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The magnetic susceptibility of palladium black of controlled purity with the average, 
roent~enographieally determined, crystallite size of 50-450 A and surface area of 44.0-5.8 
mS~g, was investigated at temperatures of 85-290°K. With increasing dispersion of 
palladium a decrease of paramagnetism, as compared with the massive metal, was found. 
The results are tentatively associated with occurrence of atomlike electronic states in the 
highly dispersed metal. 

INTRODUCTION 

In previous investigations of the structure 
of palladium catalysts with different oxide 
carriers (1) it was established that at suffi- 
ciently high dispersion of supported pal- 
ladium a decrease of its paramagnetic 
susceptibility occurs as compared with the 
massive metal. It should be noted, however, 
that other authors have described an in- 
crease of paramagnetism of highly dispersed 
metals such as palladium and platinum, both 
supported and nonsupported (2, 3, 4). 

In this paper the results of magnetic 
susceptibility measurements are presented 
for different palladium black samples, for 
which the erystallite size was roentgeno- 
graphically determined, and the surface area 
estimated by the BET method. The analyti- 
cal control of palladium content and its 
gaseous contaminations and also the spectral 
analysis completed the data. In such a 
material there exists no influence of the 
carrier substance on the magnetic properties 
of palladium. 

EXPERIMENTAL 

The palladium black was precipitated 
from water solution of palladous chloride 
with hydrazine or formic acid. The precipi- 
tate was washed many times with threefold 
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distilled water and dried in a desiccator over 
phosphorus pentoxide. The dried powder was 
transferred into a suitable glass tube, which 
was sealed to the vacuum apparatus. After 
evacuation at room temperature and then 
at 100 ° at a pressure of 10 -8 mm tIg, the 
sample was treated with hydrogen at about 
30 mm tIg in order to reduce the partially 
oxidized surface, and then evacuated again. 
The treatment with hydrogen and the follow- 
ing evacuation were repeated four times. 
After the last run the tube with the sample 
was sealed under high vacuum and preserved 
for magnetic and other investigations. 

The amount of gas desorbed by some 
samples during their successive sintering at 
1000 ° within 6-10 hr was determined volu- 
metrically, using an adequate, small quartz 
vessel connected with the measuring burette 
of the BET apparatus described earlier (I). 
The desorbed gas was identified by the mass- 
spectrometric method as pure hydrogen. The 
control of palladium content in the sam- 
ples was carried out gravimetrically with 
dimethylglyoxime. 

Palladium metal (Heraeus) and reagents 
of highest purity were used for preparation. 
The spectral analysis of the final Pd black 
showed only trace amounts of the follow- 
ing impurities: Rh (<10-2%); Pt, Fe, Si 
(<  10-s%); Mn, Mg, A1, Cu, Ag (~-~10-4%). 

The magnetic susceptibility was measured 
with the Gouy method in the temperature 
range 85-290°K at the field strength 3190- 
13870 Oe, and in some cases compared with 
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the F a r a d a y  method  a t  room tempera ture  
and  H = 5790-18 680 Oe. The  appara tus  
described earlier (1) was used. The  suscepti- 
bili ty o!' all samples invest igated was field- 
s t rength- independent  within ~ 1 % .  The  
results obtained with the G o u y  and  F a r a d a y  
methods  agreed within 2%.  

The  diffractograms were obtained in the  
range of 20 = 30-90 ° with the  Hilger dif- 
f rac tometer  using CuK~ radiation. The  
average crystallite size of pal ladium was 
determined f rom the ha l f -maximum bread th  
of the diffraction line corresponding to  the  
reflecting plane set (100). The  Jones cor- 
rections for the doublet a~ and a2 and for 
the  appara tus  line b read th  were applied 
(5). The  lat ter  was determined b y  means  of 
quar tz  powder  of the particle size 8-16 t~. 

The  surface area was determined with the 
B E T  apparatus ,  using nitrogen gas at  liquid 
ni t rogen temperature .  

R E S U L T S  

Several pal ladium black samples were 
obtained with an  average crystallite edge D 
of about  50 -450A.  A highly dispersed 
pal ladium black with D below about  100 A 
was prepared by  reduct ion of PdC12 solution 
with hydrazine  at  temperatures  of - 1 0  ° to  
0 °. All samples consisted, after  reduct ion 
and  degassing, of pract ical ly 100% Pd  and  

showed on the diffractograms only broad- 
ened lines of palladium. The  other  results are 
summarized in the Table 1 and Figs. 1-3. 
The  da ta  for a pal ladium sample sintered 
at 1000 ° in v a c u u m  and  for a sample of 
pal ladium sponge (Johnson & M a t t h e y )  
previously invest igated (1) are also given. 

The  contr ibut ion of surface a toms was 
calculated f rom the X - r a y  data,  assuming 
the  cubic form of the crystals, and  using the 
following equat ions:  

Nsu~f~e = 12(D/a)  2 + 2 

and 

N~o~l = 4(D/a) ~ + 6(D/a) ~ + 3(D/a) + 1 

where the  lattice constant  of pal ladium is 
given by  a = 3.88 A. I t  is much  higher t h a n  
calculated f rom the surface area according 
to the relation 

Nsufa~e = S × M 

Ntotal Sat .~ X N 

where S is the  surface area of the  sample in o o 
A2; M = 106.7; Sa~.va = 7.53 A 2, surface oc- 
cupied b y  a Pd  a t o m  on the  crystal lographic 
plane (100); and  N = 6.023 X 1023 • The  
discrepancies should be ascribed to  the  
mierocrystall ine s t ructure  of the  samples, 
for which the  surface is only part ial ly avail-  
able for ni t rogen adsorption.  

TABLE 1 

PROPERTIES OF PALLADIUM BLACK 

Surface atom contribution Magnetic mass 
calculated from susceptibility 

Average Surface 
Pd crystal.edge area :X-ray data surface area 85°K 290°K 

sample D (A) S (mZ/g) (%) (x :K 106) 

H~ desorbed at 1000 ° 

(mole/g X 104) n (at. %) 

I a >>1000 - -  <<1 - -  7.70 5.26 - -  - -  
2 b 520 - -  2.2 - -  7.64 5.17 - -  - -  
3 450 5.8 2.6 1.4 7.40 5.20 - -  - -  
4 380 5.1 3.1 1.2 7.40 5.05 - -  - -  
5 260 7.2 4.4 1.7 6.80 4.95 - -  - -  
6 160 19.9 7.0 4.7 6.86 4.77 0.91 1.95 
7 117 22.0 9.5 5.2 - -  4.40 - -  - -  
8 113 28.4 9.8 6.7 5.86 4.30 - -  - -  
9 103 31.0 10.7 7.3 6.02 4.10 1.16 2.48 

10 97 31.6 11.3 7.3 5.60 4.09 1.32 2.83 
11 88 32.6 12.4 7.7 5.78 4.02 - -  - -  
12 61 37.5 17.4 8.8 5.00 3.57 1.99 4.25 
13 50 44.0 20.8 10.4 4.44 3.33 2.24 4.78 

a Palladium powder obtained by sintering of Pd black at 1000 ° in vacuum. 
b Palladium sponge (Johnson & Matthey). 
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FIG. 1. The paramagnetie susceptibility of palladium black at 290"K 
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FIG. 2. The percentage decrease of the paramagnetic susceptibility of palladium black at 290°K. 

The susceptibilities of samples with the 
average crystal edge above about 380 A_ 
(x = 7.40-7.70 X 10 -8 at 85°K and 5.05- 
5.26 X 10 -6 at 290°K) are rather close to 
that of massive palladium (7.55 X 10 -6 
and 5.27 X 10-8), reported by Hoare and 
Matthews (6). 

With increasing dispersion of palladium 
its paramagnetism gradually diminishes. 
Samples of crystal edge decreasing from 
160 to 50 A showed paramagnetic suscepti- 
bility per g atom x~ (after taking into 
account the diamagnetic correction - 2 0  X 
10 -8 ) from 458 X10 -G to 376X 10 -6 at 
290°K (Fig. 1), which was by 9% to 35% 

lower in comparison with the value of xa ° = 
581 X 10 -6 determined for the sintered 
palladium (Fig. 2). 

The gas desorbed from these samples at 
1000 ° consisted only of pure hydrogen, as 
was determined mass-spectrometrically. The 
amount of hydrogen desorbed was 1.95- 
4.78 at. %, which corresponds only to about 
40% of the monatomic layer, following from 
surface area, and to about 20% of the mon- 
atomic layer, resulting from X-ray data. 
Sintered samples, after desorption experi- 
ments, showed the precisely normal lattice 
constant 3.88 A and susceptibilities which 
were close to that of massive metal (sample 
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FIG. 3. The temperature dependence of the paramagnetic susceptibility of some palladium black samples. 

No. 1), pointing to the practically complete 
removal of gaseous contgminations from the 
metal. 

The decrease of the paramagnetie sus- 
ceptibility of samples with D < 160A, 
resulting from hydrogen content, AXA/XA ° 
X 100 eale. = (n/65) X 100 (n is hydrogen 
concentration in atom percent), should not 
exceed 3.0-7.4%. These values were calcu- 
lated by assuming 0.65 electron holes per 
Pd atom in the pure metal, in which one 
electron hole is destroyed by one atom of 
occluded or adsorbed hydrogen, accom- 
panied by the linear decrease of palladium 
paramagnetic susceptibility, known in the 
literature for the massive metal (7). It is 
evident (Fig. 2), that the change of para- 
magnetic susceptibility, resulting from hy- 
drogen content and calculated according to 
the above assumptions, would be only about 
20% of the observed decrease. 

DISCUSSION 

The investigations presented show that 
the magnetic properties of highly dispersed 
palladium black with an average crystal 
edge of about 50 to 160 ~_ do not correspond 
to the properties of the massive metal. With 
decreasing erystallite size or increasing sur- 

face area of palladium the gradual diminu- 
tion of its paramagnetic susceptibility occurs. 

It has already been suggested (1), that the 
influence of high dispersion on the magnetic 
properties of palladium may result from 
different electron distribution within the 
isolated atoms in comparison with the metal. 
The atoms have the dosed electronic shell 
4d I° and are diamagnetic. For the metal the 
configuration 4d9 45s °.s is assumed and its 
strong paramagnetism is attributed to about 
0.6 electron holes per Pd atom in the d band. 

The experimental results might be ex- 
plained if one assumes that with increasing 
dispersion of palladium its electronic struc- 
ture approaches gradually the structure of 
isolated atoms. The occurrence of atomlike 
electronic states in highly dispersed pal- 
ladium might be associated with different 
factors such as: (l) the presence of extremely 
small particles, in which the overlapping of 
energy bands does not approach the same 
extent as in the massive metal; (2) the large 
number of different defects and irregularities 
of crystal lattice, affecting the change of 
interatomic distances and also the electron 
distribution within the atoms, as should be 
expected from considerations of Goodenough 
(8); (3) the large fraction of surface atoms 
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with different electronic characteristics as 
compared with the atoms in the three- 
dimensional lattice. I t  should also be noted, 
tha t  the contribution of hydrogen remaining 
in the samples after evacuation was con- 
sidered on the basis of magnetic properties 
of the system: massive metal-hydrogen. This 
assumption cannot be accepted without 
ambiguity. The diminution of palladium 
paramagnetism under the influence of hy- 
drogen may be associated not only with the 
electronic interaction between hydrogen and 
palladium but also with the change of 
electron distribution within Pd atoms, re- 
sulting from the spreading of these atoms, 
since the lattice constant of ~-phase P d - H  
equals 4.02 A. This effect may  be more 
significant if the nuclei of ~ phase were 
formed in the surface layer of highly dis- 
persed palladium rather than in the massive 
metal. 

Finally it must be noted that  the re- 
sults presented do not confirm the effect 
of increased paramagnetism of dispersed 
palladium described by Reyerson and co- 
workers (3). According to these authors the 
sample of palladium reduced with hydrogen 
in situ and degassed, with an average crystal- 
lite size of 134 A and a surface area of 32.7 
m2/g, presents a mass susceptibility of 
12.0 X 10 -6 at room temperature,  which is 
2.34 times higher than that  of the massive 
metal. The authors have interpreted their 
results, extending the discussion of Hulburt  
(9) based on the Tamm surface states theory. 
According to the calculations following from 
this discussion, one could expect a deep 
minimum of the paramagnetic susceptibility 
of palladium at  an average crystel edge 
about 180 A and its sharp maximum at a 

o 
crystal edge of about  95 A. The results pre- 
sented show that  the susceptibility of highly 
dispersed palladium decreases continuously 
with decreasing particle size and therefore 
the calculations of the authors cited could 
not be confirmed in the whole erystallite 
size region investigated. 
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