methodology applied in the determination process of the rose similarity decay constant (Rspc): a schematic representation.
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Table 1 The primary mean crystallite size, the band-gap energy and the
first derivative spectra maximum values shown together with the specific
surface area of all the samples investigated throughout this work

dR/d/
Sample Primary crystallite Band gap - maximum Sggr
name size (nm) KM* (eV) (nm) (m? g™
TAA 16.9 2.79 412 27
TAA+TRX 17.2 2.96 415 32
TU 17.6 2.79 417 23
TU + TRX 16.1 2.84 401 15
AA 16.2 2.75 419 9
AA + TRX 15.6 2.78 413 11
U 15.8 2.85 422 10
U+ TRX 16.2 2.82 413 16
Ac 16.4 2.79 411 8
Ac + TRX 17.0 2.81 412 12
G 16.9 2.84 420 9
G + TRX 17.1 2.77 408 11
A 17.0 2.84 422 13
A+ TRX 16.2 2.84 417 9
FA 14.8 2.83 418 9
FA + TRX 16.6 2.84 414 10

3. Results and discussion

3.1. Photocatalytic activity under UV and visible light
irradiation

As a high number of samples were obtained, in the first in-
stance the photoactivity under both UV and visible light irra-
diation is discussed for treating a well-known model pollut-
ant, rhodamine B. Furthermore, the materials obtained in
the presence of Triton-X-100 showed different photocatalytic
activity. Also, it seems that all the photocatalysts degraded
RhB more efficiently under visible light irradiation than un-
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der UV (exception AA + TRX). However, the degradation re-
sults obtained under UV and under visible light could not be
directly compared, as the light source output power was dif-
ferent. Therefore, the samples' photocatalytic performance
analysis was carried out separately for UV and separately for
visible light. The achieved photocatalytic performances are il-
lustrated in Fig. 2.

Under UV light irradiation, all the catalysts showed higher
photocatalytic activity. These were all synthesized in the pres-
ence of Triton X-100, except for two samples TAA (69.7%) and
G (66.6%), which showed the best activity. G + TRX degraded
the lowest amount of RhB (25.1%), even less than the sample
PURE (29.3%).

However, under visible light illumination, a completely
different activity sequence of photoactivity was established. G
+ TRX was the most efficient photocatalyst (84.6%). Further-
more, two samples were below the average photocatalytic per-
formance, but were over the average performance under UV
(TU + TRX: 57.2% and AA + TRX: 57.0%).

Besides the above-mentioned main trends, it seems that
no correlation could be found in the large amount of degra-
dation data. However, there was a main parameter that varied
indirectly, namely the electron distribution in the shape-
tailoring agents (except for TRX, which was present or absent
in a specific synthesis). Hence, quantification of the electron
distribution was carried out using the Hiickel calculation
method for the C=0 (or S) bond (not the molecule polarity)
in the investigated compounds, which possessed the follow-
ing general formula: R;-CO-R,.

By pairing the activity with the Hiickel polarity, two behav-
iour groups were detected and thus two series of measure-
ments are discussed herein:

100

UV mean,

Vis mean

(o))
(=]
1

Degradated rhodamine B (%)

-
<

=5 <

S

FA+TRX F
Ac+TRX

Fig. 2 The photocatalytic activity under UV- and visible light of Bi,WOg photocatalysts synthesized using different shape-tailoring agents. The visible light
activity of the obtained nanomaterials was higher compared to the UV performances. The measured performances were recorded after 2 h irradiation.
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e Case 1: R;-CO-R, - optimization, where R; and R, are
CH;- or NH,- and =—O is replaced with =S;

e Case 2: NH,-CHR;-CO-R, - reconsideration of the hydro-
carbon chain impact investigation as follows: where R, is H-,
CH;-, or C¢Hs-, and R, is —~OH in all cases;

o TRX samples vs. samples with the absence of TRX - cov-
ering the influence of the additional shape-tailoring agent
Triton X-100.

In case 1, it was found that by increasing the polarity of
the shape-tailoring molecule from 0.27 to 0.52, the activity of
the obtained samples decreased both under UV and visible
light irradiation. The presence of TRX extinguished the im-
pact of R;-CO-R, when the UV light activity was considered
(activity average of 52-58%); while in the case of visible light
activity, TRX caused a local minimum to appear. It should be
noted that samples denoted here with a “U” represent an ex-
ception and are marked differently in Fig. 3.

In case 2, with the polarity increase of the NH,-CHR;-CO-
R, molecule, the same activity trend was observed (Fig. 4). In
this investigation group only, UV-TRX showed an increasing
trend. However, in this case, it was also confirmed that a po-
larity increase of the additive molecule resulted in a de-
creased activity. Moreover, this reinforcement of the results
in case 1 is rather important, because it shows different mo-
lecular base structures' polarity could be varied by changing
the hydrocarbon side chain. To enlighten which structural or
morphological properties can result in such a difference,
multiple investigations were carried out.

3.2. X-ray diffraction (XRD)

All the investigated samples showed diffraction peaks corre-
sponding to the orthorhombic crystal phase of russellite
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Bi,WO, (Fig. 5). The following diffraction peaks were
obtained: (113), (200) and (020), (206), (220), (226), (313),
(133), (333), (240) and (420) planes, respectively (JCPDS card
number: 79-2381)

The primary crystallite sizes were estimated using the
Scherrer equation. The primary particle size values of the
crystalline bismuth tungstates were between 14.8 nm and
17.6 nm, within experimental errors. Therefore, it seems that
the applied shape-tailoring agents did not significantly affect
the primary particle size.

3.3. Diffuse reflectance spectroscopy (DRS) and N, adsorption
measurements

As no major differences were found in the XRD patterns of
the samples, the next step was to examine the optical proper-
ties of the materials. The classic approach of the Tauc-plot
was omitted as the data did not show any correlation with
the shown activity or with the polarity of the investigated
bond. Therefore, the first derivative spectra were investigated
in detail. The reference values were the ones obtained in the
case of samples TRX and PURE. When the first case was in-
vestigated, it was found that, with the polarity increase of

—O or C=S bonds, the maximum of the dR/d/A was shifted
gradually from 406 nm to 423 nm (see Fig. 6), which repre-
sented a 0.13 eV red-shift. It should be noted that this was
only valid when Triton-X was not applied in the synthesis
procedure. When it was applied, the previously mentioned
correlation was not present. For case 2, the same trend was
noticed, but this time the increase was more significant when
the investigated catalysts were prepared in the presence of
Triton X-100. The evidenced shift here was less significant
from 408 nm to 416 nm (0.06 eV), as shown in Fig. 7.

100
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Fig. 3 Rhodamine B photodegradation efficiency (both under UV and visible light) as a function of the Huickel polarity of the used R;-CO-R, molecule
during the synthesis of Bi,WOs. The impact of Triton X-100 was also investigated (as an additional shape-tailoring agent) with the @TRX and TRX series.
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Fig. 4 Rhodamine B photodegradation efficiency (both under UV and visible light) as a function of the Huckel polarity of the used NH,-CHR;-CO-R;
molecule during the synthesis of Bi,WOg. The impact of Triton X-100 was also investigated (as an additional shape-tailoring agent): @TRX and TRX series.

Specific surface area measurements were carried out to
verify if the different additives could influence the surface
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Fig. 5 XRD patterns of all the samples, showing the same crystal
phase and nearly the same crystallite size, pointing out that no specific
orientation changes were obtained by using the synthesis approach
detailed in this work.
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available for photocatalytic reactions. Also, the influence of
the presence of TRX was verified. As the primary crystallite
size values were quite low, it was expected that high specific
surface area values would be obtained, but it turned out this
was not the case. All the specific surface area values were be-
tween 32 m” g”* and 8 m” ¢!, which are actually quite low
(Table 1). This suggests the presence of compact hierarchical
structures. The first interesting observation was that, in all
the cases, the samples obtained in the presence of TRX
showed higher specific surface area values than the sample
counterparts without TRX, even in the case of the samples
PURE vs. TRX (the sample). This was expected as TRX is

425
= QTRX

O TRX

420 1

NN

dR/dA maximum position (nm)
N
s

405

0.47 0.49 0.52
Hiickel polarity of C=0 or C=S

TRX PURE
Fig. 6 dR/d} peak position values as the C=0 or C=S bonds' Huckel
polarity changes in the case of R;-CO-R,, showing that the polarity is
directly related to the optical properties of the nanomaterials, when no
Triton-X was applied.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 dR/dA peak position values as the C=0O bonds' Hlckel polarity
changes in the case of NH,-CHR;-CO-R;,, where a slight increase in
the polarity increased the position of the derivative spectrum maxima.

known to favour the formation and stabilization of small
nanoparticles. Just two exceptions were noticed (sample TU
and A and their TRX counterparts).

Another interesting observation was that, as the Hiickel po-
larity of the C=chalcogen bond increased, the specific surface
area decreased concomitantly (Table 1). However, the highest
photoactivity was for the samples with a low specific surface
area (e.g. AC, G samples and their TRX analogues); therefore,
the main reason behind the activity must be elsewhere.

These were the first parameters that showed a clear correla-
tion with the determined Hiickel polarity values, without the
interference of the exception samples in the observed trends
discussed above. However, further important scientific data
were needed to validate the correlation and to explain the in-
consistencies observed in the activity section. The next step
was then to investigate the morphology of the Bi,WOs crystals.

3.4. Effects of the different polarity additives on the
morphology

As discussed before, there were several interesting trends
pointed out by the photoactivity of the samples and the opti-
cal properties dependent on the Hiickel polarity of the car-
bon-chalcogen (O or S) double bond. Alas, it was necessary
to visually investigate the morphological trends that may
have arisen (Fig. 8 and 9).

PURE and TRX samples were the ones chosen as the base
references, as PURE contained neither Triton X-100 nor other
shape-tailoring agents, while TRX contained only the previ-
ously mentioned Triton X-100. Without any additives, the
SEM micrographs of PURE showed that a spherical hierarchi-
cal structure was formed, where the constituent elements' ge-
ometry was randomly polyhedral. However, when Triton
X-100 was used, lamellar associations of these particles were
observed. The surface chemistry and properties of these ma-
terials have already been presented in our previous work.*
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Also, it should be noted here, that throughout the present
section, only visible light activity was investigated as Bi,WOq
is generally referred to as a visible-light-active photocatalyst.

As in the previous sections, two cases are differentiated
here. The first one is case 1: R;-CO-R,, where R; and R, are
CH;- or NH,- and =—O was replaced with =S. The first issue
was to investigate the integrity of the hierarchical structure.
The spherical secondary structure was well preserved, except
for TAA and TAA-TRX, while non-rose-shaped samples were
also detected, including TRX (Fig. 8). The samples series that
did not contain any Triton X-100 showed a very interesting
correlation of the surface roughness/profile (evaluated as al-
ready shown in Fig. 1), which were directly related with the
formed plates and other structures in the hierarchical build-
up. As the Hiickel-polarity of the C=0 (or S) increases the
observed surface roughness goes through a maximum value
(Fig. 10), while at the same time, the visible light activity goes
through a minimum. Although, this very important result
shows the controllability of the morphology by the structure
of the shape-tailoring agents, the surface roughness/profile
values could not be linked directly. In this sample series, the
activity trends were rather more structural dependent, than
morphological. However, one sample was some specific ex-
ceptions as already discussed in the previous sections: U and
U + TRX. The activities of these two samples could be ex-
plainable neither by the structural approach nor by the profil-
ing approach, as discussed here.

Case 2: NH,-CHR;-CO-R,;, - hydrocarbon chain impact inves-
tigation, where R; was H-, CH;- or CsHs- and in all the cases
R, was -OH. Also, in this case, the spherical secondary struc-
ture was well preserved, while non-rose-shaped samples were
also detected, including G-TRX and A-TRX (Fig. 9). This simple
sample series was also investigated both by the profiling ap-
proach (for the samples without TRX) and by the Rgpc ap-
proach (samples with TRX). As the Hiickel polarity of the sam-
ples increased in the first sample series, the periodicity of the
profiles increased as well, following the same trend but show-
ing a continuous increase (observed for the samples without
TRX but in case 1). This approach also showed that other struc-
tural/morphological influences could be efficiently linked to
the activity by the structure of the shape-tailoring agent.

As already stated above, not all activities were explainable
by the profiling (current section) or structural/optical ap-
proach (sections 3.1.-3.3.). Therefore, the Rspc was applied
for the TRX samples of case 1, which was defined in the ex-
perimental section. An interesting dependence was observed;
whereby, as the Rspc value increased (shapes not so close to
a rose), the observed visible light activity decreased likewise
(Fig. 11), showing that the rose-like structure is an important
factor in the activity (the UV activity showed no variation
throughout the TRX series). Furthermore, the Rgpc study re-
vealed that both the rose-shape categorized and non-rose
shape categorized samples showed the same trend, namely
that, with the increase of Rspc, the visible-light-driven photo-
activity decreases. In this way, a more complex morphological
criterion was shown, which could be easily paired with the
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Fig. 8 Morphological changes of Bi,WOg induced by the change of the shape-tailoring agents' structure, in the case of R;-CO-R,, where R; and

R, were CHs- or NH,- and =O was replaced with =S.

visible light activity values and could help explain the visible-
light-activity trends throughout the TRX series and samples U
and TRX.

3.5. Infrared analysis

Our last step in the analysis of the shape-tailoring agents and
their relationship with the obtained photocatalysts relates to

1274 | CrysttngComm, 2019, 21, 1267-1278

their anchoring on the surface of the catalyst and their per-
sistence. We already showed that the surface purity of this
material is not crucial in terms of the photocatalytic activ-
ity.>® Therefore, it is an ideal material to use to investigate
the persistence of the additive molecules on the surface of
the catalysts, which could aid gaining an understanding of
what happens to these organic compounds after hydrother-
mal treatment.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Morphological changes of Bi,WOg induced by the change of the shape-tailoring agents' structure, in the case of the NH,-CHR;-CO-R;
molecule, where R; was H-, CHz- or C¢gHs- and in all the cases where R, was -OH.

Besides the well-known bands for the oxides,*® two spe-
cific bands were chosen to gain insights about the surface
persistence of the additive molecules. One was the band
assigned to CH; bending vibrations (at 1385 cm™'), while
the other one was a complex signal formed from N-H de-
formation (more precisely of NH, at 1630 cm ') and/or
amide C=O stretching (1690-1630 cm') and/or ketone
C=O0 stretching (1750-1680 cm'). The C=S band was
not detectable as it was in the zone where the semicon-
ductor has its own characteristic bands (C=S stretching
at 732 cm™).

Our hypothesis was that if Triton-X plays an important
role in the shape-tailoring, then it should show a significant
amount of remnant CH; associable bands (1385 cm™") on the
surface of the obtained semiconductor material. Analogue
presumptions were made for all the specific additives used so
far in the present work (for the additives with different polar-
ity, the complex signal was followed at 1630 cm™"). However,

This journal is © The Royal Society of Chemistry 2019

a stand-alone interpretation of the above-mentioned IR sig-
nals was not carried out, as information for doing so was
lacking, which is why the intensity ratio of the two bands
were considered (I;355/I1630), which may also show the impact
ratio of the two types of additives. The following very impor-
tant observations were noticed:

e When Triton X-100 was applied, the CH; bending vibra-
tions (at 1385 cm™") were very intense in all the cases, giving
higher values for the I;345/1630 band ratios.

e When Triton-X-100 was missing, the above-mentioned
ratio was lowered or even dropped drastically.

o A surprisingly low I;345/I1630 intensity ratio was obtained
for sample AC, whereas a high value was expected due to the
usage of acetone as the shape-controlling agent - an observa-
tion which can be most likely explained by the fast evapora-
tion of acetone from the surface.

e The highest values of I;345/I1630 Wwere obtained for AA +
TRX, U + TRX, G + TRX. FA + TRX and A + TRX.
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The above-listed observations clearly emphasize that the
presence of Triton X-100 could be demonstrated indeed,
which it was also found to be responsible for the formation
of the rose shape. Without Triton X-100, the intensity ratio of

the two selected bands, that is, 1385 and 1630 cm*,
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Fig. 11 Rspc value and the visible light degradation yields' relationship.
Even non-rose-like crystal shapes obey the Rspc-photoactivity trend,
pointing out a clear dependence of the activity on the morphology
and nevertheless on the structure of the shape-tailoring agents.

1276 | CrysttngComm, 2019, 21, 1267-1278

corresponded nearly with the activity trends measured in UV
or visible light for the appropriate samples, showing that the
Hiickel polarity of the additives was directly related with their
anchoring capacity. More precisely, as the Hiickel polarity of
the chalcogen-oxygen double bond increases, the anchoring
grade of the shape-tailoring compound decreases (Fig. 12).

4. Conclusions

In the present work, a new type of approach was developed
considering the shape-tailored synthesis of photocatalytic
materials. To do this, we successfully obtained Bi,WOg hierar-
chical microstructures and evaluated their visible and UV
light activity. To get a clear understanding regarding the rela-
tionship between the structure of the shape-tailoring agent,
two Hiickel polarity series were chosen: in the first one, the
chalcogen atom (O and S) and methyl and amine groups were
systematically changed, while in the second one, a series of
amino acids were considered in which glycine was derived to
alanine and phenylalanine to investigate the importance of
the carbon chain length in terms of the polarity. Moreover,
the impact of Triton X-100 was also experimented with.

A series of chain correlations were found. It was proven
that as the polarity of the carbon chalcogen bond decreases,
the activity of the semiconductor decreases as well. With the

This journal is © The Royal Society of Chemistry 2019
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of the individual materials. Two series are shown here: the different
amides, thioamides series (a) and amino acid series (b).

addition of Triton X-100, this trend was destroyed. An in-
creasing trend for dR/dA was also found in this case. In the
case of the amino acids, the same decrease was observed as a
function of the polarity.

Clear morphology-Hiickel polarity relationships were un-
covered in the terms of the crystal periodicity, showing that
the individual crystallites forming the hierarchical shape
showed a gap, which was dependent on the applied agents’
structure. As in this correlation, the materials obtained with
the presence of Triton X-100 did not fit in with this; therefore
a new approach was developed and then quantified as the
rose similarity decay constant (Rspc). This constant showed
that, as the obtained geometry showed a lower (Rspc) value,
so its visible activity lowered. This empirical function created
a direct bridge between the morphology and activity,
governed by the polarity of the shape-controlling molecules,
which were proven to be anchored on the surface of catalysts.
Furthermore, it should be also noted that this graphical ap-
proach does not give insights concerning the real structural
entities responsible for any of the observed properties, and
does not replace classical valid in-depth investigations. How-
ever, the method gives a direct way to perform the verifica-
tion of the existence of a morphology-activity relationship.
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