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A structural, thermogravimetric and 
ESR study of the RhOx-Ti02 system 
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Titanium dioxide samples containing a few per cent of rhodium oxide, heated in air at 
1273 K, have been investigated in order to study the formation of solid solutions. The 
results, monitored by X-ray diffraction, thermogravimetry in a hydrogen stream and 
ESR spectroscopy, show that rhodium is present both as separate phase (Rh203 ) and 
in solid solution in the rutile structure. The incorporated rhodium is mainly present in 
the 3 + oxidation state, only a small fraction being present as Rh(ll). Rh203 and the 
rhodium species in solid solution are reduced by hydrogen to metal in different tem- 
perature ranges. By combining thermogravimetric and analytical data, the average 
oxidation state of rhodium, t~, has been evaluated. The variation of h with the rhodium 
content has been accounted for on the basis of a strong metal-support interaction 
developing with the reduction. This interaction affects the metal dispersion. 

1. Introduction 
Systems based on rhodium supported on titanium 
oxide are receiving increasing attention as potential 
heterogeneous catalysts [ 1-4].  Interaction between 
the support and the rhodium oxide would be 
better understood if the tendency to form solid 
solutions could be proved. RhO2 is reported to 
have a rutile-type structure [5], to be stable in air 
up to 953K [5] and the Rh(IV) ionic radius 
( rRh( iV)  = 0.060rim [6]) is very close to that of 
Ti(IV) (rTiCIV)= 0.0605 nm [6]). However, infor- 
mation on solid-solution folnnation between 
rhodium oxide and titanium dioxide is lacking. It 
should be noted that the study of solid solutions 
can also provide useful information on surface 
chemistry problems, e.g., as regards the dispersion 
of metals, and photo- and electro-catalysis prob- 
lems. The present study was undertaken in order 
to check the possibility of incorporation of 
rhodium ions into the TiO2 (futile) structure and, 
in the affirmative case, to determine the oxidation 
state of the dissolved species. The study has been 
performed by using several techniques: X-ray 
diffraction, thermogravimetry in a hydrogen 
atmosphere, chemical analysis and ESR spec- 
troscopy. 
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2. Experimental procedure 
2.1. Sample preparation 
Titanium dioxide, prepared by hydrolysis and oxi- 
dation of TIC13 (supplied by Erba RP) as previously 
described [7], was impregnated with an appropriate 
volume of rhodium nitrate solution. The lat ter  
was obtained by dissolving Rh(NO3)3"6H20 
(supplied by Fluka) in water. The slurry was 
mixed and dried at 383 K. The powder was then 
ground in an agate mortar, heated in air at 773 K 
for 2 h, re-ground and finally heated at 1273 g for 
5 h in air. At the end of  the thermal treatments the 
samples were cooled slowly to room temperature in 
the furnace. Two different series of samples were 
prepared. The first series, Series A, was obtained by 
using a non-standardized rhodium solution; in this 
case the content of  the rhodium in the samples was 
determined by chemical analysis as described below. 
The second series of  samples, Series B, was prepared 
by dissolving a weighed amount of Rh(NO3)3" 
6H20 in water and adding a known amount of start- 
ing titanium oxide. The rhodium content in the 
starting salt was determined thermogravimetrically 
by measuring the weight-loss accompanying the 
heating of the salt to 1173 K in a stream of hydro- 
gen in the thermogravimetric apparatus. 
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TABLE I Thermogravimetric and analytical data for the rhodium-doped titanium dioxide samples 

Samples Weight-loss when sample Rhodium 
heated in H 2 (%) content 

423-993 K 423-623 K [Rh]tot t [Rh]tot(Wt% ) [Rh]Rh~O~ (wt%) [Rh]ss t 

TRh 0.7 A 0.27 0.02 0.67 0.85 0.08 0.60 
TRh 1.5 A 0.53 0.04 1.40 1.76 0.17 1.25 
TRh 3 A 0.93 0.04 2.92 3.59 0.17 2.77 
TRh 3 A 5~ 0.87 0.07 2.89 3.55 0.30 2.63 
TRh 4.5 A 1.48 0.06 4.44 5.34 0.26 4.21 
TRh 4.5 A :~ 1.44 0.04 4.27 5.14 0.17 4.12 
TRh 9.5 A 2.63 0.37 9.53 10.65 1.59 7.93 
TRh 11 A 2.90 0.20 10.79 11.85 0.86 9.88 
TRh 0.7 A* 0.28 - 0.67 0.85 - 0.67 
TRh 9.5 A* 2.48 0.40 9.53 10.56 1.71 7.81 
TRh 11 A* 2.60 0.47 10.79 11.85 2.01 8.71 
TRh 1 B 0.39 0.02 1.04 1.31 0.08 0.97 
TRh 3 B 0.95 0.05 2.71 3.34 0.21 2.53 
TRh 8 B 2.21 0.30 6.95 8.05 1.28 5.80 
TRh 1 B* 0.34 ~ 1.04 1.31 - 1.04 
TRh 3 B* 0.91 0.04 2.71 3.34 0.17 2.56 
TRh 8 B, 1.90 - 6.95 8.05 - 6.95 

tRhodium atoms per 100 titanium ions. 
:~ Different preparation. 

Several samples we, re subjected to a second 
heating in air at 1273 K for 48 h. At  the end of 
this thermal treatment the samples were rapidly 
cooled to room temperature.  

The specimens were designated as TRh; the fig- 
ure after the symbol indicates the nominal rhodium 
content expressed as Rh atoms per 100 Ti atoms. 
The letter A or B specifies the two series of  samples. 
The samples re-heated at 1273 K for 48 h are indi- 
cated by  an asterisk. 

Undoped TiO2 was prepared following the same 
procedure,  the impregnation being performed with 
water. 

The samples containing rhodium appeared 
brown, the colour intensity increasing with the 
concentration;  undoped-TiO2 was white. 

2.2. Determination of rhodium 
For the samples of  Series A the total  rhodium 
content was determined spectrophotometr ical ly 
by the SnC12 method [8].  Weighed portions of  
the sample were fused with KHSOa in a silica 

samples. Each specimen was analysed twice; the 

results agreed within 4%. 
For  the samples of  Series B the final rhodium 

content  was obtained from the nominal rhodium 
and TiO2 contents, the latter being corrected for 
the decrease in weight resulting from the thermal 
treatment at 1273 K. The rhodium concentrations 
for the different samples of  both  Series A and B 
are reported in Table I. 

2.3. Thermogravimetric analysis 
Thermogravimetric determinations were carried 
out on a Cahn RG electrobalance. During the 
experiment the sample was kept  in a constant flow 
of  hydrogen (24 ml min-1 ). The temperature was 
raised to 1273 K using a linear programmer at a 
rate of  3 ~ min -1 . The weight was measured to an 

accuracy of  0.02 mg. 

2.4. X-ray m e a s u r e m e n t s  
The futile unit-cell parameters were measured 
following the procedure previously described [7] ,  

crucible. After cooling the solid was dissolved in by using a Debye-Scher re r  camera, having an 
water and the solution analysed spectrophoto- 
metrically at X = 470/am. The standard solution, 
prepared using a standard 1000ppm rhodium 
nitrate solution (supplied by Fisher) contained 
TiO2 (fused with KHSO4) in a concentration 
comparable to that present in the solution of  the 

internal diameter of  114.6 mm, and CoKal  (Fe- 
filtered) radiation. The position of  the reflections 
on the X-ray spectra was read to an accuracy of  
0.05 ram. The estimated error in the cell para- 
meter,  a, and in the axial ratio, C =  c/a, were 
+ 1 . t0 -Snm and + 1.10 -4, respectively. 
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T A B L E I I TiO 2 unit cell parameter,a, axial ratio, C, and 
phase analysis for the TRh samples. 

Samples a294 (nm) C Phases 

TiO 2 0.459 28 0.6443 R t 
TRh 0.7A 0.45942 0.6441 R 
TRh 1.5 A 0.45964 0.6438 R 
TRh 3 A 0.45992 0.6434 R, Rh203 (traces) 
TRh 4.5 A 0.460 13 0.6433 R, Rh203 
TRh 9.5 A 0.460 32 0.6432 R, Rh203 
TRh 11 A 0.46056 0.6430 R, Rh203 
TRh 0.7 A* 0.45946 0.6442 R 
TRh 9.5 A* 0.45070 0.6423 R, Rh203 
TRh 11 A* 0.46082 0.6420 R, Rh~O 3 
TRh 1 B 0.45948 0.6443 R 
TRh 3 B 0.46003 0.6436 R, Rh203 
TRh 8 B 0.460 30 0.6431 R, Rh203 
TRh 1 B* 0.45959 0.6441 R 
TRh 3 B* 0.459 93 0.6433 R, Rh203 (traces) 
TRh 8 B* 0.46062 0.6424 R 

tR  = futile. 

The same camera was used for the phase analy- 

sis. In this case C u K a  (Ni-ffl tered) radiat ion was 

used. 

2 .5 .  E S R  s p e c t r a  

The E S R  measurements  were pe r fo rmed  on Varian 

X-band spec t rometers  mainly  at 77 K, and occasion- 

ally at r o o m  tempera tu re  (using a Varian E-9) and 

at 4.2 K (using an E-12). The absolute  number  o f  

spins was de te rmined  at 77 K f rom electronical ly  

integrated spectra,  using Varian "S t rong  p i t ch"  

(3 x 10 is spin cm -a )  as a standard. 

3. Results 
3.1. X-ray analysis 
The results of the rutile unit cell parameters, a, 
and axial ratio,  C, are listed in Table II. The results 

o f  the phase analysis are also shown in Table II. 

It  may  be seen that  the addi t ion o f  rhod ium 

affects b o t h  a and C. For  the more  di luted speci- 

mens,  only  rutile ref lect ions are present  in the 

powder  di f f ract ion spectra. Fo r  samples wi th  a 

higher  rhod ium con ten t  the lines o f  Rh203 are 

also detected.  In this case a dif ference in the 

Rh203  crystall ine modi f ica t ion  is observed accord- 

ing to the procedure  o f  the thermal  t rea tment .  

Samples hea ted  at 1273 K for 5 h conta in  hexago-  

nal R h 2 0  3 [ 9 - 1 0 ] ,  whereas those hea ted  for 48 h 

(asterisks) conta in  b o t h  hexagonal  and or thor-  

hombic  [11 ] R h 2 0 3 .  In Table III the X-ray spectra 

o f  T R h  11 A and T R h  11 A .  are shown as typical  

examples.  The t ransformat ion  o f  hexagonal  to  

o r tho rhombic  R h 2 0  3 is quite  slow at 1273 K. In 

fact the presence o f  the o r tho rhombic  phase 

depends  only on the t ime of  t r ea tment  at 1273 K 

and no t  on the cooling procedure  (slow or rapid 

cooling).  This poin t  was tested by  heat ing pure 

hexagonal  Rh203 (ob ta ined  by decompos i t ion  

o f  rhod ium ni t ra te  at 973 K)  in air at 1273 K for 

3 h and 48 h. The X-ray spectra o f  the sample 

T A B L E I I I X-ray diffraction spectra of the samples TRh 11 A and TRh 11 A.  

TRh 1 A TRh 11 A* TiO 2 (rutfle)t Rh203 (hexagonal) Rh203 (ortho- 
[ 10] rhombic [ 11 ] 

lntensity:~ d value Intensity d value Intensity d value Intensity d value Intensity d value 
(nm) (nm) (nm) (nm) (nm) 

vw 0.364 vw 0.365 - 53 0.368 15 0.368 
. . . .  11 0.3623 

vs 0.324 vs 0.324 100 0.324 - - 
w 0.272 w 0.275 - 88 0.2738 31 0.2722 

. . . .  4 0.2673 
- w 0.262 - - 100 0.2619 

w 0.254 vw 0.257 - 100 0.2567 39 0.2574 
ms 0.248 ms 0.249 41 0.2489 - - 

. . . .  2 0.2376 
mw 0.229 w 0.230 7 0.2297 - - 

- - - 7 0 . 2 2 4 2  - 

m 0 . 2 1 8  m 0 . 2 1 9  2 2  0 . 2 1 8 8  - 6 0 . 2 1 8 8  

- - - 6 0.2116 4 0.2104 
mw 0.205 mw 0.205 9 0.2054 - - 
w 0.186 vw 0.187 - 37 0.1869 27 0.t869 

. . . .  10 0.1836 
vw 0.171 - - 53 0.1716 6 0.1747 

Tfrom ASTM card n 4-0551. 
~tvs = very strong, s = strong, ms = medium strong, m = medium, mw = medium weak, w = weak, vw = very weak. 
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T A B L E I V TiO 2 unit-cell volume and phase analysis for 
undoped TiO 2 and TRh samples heated in a hydrogen 
stream at 1043 K 5 h 

Samples V (nm 3 ) Phases 

TiO= 0.062419 Rutile 
TRh 0.7 A* 0.062434 Rutile 
TRh 1B* 0.062447 Rutfle 
TRh 8B* - Rutile, Rh 

~, plotted against the total rhodium content. For 
each sample the value of ~ was evaluated by con- 
sidering A(423-993),  and the total rhodium con- 
tent, [Rh]tot (expressed as a weight per cent) 
according to the equation 

A(423--993) 102.905 
f i -  [Rh]to t x 16/2 ' (1) 

heated for 3 h showed that Rh203 was in the 
hexagonal modification, whereas that of the sample 
heated for 48 h contained the orthorhombic form. 
In addition, annealing the orthorhombic sample 
at 973 K in air for 48 h produced no effect. 

Table IV lists the X-ray diffraction results 
obtained for samples heated in H 2 at 1023 K for 
5 h. Whereas for undoped TiO2 this thermal treat- 
ment has no effect on the unit-cell volume, for the 
TRh samples a volume decrease is observed. In 
addition, metallic rhodium reflections are detected 
for the sample TRh 8 B..  

3.2. Thermogravimetric measurements 
Fig. 1 shows the thermogravimetric curves obtained 
in hydrogen atmosphere for samples of Series A. 
A similar behaviour was shown by the specimens 
of Series B. For the TRh samples two weight- 
losses are present in the temperature ranges 423 
to 623 and 623 to 993 K. For temperatures higher 
than 1023 K, both for undoped TiO2 and for the 
TRh samples, a slight and continuous decrease in 
weight is observed. The weight changes (%) observed 
in the temperature range 423 to 993 K, A(423 -  
993), and those taking place in the range 423 to 
623 K, A(423-623),  are collected in Table I. Fig. 
2 shows the rhodium average oxidation number, 

where 102.905 and 16 are the atomic weights of 
rhodium and oxygen respectively. The samples of 
Series A and B show the same behaviour; the 

values tend to decrease as the total rhodium con- 
tent increases (see Fig. 2). A thermogravimetric 
experiment, performed on pure Rh203 in a hydro- 
gen atmosphere, showed that the rhodium oxide 
is completely reduced to metallic rhodium by 
hydrogen in the temperature range 423-623 K. 

3.3. ESR spectra 
At 77 K a rather complex spectrum is shown by 
the TRh samples. Fig. 3 Shows a series of spectra 
for samples with increasing rhodium content. At 
4.2 K no important variations in the spectral 
features occur, but at room temperature some 
components of the spectrum disappear leaving a 
simpler 3-g value spectrum which is to some extent 
broadened. This fact, and others that will be dis- 
cussed below, indicate that the spectrum recorded 
at low temperatures (77 and 4.2 K) is due to two 
distinct paramagnetic centres. We call these two 
centres and their associated signals a and/~,/3 being 
the signal also observed at room temperature. For 
the more diluted samples, and at 77 K, each com- 
ponent of the/3 signal shows an additional splitting 
due to the hyperfine interaction with the l ~  
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L ,  (~176 , 
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Figure 1 Thermogravimetric curve performed 
in a hydrogen atmosphere forl the TRhA 
samples. - -  TiO~, �9 TRh 0.7 A, o TRh 1.5 
A, X TRh 3 A, ~x TRh 4.5 A, a TRh 9.5 A, 
O TRhll  A. The insert shows the weight- 
loss in the temperature range 373 to 773K 
with an expanded ordinate scale; 
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nucleus (I = 1/2). Table V collects the values of 
the ESR parameters of these two centres. 

The 3-g value signals a and/3 are typical for 
S = 1/2 ions. Two possible valence states of 
rhodium giving these signals must be considered: 

200  G 
I I 

i I I 
�9 1 1  I 

Figure ~ ~ESR' spectsa for TRh .samples, recorded at liquid 
nitrogen temRerature. (a) TRh.0.7 A, (b) TRh 1.5 A, (c) 
TRh 8 B. For a and 3 see text. 

Figure 2 Rhodium average oxidation 
number, h, for the TRh samples against 
the total rhodium content, [Rh]tot. 
o TRh A series, �9 TRh A* series, ~ TRh 
B series, �9 TRh B* series. 

Rh(II) ,  d 7 and Rh(IV), d s . In octahedral com- 
plexes these ions are generally found in low-spin 
states (2E (t~ e) for Rh(II) and 2T1 (t s) for ]th(IV)). 
In the literature a large number of experimental 
data on ESR spectra of Rh(II) complexes are 
reported [12-16] ,  but very few on Rh(W) [15]. 
Although the principle values of g and A tensors 
depend on site symmetry, there are some spectro- 
scopic features of Rh(II) and Rh(W) complexes 
which are rather different and can be used for 
diagnostic purposes. These features, common to the 
other low-spin d s and d 7 ions and well interpreted 
on theoretical grounds [13], are: 

(a) The average g value of all low spin d 7 ions is 
in the range 2.1 to 2.3, whereas that of d s ions is 
1.7 to 1,9. 

(b) The average ARh for Rh(II) is in the range 
0 to 20 x 10 -4 cm -1 whereas for Rh(W) it is 
markedly higher [14]. 

(c) The Rh(II) spectra can be observed at liquid 
nitrogen or higher temperatures whereas for Rh(1V) 
(and its isoelectronic 4d s ions, Ru(III)) [12, 13, 
15] liquid helium temperatures are required due 
to its short relaxation time. 

Therefore we assign both signals a and /3 to 
Rh(II) ions in solid solution in TiO2. Moreover, 
since the spectra recorded at liquid helium'tem- 
perature do not reveal any new signal we e~clude 
the presence of Rh(IV) in the TRh samples. 

The Rh(II) ions give two different signals prob- 
able because they can enter into two different 
sites (i.e. substitutional and/or interstitial). The 
lack of information on the directions of the princi- 
pal axes of the g tensors, which canbe  obtained 
only from a single-crystal study, does not permit 
direct evidence on the type of the site occupied 
by  the Rh ions to be obtained. 
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T A B L E  V ESR parameters* of  the c~ and/3t centres 

Centre gl g2 gs gay A 1 (G) A 2 (G) A s (G) Aav 

2.308 2.149 2.042 2.166 $ - - - 
/3 2.224 2.185 2.064 2.156 6 9 21 12 

*Evaluated on spectra recorded at 77 K. Estimated errors • 0.002 for g values, • 1 G for A values. 
tThe  same g values are evaluated for/3 recorded at room temperature. 
~Not resolved. 

From the spectra recorded at 77 K in the nor- 
mal first-derivative presentation it is possible to 
measure the relative intensity, I/3/I~, of the signals 
ot and/3. The relative intensity I/3/Ia depends largely 
on the conditions of preparation. With the standard 
conditions of preparation (firing in air at 1273 K 
for 5 h) it increases with the rhodium content, 
passing from about 0.2 for TRh 0.7 A and TRh 
1,5A to about 0.7 for TRh9.5A and T R h l l A .  
However, there are quite large variations from one 
preparation to another for the same rhodium con- 
tent. From the integrated spectra recorded at 77 K 
we have also determined for the various samples the 
absolute number of spins, (i.e. the Rh(II) concen- 
tration). The results are reported in Fig. 4. Although 
the reliability of the absolute spin determinations 
is not high (approximately 40%), due to the large 
possibility of error in this kind of measurement, 
the accuracy of their relative values, which is 
important for the evaluation of the trend of the 
curve of Fig. 4, is estimated to be within 10%. An 
important indication is that in all cases the Rh(II), 
estimated by ESR, is only a small fraction (about 
5%) of the rhodium present in solid solution. 

O.1E 
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The a and/3 signals are very sensitive to thermal 
treatments; a study of their reactivity is in pro- 
gress and will be published separately. 

4. Discussion 
The results show that rhodium is present in the 
samples both as Rh203 and in solid solution in 
the TiO2 structure. The presence of the rhodium 
sesquioxide is directly shown by the phase analysis 
(Table II) and is confirmed by thermogravimetric 
measurements. In fact, a loss in weight is observed 
in the thermogravimetric determinations per- 
formed in hydrogen in the same temperature 
range (423 to 623 K) where the reduction of 
Rh203 to metal takes place. 

It must be observed that in the present case the 
thermogravimetric method has a higher sensitivity 
in detecting Rh2Os than the X-ray diffraction 
technique. In fact the weight change in the tem- 
perature range 423 to 623 K indicates that Rh2Os 
is present even in some of the more diluted samples 
(see inset of Fig. 1) whose X-ray spectra do not 
show Rh20 s lines. In addition, from the thermo- 
gravimetric measurements it has been possible to 

Figure 4 Concentration of Rh(II) in solid 
solution, [Rh(II)]ss ,  obtained from ESR 
measurements against the rhodium concen- 
tration in solid solution, [Rh]s  s. The con- 
centrations are expressed as rhodium atoms 
per t00 titanium atoms. 



determine the amount of rhodium present as 
Rh203 (Table I). 

On the other hand, rhodium incorporation in 
the rutile structure is clearly shown by the vari- 
ation of the TiO2 unit-celt parameter, a, and axial 
ratio, C, (Table II) and is confirmed by the thermo- 
gravimetric measurements. Indeed, the change in 
weight in the temperature range 673 to 993 K 
recorded when the TRh samples are heated in 
hydrogen is explained mainly by the release of 
oxygen accompanying the reduction of the incor- 
porated species to metal. The metallic rhodium 
formed segregates out from the TiO2 structure. 

These conclusions are clearly demonstrated by 
the decrease of the TiO2 unit-cell volume observed 
for the TRh samples heated at 1023 K in hydro- 
gen for 5 h (Table IV). At this temperature the 
reduction of the incorporated species and the 
segregation of the metal has taken place, and the 
cause of the TiO2 unit-cell expansion removed. 
Furthermore, the reduction of the incorporated 
rhodium ions to metal is directly shown by the 
presence of metallic rhodium reflections on the 
diffraction spectra of the sample TRh 8 B.,  heated 
in hydrogen at 1023 K. As Tables I and II show, 
this sample does not contain Rh203 as a separate 
phase before the hydrogen treatment. On the 
other hand, the absence of rhodium reflections 
in the X-ray diffraction spectra of more diluted 
samples, heated in hydrogen at 1023 K (Table W) 
may be accounted for on the basis of the dispersion 
of the metal on the support. Indeed, in the case of 
TRh 1 B.  a surface area of 103m 2 per kg has been 
measured. For a uniform dispersion as a film of 
rhodium on the surface, the metal thickness, t, is 
given by 

Rh weight/Rh density 
t 

Sample surface area 

0.0131 
= kg_1)109 12.4 x 103(kgm -3) 1 x 10a(m 2 

= 1.06 nm, (2) 

where 0.0131 is the rhodium weight fraction, 
12.4 x 103 k g m  -3 is the rhodium density [17] 
and 1 x 10 a m s kg -1 the sample surface area. 
Although the metal is more likely to be dispersed 
as particles rather than as a continuous film, it 
can be understood that the particle size remains 
below that giving rise to measurable X-ray reflec- 
tions. In addition, as will be discussed below, the 
existence of a strong interaction between the 

metal and the support makes the dispersion highly 
probable. 

As far as the-oxidation state of the incorporated 
species is concerned, it must be recalled that 
R h Q  has a ruffle-type structure and has been 
reported to be stable in air up to 953 K [5]. There- 
fore, since the incorporation in a host matrix 
tends to stabilize further the oxidation state of 
the guest species, as shown in the case of Mn(IV), 
in TiO2 [7], the incorporation of rhodium in the 
4 + oxidation state was considered first. The data 
of Fig. 2 seemed to support this idea, especially 
for diluted specimens for which an average oxida- 
tion number, ~, close to 4 was found. 

Nevertheless, the incorporated rhodium species 
is not in the 4 + oxidation state but is present in 
solid solution in TiO2 as Rh(III). This conclusion 
is based on several pieces of evidence. Firstly, 
the expansion of the %iO2 unit-cell volume (Table 
II) is not justified on the basis of the Rh(IV) 
ionic radius. Indeed, according to Shannon [6], 
r R h ( W  ) = 0.060 nm is~ very close to the value 
reported for Ti(IV), rTi(rv) = 0.0605 nm, and no 
expansion should be expected. Secondly, no Rh(IV) 
signals are detected by ESR measurements for 
dilute specimens, even at liquid He temperature. 
In the ESR spectra, signals due to Rh(II) have 
been detected instead, but the Rh(II) present was 
only a small fraction o f  the total and cannot 
account for the expansion of the TiO2 unit-cell 
volume (see below). Therefore the major part of 
rhodium must be present in a non-magnetic state, 
as occurs in Rh(III), a d 6 ion in the low-spin 
configuration. 

On the other hand, the behaviour of the average 
oxidation number ~, with the rhodium content 
(Fig. 2) may be explained on the basis of a strong 
metal-support  interaction. As first shown by 
Tauster [t] the Group VIII metals supported on 
titanium dioxide may have a peculiar behaviour 
with respect to the H2 and CO adsorption capacity; 
when pre-treated in H2 at 723 K they show very 
little H~ adsorption. The phenomenon has been 
explained with the possibility of bonding between 
the noble metal and a titanium entity of the sur- 
face. This titanium centre is obtained by reduction 
of the support, as shown in the case of Pt/TiO2 by 
electron microscopy [18]. Therefore, the loss in 
weight measured in the temperature range 673 to 
993 K is not only due to the reduction of the 
incorporated species but also to the reduction of 
the TiO2 on the surface of which the metal is 
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Figure 5 Variation of the TiO 2 unit-cell 
volume, IT, with the rhodium concentration 
in solid solution, [Rh]ss; The concentration 
is expressed as rhodium atoms per 100 
titanium atoms. 

supported. As a consequence, when the total 
decrease in weight, A(423-993), is used to evalu- 
ate a,  a higher value must be found. 

The data show that the effect does not depend 
on the time of the thermal treatment and is higher 
for diluted specimens. The latter point may be 
easily understood by recalling that the samples 
have a low surface area and as shown before in the 
case of  TRh l  B. amounts of  rhodium up to 
approximately 1% may interact with the surface. 
Therefore, only for diluted specimens may the 
weight change be affected in a substantial manner. 

The incorporation of rhodium mainly in the 
3 + oxidation state is supported by the variation 
of the TiO2 unit-cell volume as the rhodium con- 
centration in solid solution, [Rh] s s ,  (Rh(III) and 
a small fraction of Rh(II)) has been obtained by 
subtracting from the total rhodium content the 
rhodium present in the separate phase, Rh203, 
evaluated thermogravimetrically. According to 
Shannon [6] rRhmI)= 0.0665 nm and an expan- 
sion of the TiO2 unit-cell volume is expected. 
From the initial linear behaviour, Fig. 5, a varia- 
tion of V caused by the incorporation of 1% atomic 
rhodium, A V I ~ ,  equal to 0.83 x 10 -4 nm 3 is 
derived. This experimental value is a little higher 
than that estimated by the appliction of the elastic 
matrix model  It has been shown [19] that the 
relationship 

A V le~e ~ K ( r3i 3 = - -  rTi(iV) ) , (3) 

where K"~ l, and r i is the ionic radius of the host 
species, exists between the change of the TiO 2 unit- 
cell volume, caused by the incorporation of 1% 
atomic guest ion, and the difference of the ionic 
radius cubes of the involved species. In fact, by 
substituting the appropriate values, ^rrealc 
(0.06653 -- 0.06053)nm 3 = 0.73 • 10-4nm 3 is 

obtained. Indeed, a higher experimental value is 
to be expected since, as found by ESR, a small 
amount of Rh(II) is present in the TiO2 structure. 

A final comment is in order concerning the 
non-linear variation of F with [Rh] s s ,  see Fig. 5. 
Two causes may be invoked to explain this behavi- 
our. Firstly the presence of Rh(II)in solid solution: 
as deduced from Fig. 4, the ratio'[Rh(II)]/[Rh]s s 
decreases as the Rhss content increases and, there- 
fore, a lower expansion in the TiO2 unit-cell volume 
must be found compared to that expected if the 
ratio were constant. Secondly, the incorporation 
in TiO2 of species with oxidation state lower than 
4 + induces deviation from the stoichiometry. 
Shear planes may be formed, a change in the 
elastic properties of the matrix may thus be expec- 
ted and the expansion, caused by the increasing 
concentration of the guest ions, may be different 
than in the case of more diluted specimens. 
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