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XAS AND XRD STUDIES ON GRAPHITE INTERCALATION 
COMPOUNDS OF Re207 

M. F R ~ B A ,  K. LOCHTE, and w. METZ 
Institute of Physical Chemistry, University of Hamburg, Bundesstr. 45, 
D--20146 H a b u r g ,  GERMANY 

Re207 was used as starting material for the preparation of pive 
low-stage graphite intercalation compounds (GICs). X --ray absorption rneasive- 
ments were carried out at the Re Llll and Ll absorption edges. The EXAFS 
analysis resulted in a coordination number of foiv and a Re-0 bond length of 
173.5 pm for the GICs. In the Re Ll XANES the analysis of the strong prt? 
peak confirmed A. slight distorted tetrahedral symmetry. Firther XANES 
features indicated a variation of long--range order for the intercalate. Therefor(: 
the XAS measurements determined the tetrahedral perrhenate ion as the 
intercalated species. The majority of synthesized compounds showed sharp hkO 
diffraction patterns. Only some compoimds showed first diffuse rings and after 
several days sharp reflections of an ordered "in-plane" lattice. The analysis of 
the hk0 diffraction pattern yielded a lattice with the constants a = 652 pm, 
b = 764 pm, 7 = loo", S, = 0.6" and 66 = 19.4'. 

First investigations upon graphite intercalation compounds (GICs) of Re207 were 
carried out by F'uzellier.' He prepared the GICs from the oxide melt and from the 
vapour phase, but in both cases he could obtain only a low content of intercalate. 
Furthermore, he recognized the reduction of Re207 to Re03 due to the graphite 
which excludes a precise determination of the composition using chemical analysis. 
Seventeen years later the preparation conditions of the Re207 GICs were reinvesti- 
gated by S c h d  et aL2. Besides the preferred formation of low-stage compoimds at 
low temperatures, they could observe that the atmosphere in the reaction ampoules 
has no influence on the products. 

Up to this time the main problem was the determination of the unknown inter- 
calated species in the case of R e 2 0 7  intercalation. The reason for this is the high 
sensitivity of Re207 to moisture. Therefore, it could not be excluded that the in- 
tercalated species is solid Re207 or hydrated Re207 or perrhenic acid. All previous 
analysis of the 004' reflections could not give sufficient results about the "in- plane" 
structure of Re207 GICs. That is the reason why we used X-ray absorption spec- 
troscopy (XAS) besides X-ray diffraction methods. XAS permits a direct determi- 
nation of the short-range order around the central atom yielding bond lengths with 
high accuracy. 
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240 M. FROBA ET AL. 

For the synthesis of the GIGS flakes of natural graphite (from Kropfmiihl, Germany) 
with a diameter of 600--800 pm and powder graphite with a. diameter of 50 pm were 
iised. Commercial Re2@ was taken, which was previously sublimed at 260" C iruder 
normal prcssurc. Comparison of Debye-Scherrer photographs before and after the 
sublimiition could exclude decomposition of Re207. To avoid humidity all works 
were carried out under nitrogcn atmosphere in a glove box. The GICs were prepared 
in sealed glass tubes placed vertically in a singlo temperature furnace. Due to a 
spatial separIttion of graphite flakes from the Re207 besides a mixtme of both, itj 
was possible to cany  out the synthesis from the oxide melt, and the from viipour 
phase simultaneously. In every case we could confirrn the result of Ref. 1, that 
the preparation from the vapour phasc always yields GIGS with a lower content of 
intercalate. Hence, we only used GICs prepared from the oxide melt for further in- 
vestigations . The reactions were carried out in a tempcrature range of 250" 285" 
C, and the reaction time varied between 45.5 hours and 73.5 hours. After quenching 
with compressed air the flakes were washed with small quantities of pyridine, water 
and acetone.' 

The X- ray absorption spectra of the Re Llll and LI edges were recorded in transmis- 
sion mode at the DORIS I11 storage ring (HASYLAB/DESY, Hamburg, Germany) 
on the ROMO 11 beamline. The synchrotron radiation was monochromatized by a 
silicon 311 double crystal monochromator. The samples were prepared as polyethy- 
lene pellets in a glove box. The energies of the Re L absorption edges were calibrated 
against the Pt L edges of platinum foil. The spectra of all componds were taken at  
room temperature, and those of the GICs were additionally rneasived at 77 K. In 
the EXAFS analysis the phase shift and backscattering amplitude for tohe first. R e 4  
shell were extracted from XAS data of solid ReO,." As further reference cornpouncib: 
for EXAFS data analysis we used solid perrhenic acid rno~ohydrate~ HRe04 H& 
m d  commercial liquid perrhenic acid HRe04. In the latter case the possible appear- 
ance of Re20,(OH2)2 molecules in high concentxatcd aqueous solutions5 could bc 
excluded by analyzing IR and Raman spectra. 

The standard measurements of the We reflections were carried out with a powder 
diffractometer in Bragg-Brentano geometry. The hkO diErnction patterns were ob- 
tained using the monochromatic Laue method with a cylindrical camera. In both 
cases nickel-filtered Cu-Ka radiation was used. 
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XAS AND XRD STUDIES ON GICS OF Re,O, 24 1 

Contrarily to other synthesis' we could obtain pure low-stage GICs (see Figure 1 ) .  
The preferred formation of low -stage compounds at lower temperature can be tlc- 
tected, but the lowest temperature for aa extensive intercalation must be over is 
250" C. Above 290" C one can only obtain high-stage compounds. The formation 
of a red coating on the surface of the flakes, probably due to the red R.eO3, is in- 
dependent of the reaction temperature. Only the amount increases with increasing 
temperature. Due to this side reaction a precise analytical determination of the in- 
tercalate content is impossible. 

FIGURE 1 
tions. 

X-ray diffractogrms of Re207 GICs prepared under various condi- 

The EXAFS analysis of the Re Llll edges yields for the Rez07 GICs at, 77 K 
and 298 K an average distance for the Re-0 bond of 173.5 pm and a coordination 
number of four (see Table 1). The Debye -Waller factors show for both temperatures 
no significant difference which can be an indication for a rigid-body around the 
rhenium. The analysis of the reference compounds HRe04(l) and HRe04 + HzO(s) 
also result in the same bond lengths and coordination numbers. In case of solid 
perrhenic acid the Re-0  bond length agrees very well with the value of 173.65 pm 
obtained from X-ray single crystal ana ly~is .~  

In polymeric R e 2 0 7  and dimeric Re&(OHz)z Re04 tetrahedrons exist be- 
sides R e 0 6  octahedrons. Due to the fact that we cannot detect R e 0  bond lengths 
higher than 190 pm (see Table 2) or an average value between 186-190 pm due to 
a superposition of the two shells we can exclude these compounds as intercalated 
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GIC 
GIC (77K) 

species. Rather the XAS meiLsiuements determine the tetrahedral pcrrhenate ion as 
the intercalated compound. 

4.04 173.57 -25.37 
3.8 173.4 -29.91 

TABLE 1 Coordination number N, Re 0 bond length R, Debyc Wallcr factor 
Au2 obtained from the fit of the first shell of Re207 GICs, liquid perrhenic acid nud 
solid perrhenic acid monohydrate in comparison to solid RcOs. 

HRe&(l) i 4.01 
H h 0 4  * HzO(s) I 3.69 

173.44 -32.4 
173.9 -30.1 

TABLE 2 The average < Re - 0 > bond lengths in the polyhedrons of Re207 
and Rez07(OH2)2 

I Polyhedron I < Re - 0 > Ipml 1 

t ReOR i 190.5 I 1% 

In the XANES of the Re LI edges the following features can be detected.A9 First, 
all tetrahedral conipounds exhibit a strong pre-peak (me Figure 2) caused by the 
2s + 5 d ( b )  + 2p(O) trmsition." Normally, the 2s- 5d transition cannot be de- 
tected because it is not dipole allowed. However, in compounds without an inversion 
symmetry a stronger d-p orbital mixing and an overlap of metal d orbitals with lig- 
and p orbitals results in a considerable transition probability a d ,  accordingly, in an 
intensive pre--peak. Every distortion of the regular tetrahedral structure lcads to a 
decrease of the intensity." In case of the octahedral Re03 the pre-edgc feature is 
observed only aa a weak shoulder. 

energy  [keVI 

FIGURE 2 
and (D) graphite intercalation compound. 

Re LI absorption edges of (A) ReOs, (B) HReO4.HzO(s), (C) HRe04(l) 
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XAS AND XRD STUDIES ON GICS OF Re,O, 243 

Besides the strong pre pe<ak in tha XANES of thc tetmhedral compounds thc 
solid HR.eO4 HzO shows a peak at 12 aV which the Rcz07 GICs and the licliiid 
pcrrhenic acid do not, exhibit. This peak appears in several solid penhenates (and 
can be explained by scattering from more distant ncighbours. For a comparisori 
lxtween the solid HReOl with long range order, the high concent,ratcd liquid HRaOd 
and some GICs, we fitted the normalized Re Ll edges with thrce symmetric Gallssiim 
functions (and one arctmgent,. All fitting pwimctcrs were kept frcc. Thc intensities 
(FWHM x height) of the first and second peak are shown in Table 3. 

TABLE 3 
peak of the normalized R.e LI edges for different tc?t,rdietlral (mnpounds. 

The iutensities I1 and Iz (arbitrary units) of the first and the seco~ltl 

In case of the GICs the lowcr intensity of the first, peak indica.tcs a slight distor- 
tion of the tetrahedral symmetry comparcd with the liquid wd solid perrhenic acid. 
The sccond intensity is quite different between the solid perrhenic wid and the other 
compounds. The lower intensities are a proof for the alteration of long rmgo ortlcr 
in the liquid and the GICs. The differences in the peak areas point to a variation in 
arrangement of the tetrahedrons. 

@ . . * * .  : 

@ .  

0 

Q '  

FIGURE 3 IC, 
(bottom: just after preparation, top: after several days). Right: The "in -plane" 
lattice. The unit cells for each of the six rotational positions axe depicted. 

Left: Monochromatic -sue pattern (hkO plaue) of the RezO7 

The analysis of the hk0 reflection patterns yield for the majority of synthesized 
GICs a sharp "in-plane" lattice (see Figure 3 left/top) with the constants a = 652 pm, 
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244 M. FROBA ET AL. 

b = 764 pm, y = loo", 6, = 0.6" and 6 b  = 19.4'. The values for 6, and 6 b  const,itiitc 
the angles between the corresponding axe8 of the intercalate and the graphite lattice. 
This lattice includes all strong reflections. Also the wcak rcflections can be explained 
by a lattice with the same angle, but with lengths three and two times higher than 
the smdler lattice. Additionally to earlier results" we also found some compounds, 
which showed first diffuse rings (see Figure 3 left/bottom) and after several days 
sharp reflections of an ordered "in-plane" lattice. The inner ring includes d values 
in the range of 645-765 pm and the second circlr. between 356 pm wid 425 pm. 
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