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Magnetic susceptibility of ultradispersed rutile 
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The magnetic susceptibilities of ultradispersed rutile and catalysts 1% Pt/TiO 2 and 3% 
Pt/TiO 2 were measured. Rutile-based catalysts are paramagnetic, and their magnetic suscep- 
tibilities increase as the platinum content increases. 
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P t /T iO  2 catalysts with a p ronounced  effect o f  strong 
meta l - - suppor t  interact ion ( S M S I )  are usually prepared 
from TiO 2 powders consist ing o f  anatase (the main 
phase) and futile. I The  ruti le structure is the rmody-  
namical ly  more  stable. The  ana tase- - ra t i l e  t ransi t ion 
occurs  at ~1300 K. This  t empera tu re  can be considerably 
lower for powders with large specific surfaces. S o m e  
metals,  including pla t inum,  accelera te  this phase transi-  
tion. z,3 The SMSI  effect in P t / T i O  2 catalyst is observed 
at -800  K. At the same t empera tu re ,  the fraction o f  
rutile in the sample  studied is of ten increased. Based on 
this fact, some researchers indicate a possible relat ion 
between the S M S I  effect and the anatase-- ru t i le  phase 
transit ion for Pt / ' l ' iO 2 catalyst.  4 It seems promising to 
use ultradispersed futi le  as the  support  in order  to reveal 
the role o f  the phase t ransi t ion during the formation o f  
the SMSI  state in the Pt/ 'YiO 2 catalyst. 

In this work, we studied the  magnet ic  susceptibility 
of  ultradispersed T iO 2 powder,  whose main phase is 
futile, and P t /T iO 2 catalysts based on  it. It has been 
previously shown 5 that an increase in the temperature  o f  
reduct ion o f  the "anatase" P t / T i O  2 catalyst results in an 
increase in its paramagnet ic  susceptibility. It was o f  
interest to compare  the magnet ic  propert ies of  the ana-  
tase- and fut i le-supported P t / T i O  2 catalysts. 

Experimental 

Ultradisperv~ed TiO 2 powder with a specific surface of 95 
m 2 g-I obtained by vapor-phase decomposition of TiCI 4 was 
used as the support. The diffraction pattern of the support 
{Fig. 1. curve I) indicates that its crystalline part is mainly 
rutile. The support was pre-calcined in an 02 atmosphere for 
3 h (p = 2.7- 104 Pa) at 803 K. 

Catalysts containing I and 3 wt.% Pt were prepared by 
impregnation with an aqueous solution of H2PtCf 6, Then the 

samples were dried in air with continuous stirring for 3--6 h at 
353--363 K and for 1 h at 393--403 K. The catalysts thus 
prepared were light-yellow. 

The catalysts (weighed sample 100 rag) were reduced by 
dihydrogen (p = 2.7 - 104 Pa) in a quartz vessel designed as a 

Intensity (rel. units) 

R 

2 

0 

2 

0 

A 

/ ~ 4  

! 1 I t i I , . . I  I 

23 24 25 26 27 20/deg 

Fig. 1. Diffraction patterns of powders: 1, starting TiO 2 (Sso = 
95 m-~g-I); 2, sample calcined in O 2 at 803 K (Ssp = 65 
m2 g-I) �9 3, 3% Pt/'YiO 2 catalyst reduced in tt 2 at 773 K; and 4, 
TiO~--anatase (Ss~ = 55 m ;~ g-~). 
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tube (diameter 3 cm, length 20 cm, volume -120cm 3) with a 
ground joint. Before heating, the tube was pumped out to -0.2 
Pa, filled with dihydrogen to -9 -  104 Pa, evacuated to 0.2 Pa, 
and again filled with dihydrogen to 2.7" 104 Pa. At this 
pressure, the molar amount of dihydrogen in the tube ex- 
ceeded the molar amount of platinum by three orders of 
magnitude. After H 2 was fed, the samples changed color from 
yellow to dark-gray even at room temperature. 

Heating was carried out using a tube furnace mounted at a 
~ 10 ~ angle to the horizontal. The bottom part (-10 cm) of the 
quartz tube with a thermoeouple, whose junction was above 
the reduced sample, was placed in the furnace. The upper part 
of the quartz tube was isolated by an asbestos tissue. This 
installation provided convection mixing of the gas in the tube. 
The treatment of the sample with dihydrogcn at 473 K practi- 
cally did not change its color. After reduction at 773 K, the 
color of  the sample became lighter, which is especially pro- 
nounced in the case of  the 196 catalyst. 

For studying the magnetic susceptibility, the catalyst re- 
duced in H 2 was placed in a sealed quartz ampule in a metallic 
box with an inert atmosphere. The contents of 02 and H20 in 
the atmosphere of  the box were maintained at a low level by 
P205. The magnetic susceptibility was measured by the known 
method 6 at an intensity of  the external magnetic field equal to 
4.1, 5.6, 6.3, 7.6, and 8.8 kOe. The scale of the Faraday 
balance was calibrated by Hg[Co(CNS)4] for which the value 
Zs = 16.44- 10-6 CGS at 293 K was accepted. The absolute 
accuracy of Xs measurements determined mainly by the accu- 
racy of weighing of the sample under study was -t-0.01 �9 10 -6 
CGS. 

The preparation of samples for studying XPE spectra has 
been previously described in detail. 7 The AI-Kct radiation (by 
= 1486.6 eV) was used. The Ti 2P3,o peak (458.8 eV) was used 
for calibration of  XPS. This corresponds to the bond energy F-.b 
= 284.9 eV of the C Is peak of  hydrocarbons adsorbed on the 
surface of the starting catalyst. 

A DRON UM-3 instrument was used for recording diffrac- 
tion patterns. 

The specific surface of TiO 2 powders was determined by 
the BET method from the low-temperature adsorption of 
krypton. 

Resul ts  and Discussion 

The  diffraction pattern for the starting T iO 2 (see Fig. 
I, curve /) exhibits,  a long with the peak of  the main 
phase rutile (peak R), the broad peak A of  the anatase 

Table 1. Positions of the center (C/deg) and half-width 
(A/deg) and integral intensities (I) of peaks in the diffraction 
patterns presented in Fig. 1 

Sample Peak Gaussian a Lorentzian a 
(conditions of 
treatment) C A i C A 1 

TiO 2 I 25.42 1.021 0.38 25.38 0.807 0.33 
(starting) 2 27.49 0,536 1.00 27.49 0.494 1.00 

TiO 2 I 25.34 0.634 0.12 25.36 0.454 0.09 
(O 2 , 803 K) 2 27.50 0.406 1.00 27.51 0.375 1,00 

3%Pt/TiO 2 I 25.38 0.554 0.08 25.38 0.362 0.05 
(H,, 773 K) 2 27.51 0.405 1.00 27.52 0.381 1.00 

TiO27~ / 25.29 0.469 1.00 25.29 0.432 1.00 

admixture.  The  latter is c o n f i r m e d  by the diffract ion 
pattern o f  anatase (see Fig. I ,  cu rve  4). Ca lc ina t ion  o f  
the starting TiO 2 powder  in the 0 2 a tmosphere  at 803 K 
results in a decrease in the  re la t ive  intensi ty o f  peak 
A from 33--38 to 9 - - 1 2 %  and a decrease  in the  half-  
widths o f  both peaks (Table 1). T h e  specif ic  surface o f  
the powder  decreases f rom 95 to 65 m 2 g - I .  Thus ,  after 
calcinat ion o f  the starting s ample  in dioxygen,  the  aver-  
age size of  the  crystaUites t ha t  c o m p o s e  the  sample  
increases, and the fract ion o f  t h e  anatase phase de-  
creases, but, nevertheless ,  a suff ic ient ly  high specific 
surface is retained. 

The  diffraction pat terns o f  the  P t / T i O  2 catalysts 
before and after the reduct ion  in H 2 at 473 K are a lmost  
the same as the diffraction pa t te rn  o f  the  ca lc ined  TiO 2 
powder  (see Fig. 1, curve 2). S l ight  changes  (a decrease 
in the intensity o f  A) are observed  on ly  in the diffract ion 
patterns of  the  catalysts reduced  at 773 K (see Fig. I, 
Table 1). The  h igh- t empera tu re  reduc t ion  o f  the  1% 
P t /T iO  2 catalyst results in sma l l e r  changes  in its diffrac- 
t ion pattern as compared  to those  for 3% P t /T iO  2. These  
changes confirm,  as a whole ,  t h e  data  z,3 that p la t inum 
catalyzes the ana tase- - ru t i le  phase  transi t ion.  However ,  
the calcinat ion o f  T iO 2 in O 2 decreases  substantial ly the 
value o f  this effect. It is possible t o  select  the  condi t ions  
of  pre- t rea tment  o f  the  T i O  2 p o w d e r  studied,  which 
makes the catalyst a lmost  c o m p l e t e l y  m o n o p h a s e  with 
retention of  the high specific surface.  

As is expected,  the starting ul t radispersed T iO 2 pow-  
der  is diamagnet ic .  Its ca l c ina t ion  in d ioxygen pract i-  
cally did not  change the magne t i c  proper t ies  (Table 2). 

Unl ike  TiO2, P t / T i O  2 catalysts  are  paramagnet ic ,  
and their  magnet ic  susceptibi l i t ies  at 290 K increase as 
the plat inum con ten t  increases (see Table  2). The  mag-  
netic susceptibili t ies of  the P t / T i O  2 samples ,  which  were  
obtained by the impregna t ion  o f  the support  by an 

Table 2. Magnetic susceptibility (~,s) of  samples under study 

Sample Treatment Time of  contact gg - 10 -6 CGS 

Medium T/K with air/h 80 K 290 K 

TiO2 n . . . . .  0.11 
02 803 | .0 - -  -0 .12  

1% Pt /T iO 2 - -  - -  24.0 - -  0.1 I 
1%Pt /T iO 2 H 2 473 0 0.89 0.38 
1%Pt/T iO 2 H 2 473 0.5 - -  0.12 
1% P1./TiO 2 H 2 473 24.0 - -  0.07 
l % P t / T i O  2 H 2 773 0 0.30 0.17 
1%Pt/TiO2 H2 773 0.5 -- 0.10 
1% Pt/TiO 2 H 2 773 24.0 - -  0.07 
3%Pt /T iO 2 - -  - -  24.0 - -  0.20 
3%Pt/TiO 2 H z 473 0 0.75 0.47 
3%Pt/TiO l H 2 473 0.5 -- 0.16 
3%1~/q'iO 2 H 2 473 24.0 -- 0.10 
3%Pt/TiO 2 H 2 773 0 0 66 0.33 
3%Pt/TiO 2 H 2 773 0 5  -- 0.10 
3%Pt/'liO 2 H 2 773 24.0 -- 0.07 
TiO2 ~ 02 803 24.0 -- -0.14 

a Approx imat ion  funct ion,  a Anatase. a Starling. b Anatase. 
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Fig. 2. XPE Pt 4f spectrum of the nonreduced 3% Pt/TiO 2 
catalyst (PI 4./7/2 component is shown by the dotted line). 

aqueous solution of  H2PtCl 6 followed by drying in air, 
are higher than the susceptibilities of  similar catalysts 
after prolonged (days and more) contact with air. As can 
be seen in Table 2 contact  with air decreases the para- 
magnetic component  of  the susceptibility. It decreases 
with time to the Zg value (0.07--0.10)-  10 -'6 CGS,  which 
is close to that for all reduced catalysts. 

As follows from the data presented in Table 2, the 
Pt/TiO2--ruti le  catalysts reduced at a lower temperature 
have a higher specific susceptibility than those of  the 
samples treated with H 2 at 773 K. This distinguishes 
futi le-containing catalysts from similar catalysts based 
on anatase, which exhibits an increase in the magnetic 
susceptibility with an increase in the reduction tempera- 
ture. s 

As the measurement temperature decreases from 290 
to 80 K, the paramaguetic susceptibility of  the reduced 
Pt/TiO 2 catalysts also increases (see Table 2). 

The changes in the susceptibility considered above 
can be explained in terms of  two simple models. 

Model I. The reduction results in the formation of 
metallic platinum clusters, while the support remains 
unchanged. The I% Pt/TiO 2 catalyst has the following 
magnetic susceptibility: Z = 0.99Z' + 0.0Ix ~, where ~" 
and X" are the magnetic susceptibilities of TiO 2 and 
plat inum metal,  respectively. The magnetic susceptibil- 
ity X's is equal to - 0 . 1 2 -  10 --6 CGS (see Table 2). For 
platinum metal,  X"g = 0.97- l0 --6 CGS.  s Therefore, in 
terms of  this model for the I% Ptf]-iO 2 catalyst, Xg = 
-0 .1  I �9 10 -6 CGS and is independent of the tempera- 
lures of reduction and measurement,  which disagrees 
with the experimental  results. 

Model IL The partial reduction o f  the support  (the 
formation of Ti 3+) occurs simultaneously with the re- 
duction of platinum. Ti tanium(m) is known g to possess 
a moment caused only by spin and to obey the Curie law 
(~ = C / T  + B) down to very low temperatures.  How- 
ever, processing of the results of  measuring the suscepti- 
bility using this law (Table 3) gives positive B values for 
all of  the four samples instead of  the expected value X8 = 
- 0 . 1 2 - 1 0  -6 CGS (the magnetic susceptibili ty of  the 
starting support). 

IPtl (~) C B 
473 K 773 K 473 K 773 K 

1 56 12 0.19 0.15 
3 31 36 0.36 0.20 

Thus, the data on the magnetic susceptibilities of  the 
reduced Pt/TiO 2 catalysts do not fit the simple schemes. 
This can be explained by the fact that paramagnetic  
centers, some of  which interact with each other,  are 
formed during the reduction of  the Pt /TiO 2 catalysts. It 
is also probable that the magnetic properties of  small 
platinum particles differ from those o f  plat inum bulk 
metal. 

The XPE Pt 4f  spectrum of  the nonreduced 3% Pt /  
TiO 2 catalyst is presented in Fig. 2. According to the 
position of the main peak, in this catalyst plat inum is in 
the form of Pt 2+ (F~ Pt 41"7/2 = 72.5 eV). Therefore, the 
starting Pt 4+ is reduced during the preparat ion of  the 
catalyst. It can be assumed that the support can also be 
partially reduced during prolonged drying of  the catalyst 
in air, which is the reason for the noticeable magnetic 
susceptibilities of  these samples. 
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