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Crystals with exposed facets are popular materials in many catalytic applications due to their high reactivity.
Facet identification is often conducted by transmission electron microscopy (TEM). In this work, we analyze
the effects of doping, vacancy creation, anisotropic broadening, and preferred orientation on the intensity
of X-ray diffraction (XRD) peaks by using tetragonal bismuth oxyhalides (BiOX, X = Cl, Br, and |) as examples.
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analysis is not only cheaper and easier to perform, but also it gives results representative for the sample. This
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1. Introduction

It is well known that two nonequivalent lattice planes of
a crystal have different atomic arrangements, giving rise to
many interesting phenomena. Taking titanium dioxide
(anatase, a-TiO,) as an example, a-TiO, crystals with a high
percentage (in terms of area) of the {101} facets are more ther-
modynamically stable than those with a high percentage of the
{001} facets and therefore are easier to synthesize.** However,
the {001} facets are particularly desirable in many applications
related to adsorption and catalysis due to their high reactivity.*
For instance, studies have shown that lithium insertion and de-
insertion processes in batteries are more inclined to occur on
the {001} facets.” Additionally, the adsorption of water mole-
cules on the {001} facets is dissociative with the generation of
hydroxyl groups (-OH),* which are known to play a great role in
photocatalytic applications of a-TiO,.® Owing to these unique
properties, among other properties, many more facets of
various crystals besides {001} and {101} of a-TiO, have been
explored (Table S17).

Preferentially exposed facets of crystals are often identified
by electron microscopy, particularly transmission electron
microscopy (TEM). For crystals with regular shapes, intersection
angles between adjacent facets can be measured. Alternatively,
lattice planes are visualized by high-resolution TEM (HRTEM)
and the interplanar spacings and/or intersection angles are
determined by fast Fourier transform (FFT) or selected area
electron diffraction (SAED).” Both the angles and spacings can
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technique in the field of crystal facet engineering.

be compared with the theoretical values to identify exposed
facets. Interestingly, in characterization of crystalline materials
with largely exposed facets by X-ray diffraction (XRD), the
patterns often show a few peaks with relative intensity higher
than the normal. This phenomenon has been used occasionally
for facet identification based on the rationale that these crystals
turn to orient in a particular direction and therefore the
diffraction peaks corresponding to the lattice planes perpen-
dicular to the direction are intensified. For example, the XRD
peak intensity ratio of (110) to (200) (I110/Ix00) for two types of
Ag;PO, microcrystals, namely rhombic dodecahedrons (I10/I200
= 2.7) and cubes (I110/I,00 = 0.52), was compared with the
normal value (0.78) to confirm that the former has exposed
{110} facets while the latter has exposed {100} facets.® Also, the
intensification of the (111) peak for Coz;0, multi-shelled
dodecahedrons was considered as an indication of their large
exposure of (111) facets.” As compared to TEM, XRD is cheaper
and simpler to operate starting from the sample preparation to
data collection. More importantly, it gives results representative
for the entire sample.

However, the reality turns out to be more complicated;
specifically, the intensity of the XRD peaks for a sample can be
affected by many factors related to the composition (including
the scattering ability of constituent atoms, occupancy of atomic
sites, and fractional coordinates) or the morphology (e.g.,
anisotropic  broadening besides preferred orientation).
Furthermore, in many cases two or more of these factors coexist,
such as crystalline materials that have both largely exposed
facets and vacancies (or foreign ions doped in the lattices)."***
Therefore, it is necessary to first account for the peak intensi-
fication and evaluate if preferentially exposed facets are present,
and then identify these facets. Considering the ever-growing
interests in doping, vacancy creation, and the design of
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anisotropic nanomaterials (such as nanowires, nanorods,
nanosheets, etc.) in addition to crystal facet engineering, their
influence on the diffraction peaks need to be elucidated in order
to allow XRD to be better used for studying the crystallographic
properties of crystalline materials.

In this work, bismuth oxyhalides (BiOX, where X = Cl, Br, or
I) were synthesized as examples for the demonstration of facet
identification by XRD. Typically, BiOCL'** BiOBr,”** and
BiOI'>*® nanoplates with exposed (001) facets are synthesized by
hydrothermal methods under different conditions; whereas, we
show a precipitation approach that is applicable to the synthesis
of all BiOX with plate-like structures. The presence of Bi, O, and
X in the samples was evidenced by energy-dispersive X-ray
spectroscopy (EDX, Fig. S1, ESIT). XRD patterns reveal that the
synthesized bismuth oxyhalides have tetragonal structures and
the peaks corresponding to the (001), (002), (003), and (004)
lattice planes are intensified (Fig. S2). As has been pointed out
above, possible causes include doping (the occurrence of which
is not supported by the EDX results; nevertheless, it is discussed
for the demonstration purpose), presence of vacancies, aniso-
tropic broadening, and preferred orientation in the [001]
direction. The influence of these possibilities on the XRD peaks
are investigated by simulating the patterns from reported
crystallographic data (described in ESIT).

2. Experimental methods
2.1 Synthesis of bismuth oxyhalides (BiOX, X = I, Br, and CI)

A stock solution (0.025 mol L") of polyethylene glycol (PEG;
average molecular weight, 7000-9000 mol g '; Spectrum
Chemical Mfg. Corp.) was prepared. In the synthesis of BiOI,
5.0 mL of the PEG solution was measured and mixed with
20.0 mL of deionized (DI) water. To this diluted PEG solution,
0.25 mmol of bismuth nitrate pentahydrate [Bi(NO;);-5H,0,
Acros] was added under stirring, creating a clear solution. Next,
0.25 mmol of potassium iodide (KI, Fisher Scientific) was added
and a brick-red suspension was formed immediately, which was
stirred for another 1 hour. Finally, the precipitate was collected
by centrifugation, washed with DI water, and dried at 80 °C.
BiOBr and BiOCI were synthesized following the same proce-
dure as that for BiOI by using potassium bromide (KBr, Acros)
and potassium chloride (KCl, Fisher Scientific), respectively, as
the precipitating agents.

2.2 Simulation

Simulation of XRD patterns was carried out on PANalytical
X'Pert HighScore. The cell parameters, fractional coordinates,
and atomic displacement parameters of BiOI, BiOBr, and BiOCl
were retrieved from Inorganic Crystal Structure Database (ICSD)
entries of 391354, 61225, and 74502, respectively. Doping was
modelled by adding a relevant atom with a selected value of site
occupancy factor (SOF) during the crystal building. For
example, doping bismuth oxyiodide with 2% (atomic ratio) of
Br—, which gives BiOI, ¢gBry 95, was modelled by entering 0.02
and 0.98 for the SOF of Br and I, respectively; while other
parameters of these two elements, including fractional
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coordinates and atomic displacement parameters were kept the
same. The simulation of vacancy creation followed a similar
strategy as that of doping. For example, bismuth oxyiodide with
2% of O vacancies, namely BiO, ogI, was achieved by setting the
SOF of O as 0.98. For modelling preferred orientation and peak
broadening at various March/Dollase (additional information
on this parameter can be found in ref. 17) and anisotropic
parameters, respectively, “1” was entered for the SOF of all
elements and other parameters were directly taken from the
ICSD files.

2.3 Characterization

The crystal structures of the BiOX samples were studied by X-ray
diffraction (XRD) using a MiniFlex 600 X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan). X-rays were generated from
a Cu anode at a working voltage and current of 40 kV and 15 mA,
respectively. XRD patterns were recorded at a step size of 0.02°.
Scanning electron microscopy (SEM) experiments were per-
formed on a FEI Quanta 450 FEG Environmental Scanning
Electron Microscope. All samples were directly loaded on
conductive carbon adhesive tabs (Ted Pella, Inc.). Transmission
electron microscopy (TEM) and energy-dispersive X-ray spec-
troscopy (EDX) were conducted on a FEI Tecnai G2 F20 Trans-
mission Electron Microscope. The TEM specimens were
prepared by dipping carbon/formvar-film coated Cu grids
(Pacific Grid Tech) into homogeneous BiOX-ethanol suspen-
sions, followed by drying at 60 °C.

3. Results and discussion

To begin with, the crystal structure of tetragonal BiOX showing
the [Bi,0,]*" and X layers was first created (Fig. S31). Doping or
creation of vacancies was performed by replacing or removing
a portion of the relevant constituent ions in the crystal structure
(Fig. S37). The simulated XRD patterns of Br -doped tetragonal
BiOI (t-BiOI), in which various amounts of I ions are
substituted by Br~ ions, show that Br~ doping causes the (001)
peak to become more intense and the increase in the relative
intensity is proportional to the doping amount (Fig. 1a). The
substitution of Cl, S, and one of the metallic elements among
Eu, Fe, and Zn for I, O, and Bi, respectively, leads to either
strengthening or weakening of the (001) peak (Fig. S41). On one
hand, regardless of the identity of doped elements, the (001)
peak rises or weakens moderately [less than 16.4% for 10%
(atomic ratio) doping]; whereas, the (002) and (004) peaks
virtually remain unaffected (up to 7.5% for 10% doping). On the
other hand, evident from Br~ doping (Fig. 1a), a substantial
change in the peak intensity can be expected for doping on
a large scale, which essentially creates a solid solution. As
shown in many studies, the characteristic diffraction peaks of
solid solutions, such as BiOCLl; ,'®* and (CuGa);_,Zn,,S,,"
undergo apparent shift due to the significant effects on the
lattice parameters and fractional coordinates.

In comparison to the case of doping, the formation of
vacancies has larger impact on the peak intensity — after all, the
occupancy of the corresponding atomic sites is reduced. Fig. 1a

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Simulated XRD patterns of BiOl with various amounts of (a) Br~ ions substituted for |~ ions and (b) | vacancies.

shows that 10% of Br~ doping results in an increase of 8.2% in
the (001) peak intensity; whereas, removing the same amount of
I" causes the peak to rise by 24.8% (Fig. 1b). In the meanwhile,
the intensity of the (002) peak is slightly reduced (up to 5.0% for
10% doping and 12.5% for creating 10% I vacancies). However,
the creation of 10% of O or Bi vacancies gives a reduction of
35.8% or 18.2%, respectively, in the (001) peak intensity
(Fig. S57). In short, the (001) peak in the XRD pattern of t-BiOI
can be enhanced moderately by replacing or removing a portion
of I ions without drastically changing the cell parameters and
atomic fractional coordinates. However, either treatment does
not result in intensification of the (002) and (004) peaks. Besides
the (001) peak, the (002), (003), and (004) peaks visible in the
experimental XRD patterns of the synthesized BiOX samples are
also intensified by more than 50% and their positions are not
shifted. Hence, it can be concluded that the peak intensification
observed for the BiOX samples was not (at least not primarily)
caused by any foreign ions or vacancies that may be present.
The influence of anisotropic broadening on the intensity of
XRD peaks has already been observed in many studies. As an
example, the reduction in the thickness of nanosized a-TiO,
decahedra in the [001] direction causes the (004) peak visible in
the XRD pattern to become much broader and less intense.” In
the case of BiOX, as the (110) peaks are broadened, which can be
achieved by growing BiOX nanowires along [001], not only is
their intensity reduced, but also the (001), (002), (003) and (004)
peaks become more intense, giving rise to patterns (#3 in Fig. 2
and S6t1) somewhat similar to those taking into account
preferred orientation in [001] (#2 in Fig. 2 and S67) as well those
of the synthesized BiOX (#4 in Fig. 2 and S67). Apparently,
anisotropic nanomaterials including the aforementioned
nanowires can be recognized easily by optical or electron
microscopy. However, the peak broadening feature is fairly
distinguishable in XRD patterns. As can be seen in Fig. 2a, even
for relatively small increase in the intensity of the (002) and
(004) peaks for t-BiOI (while still much larger than the increase
resulting from doping and vacancy creation), the (110) peak is

This journal is © The Royal Society of Chemistry 2020

significantly broadened. Further intensification of these two
peaks to the level observed in the experimental pattern requires
additional broadening of the (110) peak, which is likely to lead
to significant peak overlapping. In fact, in the experimental
patterns it is the intensified peak themselves that are substan-
tially broadened (Fig. 2 and S67). Therefore, not only can the
increase in the intensity of the XRD peaks be attributed to
preferred orientation after eliminating the possibility of aniso-
tropic (110) peak broadening, but also the XRD patterns indi-
cate that the size of the BiOX crystals in the [001] direction is on
the nanoscale and much smaller than those in other directions.
In other words, the BiOX samples are composed of nanoplates
with preferentially exposed (001) facets.

To verify the XRD result, transmission electron microscopy
experiments were performed. The TEM image of BiOI shows
that this sample indeed is composed of plate-shaped structures
(Fig. 3a and b). The nanosized thickness of these plates is in line
with the broadening of the XRD peaks and implies that the top/
bottom surfaces of these nanoplates correspond to the (001)
facets. As has been mentioned above, the crystal structure of
a material can be studied by using HRTEM. The identity of a set
of lattice planes visible in HRTEM images can be resolved by
matching the interplanar spacing with the value reported in
databases or calculated from XRD data. FFT process of the
HRTEM image of a BiOI nanoplate produced three pairs of
bright dots with reciprocal distances of 7.145, 10.059, and
14.306 nm " (Fig. 3d), indicating that the corresponding lattice
planes have spacings of 2.799, 1.988, and 1.398 A. These values
are very close to the theoretical interplanar distances of the
(110), (200), and (220) planes for t-BiOI, namely 2.824, 1.997,
and 1.412 A (Powder Diffraction File 00-010-0445), respectively.
In the experimental XRD pattern of the BiOI sample, the (110)
and (200) peaks are located at 31.7 and 45.5°, which give the
interplanar distances of 2.819 and 1.991 A, respectively,
according to the Bragg's law. Additionally, the FFT shows that
lattice planes with the reciprocal distance (1/d) of 7.145 nm ™" is
parallel to those with 1/d of 14.306 nm ™", which intersect with

RSC Adv, 2020, 10, 5585-5589 | 5587
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Fig. 2 Simulated (1-3) and experimental (4) XRD patterns of (a) BiOl and (b) BiOCL. Patterns 1, bulk samples without preferred orientation or
anisotropic broadening; patterns 2, preferred orientation in [001] (March/Dollase parameter = 0.525 and 0.893 for BiOl and BiOCl, respectively);
patterns 3, (110) broadening (anisotropic parameter = 8.0 and 1.0 for BiOl and BiOCl, respectively).

the planes of 1/d equal to 10.059 nm™ ' at an angle of 45°

(Fig. 3d). These FFT results are in agreement with the theoret-
ical intersection angles of 0 and 45° between (110) and (220)
planes, and (110) and (200) planes, respectively (Fig. 3e).
Therefore, it can be concluded that the spots in the FFT corre-
spond to planes belonging to the zone axis [001]. Additionally,
lattice planes of this zone axis are confirmed by the FFTs of the
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Fig. 3 (a and b) TEM images of BiOl, (c) HRTEM image of the green
frame-enclosed area in (b) (inset is the magnified image of the area in
the red frame), (d) FFT of (c) and (e) illustration of a plate-like BiOl
crystal.
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HRTEM images of three other BiOI nanoplates (Fig. S77).
Further, the (110) lattice planes, which are perpendicular to the
top and bottom surfaces of the BiOI nanoplates, are clearly
visible in two of the HRTEM images (insets of Fig. 3c and S7et).
Hence, TEM experiments are able to confirm that the synthe-
sized BiOI sample is composed of nanoplates and has prefer-
entially exposed (001) facets.

The TEM image of BiOCIl shows that this sample has similar
structural components as BiOI, namely stacks of nanoplates
(Fig. S8at). However, in contrast to the flat structures of BiOI
and BiOCIl, the BiOBr sample is made up of highly curvy
assemblies of nanoplates (Fig. 4a). Despite that, the (001)

(d) Area 1

—'/L/ (110)
= e ey

\

2.780A

Area 2
7.198 1/nm
(110)

/,l__//~ (110;
e ——

10.208 1/nm ‘

(200)

21/nm

Fig. 4 (a) SEM and (b) TEM images of BiOBr, (c) FFT of (b) and (d)
magnified images of the red frame-enclosed areas in (b).
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identity of the top/bottom surfaces of both BiOCIl and BiOBr
nanoplates was verified by HRTEM images and their FFTs
(Fig. 4b-d and S8b-dft), in the same way as has been demon-
strated in the case of BiOI.

4. Conclusions

In brief, BiOX nanoplates have been synthesized by a precipita-
tion method. These materials give XRD patterns with intensi-
fied and broadened (001), (002), (003), and (004) peaks.
Although doping and vacancy creation related to the constit-
uent anions of BiOX can increase the intensity of the (001) peak
moderately without considerable shifting its position, the
intensity of other peaks virtually remains unchanged or is even
slightly reduced. In contrast, both (110) peak broadening and
preferred orientation in the [001] direction result in intensifi-
cation of all of the aforementioned peaks. However, in the
experimental patterns, it is the intensified peaks themselves
instead of the (110) peak that are broadened. Therefore, the
synthesized BiOX nanoplates have preferentially exposed (001)
facets, which was confirmed by HRTEM. The process of facet
identification by use of XRD shown in this work is expected to
be applicable to other crystalline materials that potentially have
largely exposed facets and may be adopted as a general method
for the characterization of crystal facets.
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