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A method for the determination of palladium surface areas using hydrogen chemi- 
sorption is described. The results obtained by this method for a series of palladium 
blacks covering a wide range of surface areas are given. The method is independent 
of the extent to which oxygen is preadsorbed on the metal surface. 

Palladium both adsorbs and absorbs hy- 
drogen. Absorption of hydrogen results in 
the formation of the a-phase hydride [face- 
centered cubic, a = 0.389,_, nm at 30°C 
(I) ) at low hydrogen concentrations, and 
t,hc ,&phase hydride [face-centered cubic, 
(L = 0.402,-4, nm at 30°C (I)] at high hy- 
drogen concentrations. Numerous studies 
have been carried out on the effect of ab- 
sorbed hydrogen on the physical properties 
of palladium (2, 3). Measurements of hy- 
drogen adsorption were thought to be im- 
possible because of the simultaneous ab- 
sorption of hydrogen by palladium. 

The surfaces of palladium samples will be 
covered initially by a monolayer of chemi- 
sorbed oxygen, for whatever their method 
of preparation they invariably come into 
contact with air. Many workers have shown 
the relationship between this oxygen layer 
and palladium inactivity (4j The hydrogen 
pretreatment usually applied to palladium 
samples in work of this kind is designed to 
bring the surface to a standard and re- 
producible state by replacing this oxy- 
gen layer by one of hydrogen, for example 
in (5) the palladium black was reduced in 
hydrogen and outgassed at 98°C. Such a 

* Present address: School of Chemistry, Brunel 
University, Uxbridge, Middlcsex. England. 

hydrogen pretreatment is not possible for 
very high surface area palladium blacks, 
because of sample wintering at this 
temperature. 

Hydrogen chemisorption has been used 
for the determination of the surface areas 
of several transition metals, including plati- 
l~\~rn [also oxygen-hydrogen titration 
method (6, ?‘j (, nickel, copper, cobalt\ 
technetium, rhenium, and ruthenium (8-I 
11). The method has been used mainly for./ 
metals dispersed on silica and alumina supa 
ports and has the advantage over BET 
methods in that it yields the metal surface 
arca rather than the combined metal-sup- 
port surface area. However, migration of 
dissociated hydrogen atoms from the sup- 
I)orttd metal to support (spillover effect) 
rould complicate the method for certain 
metal-support systems (12). The hydrogen 
isotherms of the above studies (9, IO) in- 
dicate that at, temperatures between -78 
and 25°C a chemisorbed monolayer of hy- 
drogen was formed on platinum at pressures 
less than 133 N m-? (= 1 mmHg) . The simi- 
larity between the properties of palladium 
and platinum would suggest that palladium 
should exhibit similar hydrogen chemi- 
sorption isotherms. Figure 1 shows the com- 
plete hydrogen sorption isotherm expected 
for a hypothetical palladium sample. 

Suzuki and Suzuki (13) have attempted 
460 

@ 1972 by Academic Press, Inc. 



PALLADIUM BLACKS. I 461 

I 

p-phase 

absorption 

O adsorptlonA 

(H’pdtotal 
FIG. 1. Complete hydrogen isotherm for a 

hypothetical palladium sample. 

to separate hydrogen adsorption and ab- 
sorption in the a-phase region. The amount 
of hydrogen adsorption was postulated to 
be given by kp, where h: is a constant, pro- 
portional to sample surface area, and p is 
the hydrogen pressure. However, the studies 
of hydrogen chcmisorption on metals chemi- 
cally similar to palladium do not substan- 
tiate this assumption. 

Aben (14) has used hydrogen chemisorp- 
tion to determine the surface areas of sup- 
ported palladium samples. The samples 
were pretreated in hydrogen (101 kN m-‘) 
and then in Z)~CUO at 400°C. The combined 
amount of adsorbed and absorbed hydrogen 
was then determined under chosen condi- 
tions (7O”C, 133 N mm’). This WRY corrected 
for the hydrogen uptake of the support, 
measured from a blank run, and also for 
the amount of absorbed hydrogen [approx 
0.002 = (H/I’d) 1 using absorption data for 
palladium foil (15). Knowing the average 
number of surface palladium atoms per 
square meter of surface (16, 17) and using 
palladium samples of known BET area, the 
ratio of adsorbed hydrogen atoms to sur- 
face palladium atoms was determined to be 
1.0. This technique is not suitable for high 
surface rlrea palladium blacks, because the 

conditions of pretreatment and measure- 
ment of hydrogen adsorption would result 
in a substantial loss in surface area from 
sample sintering, as shown in this study. 
The method also has the deficiency that 
the amount of absorbed hydrogen, at, the 
point of measurement of hydrogen adsorp- 
tion, is assumed to be independent of pal- 
ladium surface area and has to be inferred 
from the absorpt.ion data of foils (15). 

A series of palladium blacks covering a 
wide range of surface areas have been char- 
acterized for their crystallite sizes and sur- 
face areas by several techniques. The re- 
sults of this characterization are given in 
Part, II (18). The palladium blacks were 
then used in a simultaneous sorption/X-ray 
study of the effect of surface area upon the 
sorption of gaseous hydrogen by palladium 
(1.9). The hydrogen pretreatment, devised to 
bring the samples to a standard and re- 
producible state, and also to allow the de- 
termination of the palladium surface areas, 
under conditions in which no sample sinter- 
ing occurred, is now described. 

EXPERIMEXTAL METHODS 

Palladium black samples. The series of 
palladium blacks used throughout this study 
were prepared by ,Johnson Matthey and 
Co. Ltd., uho kindly loaned them for this 
study. 

Hydrogen. Ultrapure hydrogen was pre- 
ljarcd by storage over silica gel, passage 
over a heated platinum filament, and 
finally diffusion through a heated palla- 
dium-silver alloy diffusion tube. 

Apparatus. A portion of the high precision 
volumetric apparatus used is shown in Fig. 
2, where: (I) is the sample bulb; (2) and 
(4) are stainless steel valves; (3) is a capil- 

I If vacuum 

FIG. 2. Sorption apparatus. 
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lary liquid nitrogen trap; (7) is a Pyrex 
high vacuum tap, (5) a Pyrex spiral gauge; 
and (6) a calibrated gas burette. The ap- 
paratus was located entirely inside an air 
thermostat (kO.02”C) and a sample 
thermostat (r+O.O2”C) except for a small 
section of capillary between the two 
thermostats. The majority of the apparatus 
was constructed of 1 mm Pyrex capillary 
to keep dead spaces to a minimum. All dead 
spaces were calibrated with helium to an 
accuracy +-0.01 cma. 

Reaction. The reaction between hydrogen 
and oxygen at the palladium surface at 
273°K goes to completion, producing de- 
sorbable water (,W, 21). This reaction ir 
the basis of the hydrogen pretreatment and 
surface area determination of palladium 
devised in this study. Let, the adsorption 
siteq (atoms) on the palladium surface be 
dcnotcd by x; then if some oxygen is rhemi- 
sorhl a5 atoms, tlic oxygen-hydrogen re- 
action at the palladium surface can he rep- 
rc?cnted by 

:3H? 'LH, 
0 0 H H 
I I I I -x--)(- s- - -x--x--x- 

‘LH, Hz0 ;11, HZ0 
HHH 
I I I 

"--S--)(-X- --t -x--)(-x--. 

All gas phase molecules are either hydrogen 
or water, and so contain two hydrogen 
atoms. In the above equation three surface 
sites are occupied by chemisorbed hydro- 
gen atoms and three hydrogen atoms are 
lost from the gas phase. Thus in the over- 
all reaction, the number of hydrogen atoms 
lost from the gas phase is equal to the num- 
ber of surface palladium atoms. If the oxy- 
gen is chemisorbed as molecules an equiv- 
alent equation can be written, giving the 
same relationship between hydrogen atoms 
lost from the gas phase and surface pal- 
ladium atoms. Moreover this relationship 
is independent of the initial extent of oxy- 
gen chemisorption, and hence the effective- 
ness of the outgassing procedure, provided 
some sites are available for hydrogen 
chemisorption. 

Procedure. The sample (1) (Fig. 2) was 
outgassed to high vacuum at room tem- 

peraturc, to avoid sample sintering, for 
24 hr. 

A suitable mcasurcd quantity of hydro 
gen was dosed to the sample from the gas 
burcttc (6) via the liquid nitrogen trap (3) 
and metal valvcls (2) and (4). The hydro- 
gen prcssurc above the sample, as monitored 
by the spiral gauge c.;i! ,, never exceeded 
1.33 kN m z. When cqulhbrium had been 
reached, measured quantities of hydrogen 
and water wcrc desorbcd. The liquid nitro- 
gen trap removed water from the gas phase 
above the sample, and thus water was 
preferentially removed from the sample 
bulb. When measuring the quantity of 
water and hydrogen removed from the 
sample bulb, the trap was warmed back to 
room temperature, thus ret,urning the water 
to the gas ljhase. The quantity of water 
rcmo\-cd was chosen to ensure that the 
saturation vapor pressure of water was not 
rcachcd on warming the trap, in order that 
all water was complctcly returned to the 
gas phafc in the gas burcttc. Further with- 
draw:~ls were made until no more water was 
desorbed (noted by the lack of ice formed 
in the trap). A further dose of hydrogen 
was then admitted to the sample and after 
equilibration, measured quantities of water 
and hydrogen were withdrawn. This cycle 
of hydrogen dosing and water (and hydro- 
gen) withdrawals was continued until it 
was not ljossiblc to remove any further 
water. All oxygen had now been removed 
from palladium surface which was covered 
by a monolayer of chemisorbed hydrogen. 
The sample was at some point (e.g., P) on 
the isotherm shown in Fig. 1 along the 
line AB. 

A series of hydrogen sorption and de- 
sorption points were then measured in the 
pressure range 60 < p < 530 N m-*. A lin- 
ear plot of (H/Pd) total versus pressure 
(along line AR in Fig. 1) was thus obtained 
for each sample. 

Calculation. To determine the palladium 
surface area, the number of hydrogen atoms 
used in the pretreatment and chemisorbed 
to the palladium surface must be known. 

This can be determined from any of the 
measured low-pressure sorption/desorption 
points of the (H/Pd) tOtnl versus pressure 
plots, if the quantity of absorbed hydrogen 
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at this temperature and pressure is known 
or can be inferred. This was Aben’s 
technique. 

A better technique is to extrapolate the 
low-pressure sorpt’ion/desorption points 
back to zero pressure. For the a-phase, t,he 
quantity of absorbed hydrogen is propor- 
tional to p’ie at sufficiently low concentra- 
tions, e.g., at 25 and 90°C for absorbed 
H/Pd <0.005 and ,<0.003 (22). Most 
sorption/desorption points measured here 
were at higher absorbed hydrogen concen- 
trations and plots of (H/Pd) tOtR1 versus p 
were found to be more linear than those of 
IH,‘Pd),,,,;,, versus plir. However, for data 
at lower concentrations the latter method of 
extrapolation may be more satisfactory. 
The point of intercept with the (HJPd) ,otnl 
axis rorrcspond!: to the point where hydro- 
gen adsorption is complctc and a monolayer 
of chemisorbed hydrogen exists, but, no hy- 
drogen absorption is present. Let this inter- 
cept value be denoted by (H/Pdl,,,t;,, ndh. 
Then the total number of hydrogen 
atoms chcniisorbcd to the palladium sur- 
fact is givcl1i b\- ?I,, i(,l., nhrrc ~1,~ i,,,h = 
iWP(l)t,,,,I ilrls X wl fllfill. :d wcl lotal is 
the total number of l~allatliurn atoms in the 
sample. Thus if 1 .O hydrogtn atom is chcmi- 
sorbed to each surface palladium atom (14) 
anal it is calculated (16, 17) that the aver- 
ngc number of hurfacc palladium atoms per 
rq~~arc mctcr of surface is 1.2 x 10’“. the 
stlrfacc arc:1 of tlic pallndiun~ sample 5 is 

)/II :KJs -- 
(Z2) - 1.2 x 10’9 . 

The specific surface area of the palladium 
sample s is then given by 

x 4.71, x 102. (1) 

Thus the specific surface area of a pnl- 
ladium sample can bc determined by mea- 
suring its value of (H/Pd) ,Ot;,l nrls and sub- 
stituting this into Eq. (1). 

As shown, the gratlicnts of tlicl 0°C’ plot:: 
are loner than tliosc at liigher telnpclrntrirrs. 
Thih is due to hydrogrn absorl)tion, which 
at O’C is appreciable at the low pressures 
uacd for extrapolation, e.g., the a-p phase> 
transition ocrurs at. about 0.4 kN rn-:: at 
0°C. The pressure required for this phase 
transition &crease!: with decreasing tcm- 
pcrature and so the extrapolation procedure 
used here is not possible at temperatures 
below 0°C. The sample surface areas should 
he the same at 30 and 0°C (before heat 
treatment) and should also be the same at 
90 and 0°C (after heat treatment). The dif- 
ference in areas determined at the first two 
temperatures is only 570, but, the area de- 
termined at 90°C is 16% below that de- 
terniinccl at 0°C (after heat treatment). 
This indicates a decrease in the amount of 
hydrogen adsorption wit.h increasing tem- 
peraturr able 0°C or ambient temper- 

RESULTS 

The technique has been used to follow 
the change in surface area of a palladium 
black of extremely high surface area, sam- atures, in accordance with the results of 
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ple Et due to sintering in hydrogen at tem- 
peratures between 0 and 90°C. It has also 
been used to determine the surface areas of 
a series of palladium blacks of widely dif- 
fering surface area (samples A, B, C, D, 
and E) immediately before the measure- 
ment of hydrogen isotherms. In addition it 
was also possible to use the technique to 
monitor changes in these sample surface 
areas during the measured hydrogen 
isotherms. 

Sintering of sample E. This was the pal- 
ladium black of highest, surface area, and 
was thus thought to be the most likely to 
sintcr at tcmperaturcs above ambient. It 
was neccsdary to know its sintering char- 
actcrivtics in hydrogen to determine the 
iiiaximuiii tcnipcrature at which hydrogen 
isotherms could be measured without ap- 
preciablc loss of sample surface area. 

The hydrogen chcmisorption tc~chnique 
was idrally suited to such a study. The 
saml~le was hydrogen I)rctrcntctl and its 
surfarc area was determined at 30°C. The 
sample n-as then subjected to a heat t,rcat’- 
nic~iit~ at *cl\-c>rnl ttmpcraturcs and its 
surface ill’(“l 
(H,/P(l) ,U,:,, -~~rcs~tR 

Ictlcterrninccl. The 
plot:: at t11cw tc111- 

1)eratrlrcs and at 0°C arc ~h0w-n in Figs. 3 
nntl 4, rcsl)crtivcly, while the srlrfacc areas 
calculated are gircn in Table 1. 
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Fm. 3. Hydrogen pressure-(H/Pd)t,t,,, plots for 
sample E at 30°C (1) ; 50°C (2); ‘70°C (3) ; and 
90°C (4) : (0) sorption points; (+) dcsorption 
points. 

Ref. (2.S) for alumina supported palladium. 
For these reasons, only surface areas mea- 
sured at temperatures 0 to 30°C were con- 
sidered valid. However, the above results 
illustrate that the heat treatment caused a 
real loss of surface area due to sample 
sintering. 

Measurements before and during bydro- 
gen isotherms. The hydrogen pretreatment 
was carried out at room temperature on each 

after HT 

before HT 

ri Y 

w nnl I / I I I 
“‘- 0.12 0.16 0.20 

FIG. 4. Hydrogen pressure-(H/Pd) total plots for 
sample E at 0°C before and after heat treatment 
(HT) : (0) sorption points; (+) desorption 
points. 

of the samples immediately before the mea- 
surement. of hydrogen isotherms. The plots 
of (H/Pd),,,,, versus pressure are shown 
in Fig. 5. The surface areas calculated are 
given in Table 2 with the surface area cal- 
culated for sample E at 0 and 30°C. The 
surface areas determined from the extrapo- 
lation of low-pressure sorption/desorption 
points of the 60 and/or 30°C isotherms of 
each sample were identical to those mea- 
sured from the hydrogen pretreatment. Thus 
t,he sample surface areas were constant 

TABLE 1 
CHANGE OF SURFACE AREA ON SINTERING OF SAMPLB; E 

Conditions of heat treatment 

w kN rn+ HP 

Temp of surface 
area measurement s 

(“C) WPdhot.1 ads W .I?) 

None 30 0 1442 68.0~ 
50 1.9 50 0.1323 62.42 
70 1.3 70 0.1193 56.29 
90 1.9 90 0.1032 48.69 

Before heat treatment. 0 0.1520 71.7, 
After heat, treatment 0 0.1223 57.70 
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FIG. 5. Hydrogen pressure-(H/Pd) totrl plots for 
samples A(0 0); B(A, AL); C(V, ‘I 1; and 
E( +) at room temperature: (0, A. D) sorption 
points; (@. A. . +) drsorption points. 

throughout, the measurement of hydrogen 
isotherms. 

CONCLCSION 

The results of the present surface arca 
determinations at temperatures between 0 
and 30°C are compared with the estimates 
by other methods in Part II (18), where it 
is shown that the agreement is very 

TABLE 2 

Sample 

s 

W/Pd)tots1 ads Cm* g-1) 

I)ata from hydrogen pretreatment/isotherms 

A 0 ,0077 3.61 
B 0.0157 7.41 
C 0.0693 32.70 
1P 0. 140.5 66.2~ 
F: 0. I < 52.3 , 71 .Sb 

Additional determinatjiorls 

E 0.1442 68.03 
E 0. 1320 71.71 

satisfactory. 
In a study of the surface area effects in 

the palladium-hydrogen system (19), the I. 
new method was found to be extremely 
valuable in precisely determining and morn- “’ 
toring palladium surface areas. The new 3 
method is suitable for both high and 101~ ’ 
surface area unsupported palladium yam. i. 
pies, but, since it relies on all water pro- 
duced by the hydrogen-oxygen reaction 5. 
being desorbed, it will not be applicable to 
supported palladium systems where water ‘i. 
is adsorbed by the support. 

For this hydrogen chemisorption tech- :. 
nique to be applicable to the surface area 
determination of other metals, the oxygen- 
hydrogen reaction at the metal surface will 

i: 

have to produce water which is desorbed 
and replaced by further hydrogen. Thus 10. 
water must be less strongly adsorbed to the 
met.al than hydrogen at the temperature of 11. 
measurerncn?. Ponec ef nl. (20) indicate 

(’ Sample D was sample 11: sint,ered in situ at 60°C 
in Hz and t,hus its surface area wa.z determined by 
extrapolation of isotherm data 0111~. 

that this is true for platinum, rhodium, and 
copper, at O”C, but Refs. (7) and (,2-J) 
show that this is not true for platinum over 
a wide range of temperatures. 

I :m, iudchted to Professor D. H. Everett fo1 
his sul)lwrt and cncouragrmrnt. I thank Johnson 
Matthcy antt Co. I,td. for the use of the palladium 
sannplc n. An PRC resrarch studrntshilj is grate- 
fully :ll~kIlowll~d~c~d. 
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