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Here, a solid-state metathesis reaction has been coupled with ultrasonic spray pyrolysis (USP) for
the first time, yielding single-crystalline Bi,WOg4 nanoplates. USP typically produces polycrystalline
spherical particles, but by selecting precursors that yield Bi,WOg and non-transient byproducts (e.g.,
NacCl), particles that are both single-crystalline and shape-controlled are achieved. This unprecedented
result is directly correlated to the metathesis route employed to synthesize Bi,WOg and contrasts with
the results obtained when conventional precursors are used, which yields Bi,WOg microspheres. Both
the Bi;WOq4 nanoplates and microspheres were extensively characterized. This comparative analysis
found that the samples also differ in their surface terminations and hydrophilicity. Significantly, the
integration of metathesis chemistry into spray pyrolysis may be generally applicable to the synthesis of a
range of compositionally complex solids as single-crystalline samples.

Introduction

For the full potential of nanomaterials to be realized,
scalable synthetic methods that yield solids with a well-
defined size, shape, composition, and crystal-phase are
required.'? Given its simple experimental design and
continuous nature, ultrasonic spray pyrolysis (USP) is
an attractive method for the large-scale preparation of
materials, but typically polycrystalline microspheres are
produced.>™ This observation is the result of system-
atically selecting precursors that yield transient byprod-
ucts, which provide no templating or structure-directing
effects during particle formation. Recently, porous and
nanostructured particle architectures have been achieved
by the incorporation or in situ generation of templates
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during USP.%~'® However, particles that are both single-
crystalline and shape-controlled have not been accessed pre-
viously. Yet, by integrating a solid-state metathesis reaction
into USP, single-crystalline Bi;WOg4 nanoplates are synthe-
sized. Essential to their formation is the generation of a non-
transient byproduct via the metathesis reaction. Otherwise,
polycrystalline microspheres are produced. Significantly,
such chemistry represents a new synthetic approach to gen-
erating non-transient byproducts during USP, which should
provide a generally applicable means of controlling crystal
growth during aerosol syntheses.

Owing to its interesting physical properties, Bi,WOyq
was selected as an initial synthetic target to demonstrate
the feasibility of coupling metathesis reactions with spray
pyrolysis.'” 2! Bi,WOy displays both piezoelectric and
ferroelectric behavior, but most often it is studied for its
photocatalytic properties, being a suitable visible-light
photocatalyst for the degradation of dyes and organic
pollutants and even the O,-evolving half reaction for
water splitting.”?”*® The conduction band of Bi,WOq
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falls at +0.24 eV versus SHE, making it an unsuitable
material for H, evolution, but complete water splitting
may be achieved via composite formation.>=° Bi,WOy is
synthesized traditionally by solid state heating of Bi,O3
and WOs;, which results in low surface area powders with
ill-defined features.'”>! Yet, for many applications and
especially studies of fundamental structure—function rela-
tionships, size- and shape-controlled samples are preferred.

Solvothermal,?*%*~3 ¢lectrospinning,**® and sono-
chemical®’ routes to Bi,WOg have been reported, often
with hierarchical particle structures produced. Related to
this article, Lee and co-workers recently reported the syn-
thesis of Bi;WOg microspheres by spray pyrolysis.”’ How-
ever, as reported here, the generation of non-transient by-
products can greatly alter the structure of Bi,WOg particles
prepared by USP, producing Bi;WOg nanoplates. Their
formation is attributed to the integration of metathesis
chemistry into spray pyrolysis, with their mechanism of for-
mation and properties being compared both to Bi,WOgq
microspheres prepared by USP and samples from solid
state heating of suitable precursors.

Experimental Section

Materials. All chemicals were handled in air and used as re-
ceived. B1C13 (Z 98%), (NH4)10H2(W207)6 (> 990/0), and Bi203
(99.9%) were purchased from Sigma Aldrich. Bi(NO3)3-5H,O
(98%), BiBr3 (99%), Li,WO,4 (99%), and Na,WO,-2H,0 (99%)
were purchased from Alfa Aesar. WO; (99.9%) was purchased
from Fluka. Deionized water was used in all syntheses.

Apparatus for Ultrasonic Spray Pyrolysis. A schematic of the
laboratory-scale USP system used to prepare Bi,WOg is shown
in Supporting Information, Figure S1 and described fully in the
Supporting Information. An ultrasonic transducer (1.7 MHz,
~5 W/cm?) was used to nebulize the precursor solutions. An
inert gas (N, 99.0%, 55 sccm) served as a carrier through a
heated tube furnace, with product particles being collected in
water. Products were isolated by centrifugation (3900 rpms) and
washed twice with water.

Synthesis of Bi,WOg4 Microspheres (USP Bi,WOy). Fifteen
milliliters of water was added to a vial containing 0.14 g of (NHy) -
H»(W5,05)6 (0.000047 mol) and 0.372 g of Bi(NOs); (0.00075 mol).
Upon the addition of water, the solution became white and opa-
que, indicating hydrolysis of Bi(NOs); and the formation of col-
loidal BIONO; and possibly basic bismuth nitrates (e.g., [BigOs-
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Figure 1. (A) SEM and (B) TEM images, inset ED, of Bi,WOg4 micro-
spheres (sample USP Bi;WOy). (C) SEM and (D) TEM images, inset ED,
of Bi,WOg nanoplates (sample USP-M Bi,WOg).

(OH)5](NO5)5).*** To ensure full dispersion, the colloidal
suspension was agitated in an ultrasonic bath (~1 min). The sus-
pension was sparged with N, gas (99.0%) at 55 sccm for 30 min,
followed by nebulization. The furnace temperature was 500 °C.
Note: the Bi-to-W ratio in the precursor solution was adjusted to
achieve stoichiometric Bi;WOjg.

Synthesis of Bi,WO¢ Nanoplates (USP-M Bi,WOg). Fifteen
milliliters of water was added to a vial containing 0.25 g of
Na,WO,-2H,0 (0.00075 mol) and 0.4726 g of BiClz (0.0015
mol). Upon the addition of water, the solution became white
and opaque, indicating hydrolysis of BiCl; and the formation of
colloidal BiOCL* To ensure full dispersion, the colloidal
suspension was agitated in an ultrasonic bath (~1 min). The sus-
pension was then sparged with N, gas (99.0%) at 55 sccm for
30 min, followed by nebulization. The furnace temperature
was 600 °C.

Synthesis of Bi,WOg from the Parent Oxides (SS Bi,WO).
Conventional Bi;WOg4 was synthesized as reported by Kay
etal.'® A 0.5 g portion of WO5 and 1.005 g of Bi,O5 were mixed
and ground with a mortar and pestle for 2 min. The yellow-green
powder was placed in a ceramic crucible and heated under static
air for 24 h at 800 °C.

Synthesis of Bi, WOg from Na, WO, and BiCl; (SS-M Bi, WO).
Fifteen milliliters of water was added to 0.25 g of Na,WO,
(0.00075 mol) and 0.4726 g of BiCls (0.0015 mol). To ensure full
dispersion, the resulting suspension was agitated in an ultrasonic
bath briefly. The suspension was then dried under vacuum, placed
in a ceramic crucible, and heated under air for 1 h at 600 °C. The
product was washed with water to extract the byproduct salt, and
the powder dried under vacuum.

Product Characterization. Product structures were examined
by scanning electron microscopy (SEM) on FEI Quanta 600
FEG operating at 30 kV. Energy dispersive X-ray spectroscopy
(EDS) was performed with an Oxford Inca detector interfaced
to the FEI Quanta 600 FEG at 30 kV without sample sputtering.
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Scheme 1. (A) USP Synthesis of Bi,WO¢ Using Conventional Precursors; (B) USP Synthesis of Bi;WOg Using Precursors Capable of
Metathesis Chemistry

A, USP
(A) 24 BIONOycoiioigaly + (NH4)10Ha(W507)s(aq) ——— 12 Bi,WOps, + gaseous byproducts (e.g., NH3 and N,Os)

) A, USP
(B)2 Blocl(co||oida|) + N32WO4(aq) %BIZWOG(S) + 2 NaCI(s)

Transmission electron microscopy (TEM) and electron diffrac-
tion (ED) were done on a JEOL JEM-2200FS TEM operating at
300 kV. N, isotherms were obtained with a Micromeretics ASAP
2020 using standard techniques. 3-point Brunauer, Emmett, and
Teller (BET) analysis was employed to obtain surface area mea-
surements. The samples were vacuum degassed at 120 °C (ramp
rate of 1 K/min.) for 12 h. Powder X-ray diffraction (XRD) was
performed on a Scintag diffractometer with Cu Ko radiation.
Elemental analysis was conducted using a Perkin-Elmer Sciex
Elan DRCe ICP-MS. Differential scanning calorimetry (DSC)
was performed on a Q10 TA DSC with a ramp rate of 5 °C/
minute. Hermetic aluminum pans with a pinhole were used to
facilitate the release of evolved gases under a N, atmosphere.
Thermal gravimetric analysis (TGA) was performed on a Q5000
IR TA TGA with a ramp rate of 10 °C/minute under a N,
atmosphere; platinum pans were employed. For both DSC and
TGA, USP precursor solutions were prepared as described then
vacuum-dried to remove water prior to analysis. X-ray photo-
electron spectroscopy (XPS) was conducted on a Kratos Axis
Ultra XPS.

Results and Discussion

Synthesis and Shape Control. USP uses ultrasound to
nebulize a precursor solution into a fine mist. A gas then
carries the droplets into a furnace, with solvent evapora-
tion occurring at low to moderate temperatures and the
dissolved species decomposing and/or reacting with one
another at higher temperatures.® As multiple nucleation
sites exist within any given droplet, polycrystalline spheres
are produced, with their size being governed by the mod-
ified Lang Equation.*! To produce compositionally com-
plex materials such as Bi,WOy, precursors are typically
selected so that upon pyrolysis only the desired product
and small gaseous byproducts are generated, which are
flushed out of the system by the carrier gas.®> This selec-
tion systematically removes any structure-directing or
pore-templating species from the reaction phase. Indeed,
submicrometer spheres of Bi,WOg (diameter: 386 +
114 nm; sample USP Bi,WOQg) are readily prepared using
Bi(NO3); and (NHy);0H»(W»05)s as precursors. SEM
and TEM images of the product particles are shown
in Figures 1A and 1B, respectively. Electron diffrac-
tion (ED) highlights the polycrystalline nature of the
particles (Figure 1B, inset), which are similar to those
prepared by Lee and co-workers in which bismuth
citrate (BiCqHs0O7) and tungstic acid (H,WO,) were
used as precursors dissolved in concentrated ammonia
solution.?’ In the case of USP Bi,WO, a solution con-
taining colloidal BiIONO; and dissolved tungstate an-
ions results when water is added to the precursor salts,*®
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Figure 2. DSC (solid lines) and TGA (dotted lines) of the dried precursor
combinations that produce (A) USP Bi;WO¢ and (B) USP-M Bi, WOg.
DSC scale is the right side ordinate axis; TGA is the left side ordinate axis.

which can be directly nebulized. In either case, pyrolysis
yields Bi,WOQg as well as transient byproducts such as
NHj; and N,Os (see Scheme 1A).4>4

In contrast, selecting precursors that yield non-transient
byproducts via a metathesis reaction produces Bi, WOy
nanoplates (Figures 1C and 1D; sample USP-M Bi,WOg).
Specifically, BiCl; and Na,WO, were selected as precur-
sors. In this case, when the precursor solution is prepared,
colloidal BiOCI results from the hydrolysis of BiCl; (see
Supporting Information, Figures S2A and S2B).*’ SEM of
the dried precursor solution reveals no plate-like structures
prior to USP (Supporting Information, Figure S2C). Thus,
the overall pyrolysis process can be described by Scheme 1B,
which is confirmed by thermal analysis of the precursor
solution (see Figure 2 and Supporting Information, Figure
S3). The nanoplates have an average diameter of 433 £+
134 nm and thickness of 46 & 16 nm. The square sym-
metry of the ED (Figure 1D, inset) indicates that the nano-
plates are single-crystalline and bound on the top and bottom

(42) Sulcovd, P.; Trojan, M. J. Therm. Anal. Calorim. 2000, 60, 209.
(43) Bamford, C. H.; Tipper, C. F. H. Reactions of Non-metallic
Inorganic Compounds; Elsevier: New York, 1972.
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Scheme 2. Cross-Sectional Illustration of the Physical and Chemical Processes Occurring during the USP Synthesis of (A) Bi,WOg
Microspheres and (B) Bi,WO¢ Nanoplates

Colloidal Dissolved
BiONOs NH, and W,0,

BiONO:

A

——

H0
loss

Co!loidal Dissolved
BiOCI Na'and W,0,”

by {001} facets, consistent with their Aurivillius class crystal
structure. !

The different particle structures can be correlated with
the decomposition pathways of the various precursor com-
binations. To understand why both microspheres and nano-
plates can be produced via USP, DSC and TGA of the dried
precursor solutions were conducted. The results are shown
in Figures 2A and 2B for the precursor combinations
yielding USP Bi,WOg4 and USP-M Bi, WOy, respectively.
For USP Bi,WOg, no major endo- or exothermic processes
are revealed by DSC. TGA shows several mass losses,
with the first likely corresponding to adsorbed water and
the subsequent losses to water of hydration and the volatile
byproducts associated with nitrate and ammonium decom-
position. On the basis of this information, Scheme 2A
accounts for the formation of submicrometer, polycrystal-
line Bi,WOyg spheres from the (NHy);oH>(W-0;)s and
Bi(NOs)s-based precursor solution. As the aerosol droplets
are heated, water is removed, resulting in dried particles
composed of the precursors. The precursors then react in
the solid state, forming Bi,WOj particles and releasing
gaseous byproducts. Once formed, the product particles
continue to be heated, becoming more compact via sinter-
ing until they are collected outside the heated zone.

Mass losses associated with water are also revealed by
TGA of the dried precursors yielding USP-M Bi, WOg. In
contrast, DSC reveals a significant exothermic peak with
an onset of 337 °C. This feature is characteristic of meta-
thesis reactions in which stable salts such as NaCl are
generated as a byproduct.*** Indeed, NaCl formation
was confirmed by EDS analysis and powder XRD of the
unwashed product; washing removes NaCl from the
plates (Supporting Information, Figure S3). On the basis
of this information, Scheme 2B accounts for the formation
of Bi,WOg¢ nanoplates by USP. Just as with USP Bi, WOy,
water is first removed during heating. As the dried pre-
cursor particles continue through the heated zone, the solid

(44) Schaak, R. E.; Mallouk, T. E. Chem. Mater. 2002, 14, 1455.
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Applications, 2nd ed.; Kluwer Academic Publishers: Norwell, MA,
2001.
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state metathesis reaction is initiated (Scheme 1B). Bi,WOyq
formation likely nucleates at multiple spots within a drop-
let, but the byproduct NaCl inhibits sintering between the
formed crystals. This condition, coupled with the released
heat from the metathesis reaction, facilitates their growth
into larger particles, with the most thermodynamically
favored facet expressed. Interestingly, the addition of
surfactants and inert salts to precursor solutions has been
reported to inhibit subparticle consolidation during aero-
sol processes;*’** however, the crystal habit of the resul-
tant nanoparticles was not controlled to give particles
with defined shapes.

Other precursor combinations are also capable of yield-
ing Bi,WOg and non-transient byproducts. For example,
Li,WO, and BiOCl, Na,WO, and BiOBr (generated in
situ from the hydrolysis of BiBr3), and Li, WO, and BiOBr
can undergo metathesis at elevated temperatures. When
coupled with USP, single-crystalline nanoplates were again
synthesized, but the samples were not phase pure, with
other particle structures also observed and arising from
either unreacted starting material or secondary bismuth
tungstate phases. Interestingly, high-quality Bi,WO¢ nano-
plates can also be prepared by USP from a starting
solution of Bi(NOs3); and Na,WOy,. In this case, NaNOj;
is not collected as a byproduct as the nitrate ion decom-
poses during pyrolysis, but Na is detected by EDS
analysis of the unwashed particles. These results suggest
that the alkali cation may serve as a habit modifier,
stabilizing the {001} facets toward nanoplate growth.
These results also indicate that a wider range of precur-
sors may be considered when designing future syntheses
that couple metathesis reactions with USP.

Additional Characterization. USP Bi,WO4 and USP-M
Bi-WOg4 were further characterized and compared to
Bi,WOg4 made by solid state heating of the parent metal
oxides (sample SS Bi,WOy) as well as the metathesis pre-
cursors (sample SS-M Bi,WOg). SEM images of SS Bi,WOq
and SS-M Bi,WOg are shown in Supporting Information,
Figure S4. Notably, the bulk sample prepared by heating

(47) Didenko, Y. T.; Suslick, K. S. J. Am. Chem. Soc. 2005, 127, 12196.
(48) Xia, B.; Lenggoro, I. W.; Okuyama, K. Adv. Mater. 2001, 13, 1579.
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Table 1. Summary of BET Surface Areas

Sample BET surface area (m?/g)
SS Bi,WOg <1
SS-M Bi, WO <1
USP Bi,WOsq 4
USP-M Bi,WOsq 7

of the metathesis precursors did not generate nanoplates.
This observation indicates that the spatial and temporal
confinements provided by the aerosol synthesis are also
critical to nanoplate formation and could provide similar
advantages when other metathesis processes are incorpo-
rated into USP. Total surface area measurements deter-
mined by BET analysis are listed in Table 1. The samples
prepared by conventional solid state heating methods
have very low surface areas (< 1 m?/g) regardless of the
starting precursors. Both samples prepared by USP have
higher surface areas.

The XRD patterns of all samples were indexed to
y-Bi,WOg4 (JCPDS 73-1126) (Figure 3). Comparatively
broadened reflections were obtained from USP Bi,WOg,
with an average crystallite size of 17 nm being calculated
from the {131} reflection. This estimate is consistent with
TEM of USP Bi,WOy. This same analysis for USP-M
Bi;WOg is unreliable given its nanoplate morphology.
Yet, the sharper reflections indicate the formation of a
more crystalline sample, which is facilitated by the release
of heat from the metathesis reaction. On the basis of the
crystal structure of Bi,WOg4 and SEM analysis, the nano-
plates are expected to consist of ~35—75 {Bi,0,""/
WO,>"} units.

The electronic states of Bi and W were determined by
XPS for the various samples. Both USP Bi,WO¢ and
USP-M Bi, WO, showed spin-coupled W(4f”/%, 4f>?) and
Bi(4f72, 4f5?) doublets at the binding energies consistent
with conventional Bi,WOgq (Figures 4a and 4b). However,
differences emerged when analyzing the O 1s core-level of
the various samples (Figure 4c). SS Bi, WOy, SS-M Bi, WOy,
and USP-M Bi,WOg displayed a narrow peak centered at

A A NSO
El A . ~__USP Bi,W0,
&=
o
m
€ 8S-M Bi,WO;
3 ) B DN Witk
S
=
743
3
= 88 Bi,WO,
o 2 6
- L l J A ~
PDF (JPCDS
1 ' | ' i 17'3-1126)
20 30 40 50 60 70

20 (degrees)

Figure 3. XRD powder patterns for USP-M Bi,WOg4, USP Bi, WOy,
SS-M Bi,WOq, and SS Bi,WOs. Included for reference is the PDF for
y-Bi,WOg (JCPDS 73-1126).
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Figure 4. XPS analysis of USP-M Bi,WOg, USP Bi,WOg, SS-M Bi, WOy,
and SS Bi,WOsq. In (A), the W 4f region, in (B) the Bi 4f region, and in (C)
the O 1s region.

a binding energy of ~530.5 eV, which is consistent with
lattice W—0.% Slight tailing to higher binding energies
was observed, which is ascribed to Bi—0.* In contrast,
the O 1s region of USP Bi,WOq4 consists of a broadened
feature extending from 529 to 535 eV. This dramatic change
in line shape indicates that multiple chemical environments
exist for oxygen, with My gi—OH,4s and H,O,4s accounting
for the broadening to higher binding energies.”>>' The high

(49) Crist, B. V. Handbook of Monochromatic XPS Spectra: The Ele-
ments and Native Oxides; Wiley: Chichester, 2000.

(50) Dupin, J.-C.; Gonbeau, D.; Vinatier, P.; Levasseur, A. Phys. Chem.
Chem. Phys. 2000, 2, 1319.
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prevalence of hydroxyl groups and adsorbed water indicates
that the USP Bi,WOg sample is more hydrophilic than the
other samples.’>>?

Bulk elemental analysis and energy dispersive X-ray
(EDX) analysis were consistent with the formation of
stoichiometric Bi,WOyg, but quantitative XPS revealed
different surface Bi-to-W ratios. In fact, USP-M Bi,WOq
is substantially enriched with tungsten compared to the
other samples (Biy sW for USP-M Bi,WOg4 compared to
Bi1‘75W, Bi1A4W, Bi1.75W for USP BizWO(,, SS BizWO(,,
and SS-M Bi,WOsy, respectively), indicating that the
nanoplates are terminated primarily by a {WO,>~} layer.
Interestingly, the survey scan for USP-M Bi,WOy re-
vealed trace sodium, Na™ (Supporting Information, Fig-
ure S5). As Na™ cannot substitute for Bi** in the Bi,WOq
crystal lattice,'” it is confined to and stabilizes the nega-
tively charged surfaces of the nanoplates, which is consis-
tent with the results from ED, EDS, XRD, and elemental
analysis and its proposed role as a habit modifier. As this
comparative analysis reveals, in addition to modifying the
particle structure, the integration of metathesis chemistry
into spray pyrolysis can greatly alter the surface properties
of the resultant particles.

Conclusions

The development of scalable synthetic routes to compo-
sitionally complex materials as samples with well-defined
size, shape, composition, and crystal-phase is important
for many applications and studies of fundamental structure—
function relationships. Here, a metathesis reaction was
coupled with USP for the first time. The non-transient
byproduct and heat produced modified the crystal growth
conditions, facilitating the formation of single-crystalline
Bi;WOg¢ nanoplates, when microspheres are otherwise

(51) Dharmadhikari, V. S.; Sainkar, S. R.; Badrinarayan, S.; Goswami,
A. J. Electron Spectrosc. Relat. Phenom. 1982, 25, 181.

(52) Nakamura, M.; Sirghi, L.; Aoki, T.; Hatanaka, Y. Surf. Sci. 2002,
507—510,778.

(53) Salmeron, M.; Bluhm, H.; Tatarkhanov, M.; Ketteler, G.; Shimizu,
T. K.; Mugarza, A.; Deng, X.; Herranz, T.; Yamamoto, S.;
Nilsson, A. Faraday Discuss. 2009, 141, 221.

Mann and Skrabalak

synthesized. Significantly, a range of solid-state metath-
esis reactions have been previously demonstrated, rapidly
producing crystalline powders that are structurally ill-
defined.*® The spatial and temporal confinement achieved
with this aerosol method provides a way of harnessing
metathesis chemistry to produce single-crystalline shape-
controlled particles and should be generally applicable to a
host of compositionally complex solids. The main chal-
lenges lie in identifying additional precursor combinations
that yield stable solutions suitable for integration into USP.
Beyond the BiOCI colloids employed here, other suitable
metal oxyhalide phases are known (e.g., SbOCI and
LnOCTI’s where Ln = La, Sm, and Gd) while other solvent
systems and spray techniques may be applicable.’* Gen-
erally speaking, the integration of new chemical methods
into USP that yield non-transient byproducts represents a
promising means of achieving structurally diverse particles.
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Internet at http://pubs.acs.org.
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