3162 Chem. Mater2006,18, 3162-3168

Are lonic Liquids Really a Boon for the Synthesis of Inorganic
Materials? A General Method for the Fabrication of Nanosized
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This article presents a simple and fast method to synthesize metal fluorides such,a8dFgRZnk,
Lak;, YF;, Srk, and metal oxide F©; having different morphologies. The synthesis is carried out in an
ionic liquid solvent using a domestic microwave oven. The products are characterized with the help of
an X-ray diffraction method. The different morphologies of the products are studied with the help of a
high-resolution transmission electron microscope and a high-resolution scanning electron microscope.
The change in the oxidation state of the reactant Fe(lll) to the product Fe(ll) is confirmed through
Mdssbauer studies. The presence of carbon and its application as a reducing agent is illustrated by Raman
spectroscopy.

Introduction importance of RTILs in the field of inorganic nanosynthesis

Strategies for the fabrication of nanomaterials are of has gradually been realized and is presently the subject of

fundamental importance in the advancement of science anoJntense research with.published report's on the syqthesis of
technology: In the area of nanotechnology, one-dimensional nanqstructured mgtenals SQCh as platl_num, palladium, and
nanometer-sized materials such as nanowires, nanotubegN0dium nanoparticleSTellurium nanowires were prepared
nanorods, and nanoribbons have attracted considerabldn @n ionic liquid (IL) where poly(vinylpyrrolidone) acts as
attention because of their intrinsic size-dependent properties? Stabilizer’? Ir and Rh nanoparticles were synthesized in
and resulting applicatioris? ILs by a chemical reductiol.Anisotropic gold nanoparticles
Scientists are always in search of new chemistry and in Were synthesized in an ionogel templ&teCoPt nanorods
need of new solvents that have multi-universal properties were synthesized in an IL using cetyltrimetylammonium
that can act as templates, have a low vapor pressure, have Aromide as a surfactafit.LaCO;OH nanowires were syn-
high thermal stability, and show high solubility for organic, thesized in an IL}*ZnO was formed in an IL with different
inorganic, and organometallic compounds. Room-tempera-morphologies under NaOH as a basic mediiAt.Hollow
ture ionic liquids (RTILs) are well-known solvents with the TiO, microspheres, mesoporous Li®anosponges, super-
above promising properties and have received much attentionmicroporous silica, and conducting micro-silica spheres were
in many areas of chemistry and industrhe use of RTILs  prepared in IL$7-2° Ni nanoparticles were synthesized in
is well-documented in important fields such as synthetic- |Ls via the thermolysis of nickel formafd.M,S; (M = Bi,
organic chemistry, separation, and electrochemfstryrhe Sn) nanorods were synthesized in an IL with ethylene glycol
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and ethanolamin® A PbO nanocrystal with a PbS-type with concentrated nitric acid under heating. The crystalline product
structure was produced in an ?E.Recently, a large scale obtained was directly used for the synthesis of yttrium fluoride.
synthesis of single-crystal gold nanosheets has been reported General Method of Synthesis.A BMIBF, (10 g for each
in an IL without any additional template ageéAt. :ﬁaction)t.lL solv;ent and mert]al i)rgclurso(rj nitrats salt.s (L g)inall
High-speed synthesis with microwave (MW) radiation has ¢, oz /07 SYSIEMS Were heatea in & comestic microwave oven
. S (2.45 GHz, Kenwood Microwave 900 W) at different time intervals.
?ﬁ;agﬁgi:ni?:-sclgreer?/t())lliargt?ilénf::;t?r:tge\?\}iﬁnt;lne rﬁgﬁ)né?,a%(/s' Herein, we give a.general schgmatic rgpresentgtioq (Scheme .1) for
-~ 3 - - the formation of different fluorides at different time intervals with
radiation has helped to reduce chemical reaction times from e same reaction conditions under MW irradiation. After comple-
hours to minutes, and it is also known to reduce side tion of the reaction time the products were washed several times
reactions, increase yields, and improve reproducilifitthe with acetone and ethanol to remove the IL and other organic
observed rate enhancement is a purely thermal/kinetic effect,impurities and centrifuged for 10 min at 9000 rpm. The washed
that is, a consequence of the high reaction temperaturesproducts were dried under vacuum and used for further investiga-
(because of the superheated solvents above their boilingtions. The quantitative yields of the products obtained after drying
temperature) that can rapidly be attained by irradiating polar &€ in the range of 8695% (with carbon as an impurity). The
materials in a MW field. The ionic nature and thermal products were characterlzec_i by X-ray diffraction (XRD) measure-
stability of the RTIL make them very good solvents for ments on a Rigaku X-ray diffractometer (model 2028, Cm, &

. . . =1.788 92 A). The Mesbauef’Fe study was performed at ambient
absorbing MW radiation. This gives RTILs an advantage temperature using a conventional constant acceleration drive and a

o_verl(o)tzf;er solvents in the synthesis of inorganic nanomate-5u mci co/Rh source. The experimental spectrum was analyzed
rials . _ _ . ~ byaleast-squares fitting procedure, andfife isomer shifts were

To explore the chemistry of ILs in the field of inorganic relative toa-Fe. Raman spectra were recorded on a Jobin Yvon
chemistry, we report herein on a fast and simple approachHoriba Raman System. The 524 nm line of arr Aaser was used
to the synthesis of a large variety of differently shaped as the excitation source. The structural morphology was studied
nanocrystalline metallic fluorides using the combined effects With high-resolution transmission electron microscopy (HRTEM)
of an IL as a solvent and MW heating. There are a few °" a JEOL-2010, using an accelerating voltage of 200 kV. Samples
reports on the formation of metal fluorides under tribological for HRTEM measurements were prepared by ultrasonically dispers-
conditions?” Traces of water and the presence of transition Ing the pmdyds into absolute efthano' and. then placing a drop of

. . — . this suspension onto a copper grid coated with an amorphous carbon

metal in ILs yield metal fluoride$&t However, this phenom-

1 ; ; film and drying under air. High-resolution scanning electron
enoﬁ was n.ot observed for all the reactions carried .out under microscopy (HRSEM) images were taken using a JEOL JSM-7000F
MW irradiation, where the precursors have hydration water fie|q emission scanning electron microscope with an accelerating
molecules, even if water was intentionally added to the yoltage of 15 kV.
reaction mixtures$%1516.242q nlike ref 11, in all these cases
fluoride was not obtained. It was also reported that the Results and Discussion
decomposition temperature of the IL was generally not
affected, as a result of impurities £{81).2° In the current
article, our main focus is on the reactions of an IL, BMIBF
with different metal salts under MW radiation. This reaction Scheme 1. Formation of Metal Fluoride and Metal Oxide in

XRD Results. All the XRD patterns of the products are
presented in Figure 1, and in all the reactions we achieved

is examined by changing the metal nitrates used, as well as IL under MW Heating
by varying the irradiation time. In this paper, we concentrate MW
on the synthesis of nanosized metal fluorides having different  a) Fe(Il)(NOs);.9H,0 »  Fe,0;
morpho'ogies_ (BMIBF,) IL, time(2min)
MW
Experimental Section b) Fe(IN(NO3).9H,0 > FeF,

. . . (BMIBF;) IL+ time(10min)
Materials. 1-Butyl-3-methylimidazolium tertrafluoroborate

(BMIBF4, 99%, Solvent Innovation GmbH), iron nitrate (ACS MW
Merck, 99%), cobalt nitrate (Riede de Hae97%), zinc nitrate, ¢) Co(IN(NO3)2.3H,0 > CoF,
lanthanum nitrate, strontium nitrate, and yttrium oxide were (BMIBF,) IL, time(10min)

purchased from Aldrich at concentratiors99% and used in our

reactions. Yttrium nitrate was synthesized by reacting yttrium oxide MW

d) Zn(IN)(NOs),.6H,0 >  ZnF
(BMIBF,) IL, time(10min)
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Figure 1. XRD patterns of synthesized products in IL under MW irradiation.

a single crystalline phase. The Fe(fj¢¥eaction yields F£s; that the crystalline nature increases, as compared to products
at a short reaction time (2 min) under MW irradiation in an obtained without additional water, while the morphology also
RTIL. The XRD pattern of Figure 1a (Fe(NJ@as precursor)  changes. The XRD pattern of the product, Le&nder
matches well the PDF-39-0238 (b,.BB). The particle size  additional water is presented in Figure 1c. The MW reaction
calculated from the Scherrer equatiah=€ ki/(3 cos ) is of Co(NG;); in IL produces Cokfor a short period reaction
~30 nm (considering that the nanopatrticles were spherical), (5 min), as well as for a 10 min reaction. The XRD pattern
which is comparable with the size of the particles measured of CoF, (10 min reaction) is shown in Figure 1d (PDF-01-
from the HRTEM images. As the MW irradiation time is 071-0653, tetragonal). In this reaction we found that Co-
increased to 10 min for the Fe(NJ@ precursor, FeFis (NO3)2 in IL under MW irradiation is independent of the
obtained as the sole product. The XRD patterns of the irradiation time, as we obtain the same product. However,
product obtained in a 10 min reaction of Fe(j£n a MW from the XRD data we deduce that the product obtained from
are shown in Figure 1b. These patterns match well with the a 10 min reaction is more crystalline than that obtained from
PDF-45-1062 (tetragonal F@F The reaction is also con- a short time reaction. The Zn(NJ reaction in IL under
ducted in the presence of 10 wt % water (in addition to that MW irradiation for 10 min results in Zng&=The XRD pattern

of hydration water of the metal nitrates), and a 10 min MW is given in Figure le. The XRD pattern of the Zn(j©
reaction for the Fe(Ng); system in IL. The reason for the  product matches well the PDF-1-89-5014, tetragonal,ZnF
addition of water is to explore the effect of additional water The rare earth nitrate salt reactions in IL under MW
on the morphology as well as on the products. We found irradiation gives well crystalline fluorides as products. A 5
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Figure 3. HRSEM for (a) bar shaped Felnd (b) nanoparticles of Feland HRTEM (c, d) images of Fehanobars.

min MW irradiation was sufficient to obtain Lgland YR gives a crystalline SeFproduct. The XRD pattern of the
from the respective nitrate salts dissolved in IL. The XRD product is shown in Figure 1h and is in good agreement with
patterns of the products of the La(N@ and Y(NQ)s PDF-006-0262, face-centered cubic SrF

precursors are presented in Figure 1f,g, respectively. The Morphological Studies. HRTEM and HRSEM measure-
XRD patterns are assigned to La&nd YFs, based on a  ments were used to study the morphologies of the obtained
comparison with the XRD data of PDF-32-483 (hexagonal products. A short 2 min MW irradiation of an Fe(N@
LaFs) and PDF-1-70-1935 (orthorhombic ¥)Frespectively. precursor yields crystalline F®; nanoparticles, as shown
The Sr(NQ), reaction in IL under 5 min of MW irradiation by the X-ray pattern. The HRTEM images are shown in
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Figure 5. HRSEM images of the anisotropic nanostructure ZnF

Figure 6. HRTEM images of oval shaped nanoparticles of 4.aF

Figure 2a,b. The single nanoparticles of,®Ggare in the shaped morphology is changed into nanoparticles ob,FeF
range of 5-20 nm from the HRTEM images (Figure 2a,b). as illustrated in the HRSEM image presented in Figure 3b.
The observed spacing of the observed fringes is 2.7 A, fitting The HRTEM images for the bar-shaped EFedte pre-
well with the d value of the (222) plane. sented in Figure 3c,d. Figure 3d shows the fringes, whose

As the MW irradiation time is increased to 10 min for the spacing is 3.32 A, which also confirms the formation of
above Fe(N@)s system, Fefbars are obtained. The bar- crystalline Fek. The HRTEM picture in Figure 3c
shaped morphology of Fels seen in the HRSEM image in  shows the carbon wrapping the solid bar, as indicated by
Figure 3a. The MW reaction carried out in the presence of the small arrows. The carbon coating covers the whole
additional water shows a morphological change. The bar- Fek, bar.
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Figure 8. Md&ssbauer spectrum of FgBynthesized in an IL under MW
irradiation.

The reaction that Co(N£) undergoes in an IL solvent
under MW irradiation produces crystalline, aggregated
needle-shaped CeFThe aggregated needle structure of £oF
is presented in the HRSEM image in Figure 4a. Figure 4b
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Figure 9. Raman spectra showing the presence of bands for carbon in
FeR, that are absent in B3, synthesized in IL under MW irradiation.

in Figure 8. A least-squares fit procedure yields the following
values: isomer shift= 1.35(1) mm/s (relative tax-Fe),
quadrupole splitting 1£2qQ = 2.78(1) mm/s, and line width

of 2.86(1) mm/s. These hyperfine parameters are identical
to values published in the literature for R The fact that

presents an HRTEM image that shows the aggregated needlg single doublet is observed indicates clearly (within-&%o

structure. Thel spacing (3.32 A) obtained from the HRTEM
image of the Cofis analogous with thd value of the (110)
plane.

Anisotropic structures are obtained for the Zn@\itrate
system reacting with the IL under MW for a 10 min
irradiation. The HRSEM images are shown in Figure-6a
For the Zn(NQ). system we found different morphologies
of ZnF, such as bar, tripod, and star shapes.

A 5 min MW irradiation of La(NQ); and Y(NG;); salts
in ILs gives well-dispersed nanocrystalline particles of the
rare-earth fluorides, LaFand YR, respectively. The oval-
shaped nanoparticles (LgFand needle-shaped (¥JFare
shown in the HRTEM images, Figures 6 and 7. These
products are crystalline and can be observed from the
HRTEM images as well as from the XRD pattern.

Mossbauer and Raman Spectroscopy >Fe Massbauer
study at room temperature was performed for the FbBe

limit of uncertainty) that the measured sample is a single
phase material.

Raman studies have been carried out only for FejpO
reactions in search of the reducing agent that yielded
FeF, as the product. The Raman spectrum of a reaction
product of Fe(N@)s in IL after 10 min of MW irradiation
shows the two characteristic bands of carbon at 1354'cm
(D band) and at 1589 cmi (G band). The intensity of
the G band related to the graphitic carbon is larger than
the disordered D band carbéhThese carbon bands are
detected for the sample of bar-shaped féfor the short
reaction of 2 min of MW irradiation, no carbon peaks are
detected. These results confirm that the@zesample does
not contain any type of carbon. Raman spectra are shown in
Figure 9 for both FefFand FgO; samples. This also confirms
that, during the 2 min reaction, no decomposition of the IL

shaped product by using a conventional constant acceleration

drive and a 50 mC?¥Co/Rh source. It is readily observed

(30) Greenwood, N. N.; Gibb, T. QViéssbauer SpectroscopZhapman
and Hall, Ltd.: London, 1971; p 117.

that the spectrum contains only one doublet and is presented31) Shanmugam, S.; Gedanken, A.Phys. Chem. R006 110, 2037.
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takes place. On the other hand, such dissociation occurs forthat C, H, N analysis shows a high concentration of carbon
the 10 min reaction. The carbon is the reducing agent for in the bar-shaped Fek7.1%) sample, as compared to other
the Fé" ions. metal fluorides such as Cek2.4%) and Znk (4.2%). The

In all above inorganic reactions conducted in IL solvents, solubility product of FeFkin the IL is smaller than that of
the fabricated nanosized products were formed having FeO. The reaction of cobalt(ll) nitrate with the IL forms GoF
different morphologies, that is, F&s; (hanoparticles), FeF in a very short (2 min) reaction time. This is because the
(bars), Cok (aggregated needle), ZnFanisotropic nano-  reaction between Co with F~ is fast. The same is true for
structure), Lak (oval), and Yk (needle-shaped). What is almost all the other metal fluorides. The evidence for the
also common to all the current reactions is that the solvent, existence of carbon, which plays an important role in the
namely, the IL, serves as the source of the fluoride ions. In reduction of Fé&" to F&t, comes from HRTEM as well as
one case, that of the Fe(lll) ions, where thé'FReas reduced  from Raman spectroscopy. The HRTEM image is depicted
to Fe', the solvent was the source of the reducing agent. in Figure 3c, where a layer of carbon is coating the FeF
We have already argued that the IL is a good susceptor ofbar. The Raman spectrum shows the presence of D and G
the MW radiation because of to its ionic nature. Therefore, bands for carbon in the FeBample. A>’Fe Massbauer study
its boiling temperature is reached within a very short time. of the Fel; sample also reveals a single-phase material.
When the (BMIBR) IL solvent exceeds its boiling temper-
ature as a result of superheating, it decomposes. The BF Conclusion
anion undergoes fast hydrolysis in the presence of transition
metal salts with hydration water molecules under MW
superheating!?°

In conclusion, the answer to the question raised in the title
is yes. ILs are a boon and are an important tool in the field
of inorganic material synthesis. We have developed a simple
general route for the synthesis of different nanosized mor-
phologies of metal fluorides. What was common to all the
metal fluorides was the one-dimensional rodlike structure.
They differ, however, in the organization of the rods showing
star-shaped, tripod, and aggregated needle morphologies,
depending on the metal precursor. The Fe(lll) system differed
ffrom the other systems, yielding #&; for a short reaction

BF, '(IL) + H,0 — BF;-H,O(IL)** + F(IL)

A similar BFR:*NHjs is well-known.

This fluoride ion reacts with the metal, giving an insoluble
metal fluoride. In parallel, the cation decomposes to form
carbon. The formation of a small grain of carbon causes the
temperature to further increase because of the therma

runaway phenomenon, which creates hot spots in the Ii§uid. ime, but for longer reaction times it forms a metal fluoride,
In the Fe(NQ); system, for a short reaction time (2 min) e This synthesis method can be generalized for preparing
MW radiation yields FgO; because of the presence of metal fluorides in neutral IL under MW irradiation. We also

oxygen in the air. At a longer reaction time, as the have found some exceptional cases for metals such as copper,

temperature rises, the decomposition of the imidazolium ion nicke_l,_ and silver nitrate systems i_n IL. Und_er s?milar reaction
occurs, forming carbon. The hot carbon is the reducing agentconditions pure metals are obtained. This will be reported
that converts Fe(lll) to Fe(I§* The evidence for the elsewhere because our research is not complete.
formation of carbon is given above. In addition, we found cMo060782G
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