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The chemisorption of hydrogen on palladium has been studied by measuring pulse-wise 
adsorption and temperature-programmed desorption (TPD) on various palladium samples and 
on palladium-on-activated-carbon catalysts. The desorption of weakly bound (“type C”) 
hydrogen is found to be first order in coverage, and the enthalpy of adsorption is about 34 
kJ/mole. Its population is proportional to the amount of weakly adsorbed hydrogen (“type C” 
hydrogen), and a desorption mechanism is postulated in which a subsurface hydrogen recom- 
bines with a surface hydrogen atom (“breakthrough” mechanism). The desorption of strongly 
bound hydrogen is second order in coverage, and the enthalpy of adsorption on Pd on activated 
carbon is 90 f  5 kJ/mole, a value about equal to that found by E. Conrad, G. Ertl, and E. E. 
Latta [surface Sci. 41,435 (1974)], for palladium(ll1). Its populat,ion is equal to the amount 
of hydrogen pulsed, minus half the amount of “type C” hydrogen desorbed, in accordance with 
the proposed “breakt,hrough” mechanism. Large amounts of electropositive contaminations 
in palladium, like Zn, Pb, and Ca, suppress “type C” adsorption, whereas the enthalpy of 
adsorption of strongly bound hydrogen decreases to lower values. 

INTRODUCTION 

Because a striking analogy exists bc- 
twen hydrogen chemisorption on nickel 
and on palladium, we will first mention 
the most relevant data for the nickel. 
Sweet and Rideal (I), measuring isostercs 
on polycrystalline nickel, detected weakly 
adsorbed hydrogen (AH is 25-43 kJ/moIe), 
besides an equal amount of less mobile 
strongly bound hydrogen (AH is 83-100 
kJ/mole). Christmann et al. (2) and 
Lapujoulade and Neil (S), in LEED 
studies of hydrogen on Ni(lll), (llO), 
and (loo), found only the strongly held 
form, the enthalpy of adsorption being 
about 96 kJ/mole at low coverage on all 
three plants. 

r To whom all correspondence should be addressed. 
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Weakly bound hydrogen is not pcrccpti- 
ble in the LEED studies, presumably due to 
the relatively low pressures applied. The 
occurrence of a weak t’ype of hydrogen 
adsorption on nickel (often called “type C” 
hydrogen in the literature) was, however, 
confirmed in a TPD study by Bendorf and 
Thieme (4). In connection with the Pd 
results reported in t,his article, it is interest- 
ing to note that the weakly adsorbed 
hydrogen on nickel presented a dcsorption 
behavior first order in coverage. 

Less is known about hydrogen chcmisorp- 
tion on palladium. A flash-filament study 
by Aldag and Schmidt (5) showed four 
desorption peaks, corresponding to cnthal- 
pies of adsorption of 58, 92, 104.6, and 
146.4 k-J/mole. Single-crystal results by 
Conrad and co-workers (6) for Pd(ll1) 
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and Pd(ll0) confirm these findings, except 
for the w-cak and very strong chcmisorp- 
tion ; on Pd (11 l), an cnthalpy of adsorption 
of SS kJ/mole is arrived at, and, on Pd (1 lo), 
a value of 102 kJ/molc is found. 

Enthalpics and clnt,ropics of weak hy- 
drogen chrmisorption or1 palladium wire 
and black are rrportcd by Lynch and 
Flanagan (7). One important conclusion 
of their work is that weak “type C” 
chcmisorption is an adsorpt,ion in excrss 
of the strongly held monolayer. It is 
suggcstcd by t’hcsc authors that it is 
locat’cd in surface interstitial sites and, 
thus, is a natural precursor to interstit,ial 
absorbed hydrogen. The isostcric enthalpy 
of adsorption varies from 44.S (at) an excess 
coverage of 0.06) to 3G.4 kJ/molc (at an 
cxcrss coverage of 0.3) and, hence, is of 
the same magnitude as the values found by 
the other workers for palladium and for 
nickel as well. 

The nature of the weak chemisorption is 
in doubt,; some workers have suggested 
that it is molecular (8, 9), and ot,hcrs that 
it is atomic (10). 

It is t,he aim of the present articlc to 
show that TPD spectra of hydrogen dc- 
sorbing from palladium on activated carbon 
lead t,o results in reasonable accordance 
wit,h the TJHV rcsult,s of Conrad et al. (6) 

i” 

for Pd(ll1) single-crystal plants, as far 
as strong bonding is considered. Our results 
for weak “type C” adsorption arc quanti- 
tatively in accordance with the results of 
Lynch and Flanagan (7) mentioned abovc. 
The location of this hydrogen in int#w- 
stitial surface sit,cs was not adopted by us. 
A new type of hydrogen bonding is sug- 
gwtc’d, \vhich is in accwdancc with all 
c~xpcrimcntal evid(bncc IlO\V availal&>. 
Finally, the influcncc of c~lcctroposit,ivct 
cont,aminations on t,hc: binding st,rcngth of 
hydrogen 011 palladium is bric+ly discussed. 

A st,ainlcss steel grcasc- and mercury-frw 
apparatus was constructed in which hy- 
drogen could bc adsorbed pulse-I\-isc on t,hr 
samplrs, and in which TPD spectra could 
bc measured under conditions in which 
rcadsorption could occur freely (Fig. 1). 

Theoretical analysis of the TPD spectra 
is pcrformcd according t#o Cvctanovi6 and 
Amctnomiya (11) and Konvalinka et al. (12). 

The carrier gas argon (99.99So/, purity) 
n-as further purified via a cartridge filled 
with a highly rcxduccd 50% Ni-on-silica 
Harshaw catalyst and an casual amounts of 
Type ?A molwular siww, &-in. pc’ll(tts, 

FIG. 1. Scheme of’ the TPI) qqmxtus. 
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from Union Carbide, activated in hydrogen 
at 400°C. The pulse gas was a mixture of 
10% hydrogen (Nz : 100 ppm ; OS : 5 ppm ; 
co: 5 ppm ; Hz0 : 100 ppm) and 90% 
argon carrier gas. It was further purified 
via a layer of Type 3A molecular sieve, a 
layer of Deoxo catalyst D (0.5y0 Pd on 
y-alumina, from Engelhard, U.S.A.), and a 
second layer of Type 3A molecular sieve. 

Automatic pulsing of the argon-hydrogen 
mixture in the carrier gas stream was 
performed by means of a Beckman six-way 
chromatography valve with a pulse volume 
of 0.78 cm3. 

The furnace construction is indicated in 
Fig. 1. Linear time-temperature schedules 
in the range of 133-775°K were clcctroni- 
tally regulated via the signal of a Pt. loo-ohm 
resistance ; heat.ing rates between 1 and 
30”K/min could be realized. Above 310”K, 
the electrical furnace was used; below that 
tcmpcraturc, heating with the furnace was 
combined wit,h cooling by means of a haze 
of liquid nitrogen, which was injected in a 
circulating stream of nitrogen gas in the 
furnace. 

Hydrogen concentrations in the carrier 
gas were measured catharometrically and 
were recorded aut,omatically. 

FIG. 2. Pulse-wise hydrogen chemisorption at 
233°K. Open circles: Pd black, sample 2, con- 
taminated. Filled circles: Pd sponge, sample 4, 
high purit,y. 

b. Samples: Their Tedwe attd Allah&s 

Sample 1: 9.4 wtyo I’d otl activated carbon. 
Sample 1 was prcparcd according to Dutch 
Patent Application 7502968 ; filing date : 
March 13, 1975. HzPdC14, from Dcgussa, 
Germany, purity 99.X%, is adsorbed from 
an aqueous solution on the activated 
carbon, followed by basic hydrolysis and 
reduction by adding a mixture of an 
aqueous NaHC03 solution in methanol and 
drying at 120°C. The activated carbon was 
from Dcgussa, Germany, Type Carbo- 
puron 4N, ash free ; analysis : Ca < 0.04 
wt%, Fe < 0.03 wt%, Cu < 0.005 wt,yO, 
and Pb < 0.001 wt%; BET surface area: 
895 m2/g. Auger surface analysis showed S 
to be the only surface impurity, its concen- 
tration being less than 0.01 monolayer. 

From electron microscopy, the diamctcrs 
of the Pd cry&al&s wrc found to be 
between 2 and 11 nm, whereas, from CO 
chcmisorption (13), a mean volumesurface 
diameter of 6.4 nm was found. 

Sample 2: palladium black. Sample 2, 
from Drijfhout, Amsterdam, had a BET 
surface area of 6 m2/g. ESCA analysis 
showed Pb and Zn to be the main surface 
impurities; the Zn surface concentration 
was of the order of 5-10 aLtomy and the 
Pb surface concentration was 3 atomyO 
maximum. 

Sample S: palladium Mohr. Sample 3 

from Degussa, Germany, had a BET 

surface area of 18 m*/g, but the free-metal 
surface arcs, determined from CO chemi- 

sorption (IS), was found to be only 10 

m2/g, which indicates a high degree of 

contamination. ESCA analysis showed 

carbon to be a possible surface impurity, 
but there is uncertainty about its conccn- 
tration due to carbon signals from the 

fixation tape. Sodium was just dctcctablc 

as a surface impurity. Ca might be present, 
but its emission line is very near that of 
Pd, which makes a more quantitative 
dctcrmination impossible. 
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Sample 4: spec.pwe palladium sponge: 
Sample 4 was purchased from Johnson 
Matthey & Co., Ltd., England, and was 
reduced in ultrapure hydrogen. The BET 
surface area, calculated from the methanc 
adsorption isotherm at -lSci”C, was 0.34 
m2/g. ESCA analysis showed its surface 
to bc very pure; only wry small amounts 
of sodium and chlorine could be dctcctcd, 
which may have rcsultcd from the glass 
envelope in which the sample was packed 
bcforc surface analysis. 

FIG. 3. Pulse-wise hydrogen chemisorption al) 

233OK, sample 1, Experiment 1, Table 1. 

c. Pretreatment of the Samples 

Before pulse loading and measuring TPD 
spectra, all samples were heated in sifu 
in a stream of argon, purified as indicated 
before, at 17O”C, after which argon was 
rcplaccd by hydrogen purified via a pal- 
ladium thimble. Thq the tcmperaturc 
was slowly raised to 3OO”C, and reduction 
was carrictd out, for 3 hr. To remove all 
hydrogen from t,hc sample, hydrogen was 
roplaccd by argon ; t,hc tempcrat,urc was 
raised to 500°C and, after 2-3 hr, was 
brought to 400°C. Htlating in argon at 
400°C was stopped when the gas was 
virtually frclc of hydrogen. 

a. Pulse Experiments 

Pulse-wise adsorption of hydrogen on 
samples 2 and 4 at 233°K is rcprcsentcd in 
Fig. 2. The maximum partial pressure 
during pulw adsorpt,ion was 300 N m-2 ; 
undrr this condition, only the cr phaw of 
bulk palladium hydride could bc formed. 
Sample 2 showed a hydrogen uptake of 
only mc monolayrr ; obviously, the high 
conccntrat,ion of surface impurities prc- 
wnted pc>nctrntion of hydrogen into the 
bulk. 

The wry pure palladium sponge, sample 
4, rapidly took up all hydrogen pulws ; 

TABLE 1 

Sample 1: Amount,s of Adsorbed and Desorhed Hydrogen in a Continuous 

Series of Pulse and TPD Experiments 

IXxpt, 
No. 

(1)” 

1 

2 

3 
4 

5 
0 
7 

V,h/ ~‘mls 

(2) 

0.93 

1 .OB 
1.05 
0.74 

0.85 
0.73 

0.74 

Total Hz Pulsed up to 

pulsed the kinkpoinl- 

[cm”(NTP)/ [cm3(NTP)/ 
g of cat] g of cat] 

0) (4) 

2.63 1.84 

0.40 
0.98 
3.23 1.90 
2.05 I .55 
2.80 1.33 
2.45 1.30 

A% I 
(5) 

0.97 

1.0* 
1.0* 

I .o 
0.82 

0.70 
0.68 

Ilydrogen in excess of 
a monolayer 

[cm”(NTP)/g of cat] 

J)esorbed Not desorbed 

(a (7) 

0.0.5 0.18 

0.00 0.00 

0.00 0.00 
0.49 0.84 

0.19 0.31 
0.72 0.76 
0.51 0.64 

0 Column number. 
b These reIat,ive surface areas were not, determined. The value 1.0 is based on the fact that, in Expt 4, 

Srel is 1 .O, and, hence, bet,ween Expt, 1 :md 4, no sintering occurred. 
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bcsidcs format,ion of the monolayer, bulk 
cr-palladium hydride was rapidly formc>d. 

Hence, one might think that the ab/ 
adsorption behavior gives a useful indica- 
tion of the degree of surface purity. This, 
however, is not always t.he case. Via a 
special technique (Id), germanium Tyas 
incorporat,ed in the surface of the palladium 
crystallites in sample 1, up to a Gc coverage 
of 0.85 Ge atoms per surface palladium 
atom still accessible for hydrogen chcmi- 
sorption. Details will be given in fut,urc 
papers. This sample rapidly took up both 
surface and subsurface hydrogen. 

Hydrogen adsorption, as a function of 
the number of pulses on sample 1, is 
plotted in Fig. 3. From the first 10 to 11 
pulses, hydrogen was rapidly and totally 
taken up by the sample, but, beyond the 
kinkpoint indicated in Fig. 3, only part of 
the hydrogen was taken up. 

The sorption behavior depicted in Fig. 3 
appeared to bc reproducible, and it was 
observed in at lcast 50 expcrimcnts 
with Pd-on-carbon and Pd/Ge-on-carbon 
samples. 

The amount of hydrogen chemisorbcd in 
a monolayer was calculated by the ext,rapo- 
lat,ion mct]hod indicated in Fig. 3. In order 
to d&ermine the reliability of this m&hod, 
a CO chemisorption experiment was pcr- 
formed with a parallel sample from the 
same batch which underwent exactly the 
same pretreatment proccdurc as did sample 
1. From CO chemisorption (13), a frcc- 
palladium surface arca of 7.5 m2 Pd/g of 
catalyst was arrived at, whereas, from Fig. 
3, a value 6.78 m2 Pd/g of catalyst is found. 
In the calculation of the free-palladium 
surface area from hydrogen chemisorption 

up to the kinkpoint, it was assumed that, 
according to Sundquist (15), 707, (ill), 

25% (loo), and 5% (110) planes arc 

exposed by t,he Pd crystallites, from which 
a mean surface concentration of 1.45 X 10lg 
Pd sites/m2 is calculated. Furthcrmorc, 
Aben’s (16) surface stoichiomctry of one 

hydrogen per surfaw palladium atom \vas 
accepted. 

Sermon (17) arriwd at a good corrc- 
spondence bctwcen t,hc surface area data 
measured by BET and those measured by 
hydrogen chcmisorpt,ion techniques, assum- 
ing a H/Pd surface stoichiometry of unity 
and an average number of surface palladium 
atoms of 1.2 X 101g/m2. On this basis, our 
kinkpoint method rctsultcd in a free-Pd 
surface arca of S.19 m2 Pd/g of catalyst. 

With sample 1, a continuous series of 
successive pulse and TPD experiments was 
carried out. Between each experiment, the 
sample was heated in a stream of very 
pure argon at 773°K for 2 or 3 hr in order 
to desorb any hydrogen possibly remain- 
ing from the previous experiment. The 
second column in Table 1 presents the 
ratio of totally dcsorbcd hydrogen, calcu- 
lated from the integrated TPD peak areas, 
to totally adsorbed hydrogen, calculated 
from the previous pulse cxpcriment. In 
experiments 2 and 3, in which less than one 

monolayer was pulsed, this ratio is about 1. 
In experiments 1 and 4-7, in which, in 
addition to the formation of the chemi- 
sorbed layer) more hydrogen was taken up, 
part of this hydrogen in exwss did not 
desorb during the succwding 1-hr TPD 
run between 232 and 773”K, followed by 
the argon treatment indicated above. This 
is the reason that Vdes/Vads in these cxpcri- 
ments is less than unity. 

Incomplete dcsorption of hydrogen from 
palladium crystallites with diameters bc- 
tween 2 and 11 nm is difficult to conccivc, as 
the rate of interstitial diffusion of hydrogen 
in palladium is cxt.remely high compared 
with other met’als, the activation energy 
of diffusion being only 23.4-25.1 kJ/g-atom 
(18). Therefore, the most probable cxplana- 
tion for the fact that part of the hydrogen 
pulsed in excess of a monolayer does not 
desorb, is the occurrence of hydrogen 
spillover from t,hc small palladium crystal- 
lites to the surface of the activated carbon 
carrier, by analogy wit.h the findings of 



TEMPERATURE-PROGRAMMED DESORPTION OF H FROM Pd 379 

FIQ. 4. TPD spectrum for hydrogen on palladium, 

sample 1, experiment 1. Heating rate p = lOOK/min. 
Peak maxima at 293, 407, 643, and 780°K. 

Boudart and Aldag (19) for the case of 
hydrogen adsorption on plat,inized carbon. 
It is likely that the spilled-over hydrogen 
react,s with the various oxygen-containing 
surface groups on the surface of the acti- 
vated carbon (SO). 

Column 3 in Table 1 indicates the tot,al 
amount of pulsed hydrogen, and columns 
4 and 5, rcspectivcly, give t.hc amount of 
hydrogen pulsed up to the kinkpoint (set 
Fig. 3) and the relative free-palladium 
surface area calculated from it. It is seen 
that, in the course: of the expcrimcnts, the 
free-palladium surface area gradually de- 
creases, obviously due to sintering at. the 
relatively high TPD top temperature of 
773°K and the high temperature during 
the intermediate sample pretrcatmcnt bc- 
tween experiments (2-3 hr at 773°K in 
argon). Finally, column 6 gives the amount 
of desorbed hydrogen in excess of the 
amount pulsed up to the kinkpoint, and 
column 7, the volume of hydrogen which 
did not desorb. 

b. Comparison of Pulse and TPD Results 

As an example, Fig. 4 gives the TPD 
spectrum of hydrogen desorbing from 
sample 1, after pulse loading up to a 
covcragc 1.46. Two major peaks arc ob- 
scrvcd with maxima at TM = 293 and 

407°K. Furthermore, low-area peaks arc 
found 1vit.h maxima at 640 and 7SO”K. 
The integrated peak surface area of thrsc 
last peaks is less than 2% of the arca of 
the second major peak. In all casts in 
which more than mc monolayer of hy- 
drogen was pulsed, this type of TPD 
spectrum was obtained. 

Two important observations were madr : 
(i) St,arting at coverage <l, peak A was 
always absent. (ii) Prak A could only be 
described as a drsorption first order in 
coverage, as will be shown in the next 
sect’ion. St,atcmcnt, (i) is related to the 
cxpcriment,s 2 and 3 in Table 1, in which 
covcragrs of 0.27 and 0.55, respcct,ively, 
were calculated. An addit,ional cxperimcnt 
was performed n-&h the same catalyst, 
pulse loaded up t’o a coverage 0.96, and, 
indeed, only peak B was observed in the 
subsequent TPD run. This sample, how- 
cvcr, n-as preloaded n-it,11 5 atoms] Gc 
[we Ref. (14)]. 

0) Porthole machon\sm I 

peak A, 

b) 6reakthrough mochonlsn 

Hz Hz Hz Hz HZ 
I I I 1 I 

peak A, 
1” order 

paok 8, 
2”d order 

iI - 

Hr 

I 

FIQ. 5. Schematic representation of first- and 

second-order hydrogen desorption from palladium. 
Postulated mechanisms. (0) Surface site; (X) 

unique surface site for mechanism I; (HJ surface 
hydrogen atom; (Hsub) subsurface hydrogen atom. 
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From (i), it follows t,hat the occurrence 
of peak A is linked to dcsorption of 
hydrogen in excess of a coverage of 1. As 
argued by Lynch and Flanagan (7), 
hydrogen taken up above full coverage is 
in rapid equilibrium wit,h absorbed hy- 
drogrn, and, therefore, it is reasonable to 
expect that it is atomic. How can this bc 
rcconcilcd with a first-order dcsorption 
which would point to a molecularly ad- 
sorbed form? 

In order to answer this question, WC 
suggest the dcsorption mechanism schc- 
matically rcprcsontcd in Fig. 5. Here, peak 
A represents hydrogen resulting from the 
recombination of a subsurface and a 
surface hydrogen atom. The intcrcsting 
point is that such hydrogen is dissociativcly 
adsorbed, but it dcsorbs from one site, and, 
hcncc, the dcsorption is first order in 
covcragc. Peak B also represznts dcsorption 
of atomically bound hydrogen, but, now’, 
two surface hydrogcns rccombinc, and, as 
two sites arc involved hcrc, dcsorption is 
second order in covcragc. 

The mechanism postulated above can 
st,ill bc subdivided into mechanism I, a 

porthole mechanism (SW Fig. 5a), and 
mechanism II (see Fig. 5b), which \VC will 
call a breakthrough mechanism. 

In mechanism I, all subsurface hydrogcns 
desorb via a relatively low number of 
surface sites. Here, subsurface hydrogcns 
diffuse through the palladium lattice to an 
octahedral interstice just below a surface 
octahedral-ccntcrcd site, and hydrogc>n 
desorbs through recombinat,ion with an 
adsorbed hydrogen atom in the centcrcd 
site. [In the (111) plane, a ccntcrcd site 
is the hole formed by three closely packed 
surface atoms. Two types of centered 
sites arc present: above tctrahcdral intcr- 
sticcs and above octahedral intcrsticcs.] 
If such a mechanism is opcrativc, the total 
amount of surface hydrogen pulsed up t’o 
the kinkpoint should be equal to t,hc amount 
desorbing as peak B, because hardly any 
surface hydrogens arc consumed in the 
dcsorption of subsurface hydrogen. 

In mechanism II, the breakthrough 
mechanism, subsurface hydrogen cxclu- 
sivcly desorbs by recombination wit,h 
surface hydrogcns. Then, the amount dc- 
sorbing as peak A is twice the amount of 

TABLE 2 

Volumes of Hydrogen per Gram of Catalyst, Calculated from the Surface Areas 
of the TPl) Peaksa 

Expt 
No. 

Volume calculated from pulse data in Table 1 

[cm” Ht(NTP)/g of cat] 

Mechanism I Mechanism II 

Peak A Peak B Peak A Peak B 

Volume of II2 

a&ally found in the 
TPD experiments 

[cm” H,(NTP)/ 
g of cat] 

Peak A Peak B* 

1 0.G 1.80 1.29 1.16 0.59 1.80 
2 0.00 0.49 0.00 0.49 0.01 0.52 
3 0.00 0.98 0.00 0.98 0.01 1.04 
4 0.49 1 .no 0.97 1.41 0.81 1.58 

5 0.19 1.55 0.39 1.36 0.52 1.23 
6 0.72 1.33 1.44 0.61 1.37 063 

7 0.51 1.30 1.03 0.79 1.14 0.67 

u The volumes predicted from the pulse data in Table 1, according to mechanisms I and II, respectively, 

are compared with the volumes actually found in the TPD experiments. Results for sample 1. 
* In calculating the area of peak B and the corresponding amount of hydrogen, the area of satellite peak 

B (see section d in Ilesult,s) is included. 



subsurface hydrogen, and the amount 
dcsorbing as peak B should bc equal t.o 
the amount, of hydrogen pulsed up tjo the 
kinkpoint minus half the amount dworbing 
as peak A. 

In Table 2, WC present the areas of peaks 
A and B, calculat,cd as indicat,cd above, 
starting from thr pulse dat’a in Table 1 
for both mcchnnisms I and II. 

The peak arcas prcdictcd from tho pulse 
data according to mcchnnisms I and II 
arc compared with the awas actually 
found in the TPD cxprrimonts following 
rach pulse cxpcrimclnt. It is scm from 
Table 2 that, in four out, of five caws in 
which adsorption in cxccss of one mono- 
layer was involved, mechanism II showed 
good corrrlation b&\vccn t,hc pulse and 
TPD dat,a, whereas mechanism I failed. 
For unknown wasons, th(l wvcrw is valid 
in cxpwimcnt 1. 

c. The Enthalpy of Adsorption of “Type C” 
Hydropn: Shape Analysis of Peak A 

For first-order dcsorption with fwcly 
occurring wadsorption, the enthalpy of 

adsorption is calculated from Eq. (13) of 
the prcwding paper (12). The total covcr- 
ag(‘, 8i, \vas calculated from the ratio uf 
hydrogctn adsorbed in oxcc’ss of a monolayc~r 
to t,hc amount ndsorlwd in t’hc monolayw. 
The cowragc at, T = 5”~~ &,r, thq follow 
from Table 1 in Ref. (12). fl* in Eq. (13) 
in Ref. (12) is qua1 t,o cxp (AS/n), whew 
AS is the differential clnt,ropy of adsorption. 
By analogy with the cnt,ropy valw rcport,cd 
by Lynch and Flanagan for \\-cak ‘%ype C” 
adsorption on Pd, U-C took A&’ qua1 t,o 
-83.G J.molc-‘*OK-’ (7). 

The. results arc shown in column 4 in 
Tahlo 3 ; the cnt,halpy of adsorpt,ion is 
about tqual t,o that found by Lynch and 
Flanagan (7) for “t.ypc C” sdsorpt8ion on 
palladium at 0 = 0.3, namely, 364 k.J/molr. 

From a kno\vlcdgSc of AH and Bi, the 
thcorrticnl half-value pc>ak width may lw 
calculated from thch t,hwrc+ic:tl pc& shap(ss 
for first.- and wcond-order dworptSion. 
First,-order dcsorption l(>ads to a better 
dcscript,ion than second order, though, in 
four out of five cnscs in Table 3, the cxpcri- 
mental half-value pclak \vidt,h is somewhat, 
smaller than the t.hcoretical mc (compnrn 

TABLE 3 

Ent#halpy of Adsorption of “Type C” Hydrogen as Calculated from the Posit,ion 

of t,he Peak Maxima 1I1~ of Type A Peaks” 

Expt 

No. 

(llr 

TM 

(2) 
AH IMf-value peak width Order n 

(kJ/mole) (T/TM unitIs) detcrminedh 

(4) (8) 
Aleasurcd Theory 

(.J) 
First Second 
order order 

C(i) (7) 

1 283 0.28 29.0 0.116 0.123 O.l!% 1.12 

4 297 0.21 33.0 0.130 0.148 0.208 1.26 
5 293 0.17 32.0 0.172 0.152 0.192 1.26 

0 207 0.52 36.0 0.136 0.174 0.228 1 .oo 
7 291 0.44 34.7 0.124 0.164 0.224 0.97 

D The half-value peak widths of A peaks are compared with t.hc fhcoret,ical values for first- and secnnd- 
order desorption. Sample 1. 

* According to Kissinger (21). 
c Column number. 
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FIQ. 6. Measured normalized peak shape of peak 
A (solid line), compared with the normalized 
theoretical peak shape for first-order desorption 
(dashed line). The meaning of the symbols C,, and 
T, is given in Refs. (11) and (II). 

columns 5, 6, and 7 in Table 3). The-reason 
for this is unknown; theoretical peaks for 
first-order dcsorption wit’hout rcadsorption 
have half-value peak widths much smaller 
than the measured ones. 

In Fig. 6, the experimental normalized 
peak shape corresponding to experiment 6 
in Table 3 is compared with the thcorctical 
normalized peak shape taken from Ref. 
(11). For the left-hand side of the peak, a 
perfect theoretical description is arrived at, 
whereas, for the right-hand side, the 
description is quantitatively unsatisfac- 
tory. The asymmetry in the experimental 
line was not found for all other A peaks 
measured; it appeared to be due to the 
fact that the top of the peak was rather 
flat, which made an exact determination 
of the top temperature rather difficult. 

Another criterion for the order of dc- 
sorption is formulated by Kissinger (!&‘I) 
for peak shapes found in differential 

thermal analysis (DTA). The starting 
point,s being the same as in the dark of 
Cvctanovii: and Amcnomiya (11) and in 
our work (I$), Kissinger’s criterion may 
be applird to prak-shape analysis in TPD 
as well. His method has an advantage in 
that the possible occurrence of fractional 
orders or a pseudo-zero order of desorption 
is included in the theory. The ordt>r of 
desorption, ?l, is given by (21) : 

n, = 1.26 X ~9, 

where S is the so-called shape index, 
defined as the rat,io of the slopes of t,he 
tangents to the dcsorption curve at the 
inflection point. 

Results are given in column 8 of Table 
3 ; a mean value of ?z = 1.08 was calculated, 
and, hence, this method also points to a 
first order desorption process for all casts 
tabulated. 

The order of dcsorption now being 
established, WC can diffcrcntiatc between 
t,hc postulated porthole and breakthrough 
mechanisms. Interstitial diffusion of hy- 
drogen through the bulk to the surface 
can be discarded as the rate-determining 

AH C kJ,'mole ) 

I 

FLu. 7. Enthalpy of adsorption of normal dis- 
sociative hydrogen on palladium, as a function 
of coverage. Filled circles: sample 1, Pd on active 
carbon. Open circles: sample 2, Pd black with 
surface impurities. Cross: sample 3, highly con- 
taminated Pd Mohr. 
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step, the activation energy for this process 
being lower than i t,he act,ivation energy 
measured [seo Ref. (18)]. Port(hole sites 
would immediately be refilled as soon as 
thoy are set free due to desorption, and a 
pseudo-zero-order behavior would result. 
As this is not observed, the porthole 
mechanism must be rcjccted. 

cl. The Enthalpy of Adsorption of Normal 
Dissociatively Chemisorbed Hydroye?l: 
Shape Analysis of Peak B 

As will bc shown lat,cr, WC are dt>aling 
here with swond-order dcsorpt,ion, and, 
therefore, the enthalpy of adsorption must 
be calculated from E:q. (12) in R(lf. (1%‘). 
For all cxpcrimcnt,s with sample 1, the 
cnthalpy of adsorption thus calculated is 
plotted in Fig. 7. In t,hc calculat,ion, it was 
assumchd that the cnt#ropy loss during 
adsorption is qua1 to the entropy of 
gaseous hydrogen, t,hn gas baling adsorbed 
to immobility (la). The AH values in 
Fig. 7 are valid for 0 = &I, as they arc’ 
calculated from the top tcmpcrature, but, 
based on the fairly good corrclspondcncc 
b&won the moasurcd and thcorctical lino- 
shapes (Fig. S), it follows that AH is 
practically constant in t,hc range of cover- 
ages from 0 = Bi to 19 = 0, and this is tho 
reason why, for each cxporiment,, a lino 
instead of a point was drawn in Fig. 7. 

The small coverage sensitivity of AH is 
in accordance wit#h the result,s of Conrad 
et al. (6) and Christmann et al. (2) for 
palladium and nickel, respectively. Furthcr- 
more AH is of the same magnitude as that 
reported for Pd(lll), viz., 90 f 5 kJ/mole. 

For t,he highly contaminated samples 2 
and 3, a AH value of 65 f 10 kJ/mole was 
found (see Fig. 7). Obviously, large amounts 
of clcctropositivc contaminations, like Zn, 
Pb, and Ca (detected in the ESCA analy- 
sis), and also carbon, product a decrease in 
the cnthalpy of adsorption of about 157,. 
On these highly contaminated samples, 
“type C” adsorption could not bc dctcctrd. 

Sample 1, intcntionnlly contaminated 

with germanium (see Section a in Results), 

rapidly took up both hydrogen up to the 
kinkpoint and hydrogen in excess of a 
monolayer, and, in t,hc succeeding TPD 
spectrum, both the A and B peaks arc 
observed. Due to the presence of ger- 
manium, the Pd(3d $) line in the ESCA 
spectrum is shifted from 336.4 (Pd on 
carbon) to 335.4 eV. For the measurement, 
the carbon C(ls) lino was taken as a 
rcfwcwe. Hence, a chemical shift of 1 eV 
is found, indicating an increase in the 
electron den&y on the Pd sit,es. 

Separate TPD experiments with the 
same samples revealed that,, due to the 
presence of Gc, the top of the hydrogen B 
peak shift,ed from 407 to 3S3’K, which 
corresponds nith a wcakcning of t>hc Pd-H 
bondstrongth of 2.7 kJ/molc. Obviously, 
clcctron donatiodof Ge to Pd wc~akcns the 
hydrogen-palladiim bond. A shift in the 

FIG. 8. Measured normalized shape of peak B 

(solid line), compared with the normalized theoret- 

ical peak shape for second-order desorption (dashed 
line). AH = 86 kJ/mole, Bi = 0.25. (0) Satellite 

peak B; AH = 96 kJ/mole, Bi = 0.03. 
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FIG. 9. Proposed mechanism for the desorpt’ion of bulk hydrogen from palladium, via the Pd (1 II) 
plane. 

position of the A peak could not be dctccted 
within the accuracy of the cxpcrimcnt. 

In Fig. S, the expcrimcntal normaliecd 
peak 13, found in cxperimcnt 2, Table 2, is 
compared with t.he normaIizcd theoretical 
peak for second-order dcsorption, taken 
from Ref. (12). The thcorctical curve is 
corrected for the tcmpcrature dcpcndencc 
of the adsorption entropy, as explained in 
Ref. (12). By subtracting the theoretical 
peak from the measured one, a satcllitc 
peak, 13, can be isolated (see Fig. S). 
Its arca is about 10% of the total peak 
B area. The corresponding cnthalpy of 
adsorption, calculated from the top tem- 
pcrature and the population, is calculated 
to bc about 98 kJ/mole, whcrcas the same 
procedure gave a value of 93 kJ/molc 
for experiment 3 in Table 2. The nature of 
the binding mode represcntcd by this 
satellite is in doubt. It may reprcscnt 
adsorption on the Pd(ll0) faces. This 
would bc in accordance with the small 
percentage of these pianos (15) and with 
the heat of adsorption rcportcd by Conrad 
el al. (6) for Pd(llO), viz., 102 kJ/mole. 

DISCUSSION 

The breakthrough mechanism introduced 
in this paper explains, in a natural way, 
how dissolved hydrogen can leave palladium 
via the surface, notwithstanding the fact 
that the chemisorbed layer is more strongly 
bound (90-100 kJ/mole) than the dissolved 

hydrogen (24 kJ/molc at low concentration 
in the a phase). The cncrgy trap formed by 
the surface is easily surmounted by rc- 
combination of a subsurface and a surface 
hydrogen atom, by which the activat,ion 
cnthalpy of dcsorption is appreciably 
lowered (34 kJ/molc), as depicted in 
Fig. 9. 

According to Lynch and Flanagan (7), 
hydrogen taken up in cxccss of a monolayer 
is adsorbed in interstitial surface sites, and 
this hydrogen is a precursor to intcrstit,ially 
absorbed hydrogen. Starting from this 
hypothesis, all our mcasurcments can bc 
cxplaincd in exactly the same way as done 
for hydrogen atoms adsorbed in cxccss in 
the octahedral subsurface holes; dcsorption 
of interstitial hydrogen atoms in the 
surface can also occur by recombination 
with the normal dissociativcly chemi- 
sorbed hydrogen atoms. Again, a first-order 
dcsorption results, taking a coverage of 1 
at the kinkpoint. 

Within the framework of this study a 
firm decision bctwccn these two possibilities 
cannot bc made. 

There is even a third possibility, namely, 
that hydrogen adsorbed in cxccss of a 
monolayer is adsorbed in the molecular 
form. However, this view cannot bc: fully 
reconciled with our rrsults, as it was found 
that desorption of hydrogen adsorbed in 
excess of the monolayer desorbs at the cost 
of the extent of the coverage of normally 
chemisorbr>d hydrogen (see Table 2). More- 
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over, a chemical bonding of hydrogen in 
the molecular form is difficult t,o jmaginc; 
in metal coordination chemistry, it is an 
unknown concept. Ncithrr is a physical 
adsorption of hydrogen in tho molecular 
form an attractive proposal, the onthalpy 
of adsorption of 34 kJ/molc, as found in 
t.his work for “type C” ads;orpt,ion, bving 
much too high for a physical intcxx;t,ion. 
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