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Exfoliated HNb3Og Nanosheets as a Strong Protonic
Solid Acid

yet to be clarified, presenting an obstacle to further develop-
ment of active NBOs-nH,O catalysts. This lack of investiga-
tion can largely be attributed to the complexity of amorphous
Nb205'nH20.15’19

In this study, HNBOg exfoliated sheets, as two-dimen-
sional (2D) single-crystal metal-oxide sheets obtained from

Chemical Resources Laboratory, Tokyo Institute of layered HNBOs, were studied as a solid acid catalyst.
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226-8503, Japan, Research Institute of Instrumentation oxide in which H ions are emplaced between 2D 03~

Frontier, National Institute of Adanced Industrial Science . 0
and Technology (AIST), Central 5, 1-1-1, Higashi, Tsukuba, 210N nanosheets composed of Nhf@tahedr&® The 2D

Ibaraki 305-8565, Japan, Department of Chemical System Single-crystal nanosheets have the advantage of permitting

Engineering, School of Engineering, The Wanisity of a more elegant interpretation of the surface structure and
Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan, surface functional groups.

azngi? ﬁéllsr\:ﬁ%?]%,S'lgzﬁtrc])c-ﬁu?ano-kr;g qricg?oga/lgoj é‘ggl ), HNbgOE.; exfoliated sheets were prepared by exfc_)liation and

aggregation of layered HN®s through soft-solution pro-

cessing®?*Figures 1c and 1d show the transmission electron
microscopy (TEM) image and electron diffraction pattern
of colloidal NIxOs~ sheets obtained by the exfoliation

More than 15 million tons of sulfuric acid is consumed processes. The sharp electron diffraction pattern indicates
annually as a catalyst in the production of industrially im- that the [NROg]~ sheets retained the original single-crystal
portant chemicals. As the cost and inefficiency of separating sheet structure. Scanning electron microscopy (SEM) images
sulfuric acid from homogeneous reaction mixtures prohibits of layered HNBOg and HNRO;g exfoliated sheets are also
recycling of sulfuric acid as a catalyst, these processesshown in Figure 1. The surface area of the layered ¥Nb
produce large amounts of acid waste. This situation, coupledwas only 1 nd g=%, while that of HNRO;g exfoliated sheets
with the waste of energy associated with using unrecyclable reached 101 g2
catalysts, has led to a demand for environmentally benign  The acid catalytic activity of HN{Ds exfoliated sheets
chemical processes that reduce the impact on the environmenhas been demonstrated through the formation and hydrolysis
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and simultaneously increase profits through the use of
recyclable nontoxic solid acids as replacements for “toxic
liquid” acid catalyst$°

Solid acids should have high stability and strong Bragnsted
acid sites that function even in the presence of water becaus«%

water is involved in many industrially important acid-
catalyzed reactiorfsNiobic acid (NbOs-nH,0) is a promis-
ing candidate for such applications, as it is sufficiently stable

and remains active for acid catalysis in the presence of water.(17)

Nb,Os-nH,0 is already used for the production of industrially
important chemicals such as methgit-butyl ether, methyl
methacrylate, and 2,5-dimethyl-2,4-hexadiéi€ However,
the properties of NiDs-nH,O have yet to be examined
thoroughly, and although it has been reported thaiQyb
nH,O hosts several types of acid sités!’ the details have

*To whom correspondence should be addressed. Email:
chemsys.t.u-tokyo.ac.jp.
T Tokyo Institute of Technology.
#National Institute of Advanced Industrial Science and Technology (AIST).
* The University of Tokyo.
8 JST.
(1) Brennecke, J. BNature1997,389, 333.
(2) Harton, B.Nature1999,400, 797.
(3) Strukul, K.Nature2001,412 388.
(4) Anatas, P. T.; Kirchhoff, M. MAcc. Chem. Re®002,35, 686.
(5) Anatas, P. T.; Zimmermann, J. Brviron. Sci. Technol2003, 37,
94A.
(6) Clark, J. H.Acc. Chem. Re002,35, 791.
(7) Misono, M.C. R. Acad. Sci., Ser. 12000,3, 471.
(8) Okuhara, TChem. Re. 2002 102, 3641.
(9) Smith, K.; EI-Hiti, G. A.; Gamal. A.; Jayne, A. J.; Butters, Rrg.
Biomol. Chem2003 1, 1560.
(10) Tanabe, K.; Huerich, W, F.Appl. Catal., A1999 181, 399.
(11) Tanabe, K.; Okazaki, $\ppl. Catal., A1995 133 191.

domen@

10.1021/cm047990y CCC: $30.25

of ethyl acetat@? The surface areas and acid catalytic

(12) lizuka, T.; Ogasawara, K.; Tanabe, Bull. Chem. Soc. Jpri1983
2927.

13) Nowak, I.; Ziolek, M.Chem. Re. 1999 99, 3603.

14) Chen, Z.; lizuka, T.; Tanabe, KChem. Lett1984 1085.

(15) Ushikubo, T.; Koike, Y.; Wada, K.; Xie, L.; Wang, D.; Guo, &atal.
Today1996 28, 59.

(16) (a) Sen, B. K.; Saha, A. V.; Chatterjee,Mater. Res. Bull1981, 16,

923. (b) Sen, B. K.; Saha, A. Water. Res. Bull1982 17, 161.

Burcham, L. J.; Datka, J.; Wachs, I. E. Phys. Chem1999 103,

6015.

(18) Ikeya, T.; Sennna, Ml. Non-Cryst. Solid4988 105 243.
(19) Jehng, J. M.; Wachs, |. Ehem. Mater1991 3, 100.
(20) (a) Gasperin, P. MActa Crystallogr.1982 B38 2024. (b) Nassau,

K.; Shiever, J. W.; Bernstein, J. . Electrochem. Sod 969 116,

348. (c) Nedjar, R.; Borel, M. M.; Raveau, Blater. Res. Bull1985

20, 1291.
(21) Layered HNBEOs was prepared according to the method in the
literature? Exfoliated N3Og~ sheets were obtained by adding 15 wt
% tetraf-butylammonium)hydroxide (TBAOH™) solution to 150 mL
of distilled water containing 2.0 g of the protonated compounds.
TBATOH™ solution was added to the suspension until the pH reached
9.0-10.0, and the resultant solution was shaken for 3 days. The
insertion of voluminous and hydrophilic TBAcations expands and
hydrates the interlayer spaces, resulting in exfoliation. The suspension
was then centrifuged, and the supernatant solution containing the
nanosheets was collected. The addition of a nitric acid agueous solution
(0.1 M, 20 mL) to 30 mL of the nanosheet solution resulted in
immediate random aggregation of the nanosheets as a precipitate. The
aggregated sample was then rinsed several times with 100 mL of
distilled water to remove HN®
Esterification of acetic acid and hydrolysis of ethyl acetate were carried
out in an ethanetacetic acid mixture (ethanol: 1.0 mol, acetic acid:
0.1 mol) and distilled water containing ethyl acetate@4 1.7 mol,
ethyl acetate: 15 mmol), respectively, in an Ar atmosphere for 6 h.
Tested catalysts were evacuated at 453 Kifdh prior to reaction,
and 0.2 and 0.8 g of each catalyst were used in esterification and
hydrolysis, respectively. The liquid phase was analyzed during reaction
by gas chromatography with capillary columns.
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Figure 2. NH; TPD (me = 16) spectra for NiOs-nH,O, HNb;Og

exfoliated sheets, and HBh;010 exfoliated sheets.

Figure 1. SEM images of (a) layered HNBg and (b) aggregated HNOg
sheets, and (c) TEM image and (d) electron diffraction pattern of colloidal

exfoliated [NBOg]~. confirmed_ that in dehydration of 2-propanol (atmospheric
- o . flow reaction system, catalyst: 0.2 g, 523*K¢ach sample
Table 1. Esterification of Acetic Acid and Hydrolysis of Ethyl shows catalytic activity in proportion to that for ethyl acetate

Acetate by Exfoliated Sheets

formation, and 2-propanol conversion on Hjll exfoliated

esterificatio  hydrolysis sheets was estimated to be about 90% which was larger than

BET rate of rate of

surface produced produced that of NOs-nH,O (61%). In Friedet-Crafts alkylation of
area ethyl acetate ethanol anisole, HNBOg exfoliated sheets also exhibited higher
catalyst (g™  (molmin™)  (umolmin catalytic activity (yield: 95.6%, selectivity of phenyl ani-
HN:;f?)*fiate 4 sheets 101 118 2.33 sole: 98.2%) than NiDs-nH,O (yield: 28.0%, selectivity
Nb,Os-nH,0 128 64 1.07 of phenyl anisole: 70.3%). These results indicate that
SiO,—Al,03 685 20 0 HNb3;Os exfoliated sheets have a larger number of active
HSENb:OL0 65 20 0 acid sites than Nis-nH,O.
exfoliated sheets .
layered HNBOg 1 20 0 Figure 2 shows the NHTPD (m/e = 16) results for
no catalyst 20 0 Nb,Os'-nH-,O, HN;Og exfoliated sheets, and HS:01o
aUsing 0.2 g of catalyst Using 0.8 g of catalyst. exfoliated sheet® A large desorption peak for N®s-nH,O

, appears at 450 K with a shoulder at 550 K. As the weak
performances of tested samples are compared in Table 1g.,ncted acid sites on MDs-nH,O are removed at 500

As references, the results for HEb;O,, exfoliated sheets, K,1214the desorption shoulder at 550 K can be attributed to
N_t)Zofi”Hzo (CBMM Co.) and SiQ-AlOs (JRC-SAH-1,  g4ong Brgnsted acid sites. The NFPD profile for HNROs

Si/Al = 2.1) are also shown. NOs:nH,0 and SiQ—Al-Os exfoliated sheets is composed of two clear peaks, at 450 and
are typical commercial solid acid catalysts, while B8%0;0 590 K, the higher of which is higher than the temperature

exfoliated sheets are randpmly aggregated ZQ single—cr)_/stalof the shoulder peak of NBsnH0O, suggesting that HNDs
sheets prepared by exfoliation and aggregation of cation-gygoiated sheets have stronger acid sites thasOytbH,0.
exchangeable layered perovskite bh810102 SO, ~Al 0, In contrast, the N& TPD curve for HSiNbsOy, exfoliated
HSPND;Oy, exfoliated sheets, and layered Hi@lg did not g aets exhibits no desorption peaks above 500 K, indicating
catalyze either reaction. In layered Hill molecules are  y,5; the exfoliated sheets have no strong acid &kes.
unable to penetrate the narrow interlayer space to utilize Although NBOs-nH,0, HNb,Og exfoliated sheets, and
interlayer H ions as a catalyst. However, the HX HSENbsOy, exfoliated sheets are all Rbcontaining oxides,
exfoliated sheets exhibited remarkable catalytic performancehqre appears to be a definitive distinction in catalysis and
for both reactions, reaching twice that of the commercial 4:igity among these materials, suggesting that the appearance
Nb,Os:nH-O catalyst. After the reactions for 6 h, Hb® of strong Brgnsted acid sites is largely structure-dependent.
exfoliated sheets were simply recovered by decantation andFigure 3 shows!H magic-angle spinning (MAS) nuclear

recycled for further reaction. It was confirmed that the magnetic resonance (NMR) spectra for the M&%Oio
activities for the reactions remained unchanged even afterg ojiated sheets, HNDs exfoliated sheets, and NDs-

the sample was recycled for a third time. ICP analysis could 1,5 along with the schematic structures of the shéets.
not detect any leaching metal cations in the solutions after

reactions. This indicates that t_he e)_(foliated sheets function (24) Friedet-Crafts alkylation of anisole was carried out in an anisole (100
as a stable and recyclable solid acid catalyst. mmol)—benzy! alcohol (10 mmol) mixture at 423 K. 0.2 g of each

; ; ; catalyst was used in the reaction, and the liquid phase after reaction
T.o. further understand.the acid propemes, the catalytic for 4 h was analyzed by gas chromatography.
activities of the samples in dehydration of 2-propdhahd (25) The acidity of the samples was tested bys\&inperature programmed
Friedel-Crafts alkylation of anisofé were examined. It was desorption (TPD). NK TPD was carried out using a TPD-1-AT

instrument (BEL Japan) equipped with a quadrupole mass spectrom-
eter. After the sample was heated at 453 KId under He flow, 20
(23) Takagaki, A.; Sugisawa, M.; Lu, D.; Kondo, J. N.; Hara, M.; Domen, mg of the sample was exposed to Nat 373 K for adsorption and
K.; Hayashi, SJ. Am. Chem. SoQ003 125, 5479. then heated at 10 K min.
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(a) HSr,Nb,0,, exfoliated-sheets (b) HNb,O, exfoliated-sheets shared by two Nb™ (Nb(OH)Nb) in addition to isolated
55, Nb—OH groups. As a result, the chemical shift at 8.5 ppm
e I:'ii can be attributed to Nb(OH)Nb. This peak has a large
M 14 chemical shift and is not observed in thd MAS NMR
ANV, spectrum of HSINbs;Oyo exfoliated sheets (not an acid
e I catalyst), suggesting that Nb(OH)Nb functions as strong
LRE Brgnsted acid sites. Figure 3c shows fite MAS NMR
HHHHHB 5m el 8.5ppm spectrum for dehydrated NBs-nH,0, revealing a broad peak
Ve centered around 6.9 ppm with a shoulder at 1.7 ppraOyth
K XX nH,0 is formed by the random condensation qfNHsO1o
clusterst®*8resulting in a large variety of hydroxyl groups
(€) Nb,OgenH,0 and hence the broad peak in thé MAS NMR spectrum.
6.9 The above NMR spectra show that Hidlg exfoliated sheets
17 has a high density of surface hydroxyl groups at greater than
ca. 8 ppm compared with N®s-nH,O, indicating that the
HNb;Og exfoliated sheets catalyst has a higher density of
o0 M8 40l 5 0¢ 6 strong Brgnsted acid sites than Jig-nH0.
&/ ppm In summary, HNBOs exfoliated sheets obtained from

lure 3-01"' MAS NMIR spectra for (a) HSD:Ow exfoliated sheets, - |ayered HNBOg were found to function as a strong Bransted
(b) HNb:O5 exfoliated sheets, and (¢) bDsnH;O after dehydration. acid catalyst, exceeding the activity of }3-nH,O in the

On HSBENb:O;o sheets consisting of corner-shared NbO Presence of water. The catalytic performance of kDb
octahedra, H is located only on oxygen atoms at the vertexesexfoliated sheets was attributed to the formation of bridging
of the NbQ octahedra. The two peaks at 5.1 and 1.6 ppm hydroxyl groups, Nb(OH)Nb, suggesting that Nb(OH)Nb
in the NMR spectrum for the HSbzO;, exfoliated sheets functions as strong Brgnsted acid sites also inQ¢mH-0.

can be assigned to NHOH groups with and without A more detailed study is therefore necessary to determine
hydrogen bonds, respectivéyIn the NMR spectrum for ~ how the effective acid sites in HND exfoliated sheets differ
HNb,O; exfoliated sheets, three peaks appear at 1.3, 5.5, andTom those in NBOs-nH0.
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