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Preparation and Study of Decavanadate-Pillared Hydrotalcite-like Anionic Clays Containing
Cobalt and Chromium
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Hydrotalcite-like compounds containing Co(ll) and Cr(lll) in the brucite-like layers have been prepared. The
interlayer anion was carbonate or decavanadate. The chemical formulas of the samples @f&J&(OH),]
(CO3)0.1751.22H0 (sample CoCrC) and [G@iCrosdOH)J(V 10028)0.0651.35H0O (sample CoCrV). The
compounds have been characterized by X-ray diffraction, XAS, vis-UV, FT-IR, and Raman spectroscopies, while
the surface textures were assessed by nitrogen adsorption. Reducibility has been studied by temperature-
programmed reduction. A similar characterization study has been carried out on samples obtained after calcination
of the parent samples in air at increasing temperatures. Results indicate an ordered structure, with Co(ll) and
Cr(lll) ions in octahedral holes of the brucite-like layers and, in CoCrV, decavanadate species with itS;main

axis parallel to the layers. Thermal decomposition at increasing temperatures takes place, for CoCrC, through
intermediate formation of Cr(VI) species, which are again reduced to Cr(lll) at higher temperatures; simultaneously,
Co(ll) is oxidized to Co(lll) (even at 673 K), thus leading to formation of Co"Cr''O,. However, decomposition

of CoCrV takes place through partial depolymerization of decavanadate species and formatidé@eOgand
Co',V,07, without intermediate formation of Cr(VI) species.

Introduction immersed in aqueous solutions containing the entering &nion.
Bish® has described another method consisting of reaction of
the LDH with dilute HCI; this reaction gives rise to decomposi-

tion of carbonate (because of the lower pH) and introduction

Layered double hydroxides (LDH) are materials with an
increasing interest because of the large number of fields where
they find applications, suc;h as pharma}c_eutlcals, adsorbents, etC'Of chloride in the interlayers; chloride is more easily exchanged
as well as the use of their decomposition products as catalysts

Lo . than carbonate, and then a further exchange may lead to the
and catalyst supports, mainly in hydrogenation, aldol condensa-, . . . . i
. ; . o desired compound. This reaction can be summarized as follows:
tion, re-forming, and also selective oxidatibnProbably, the
unique advantage of hydrotalcites occurs because the different [LDH]CO, + 2HCIl — [LDH]CI, + CO, + H,0O

cations are well apart from each other, thus allowing formation )
of well-dispersed mixed oxides upon decomposition. This method has been successfully used by Kewal.* and

Although they are commonly known as “hydrotalcite-like” ~Wolterman to introduce decavanadatey®.¢°", in hydro-
compounds, they should be more properly named “anionic talcites containing ZrAl, Zn—Cr, or Ni—Al in the brucite-
clays”, as hydroxyl is not (most usually) the only anion existing like layers. Drezdzohhas reported that the procedure is even
in the structure. Their formula can be written as e€asier if the interlayer is previously expanded by introduction
M 1, M'(OH)o]* (X™ )ymrNH.0, where M= divalent cation, of organic molecules such as terephtalate. Ulibetrel.” have
M’ = trivalent cation, X= anion, usually Cf, OH~, COs*", recently reported a comparative study on the use of different
and carboxylate, etc. The name comes from the mineral Methods to intercalate decavanadate into hydrotaiaitedirect
hydrotalcite, MgAl (OH),6(CO3)-4H,0, or [Mgo.75Al 0.2 OH),] exchange, intermediate use of terphtalate, and reconstruction
(COs)0.1250.5H,0, according to the formulation method above from the product calcined at 823 K).
given. Their structure consists of brucite-like layers positively ~ Preparation of mixed oxides containing two or three different
charged after partial M(I)/K{II) substitution, the excess in  cations is a very interesting field, as these sorts of materials
positive charge being balanced by interlayer anions; water find application in reactions involving catalytic partial and
molecules also are located in the interlayers. One of the mostSelective oxidation processes. The use of hydrotalcites seems
useful properties of hydrota|cites is the easy exchange of the rather interesting in this f|e|d, because, with use of different
inter|ayer anionS, |eading to a |arge number of different atomic ratiOS, the chemical CompOSition of the |ayerS can be
compounds. Exchange of carbonate, chloride, nitrate, etc., with changed; moreover, the introduction of interlayer polyoxomet-
polyoxometallates may lead to formation of pillared materials. allates is then a method for introducing a third cation in the

One of the methods reported in the literature for exchanging Mixed oxide obtained after calcination of the resulting ex-
the interlayer anion is based on the ability of LDH to recover changed hydrotalcite.
their layered structure after a mild calcinatioca( 700 K, - - -
depending on the nature of the ions in the layers) when g; Fégﬁ’h'gl' XYBIif‘?\A“?nsrﬁfelg%'gcé?i%gé 135.
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In the present work we report on the preparation of a material Table 1. Results of Chemical Analysis (Metals) for Samples
possessing the hydrotalcite-like structure containing cobalt and CoCrC and CoCrv

chromium in the layers and carbonate in the interlayers. From sample Co cr va ca Co/CP St
this, another layered material has been prepared by exchang€ - ~c~ 295 140 1.73 1.86 86
of the interlayer carbonate with decavanadate, using the cocrv 18.3 10.4 18.7 0.02 1.60 94

intermediate reaction with HCI. Finally, the thermal decom- . h b i o1
position of both solids to mixed oxides has been monitored. Weight percent? Atomic ratio.® Unit: m= g™~

mL/min); experimental conditions for TPR runs were chosen according
Experimental Section to data reported elsewhérim order to reach good resolution of the
component peaks.

The laser-Raman spectra were recorded in a FT-Raman 910
instrument from Nicolet, using a Nd laser (9394 dnand a Ge
detector.

X-ray absorption spectra (XAS) atdtV K (5464 eV), Cr K (5989
eV), and Co K (7710 eV) edges were collected at 77 K on station 8.1
at Daresbury Synchrotron Radiation Source (Daresbury, U.K.) with an
electron ring running at 2 GeV and 15010 mA. Monochromatization

Samples Preparation. The layered materials have been prepared
following the method described in the literatdreAll reagents were
from Fluka, p.a. (Germany). An aqueous solution containing 30 g of
Co(NGs)2:6H,0 (ca. 0.1 mol) and 21 g of Cr(N€)s-9H,O (ca. 0.05
mol) in 300 mL of distilled water was slowly added at room temperature
to another solution containing 12 g of NaOER( 0.3 mol) and 5.5 g
of N&CQ; (ca. 0.05 mol) in 500 mL of distilled water, while this was
being vigorously magnetlc_ally stlrre(_j. Once the addition was com- was obtained with a double silicon crystal monochromator working at
pleted, thg purple suspension was stirred fpr 24 .h atroom temperatL!reThe (111) reflection, which was detuned 20% to minimize higher
T_he_ precipitate was separa_ted by centnfugatl_on and W‘.aShEd with harmonics. The measurements were carried out in transmission mode
distilled water until the washings were free of nitréted portion of using optimized ion chambers as detectors. The samples were ground
the suspension was filtered and dried at room temperature, leading o nd homogenized, diluted with boron nitride when neccessary, and
a sampl_e named _hfereafter CoCr_C. A pOI’t'IOn of 100 mL Of_ the pressed into self-supporting wafers with a total absorbance 2.5 above
suspension (containinga. 4 g of solid) was adjusted to pH 4.5 with 0 1o orded edge and edge jumps between 0.4 and 1.0. At least three
0.5 M HCL An aqueous solutlo_n was prepare_d by dissgiving of . scans were recorded and averaged in order to obtain the experimental
NavQ, in 100 mL of water_, and it was also ad_Justed tp PH 4.5 using spectra. The EXAFS functiory(k)) was obtained from the experi-

0.5 M HCI. The suspension of the hydrotalcite was introduced in a mental X-ray absortion spectrum by conventional proceddr&XAFS
DOS'F“"’“ 725 coupled ta a pH-meter Model 691, an_d the vanadate data analysis and handling were performed using the program package
solution was slowly addedt& 30 drops/min), the pH being automati- N E\EXAFS. Theoretical backscatterering amplitude and phase func-

cally lmtalgta;g]ed a: a value t(')f Ac'j'S't Oncet the ad(tjltlor} hids ﬁefl: tions for absorberbackscatterer pairs were calculated by using the
completed, the system was stirred at room temperature for ' eprogram FEFR! n-Hexylammonium vanadate used as a reference

pH bem_g automatlca_lly maintained gt 4.5 during all of the pr_ocedure. material in XAS experiments was provided by Romet al12
The solid thus obtained was centrifuged and washed until no free

(unexchanged) vanadate remained, thus leading to a sample nameqResults and Discussion
CoCrV.
Both layered precursors, CoCrC and CoCrV, were heated in air for _ COPalt—Chromium Hydrotalcites. (a) Chemical Analysis.
2 h at increasing temperatures, leading to samples named C8CoC- Results for chemical analysis are given in Table 1, where the
and CoCrVT, respectively, where T stands for the calcination tem- atomic ratios for the cations in the layers are also given. These
perature in kelvin. are 1.86 and 1.60, respectively, for samples CoCrC and CoCrV,
Techniques. Chemical analysis for Co, Cr, and V were carried out both values being within the usual range reported in the literature
by atomic absorption in a Mark-Il ELL-240 instrument. Analysis for  for different hydrotalcited. The slight decrease for sample
C was performed in a Perkin-Elmer 2400 CHN apparatus. CoCrV should be ascribed to an easier, more selective dissolu-
_X-ray diffraction (XRD) patterns were recorded on a Siemens D-500 tjon of Cr(lll) during treatments leading to sample CoCrV.
dlﬁrgctometer with a graphite-filtered CuoKL raQ|at|on (1.5405 A)' FT-IR studies (see below) show that carbonate is the only
a?t?]'rgieffr::g&if;gx;g'Mp data acquisition microprocessor provided interlayer anion in sample CoCrC, the presence of bicarbonate
: being excluded because IR bands that could be ascribed to such

Differential thermal analysis (DTA) and thermogravimetric analysis )
(TGA) of the samples were carried out in Perkin-Elmer DTA 1700 an anion are absent. On the other hand, FT-IR shows the

and TGS-2 apparatuses, respectively, coupled to a Perkin-Elmer 36002bsence of carbonate in sample CoCrV where only traces of C

data station, at a heating rate of 10 K/min. are detected by elemental chemical analysis, thus indicating that
The visible-ultraviolet spectra of the samples were recorded the exchange of C§£~ by vanadate species has been effective.
following the diffuse reflectance technique (viV/DR) in a Shimadzu With regard to the interlayer anion in sample CoCrV, we

UV-240 spectrophotometer, using 5 nm slits and MgO as a reference.assume a general formula,®z’~ and that all vanadium is
Specific surface areas were measured following the single-point present as a single species in the interlayer, balancing the
method in a Micromeritics Flowsorb 11-2300 apparatus by nitrogen positive charge of the layers. They ratio can be obtained
adsorption after degassing the sampitesitu at 400 K for 2 h. Full from the Cr and V contents (Table 1), and the formula of the
nitrogen-adsorption isotherms were recorded in a Pyrex high-vacuum polyvanadate species can be written agQé; 454, very close

instrument, equipped with a rotary pump, silicon oil diffusion pump, 6— . .
and McLeod gauge for absolute pressure measurement; changes ir%O t?f expected [¥0Oz4°" that is the stable species at pH

pressure during adsorption were monitored with an MKS pressure ™*:
transducer; the samples were outgaseesitu at 400 K for 2 h before From these data the formulas of these precursors can be
the isotherm was recorded. written as follows: [C@65Cro.3dOH)2](CO3)0.1751.22H0 and

The Fourier-transform infrared spectra (FT-IR) of the samples were
recorded in a Perkin-Elmer FT-IR 1730 apparatus, with a nominal (%) Malet, P.; Caballero, A). Chem. Soc., Faraday Trans.198§ 84,

resolution of 2 cm' and averaging 100 scans; the sample was pressed (10) SS;E;/%rs D. E.. Bunker, B. A. iX-Ray Absorption: Principles
in KBr pellets. Applications and Techniques of EXAFS, SEXAFS and XANES;

Temperature-programmed reduction (TPR) analysis was carried out Koningsberger, D. C., Prins, R., Eds.; Wiley: New York, 1988.
in a Micromeritics TPR/TPD 2900 instrument, at a heating rate of 10 (11) Mustre de Lén, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, R. Rhys.
K/min, and usingca. 15 mg of sample and aJ#r (5% vol) mixture Rev. B 199], 44, 4146.

; ~ ; : : (12) Romia, P.; Aranzabe, A.; Luque, A.; Gltiez Zorrilla, J. M.Mater.
(from Sociedad Espafa del Oxgeno, Spain) as reducing agent (60 Res. Bull 1991, 26, 731.

(13) Clark, R. J. H. IlComprehensie Inorganic ChemistryBailar, J. C.,
(8) Burriel, F.; Lucena, F.; Arribas, S.; Hémdez, JQuimica Analtica Jr., Emeleus, H. J., Nyholm, R., Trotman-Dickenson, A. F., Eds.:
Cuantitatva, 13th ed.; Paraninfo: Madrid, 1989. Pergamon Press: Oxford, U.K., 1973.
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) ) ) 20 Figure 2. Co K edge EXAFS: Modulus and imaginary part of the
Figure 1. X-ray diffraction patterns of CoCrC and CoCrV hydrotal-  |3.weighted Fourier transform for CoCrC and CoCrV hydrotalcites and
cites. for crystalline Co(NQ)2:6H.0. Solid lines: unfiltered experimental

data. Dashed lines: best-fit functionsk = 3—12 A1 in all of the

[C00.61Cr0.3OH)2](V 10028)0.065 1.35H0, assuming that the only ~ Fourier transforms.

trivalent cation in the layers is Cr(lll) and calculating the water ) ) .

content from TGA (see below). metallate. Ulibarriet al” have recorded a peak at 10.4 A in
(b) Structure of Cobalt—Chromium Hydrotalcites. The thIe.XRD d|agra(;r}s”of O!eca:j\{gnadate-ccr)]nt(?lnlng dMg, Al hydro-

X-ray diffraction diagrams of samples CoCrC and CoCrV are talcites prepared following different methods, and, in agreement

included in Figure 1. Peaks for sample CoCrC are sharp andwith these authors, it has been ascribed to the presence of a
intense, although the overall crystallinity is lower than that biphasic material that hinders the peak due to diffaction by

previously found for Mg, Al hydrotalcite’ It should be noted ~ Planes (003). So, the expected position for the peak due to
that only peaks due to diffraction by the layered material are diffraction by planes (003) can be calculated from the positions
recorded, peaks originating from crystalline oxides, hydroxides, of the sharper peaks due to the (006) and (009) planes by using

carbonates, or bicarbonates of the component cations being[he following equation:
absolutely absent; these compounds are usually formed during
preparations similar to that used here if too large M(I1)/M(III)

ratios or prolonged hydrothermal treatment (usually carried out

to improve the crystallinity) are uséd. The spacing measured
for planes (003), corresponding to one-third of dimensiors the broad peak at 10.7 A. The value calculated for parameter

7.65 A, within the range reported for different hydrotalcites © (3doos = 35'260'8;)1 Is in agreement with the value reported by
containing Cr(Ill) and Zn(l1), Cu(ll) or Ni(ll), and F, CI-, several authorg%21for decavanadate-containing hydrotalcites.

NOs;~ or COZ~ in the interlayet15 On the other hand, Finally, parametea is 3.08 A, coincident within experimental

parameter is 3.058 A and is calculated from the position of ©M" with the vaIu_e of sam_ple_CoCrC. .
the XRD peak due to planes (110). This parameter depends Although both diagrams in Figure 1 show a broad reflection

only on the nature of the cations existing in the layers, and the closbe tot y :t3.5°.’ tthDliqnnot bel dgectovthe tp;]rescencetoft
value is within the range usually reported for materials with carbonate-containing In sample LoLTV, as the L conten
the hydrotalcite structurkls-17 in this sample is only 0.02% and, in addition, the more intense

The diagram for sample CoCrV shows two reflections peak due to planes (006) is not recorded for sample CoCrV in

4 . : the position expected for CoCrC.
co:jre; %%ng\lng to d'ﬁ.r acltlon Ibk): plaﬂesh(f(zog) and (3?9) at %?7 The pronounced asymmetry of the diffraction peaks due to
?rgctio.n an ,I(;sestﬁgﬁtli\rget%é i;s%ugf sZn: ?e é%vé?(r: ?rvﬁlgrbrcl)é dthe (015) and (018) planes has already been reported for samples
cak at 1097 A does not match with thep osition éx ected for similar to those prepared in this w@fkand has been ascribed
P N P pect to a partial disordered structure, coexisting with well-ordered
planes (003) if the peaks at 5.87 and 3.90 A are ascribed tostacks of lavers
planes (006) and (009), respectively. Pinnawetial® have Yers.

reported a broad peak at 16.20.9 A upon intercalation of The local order around the Co and Cr cations in samples
[0-SiW11034]8~ into zinc and aluminum hydrotalcites, and this CoCrC and CoCrv has been studied by X-ray absorption

i > " i spectroscopy (XAS) in order to ascertain whether all the cations
pmeeigllk;;\ 6'::'tgzgrzztl:c:?:ﬂg?lz\zn;sp\opreps)zlrttségfaﬂl;?og?jlypo::k at are located within the layers (the broadening observed in XRD
11—13 A for compounds similar to those studied here, and they lines thus being produced by the presence of small crystals) or

have ascribed it to a new compound formed as a result of thewhether amorphous phases are present in addition to the

. . . o hydrotalcite material. For both samples, the Fourier transform
reaction between the basic hydrotalcite and the acidic polyoxo- (FT) of the EXAFS oscillations at the Co K edge, Figure 2,

has two well-resolved peaks e& 1.6 and 2.8 A (phase shift

d(003) =1 2)[2d(ooe) + 3d(oogﬂ

thus yielding a value of 11.72 A.e., it is probably hidden by

(14) Del Arco, M.; Rives, V.; Trujillano, RStud. Surf. Sci. Catall993 uncorrected). The first peak also appears in the FT of bulk
87, 507. . .
(15) de Roy, A.; Forano, C.; El Malki, K.; Besse, J. PHrpanded Clays Co(NG;)2-6H,0 and should be ascribed to oxygen neighbors
and Others Microporous Solig®ccelli, M. L., Robson, H. R., Eds.; in the first coordination shell of Co. The second maximum
1) Lan Nostrand Reinhold: New York, 1992. © appears only for the hydrotalcites, and, in agrement with the
(16) M;tsrr_niggi 3"’62eg_na €z, 9. M., Labajos, . M., Kives, ‘Lhem. structure of the layer (see Chart 1), its main contribution should
(17) Uzonova, E.; Klissurski, D.; Mitov, |.; Stefanov, @hem. Mater1993
5, 576. (20) Kooli, F.; Rives, V.; Ulibarri, M. A.Inorg. Chem 1995 34, 5114.
(18) Narita, E.; Kaviratna, P.; Pinnavaia, T.Chem Lett 1991, 805. (21) Kooli, F.; Rives, V.; Ulibarri, M. A.Inorg. Chem 1995 34, 5122.
(19) Wang, J.; Tiam, Y.; Wang, R. C.; Clearfield, 8hem. Mater1992 (22) Herfadez, J. M.; Ulibarri, M. A.; Cornejo, J.; PanM. J.; Serna, C.

4, 1276. J. Thermochim. Actd 985 94, 257.
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Chart 1. Idealized Structure of a Brucite-like Layer Table 2. CoCrC and CoCrV Hydrotalcites: Structural Parameters

Showing Coordination Shells around a Given Cation (Solid  from EXAFS

Circle): (1) First Coordination Shell of Oxide Anions; (2) bond N AG? x 10° R(A) AE° (eV)

Second Coordination Shell of Cations; (3) Third

Coordination Shell of Anions coCrC
Co-0O 6.0 6.9 2.08 3.3
Co—M 6.0 7.2 3.10 25
Co-0O 5.9 8.5 3.68 3.3
Cr—0 6.0 3.2 1.98 6.8
Cr—M 6.0 6.9 3.09 11.0
Cr—0 7.8 2.2 3.83 10.6

CoCrVv

Co-0O 6.0 5.4 2.08 6.5
Co—M 5.9 4.6 3.08 7.6
Co-0O 5.9 8.8 3.68 3.5

@ Estimated error for coordination numbeis) (and bond lengths
(R) are+10% and+0.02 A, respectively. Unfiltered experimental data
were fitted (fit range 3-12 A~ at the Co K edge and 3-411.9 A1 at
the Cr K edge).

V-K edge

be due to metallic cations forming a second coordination shell
at distancea. EXAFS spectra were analyzed by best-fit
procedures. Fit parameters obtained for CogN®H,0 (6.0
oxygen atoms at 2.07 A) are in excellent agreement with
crystallographic data for this material (6 oxygen neighbors at
2.066 A3), showing the suitability of theoretical references
employed in the analysis.

EXAFS data at the Cr K edge (not shown) are similar to
those obtained at the Co K edge, the FT also showing two
resolved peaks for CoCrC. EXAFS oscillations & thK edge
for sample CoCrV are only 520 eV lower in energy than the Cr
K edge, contaminated Cr K EXAFS oscillations being useless
for a proper analysis. However, the XANES region of the Cr
K XAS, also sensitive to the local environment of the absorbing
atom, is almost identical for CoCrC and CoCrV, thus indicating
that the structure around €r cations is the same for both —0.4
samples. The Cr K EXAFS of an aqueous solution of
Cr(NOs)3-9H,0 was recorded and analyzed to test the suitability
of the analysis procedure. Best-fit parameters for the spectrumFigure 3. V K edge XANES for hydrotalcite CoCrV and crystalline
of this solution (6.1 oxygen neighbors at 1.96 A) are also in """€xylammonium decavanadate.
good agreement with the known coordination of‘Ccations
in aqueous solution (6.0 oxygen at 2.G4).

In agreement with the coordination expected if all of the
metallic cations were within the layers of a hydrotalcite structure o 725 ; S 3
(see Chart 1), an excellent fit of the first two maxima appearing '(CT"") = 0.12 Al This result indicates the existence of
in the FT is obtained either at the Co K edge (see Figure 2) or distortions in the hydrotalcite layer due to the different cationic

Cr K edge by considering three coordination shells for which "adii. EXAFS spectroscopy is sensitive to such distortions,
fit parameters are collected in Table 2. The first shell of both Which are not detected by XRD or other experimental tech-

cations is fitted by 6t 0.1 oxygen atoms, indicating that they ~Maues. o _ . -
are located in octahedral sites in an oxygen framework, while The structure of vanadate ions in the interlayer is also clarified

the second shell has a main contribution of60.1 metallic by XAS. Figure 3 shows the XANES atefV K edge for the
atoms at 3.09 0.01 A. The fit is improved by introducing a CoCrV sample compared with that recorded for a crystalline
weaker contribution of a third shell formed lma. 6 oxygen  decavanadate [(neBl1NHa)e(V10026)-2H,0]. Features such as
neighbors at 3.68 A. preedge peak intensity and position, main edge position, and
It should be noted here that it is not possible to determine postedge structure are almost identical in both spectra, indicating

the relative number of Co and Cr cations in the second shell, that vanadium in CoCrV is as % forming decavanadate
due to the similar atomic numbers of both elements. Thus, by clusters. , o
considering either Co and/or Cr neighbors, we obtained fits with ~ (€) Oxidation State of Cobalt. Co(ll) is stable in acidic

the same quality, changes in the fit parameters being within Solutions, as the standard electrode potential of the paif Qo
experimental error. Cox" is 1.808 V at pH= 0.2 However, this value sharply

It is also worth noting that the shortest €6 bond distance decreases as the pH is increased, reaching a value of 0.17 V at

for the CoCrC sample (2.08 A) is significantly longer than the PH = 14. So, an oxidation (partial, at least) oxidation of Co-
(I) to Co(lll) during the precipitation process cannot be

Normalized absorption

11 L
5475 5500 5525

Energy (eV)

shortest C+O bond distance (1.98 A), the difference between
both M—O distances AR = 0.10 A) being close to the
difference between ionic radii for both cationg(Go*") —

(23) Prelesnik, P. V.; Gabela, F.; Ribar, B.; KristanovicClyst. Struct.
Communl973 2, 581. (25) Huheey, J. E.; Keiter, E. A.; Keiter, R. llnorganic Chemistry,

(24) Magini, M. X-Ray Difraction of lons in Aqueous SolutipriSRC Principles of Stucture and Reagty, 4th ed., Harper Collins: New
Press: Boca Raton, FL, 1988. York, 1993.
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Figure 4. Temperature-programmed reduction curves for hydrotalcites
CoCrC and CoCrV.

discarded beforehand. We report here on some studies in order
to assess the oxidation state of Co in the samples prepared here.

The position of the main edge in the XAS spectrum is
sensitive to the oxidation state of the absorbing atom, being
shifted to higher energies when its positive charge increases.
The position of the first inflection point at the Co K edge (7718.7
£ 0.1 eV) does not change in a significant way when going
from Co(NG;),-6H,0 to CoCr hydrotalcites, thus showing that
most cobalt is as divalent cations in these samples.

The oxidation state of cobalt has been also ascertained by
temperature-programmed reduction (TPR). The reduction pro-
file for sample CoCrC, Figure 4, shows a single, broad reduction
step centered ata. 673 K; under the experimental conditions
used, Co(ll) should be reduced to Co(0), while Cr(lll) is not
reducec® The recorded hydrogen consumption (52000l
H./g solid) fits within 4% the amount of cobalt in the sample
(5010ug of atoms/g of solid), thus accounting for the reaction

4000 250
cm’

Figure 5. FT-IR spectra of CoCrC and CoCrV hydrotalcites.

cott + H,— Co+ oHt reported for other hydrotalcites systé#& and also in arago-
nite28 The very weak shoulder at 1060 chcan be ascribed
We should conclude that no significant oxidation of Co(ll) has !0 the totally symmetric stretching mode although this mode
taken place during synthesis of the hydrotalcite. is IR-forbidden, bqt Raman-actwe for freg carbc_)nate, the
With regards to sample CoCrV, the TPR profile shows a lowered symmetry in the interlayer may activate this mé&de.
reduction peak split in two maxima at 693 and 737 K and an The other two bands due to carbonate, out-of-plane{S20
additional peak at 879 K. We have previously repoitedat cm™) and in-plane ¢a 670 cnT?) deformations, are usually
V(V) species of interlayer decavanadate is reduced to V(lll) overlapped by the lattice bands (mainly involving—d
under these conditions. Hydrogen consumption was oAl stretching and M-O—M and O—M—0 deformation modes) in
of Ha/g of solid, a value that fits, within 3%, that required to the low-wavenumber region of the spectrum. So, ascription of
reduce Co (311(g of atoms/g of solid) and V (36609 of bands to these particular modes is merely tentative and could
atoms/g of solid), and so we conclude that no cobalt has beene done on the shoulder at 846 th{vz) and the band at 774
oxidized to Co(lll) during preparation of sample CoCrV. The cmt (va).
split maximum (the position of which is very close to that of The main differences between the spectra of sample CoCrC
the single peak recorded for sample CoCrC) corresponds toand sample CoCrV arises from the medium-wavenumber range.
reduction of Co(ll) to Co(0), while the weak peak at 879 K is The absence ainyband due to carbonate (1350500 cnt?),
due to V(V)— V(llI) reduction. Splitting of the reduction peak  and even the absence of any shoulder close to-20@00 cnr?
due to cobalt is caused by the different nature of species formedfor sample CoCrV should be stressed. The presence of
(for samples CoCrC and CoCrV) during thermal decomposition polyvanadate species accounts for the intense band at 964 cm

taking place prior to the reduction processes. ascribed to the stretching mode of termina® units?® The
(d) FT-IR Spectroscopy. The FT-IR spectra of both samples number and exact position of bands in this region of the
are shown in Figure 5. The broad band at 3383395 cn1lis spectrum usually gives a clue about the nuclearity of the

due to the O-H stretching mode of hydroxyl groups, while the polyoxometallaté® In agreement wit V K XANES data
medium intensity band at 1618634 cnt! is due to the reported above for this sample, IR data indicate that vanadium
deformation mode of molecular water. The broadness of the atoms are forming decavanadate anions; bands at 812 and 741
first band is in agreement with the existence of hydrogen bonds cm™! coincide with other bands reported in the literature for
with different strength (watercarbonate-hydroxyl, water- decavanadat®. Confirmation of the nuclearity of the poly-
decavanadatehydroxyl) in both solids. Lattice modes are vanadat&32 comes also from the Raman spectrum of this
responsible for bands below 800 chand, in addition, other ~ sample; in the 256400 cnt! range, a single band at 320 cin
bands are characteristic of the nature of the interlayer anion. coincides with the position of the band in the Raman spectrum
For sample CoCrC, the carbonate bands are shifted and/or
split with respect to the spectrum of free carbonate, due to the (27) ish, D. L. Abstracts of 6th International Clay Conferencerga-
limited freedom of the anion in the interlayer. Modgcould mon: Oxford, U.K., 1978.

be responsible for the sharp band at 1358 &nthe splitting ggg IF_fi"gS' Vk M“”I‘_Jegj‘v (JE‘ %”ad"' J-[r)ﬁF;;C”IOSgH '-e-ti‘g;g 21§ 323-
.o . . reaerickson, L. D., Jr.; ARausen, D. Knal. em 2 .

giving rise to the shoulder at 1473 cfnhas been previously (30) Lopez-Salinas, E.; Ono. YBull. Chem. Soc. Jpri992 65, 2465.

(31) Griffith, W. P.; Wickins, T. D.J. Chem. SacA 1966 1087.

(26) Rives, V.; Ulibarri, M. A.; Montero, AAppl. Clay Sci1995 10, 83. (32) Griffith, W. P.J. Chem. SacA 1967 905.
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Figure 6. Visible—ultraviolet (diffuse reflectance) spectra of CoCrC
and CoCrV hydrotalcites.

of decavanadate in agueous solution prepared by dissolving
NaVQO; at pH 4.5.

(e) Vis—UV Spectroscopy. Although vis—-UV spectroscopy
is not usually applied to the study of hydrotalcites, we report
here some data. The spectra are shown in Figure 6. Since,
according to XAS data above, both cations, Co(ll) and Cr(ll),
are located in octahedral sites of the brucite-like layers, the only
bands expected in these spectra should correspond to spin- .
allowed, Laporte-forbidden-ed transitions of the [Crg) species 400
(d®), as the corresponding bands for octahedral [g}¢@) are
very weak3® Two bands at 405 and 540 nm occurring in sample Figu_re 7. Diff_erential thgrmal analysis (solid lines) and thermogravi-
CoCrC, by comparison with the spectrum of [Cs(¥]3" (water metric analysis (dotted lines) curves for samples CoCrC and CoCrV.

: . . . Differential thermal analysis curves were recorded in air (a) and in

and oxide are very close in the spectrochemical series), ShOUIdnitrogen (b).
correspond to transition$A,(F) — 4T1¢(F) and “Axy(F) —
“T14F), respectively. The weak shoulder at 690 nm can be mentioned that these plots show a downward deviation for
tentatively ascribed to a Spin-forbidden transition, the so-called relative pressures above 07, indicating the presence of narrow
“ruby line”, recorded at 693 nm for rubi. From the equations  pores that are filled at low relative pressures by multilayer
proposed by Dot and from the energies of the bands at 405 adsorption, thus reducing the surface available for further
and 540 nm, the band expected for the third, high-energy, spin-adsorption at higher pressufs.f these narrow pores make
allowed, d-d transitionAxq(F) — “T14(P) should occur at 252 yp the interlayer volume, it would be expected that the specific
nm. This should be overlapped by the strong charge transfersyrface area would increase on passing from sample CoCrC
band centered at 240 nm. Also the crystal field stabilization (with a thickness of the interlayer close to 2.85 A, taking into
energy for [Cr@] can be calculated aso = 18 500 cn1, and account the thickness of the brucite-like layer, 4.8 #nd the
the Racah parameter is 591 ¢ c/3 parameter for this sample, 7.65 A) to sample CoCrV (with

The spectrum for sample CoCrV is rather different, with a a thickness of the interlayer space of 6.92 A, frofd= 11.72
broad, undefined absorption & 350 nm and different  A). However, bothSser values are rather close (980 4 n?
shoulders, together with the charge transfer band at low g-1), so the downward deviation of theplots may be due to
wavelengths; as a result, bands due to octahedral unitssJCrO adsorption on narrow pores between different stacks of material.
are not clearly distinguished. However, we conclude that the (g) Thermal Analysis. The DTA and TGA curves for
V4* (dY) species is absent, as no band is clearly recorded atsamples CoCrC and CoCrV are shown in Figure 7. Two sets
600-800 nm. of curves are shown for the DTA analysis, one corresponding

(f) Texture Properties. The surface texture properties of to the analyses carried out in air (oxidizing conditions) and
the samples have been studied by the nitrogen adsorptionanother recorded in nitrogen (inert atmosphere) in order to detect
isotherms at 77 K. The isotherms recorded for both samplesany changes due to oxidation of the layer cations along the
correspond to type Il of the IUPAC classificatigficharacteristic experiments. As expected, the behavior is different in air and
of nonporous samples. A hysteresis loop, closing at a relative in nitrogen. For sample CoCrC, three endothermic peaks are
pressure of 0.3, is recorded and can be ascribed to type H2 ofrecorded in both cases, positions of which are almost coincident
the IUPAC classification. The specific surface are8ssr, under both experimental conditions: 4214, 498, and 568
calculated following the BET method, are also included in Table 5 K. Despite the intense overlapping of these three peaks
1 and are similar. This result indicates that the nitrogen (especially between those recorded at lower temperatures), from
molecules should not be able to access the interlayer spacecomparison with the behavior shown by other similar hydro-
(probably with a low density of water molecules after the talcites!*the first peak is ascribed to removal of molecular water
outgassing treatmem situ prior to recording the adsorption  from the interlayer space, and the two latter peaks are from
isotherm), so the specific surface area measured should cor-evolution of CQ (from interlayer carbonate) and water vapor,
respond to external surface. T&g-r values also coincide with  through condensation of hydroxyl groups in the brucite-like
the values calculated from theplot.3” However, it should be layers, as previously shown by mass spectrometry analysis of
gases evolved during thermal decomposition of a Mg, Al
(33) Sutton, DEspectros elecfmicos de los complejos de los metales de hydrotalcitel

1 \ .
600 800 1000
Temperature/K

2 Efa”SiCi'mi Rg"fgg Bgrfice'onsﬁ 19179% 5 33 However, aboveca 570 K, the DTA profiles are very
E%i D%rgeg:sinéhém: édud%g]d 673"?34_3 TeT different. While in nitrogen, the curve steadily recovers the
(36) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti,

R.; Rouqueroal, J.; Sieminiewska, Pure Appl. Chem1985 57, 603. (38) Lowell, S.; Shields, J. Rowder Surface Area and Porositghapman

(37) Lippens B. C.; De Boer J. H. Catal 1965 4, 319. & Hall: London, 1984.
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base line, when the analysis is performed in air, the curve shows Co-K edge CroK edge VoK edge
a sharp increase, yielding an apparent exotherm at 608 K that
can be tentatively ascribed to an oxidation process, as this effect
is not observed in the nonoxidizing nitrogen atmosphere. A
very weak endotherm, absent when the analysis is performed
in nitrogen, occurs at 663 K and can be ascribed to a redox
process involving Cr(lll) ions, as a similar peak has been
reported for other hydrotalcite-like systems containing Cr(lll)
and is absent in specimens without Cr(R¥#2 This effect has
been observed for Ni, ¢¥and Zn, C#* hydrotalcites and has
been ascribed to formation of chromates, Cr@H)Cr(VI), that
at higher temperatures undergo reduction to chromites. ‘ ‘ ‘ , . ‘ L
The DTA and TG diagrams for sample CoCrV are shown RO TR TR emn e e e e
a!so in_ Fig_ure 7. Differences_between th_e profiles recorded in Figure 8. XANES spectra at the Co K, Cr K, énV K edges for
air or in “'”Oger! arg less evident than in thelcase of sample samples calcined in air at 673 and 923 K. Data for uncalcined
CoCrC, thus indicating that the nature of the interlayer anion nydrotalcites and reference compounds are also included: (a) CoCrC-
has a marked effect on the evolution of the compounds during 673; (b) CoCrC-923; (c) CoCrV-673; (d) CoCrv-923.
calcination. The most intense endotherm, due to removal of
water, now occurs at 414 1 K. Two shoulders are seen at calcination in air fo 2 h atincreasing temperatures in 60 K
ca.488 and 613 K. They cannot correspond to loss 06,GR steps. The solids obtained have been characterized using
carbonate does not exist in the interlayer, according to the different techniques and have been named as CACedd
chemical analysis results above mentioned and the FT-IR data.COCrV-T (for calcined products arising from CoCrC and
So, these two peaks are due to loss of strongly held water CoCrV, respectively), wherel stands for the calcination
molecules in the interlayer space (probably hydrogen-bondedtemperature, in kelvin.
to the decavanadate units) and to loss of hydroxyl groups from Because DTA experiments reported above suggest that redox
the layers. In both cases, in air and in nitrogen, a sharp Processes occur after thermal treatments in air, the oxidation
exotherm at 862t 16 K is observed. The presence of this state of the cations for selected samples has been studied by
peak when the experiment is performed under both atmospheres<ANES spectroscopy. As shown in Figure 8, two inflection
and its position (too high a temperature to be ascribed to a Points appear at the Co K edge step after calcining CoCrC at
oxidation process similar to that mentioned above for sample 673 K. Also, the most intense maximum in the spectrum is

CoCrC) and the shape of this peak suggest that it correspondsshifted to higher energies when going from the original
to a crystallization process. hydrotalcite to CoCrC-673. These data indicate that a large

All TGA diagrams are very similar. Total weight percentage fract.ioln of Co(ll) in the original hydrotalcite is oxidized after
losses from room temperature to 1023 K were 36.7% for sample C2/Cining at 673 K. Because no further changes are detected
CoCrC and 31.4% for sample CoCrV. In other hydrotalcite after calcination at 923 K, the redox process involving cobalt
materialé® the weight loss up toa. 600 K occurs in successive ~ cations should be complete at 673 K. This oxidation process
steps that can be ascribed to the progressive loss of waterS Not detected for CoCrV, because, as shown in Figure 8,
carbonate, and hydroxyl groups. However, depending on the XANES features for calcined CoCrV-673 and CoCrV-923 are

nature of the layer cations, these steps overlap, as in the preserﬁ:'m"ar to those recorded for the uncalcined samp_le. A small
case. In some cases, the weight loss proceeds even above 600Préedge peak appears at the Cr K edge for the calcined samples.
700 K, but the amount of mass lost above this temperature iSTh|s featL_Jre, which is absent in the spectrum of the original
very low and has been ascribed to removal of residual hydroxyl hydrotalcite, appears at the same energy as that of the
groups from the layers. The weight loss percentage is larger Characteristic preedge peak of GfO anions (see inset) and
for sample CoCrC than for sample CoCrV, as expected by taking '@S been assigned to a s 3d electronic transition that is
into account that the interlayer anion of the former is removed L@porte-forbidden for cations in octahedral coordination, but
as CQ, but decavanadate persists in the solid even after Which becomes partially allowed when the cation is in tetra-
undergoing some chemical transformation, and the weight loss hedral sites. Datq indicate tha’g some Cr(lll) cations are OXIdIZ?d
comes exclusively from interlayer water and layer hydroxyls. t© chromate species after calcining the samples at 673 K, being
Calcined Materials. Calcination of hydrotalcites at medium again partially reduced when _the calcmatmn temperature is
temperatures (800 K or above) leads to mixed oxides which !ncreased 10 923 K. Forom the m;e_nsny of th? pfe_edge. peak, it
are useful catalysts for different process&&:47 So, in this is concluded thata. 10% of the original Cr cations is oxidized

work we have followed the nature of the products formed upon to chromate in CoCrC-673, while a slightly lower fraction is
P PO oxidized in CoCrv-673. The oxidation of Cr(lll) to chromates
when hydrotalcites that contain this cation are calcined has been

(39) Sc‘?Si(’;i’{gF{Zg%‘%"’gi';7T5r§"°’ F.; Vaccari, A.; Del Piero, Stud. Surf. previously reported® 42 For the Zn(I)-Cr(lll) systent* the

Normalized Absorption
Normalized Absorption

Energy (eV) Energy (eV) Energy (eV)

(40) Del Piero, G.; Di Conca, M.; Trifiro, F.; Vaccari, A. IReactbity of oxidation occurs at 473773 K, and Cr(VI) cations are again
igg%s Barret, P., Dufour, L. C., Eds.; Elsevier: Amsterdam, 1985; p reduced when the samples are calcined at higher temperatures.
(41) Yamaguchi, O.: Taguchi, H.: Miyata, Y. Yoshinaka, M. Shimizu, X-ray dlf_fractlon patterns for selected calcined samples are
K. Polyhedron1987 6, 1587. shown in Figure 9. Only the curves for samples where a change
(42) Sato, T.; Fujita, H.; Endo, T.; Shimada, React. Solids1988 5, in the nature of the crystalline phases is observed have been
219. _ o o : included. For sample CoCrC-433, the layered structure is
(43) g:!\etl;fi'ggf %?ZZZE”.O’ M.; Trifiro, F.; Vaccari, A.; ZatorskiAppl. partially preserved, although basal spacing slightly decreases,
(44) Fuda, K.; Suda, K.; Matsunaga, Chem. Lett1993 1479. probably due to partial removal of interlayer water molecules,
(45) Chisen, I. C.; Jones, W. Mater. Chem1994 4, 1737. and diffraction peaks broaden, indicating a lower crystallinity
(46) junova, B Klissurski, D.; Kassabov, B.Mater. Chem1994 4, of the material. However, the layered structure is completely
(47) Climent, M. J.; Corma, A.; Iborra, S.; Primo, Jl. Catal. 1995 151, destroyed when the sample is calcined at 493 K, leading to a
60. sample in which weak diffraction peaks due to,CdO, are
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Figure 9. X-ray diffraction patterns of CoCrC and CoCrV and calcined
in air at the temperatures given (K).

identified, these peaks being better resoleg] this phase being
better crystallized) after calcination at 553 K. When the
calcination is performed at higher temperatures, a mere im-
provement in the crystallinity of the samples (denoted by sharper
and more intense diffraction peaks) is observed.

Calcination of sample CoCrV at 433 K has no effect on the
general features of the diffraction pattern, peaks being in the
same positions but slightly less intense. After calcination at
493 K, peaks due to the layered material are almost completely
removed, and a very broad feature, extending from 3.3 to 2.44
A, is seen, along with ill-definded maxima at 3.04 and 2.57 A.
A similar behavior upon thermal decomposition of polyoxo-
vanadate-containing Mg, Al hydrotalcite has been described by
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Table 3. Structural Parameters from EXAFS for Selected Calcined

Samples
bond N Ao? x 1C° R(A) AE° (eV)
CoCrC-673
Co-0O 4.3 3.7 1.93 -0.5
Co—M 4.7 7.3 2.88 0.1
Co—M 4.4 2.0 3.38 5.9
Cr—0 6.0 5.0 1.98 9.9
Cr—M 5.8 6.2 2.94 11.0
Cr—M 1.5 29 3.41 10.6
CoCrC-923
Co-0O 4.3 3.7 1.93 -0.5
Co—M 4.7 7.3 2.88 0.1
Co—M 55 2.0 3.38 5.9
Cr—0 6.0 3.6 1.97 9.8
Cr—M 51 2.6 2.94 11.0
Cr—0 2.1 2.2 3.43 10.6
CoCrV-673
Co-0O 4.9 8.4 2.01 4.6
Co—M 2.2 8.0 3.00 -0.3
Co—M 0.9 1.8 3.38 7.7
CoCrV-923
Co-0O 5.6 7.4 2.04 2.6
Co—M 1.5 8.0 3.07 -7.3
o—M 1.2 1.8 3.38 7.7

aEstimated error for coordination numbers) (and bond lengths
(R) are+10% and0.02 A, respectively. Unfiltered experimental data
were fitted (fit range 312 A-* at the Co K edge and 3-411.9 A1 at
the Cr K edge).

Twu and Dutt#® These authors suggest that decomposition detection of CeV,0; by XRD, since in this compound only
of decavanadate starts above 373 K, leading to smaller, cyclic 0 [VO,] units share a vertex to form the dimep®;*- .50

) From this study it can be concluded that changes in both
spacing. From Raman spectroscopy results, these authorggmples under calcination in air are rather similar, leading to
conclude that calcination between 433 and 553 K leads 10 tomation of low-crystallinity solids at intermediate tempera-
tures. When the calcination temperature is raised, crystalline
compounds are formed, whose nature (even regarding phases
containing the cations originally existing in the layers) depends
on the parent hydrotalcite-like solid. So, samples CoCrC-
When our sample is calcined at 553 and 613 K, the layered yndergo partial oxidation Co(Ih~ Co(lll) and crystallization
structure collapses and no defined peak is recorded in the XRDof Co,CrO, (this compound can be formulated as'Ca'"'-
diagram; i.e., it corresponds to mostly amorphous solids. Weak Cr'0,). However, calcination of sample CoCrV takes place
peaks are, however, seen at 1.47 and 2.06 A, together with ayithout this oxidation process and leads to formation of spinel
broad feature between 3.4 and 2.6 A, whose intensities increasecoCr,0, (i.e., Cd'Cr',0y,), together with Cy\/V,0,.
The local order around Co and Cr cations was studied by
stronger after calcination at 673 K and can be ascribed to ill- exafFs spectroscopy in samples calcined at 673 and 923 K.
- a4 ! >~ XRD data indicated that in both samples, CoCrC-923 and
containing species is recorded. When the sample is calcinedcocry-923, the phases formed are well-crystallized. Parameters
at 733 K or above, the diffraction diagrams are absolutely optained by best-fit procedures are collected in Table 3, while
representative examples of experimental data and fit functions
are shown in Figure 10. From comparison of shell radii included
in Table 3, which only depend on the precursor sample and
8, is similar to that recorded for a crystalline metavanadate \ywhich are independent of the calcination temperature, it is
concluded that amorphous phases present in the samples calcined
at 673 K have a local structure around Co and Cr cations similar
to that found in the crystalline phases formed after calcination

V30¢%~ species, thus accounting for the decrease in the interlayer

depolymerization of decavanadate according to reaction:

V0 + 3H,0— 3V,0,° + HVO,* + 5H"

with the calcination temperature. The first two peaks become

crystallized CoCiO4. No peak due to diffraction by vanadate-

different, with sharp, intense diffraction peaks due to GQigr
and CoV 0.
The V K XANES obtained for sample CoCrV-673, Figure

(KVO3) where [VQ] tetrahedra form a chain anion{VO37)

by sharing vertice4® These data indicate that similar chains
are also formed in CoCrV-673 through the polymerization
reaction:

V40" — 3[—(VO;)-]

After calcining at 923 K, tB V K XANES is closer to that
obtained for a crystalline orthovanadate {M&,), where \F*
cations form monomeric tetrahedral units, ¥*Q This result
indicates that the.-VO3~ chains detected in CoCrV-673 have
depolymerized after calcining at 923 K and agrees with the

(48) Twu, J.; Dutta, P. KJ. Catal 1990 124, 503.
(49) Wells, A. F. Structural Inorganic Chemistry4th ed.; Clarendon
Press: Oxford, U.K., 1975.

at 973 K.

Coordination parameters for Cr(lll) cations in CoCrC calcined
at 673 or 923 K show that all the metal ions are located in
octahedral holes in agreement with the parameters expected for
the spinel CeCrOy (see Table 4). Although XRD data cannot
distinguish the distribution of Co(ll), Co(lll), and Cr(lll) cations
between tetrahedral and octahedral lattice sites, Hank and
LaitinerP! proposed a lattice structure similar to that reported

(50) Sallerbrei, E. E.; Faggiani, R.; Calvo, Bcta Crystalllogr. B1974

30, 2907.

(51) Hank, K. W.; Laitinen, H. AJ. Inorg. Nucl. Chem1971, 33, 63.
(52) Garcia Casado, P.; Rasine$’byhedron1986 5, 787.
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Table 4. Coordination Parameters for Crystalline Compoifid3

Co,CrOy CoCnrOy4 CoV,0,
Co(ll) Cr(lll)/Co(llN) Co(ll) Cr(lll) Co(ll)
40 1.942 A 60 1.917 A 40 1.963 A 60 1.996 A 60 2.08 A
12 ColCr 3.351 A 6ColCr 2.858 A 12Cr 3.455 A 6Cr 2.947 A 2.5Co 3.03A
4Co 3.500 A 6Co 3.351 A 4Co 3.609 A 6Co 3.455 A 6.5V 3.33-353A
Co-K edge CroK edge Co-K edge that for CoCrV-673 a coordination number of 2.2 is obtained
[ cocrc—673 | ' CoCrC 673 | ' CoCrV- 673 | ‘ from EXAFS data for Ce-M bonds at 3 A, a Co-M shell radii

characteristic of crystalline Gd,0; with an average coordina-
tion number of 2.5 for the crystalline material. This result is
surprising because XRD, XANES, and FT-IR data above
showed that crystalline Q¥,0; was not formed in CoCrV-
673 and that most of the vanadium cations occurred as
amorphous metavanadate chains in this sample. Moreover, the
Co—M coordination numberta3 A (determined from EXAFS
data) decreased to 1.5 in CoCrV-923, where XRD showed that
crystalline CeV,07 was undoubtedly formed.
Therefore, structural data obtained from EXAFS data indicate
i 23 I ooz that in CoCrC-673, CoCrC-923, and CoCrV-923 there are more
o R re cobalt cations in tetrahedral sites and more-Gb bonds at
Figure 10. EXAFS data for samples CoCrC-673 and CoCrv-673. 2 93,0 A than the values expected on the basis of the exclusive
Modulus and imaginary part of thie-weighted Fourier transforms.  ¢,mation of stoichiometric compounds. Results reported in the
Solld_ lines: unfiltered experimental data. Dashed lines: best-fit lit 40,5458 he th I d iti f NIAL ZnC
functions.Ak = 3—12 AL at Co K edgeAk = 3.4-11.9 A at Cr K iteratur on the thermal decomposition of NIAl, ZnCr,
edge. and ZnAICuCo hydrotalcites were explained by assuming the
presence of an excess of divalent cations dissolved in the spinel
for Cos0452 where half of the Co(lll) cations have been Phase. Our structural data suggest that a similar phenomenon
exchanged by Cr(lll). Thus, tetrahedral positions are occupied occurs during calcination at 673 K of CoCrC and CoCrv
by Co(ll) and the octahedral positions shared by Co(lll) and hydrotalcites and that the spinel phases formed are nonstoichio-
Cr (Ill) cations. Also, the lattice parameter of &0, (a = metric, having an excess of Co(ll) cations in tetrahedral holes.
8.11 A) is close to that for G@s (a = 8.17 A), and therefore ~ This phase is stable in CoCrC-973, while for CoCrv-973 it
coordination numbers and bond lengths given in Table 4 for décomposes, probably due to the reaction of the excess cobalt
Co,CrO, were calculated from structural parameters reported {0 Yield vanadates. _
for Coz04. The FT-IR spectra of representative samples CoCr&te
Experimental bond lengths for coordination shells around Co Shown in Figure 11. Only the wavenumber range where
cations (Table 3) also agree with the average values deduced-h@nges are expected are shown. Calcination below 433 K does
for Co,CrOy from crystallographic data. However, the value MOt give rise to important changes in the spectrum, only a
obtained for the number of oxygen atoms (4.3) in the first decrease in the intensities of the stretching and deformatlon
coordination shell is lower than that expected (5.0) for the Pands of water molecules. The peak at 1355 twith a
normal spinel structure, where Co(ll) and Co(lll) cations occupy Shoulder at 1470 crt, due to mode; of interlayer carbonate
the tetrahedral and octahedral lattice sites, respectively, while SPECIES in the original, uncalcined sample, however, undergoes
the experimental coordination number at 2.88 A (4.7 cobalt IMPortant changes. The shoulder shifts above 1500'cemd
cations) is higher than the average value at this distance for!tS intensity increases for samples calcined at 433 and 493 K;
cobalt cations in crystalline G6rO; (three Ce-M interactions ~ aP0ve this temperature these peaks vanish, due, in agreement
at 2.858 A). W|t_h the TG_A d_ata,_to_ complete remoyal of carbonate species.
Regarding samples obtained by calcination of the parent Th's. be.haV|or IS S|m|lgr to tha.t prewou_sly observed d+ur|ng
CoCrV, XRD detected formation of two crystalline compounds, calcmzzafon of h{d_r otalcite mategnals containing Mg_;and CF*,
CoChO, and CaV,0,. Shell radii determined from EXAFS O M@ and V" in the layers?® and the peaks still recorded
data for the coordination spheres of cobalt (Table 3) are thoseha\/e been_ascrlbed to surfaC(la-adsorbed carbé?\aﬁ}h_anges
expected for a mixture of both compounds (see Table 4 for also occur in the 2561000 cnT™range, whgre a_bsor.ptlons due
parameters calculated from crystallographic data). The stoi- to modes, andv, of carbonate and to lattice vibrations occur.
chiometry of the starting precursor, [6&CrosdOH)l- Bands becor_ne broader and Ie_ss intense as the calcination
(V1dOse)ooss establishes that if all chromium atoms were temperature increases, but at higher calcination temperatures

: i 0 S
forming crystalline CoGtOs, 31% of Co atoms cpuld be in this 54) Puxley, D. C.; Kitchener, I. J.; Komodromos, C.; Parkyns, NSidd.
phase. On the other hand, enough vanadium is present to react ~ gyf. Sci. Catal1983 16, 237,

stoichiometrically with Co to produce @@,0;. Because Co (55) Del Piero, G.; Trifiro, F.; Vaccari, Al. Chem. Soc., Chem. Commun.
cations are in octahedral holes in the latter compound (see Table 1984 656.

. . - . (56) Bertoldi, M.; Fubini, B.; Giamello, E.; Busca, G.; Trifiro, F.; Vaccari,
4), while they are located in tetrahedral sites in the GOgr A. J. Chem. Soc., Faraday Trans. 1988 84, 1405.

normal spinel lattice, the average oxygen coordination number (57) Di Conca, M.; Riba, A.; Trifiro, F.; Vaccari, A.; Del Piero, G.; Fattore,
in the first shell should be=5.4, in agreement with the V.; Pincilini, F. Proceedings of the 8th International Congress on

: ; ~ ; Catalysis Dechema: Frankfurt, Germany, 1984; Vol. Il, p 173.
eXper!me.ntal value in Table 3 for CoCrv-923. However, this (58) Marchi, A. J.; Di Cosimo, J. |.; Apesteguia, C. R.Fnoceedings of
coordination number decreases to 4.9 for sample CoCrV-673, the 9th International Congress on Catalysihillips, M. J., Ternan,

indicating that, in this sample, there are more cobalt cations M., Eds.; The Chemical Institute of Canada: Ottawa, 1988, Vol. 3, p

- inati i i 529.
than expected in tetrahedral coordination. It is worth noting (59) Martn Labajos, F. M. Ph.D. Thesis, University of Salamanca, 1993,
(60) Serna, C. J.; White, J. L.; Hem, S. &oil Sci. Soc. Am..1977, 41,

(53) Knop, O.; Erid, K.; Nagakawa, YCan. J. Chem1968 46, 3463. 1009.
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Figure 11. FT-IR spectra of (a) CoCrC and that calcined in air at (b) 1000 250
373, (c) 433, (d) 493, and (e) 533 K. o

Figure 12. FT-IR spectra of (a) CoCrV and that calcined in air at (b)

(where XRD indicates crystallization of new phases) sharp band3373’ (c) 433, (d) 673, and (e) 823 K.

again develop. Although the infrared spectrum of spinel
Co,CrO4 has not been reported in the literature, data for similar
compound&-62 suggest that the three bands at 644, 548, and
370 cnt! can be ascribed to modes, v,, and vs of this
structure; mode, is below the wavenumber range covered by 1
our instrument. |
Spectra for samples obtained after calcination of parent
sample CoCrV, Figure 12, are shown only in the 23000
cm~! range, as bands due to polyvanadate are expected in this
range. In addition, other changes in the spectra (removal of
water and hydroxyl groups) follow the expected pattern, also 7]
found for sample CoCrC. Band broadening is observed after
calcination at 373 K, although two peaks, characteristic of
polyvanadate species, are still seen at 965 and 747;cme T T
shoulder at 665 cmt, which intensity increases with the 200 425 650 875 1100
calcination temperature, has been previously ascibénl temperature/K
HxV1d026® (x = 1, 2, 3). Decavanadate-derived bands Figure 13. Temperature-programmed reduction profiles of CoCrC and
disappear after calcination at 433 K, and the spectrum is thencalcined in air at the temperatures given (K).
dominated by a broad band between 950 and 650 dor all
samples calcined below 673 K. From this temperature upward, Reduction profiles for samples CoCfC-show a main
peaks at 530, 675, and 920 chare ascribed to chain-polymers reduction peak close to 673 K, and it steadily shifts toward
(—VO3—)n.3% When the sample is calcined above 673 K, the higher temperatures as the calcination temperature is increased.
peaks due to G¥,0;, the presence of which has been identified Such an effect is usually ascribed to formation of crystalline
by X-ray diffraction, occur at 893 and 670 ctn species, whose reduction takes place at higher temperatures than
The UV-vis spectra confirm the partial oxidation Co(H) for amorphous phases. In addition, some features appear at
Co(lll). For samples CoCrd-(T = 433 K), an almost constant  lower temperatures. The intensity of the sharp peak centered
absorption is observed in the visible range, with weak maxima around 470 K increases with the calcination temperature and
at 670 and 380 nm coincident with those ofsOg (the solid is then decreases. In addition, the broad peak at 543 K for sample
completely black), although this species has not been detectedCoCrC-553 (although a shoulder in this position is already
by XRD. recorded for sample CoCrC-493) shifts up to 679 K for sample

The TPR profiles of the calcined samples are shown in Figure COCrC-923 K. Unfortunately, we did not record the XAS of
13 and Figure 14. For comparison, the profiles for the all these samples in order to ascertain the nature of the species

signal/a.u.

uncalcined samples have been also included. responsible for these reduction peaks. However, XAS data
indicate formation of C& in sample CoCrC-673 (the €b
(61) Preudhomme, J.; Tarte, Bpectrochim. Acta971 27A 1817. concentration seems to be unaltered in samples calcined at higher

(62) Preudhomme, J.; Tarte, Bpectrochim. Actd972 28A 69. temperatures, CoCrC-923). In addition, oxidized'Cspecies
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200 425 650 875 1100 this change corresponds to crystallization of2CD; and
temperature/K CoCrO4 which was detected by X-ray diffraction. The change
Figure 14. Temperature-programmed reduction profiles of CoCrV and in the specific surface areas OT thg samples with th.e calcination
calcined in air at the temperatures given (K). temperature has been plotted in Figure 15. Uncalcined samples

present similar values, as above discussed. When the samples

(n > 3) are also formed at intermediate calcination temperatures, are calcined ata.500 K, they exhibit the largest specific surface
decomposing when the samples are heated to higher tempera@reas and then decrease steadily as the calcination temperature
tures. So, as the broad peak at 5439 K is recorded even is further increased. Maximum specific surface areas correspond
for sample CoCrC-923, but the sharp peakcat 470 K is to formation of amorphous materials, as concluded from X-ray
absent for this sample, we tentatively ascribe these two peaksdffraction studies. However, it should be stressed that although
to reduction of chromate-like species (sharp peak) and &f Co both samp_les exhibit their highest specific surface area values
species (to CH species) the broad peak. It should be noted When calcined at 493 K, the specific surface area of sample
that TPR analysis of hydrotalcite-like materials containing Ni COCrC-493 is more than twice the value measured for sample
and Cr, precalcined at increasing temperatures’ also Showedzoch'493. Surface area deVelOpment for calcined carbonate-
development (and disappearance) of similar sharp peaks in thiscontaining LDH has been explairféen the basis of formation
same temperature rangfe. of small craters through the brucite-like layers, formed by, CO
Reduction profiles for samples CoCrWVare shown in Figure ~ escaping from the interlayers. Such a mechanism would also
14. In all cases, a main reduction peak at 725 K (that shifts be possible in our calcined CoCrC samples, but not in CoCrV
toward high temperatures as the precalcination temperatureSamples.
increases) and a small oneca 870 K are recorded. Data for
Mg, Al hydrotalcite containing decavanadates( a sample
where the only reducible cation i?Vin decavanadate) indicate Hydrotalcites containing Co(ll) and Cr(lll) in the brucite-
that this reduces at 897 ®,so the small peak should be due to  like layers have been prepared, with carbonate or decavanadate
reduction of the decavanadate species originally existing in thein the interlayers. In both cases, cobalt remains as Co(ll),
interlayer space. It should be noted that a peak with a similar without any oxidation to Co(lll).
intensity was also observed during TPR analysis of samples  According to results, mainly by XAS and FT-IR spec-
CoCrCT precalcined at or above 553 K (see Figure 13); troscopies, vanadium exists as decavanadate, both in the
however, in this case the peak cannot be ascribed to reductiorintenayer and as a salt phase.
of vanadate, as this anion does not exist in samples CoCrC. In when the samples are calcined at increasing temperature in
this series of samples the peak is only recorded in precalcinedajr, Co(ll) becomes oxidized to Co(lll) in sample CoCrC, but
samples (while for series CoCrV-it appears even for the  sych an oxidation does not take place in sample CoCrV.
uncalcined sample), we conclude that this peak, for samplesChromium undergoes an oxidation/reduction process in both
CoCrCT (T =553), should originate from hardly reducible'€o samples but more intense in sample CoCrC.
species. So, the main reduction peak around 725 K is due to  Calcination leads to formation of amorphous materials at
reduction of C8* species. intermediate temperatures, and at high temperatures crystalliza-
Quite interestingly, no reduction peak is recorded in any case tion leads to formation of spinel G6rO, (when starting from
below the reduction peak close to 725 K, in agreement with hygrotalcite CoCrC), but Co@®, when starting from hydro-
previous XAS experiments, Gospecies are not formed in this  ta|cite CoCrV: in this case, formation of @&,0; is also

Conclusions

series of samples. The absence of detectablé §pecies if observed.

> 3) in our TPR experiments, a small fraction of which has
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