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This paper reports the preparation of a set of platinum catalysts on wide-pore silica gel by 
impregnation with H*PtCle aq and by ion exchange with Pt(NH3)12+. Some catalyst,s were 
reduced directly and others after preliminary calcination. Percent,ages exposed (platinum 
dispersion) measured at 25°C by hydrogen chemisorption, hydrogen desorption, and hydrogen- 
oxygen t&ration vary from 6.3 to 81%. Hydrogen-oxygen titration gives values which are about 
88% of those given by hydrogen chemisorption. Upon storage in air at 25”C, the content in 
surface oxygen increases substantially beyond that resulting from t’he short exposure to oxy- 
gen employed in the hydrogen-oxygen titration. Exposure to oxygen at 300°C results in still a 
further increase in the content in surface oxygen. The surface oxide resulting from the short 
exposure to oxygen employed in hydrogen-oxygen titration is rapidly reduced by hydrogen at 
25°C but coverages by oxygen much in excess of those resulting from the short exposures 
result in much reduced rates of reaction with hydrogen. The effect is structure sensitive : The 
degree of reduction in rat,e is much larger on the catalysts with a higher percentage exposed. 
The percentage exposed of the catalysts with the lowest percentage exposed appears to be 
larger when st,ored catalyst exposed to oxygen at 300°C is reduced at 25 or 100°C than when 
it, is reduced at 300°C and swept with argon at 450°C. 

INTRODUCTION 

The effect of the surface morphology of 
the active catalytic ingredient in hetero- 
geneous catalysts has long been of interest 
(I), but progress in this area had to await 
methods which could provide some physical 
characterization of the surface. For sup- 
ported metallic catalysts, two parameters 
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of the active ingredient became available: 
particle size (from line broadening or 
small-angle scattering of X rays and from 
transmission electron microscopy, TEM) 
and percentage exposed (2) (or dispersion). 
In general, the average particle size should 
decrease as the percentage exposed in- 
creases, but the shape of the particles and 
the distribution in particle diameters would 
also have to be known exactly to correlate 
percentage exposed with particle ‘%izc.” 

In the simplest case, one would expect 
that the ratio of edge to face atoms would 
increase with increasing percentage exposed 
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and, bhercfore, that any parameter of rate 
or selectivity which depended upon this 
ratio would be correlated with percentage 
exposed. A number of studies employing 
this assumption have bern reported in 
recent years. This paper and the following 
ones report certain results from a collabora- 
tive project involving the laboratories of 
.J. B. But,t (Chemical Engineering), J. 
Cohen (Materials Science and Engineering), 
and R. L. Burwell, Jr. (Chemistry), in 
which a series of Pt/SiOz catalysts have 
been prepared which vary in the method of 
preparation, calcination or not before re- 
duction, and in the granule size of the 
silica gel. The resulting range of percentages 
exposed was 6 to 81%. Pt/SiOr was chosen 
as the first type of catalyst to examine 
because the support is probably the most 
inert of commonly used supports, just 
what type of silica gel should bc cm- 
ployed appeared to be reasonably clear, 
and previous literature adequately de- 
scribed methods of preparation. Several 
catalytic reactions have been examined on 
the set of catalysts (S-5). 

Since a characterization as detailed as 
possible of the platinum crystallites in the 
Pt/SiOz catalysts seemed desirable, they 
have been examined carefully by x-ray 
line broadening (6) and by the chemisorp- 
tion of hydrogen and oxygen. In addition, 
Aika et al. (7) have examined the catalysts 
by TEM and Angevine et al. (B), by X-ray 
photoclcctron spectroscopy. Further, since 
platinum catalysts are stored in air after 
reduction and often used at room tem- 
perature after treatment with hydrogen at 
room tcmperaturc, we have examined the 
reaction of hydrogen at 25 and 100°C with 
the stored catalysts, and, consequent to 
this, with catalysts given various exposures 
to oxygen. 

A wide-pore silica gel, Davison Gradr 62, 
was cmploycd as the support. As mca- 

sured on an Aminco Adsorptomat with 

nitrogen at -196OC, a, = 285 m2 g-l, pore 
volume = 1.2 cm3 g-l, and average pore 
diameter from desorption = 14 nm. The 
70- to SO- and 120- to 140-mesh fractions 
were isolated using sieves reserved for 
silica gel. These fractions were agitated 
with redistilled water and decanted re- 
peatedly until the fines which adhere to the 
gel granules had been eliminated. The gel 
was then percolated with 0.1 M nitric acid 
to reduce the alkali and alkaline earth ion 
content, washed with redistilled water, and 
dried in an oven at 85%. Careful attention 
was given to cleanliness, and all operations 
from sieving to storage of catalysts were 
performed in a room free of organic vapors 
and other known contaminants. 

In general, preparation of catalysts 
followed Benesi, et al. (9) and Dorling, 
et al. (10). The catalysts involved all varia- 
tions of the following: on 70- to SO- and on 
120- to 140-mesh gel, prepared by impreg- 
nation and prepared by ion exchange, and 
calcined and not calcined before reduction. 
About 250 g of catalyst was prepared at a 
time. The impregnated catalyst was made 
by slowly adding to incipient wetness about 
0.95 cm3 g-l of a solution of chloroplatinic 
acid (99.99% platinum in metal content) 
to a batch of silica gel in a 4-liter beaker 
which was inclined 24” above the horizontal 
and slowly rotated mechanically. The gel 
was dried in the rotating beaker under in- 
frared lamps and finally dried in an oven 
overnight at 93°C. Part was calcined, about 
100 g at a time, at 279°C for 4 hr in flowing 
air from a commercial cylinder. The 
catalyst was reduced, about 100 g at a 
time, at a temperature of 80°C for 1 hr, 
at a temperature rising to 118°C with a 
hold for 1 hr, and then 205°C with a hold 
for 2 hr. Reduction was with a mixture of 
hydrogen flowing at 190 cm3 min-1 and 
helium, at 250 cm3 mix1 which was 
passed through silica gel at -196°C ahead 
of the catalyst. The remainder of the 
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‘I%c ion-c~sc~ll:lngc~fl v:11~:11~~sl \v:w nwtlt~ 
by ;dfling silica gd to mlistillofl \v:kt,flr :i,ud 
adjusting tht: pH to about 10 \vith aquc- 
ous ammonia made freshly from conccn- 
trated aqueous ammonia packaged in a 
plastic bottle. A solution containing a 
known amount, of Pt (NHs),C12 (made from 
H2PtC16 by reduction with hydrazine) was 
added to the mixture, the pH was rc- 
adjusted to 10, and the mixture was allowed 
to stand \vith occasional stirring for about 
7.5 min. ‘l‘hc gel was washed rcpcatcdl) 
\vith rcdist,ilkd wat,w and drkd at 67°C 
in an own overnight. Half was rcduccd 
tlirrctly with the same nrixturc as that’ uwd 
t,o twluw the> imprc~gnntc~d catnlysb. I>uring 
w~lu(%ion, t#hc tcwpcwt8urc was incwascd 
at t#hc> rate of 3°C n~irl-L t,o 305°C and held 
thw: for 2 hr. The other half wax rcducrd 
after calcining at 435°C for 4 hr in air as 
abovc. The catalyst’s wcrc flushcld with 
helium after reduction and transfcrrcd in 
air to glass-stoppcrcd hottlcs. 

Measurement 0-f l’erce?,taqe E.rposed 

A pulse technique similar in gcncral to 
t,hat, of Frccl (11) was used. ?So mercury or 
grcasrd StO~KYWliS \vcrc prcscnt and Nupro 
I)cllows valurs \vith T(#on fwrulrs \vcrc 
uwd. Ultrahigh purity argon (Matheson 
(ias Produck, 9!).999(,Yc) WAS cmploycd as 
the carriw gas. It was passed over hot 
copper oxide t#o rcmovc any hydrogen, then 
t,hrough a t,rnp of Cr2+/Si02 (I!?) containing 
2.5 wt(y’ of Cr to rcmovc oxygen and water, 
:rnd thrn t,o :I Rrooks Thermal A’lnss Flow- 
m&r with digit#al output. By calibration, 
t,hc flowmeter-was accurate to 0.2%. The 
Cr2-+/Si% was made by imprrgnating 
Davison Grade 62 silica gel with aqueous 
chromic acid followed by reduction with 
hydrogen at 500°C. The purified argon 
then passed to a jacketed Carlc Micro- 
volume injection valve (2018-P) purged 
with argon. The 0.236%cm3 loop of the 

injection valve ~oultl be filktl \vilh hydrog(~ll 
1)ririficfl by passagtb through a t,rap of silk1 
gcll at, - 1!)6’(‘. ‘l’hfb I)rws\lrcb of the h>,- 
drogcw c*oultl Iw :idjustc*d t80 ;IIIJ’ dwirc*d 
value and read on a Kistlrr 3141) Swvo 
l’ressure Sensor to *0.2%. l’ressures of 
about 300 Torr \\cre usually cmploycd. 
Beyond the injection valve the carrier gas 
passed to a purged Carlr switching valw 
(2011-P). The catalyst was inserted in a 
U-tube attached to two leads of the switch- 
ing valve. The carrier gas either bypassed 
the catalyst or passed through it, according 
to the position of the valve. Following this 
valve, the carrier gas passed through mo- 
lecular sieve, Lindc cih, and then to a pottctd 
GowMac catharomcter 10-952-6 contBaining 
four gold-plated tungsten filaments. Afkr 
removal of hydrogen pulses (hot coppw 
oxide, Lindc molecular sicvo ,‘,A), the 
carrier gas passed through the rctfcrcnw arm 
of the catharomctcr. Keeping the catharom- 
cter in an icct-water mixture provided a 
very stable base line. Output peaks wre 
mrasured on an integrating recorder. 

Catalyst samples of 0.1 to 0.3 g wrc 
used. The pulse method, particularly with 
such small samples, requires cxtrcmcly pure 
carrier gas. The loop system in our appa- 
ratus \vas always evacuated during catalyst 
prctrcatmrnt to climinatft any lCali:tgC of 
hydrogen into the carrier gas. Contcwt 
in oxygen \vas measured by passing the 
carrier gas through a tube containing 
Cr2+/W2 (0.1% by wt of Cr) inserted 
beyond the switching valve and bypassing 
the catalyst. Any oxygen is ads&cd and 
products a sharp band lvhich moves through 
the bed as a change in color from blue! to 
grecn. The ratio (band lcngth/amounb of 
oxygen) was dctcrmined by injecting pulws 
of oxygen. The system was also chccl<(bd 
for leaks by substituting helium as the 
carrier gas and passing it through a trap 
of silica gel at - 196°C located beyond the 
switching value. After about 20 min the 
trap was warmed and the released pulse 
was measured catharomrtrically. The oh- 



scrvcd cordxnt of the carrirr gas in oxygen, 
less than 0.03 ppm, could result in a 
wvcragc by oxygen atoms of no more than 
0.2% of the surface atoms of platinum at 
the time of a m(~as11r(~lli(lllt of h!drogcln 
chwiisorption. 

I’nlcsa othcr\viw stated, all catalysts \V~C 
prrtwatt>d und(yr the st’andard conditions 
symbolized by 02, SOO”, O..;; Hz, 300”, 1 ; 
.-\I., 150”, 1 where t,he first, number following 
the g:ls indicates tcmpcrat~ure (in “(I) and 
t,hc sccwnd, durat,ion in hours. The oxygen 
treatment was, of comw, follo\v(d by a 
short argon flush. Cooling was al\\-ays in a 
flow of the gas listed last. 

Calibration of hydrogen peak awas \v:ts 
c#rctcd as follo\vs. Pulsc~s of h>.drogen \\‘wc 
passed through the s;\~stem with the witch- 
ing vatvtr in the bypass position bcfow and 
after the procedure usttd to measure pcr- 
ccwtagc> exposed. Xgrcw~~cnt was f l’,?,. 
Aftclr the first calibration putw, hydrogc~n 
putws wrc passed over the, cntalyA. ‘I’ho 
first, putsc was usually complctc~ty ad- 
sorlwd; tlict swond, partially ndsort~c~d ; 
and t,hc fourth ant1 fift’h, \vliicli \\‘(w 
idwt8iA, c~stal~listic~d a tliirtl wlil~ration 
~)ulw. ‘l‘li(~ int,orval b(~t~\vwn inj(~c%olis \V:IS 
7 tilin. Ttic awrngr of tJhc thwc wlil)rafioll 
1)utsw, wtimatJod to lw valid tjo f 1.5’;; , 
\V:IS uwd as the final calibratjion. ‘I’hc flo\\ 
ratci of argon was ‘25 cm3 niin-l during thcw 
c~xpwinictit,s. 

Votlo\ving this squence, a furnace pw- 
hcaatcd to 450°C was raised around tho 
catalyst with the switching valve in t’h(l 
bypass position. After 5 min, the valve was 
sbvitched and the resulting putsc of hi-- 
drogen was recorded. After the catalyst had 
hcerl swpt with argon for 1 hr at 450”<‘, 
the catalyst was cooled and the adsorption- 
dcsorption cgctc was repeated. 

was heated to GOT, and a hydrogen de- 
sorpt,ion peak uxs recorded in the fashion 
described above. .kw)mpanying water ~1s 
rc~movc~d by the Lindc 5A molecular skw. 

‘l‘hc prowdurc descrilwd abovc had 
undcrgonc~ an wolution \vith timca. ‘I’hc 
data of ‘1’abl(~ 1 wwc priniaril). obtained 
using won as tlicl wrricr. In this, prc+reat- 
nwnt was \vit’h hc~tiunl and it \\‘:I?; wptawd 
by 1wo11 just before tlic start of the mcwuw- 
merit of hydrogcln ~11(~lnisorl)tioIl. Of course, 
one cannot sat~isfwtorily nwasuro lijdrogw 
in li(lliunl t)y c,;lth:iroiilt,tr~. Ttic advant agcb 
of n(~oti is t,liat it wn b(i highly purified 
mcwl~. by passagc~ through a trap of silica 
gctl at - I!)(i”C, and its purity can bc mea- 
suwd tikth that of hc~lium as dwcribrd abow. 
‘I’hc~ disadvantagt~ is thcb delay cwrasiotwd 
by \vniting for a stabl(~ base: litio afkr 
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TABLE 1 

Percentage Exposed of Pt/SiOz Catalysts 

Catalyst 

(WSl 

Hz chemi- Desorp- HZ chemi- Desorp- HA2 Desorp- 
sorption tion b sorption tionb Dtb (%) tionb 

Dhb (%I (%I Dhb (%) (%) (%) 

81-SiOz-IonX-S 0.825" 80.9 88 80.9 90 68 91 
80.2d 83.2 81.3 76.9 65.1 90.2 

63.5-SiOz-IonX-L 0.49” 64.5 71.6 62.6 67.5 56 66.6 
63-SiOrIonX-S 0.48 62.1 71.7 64 70.1 57.4 68.2 
40-SiOrPtCl-L 1.101 39.8 42.7 39.5 40.0 37.2 41.8 
40-SiOrPtCl-S 1.17g 40.7 40.0 38.8 37.6 32.9 38.8 

39.4d 35.1 38.3 36.1 32.6 39.9 
27-SiOrIonX-S 1.48 27.1 28 27.5 28.3 19.5 21.3 

21.5-SiOs-IonX-L 1.48 21.5 21.2 21.5 21 14.5 14.6 
16SiOrIonX-Ln 1.48 15.6 17.4 15.8 17.5 12.5 10.8 

15.3di 15.8 12.1 10.5 
7.1-Si02-PtCl-S 1.91 6.8 7.8 7.4 7.4 3.7 4.3 

6.3 6.7 7.0 6.7 5.8 6.3j 
6.3-SiOz-PtCl-L 1.97 6.0 6.8 6.5 7.2 4.8 4.0 

a Pt content calculated from amounts of Pt used in catalyst preparation. The weight of silica gel is as dried 
at 300°C in a stream of helium. 

b Values of percentage exposed calculated from each of the six successive measurements described in the 
text. 

e The catalyst was analyzed for Pt by the Research Laboratories of the Amoco Oil Company to whom we 
owe our thanks. Their analysis for Pt gave 0.79 wt’%. Our value by synthesis was 0.86 wt%. The listed value 
is the average of the two. 

d The data in this row were determined one year after t,he others using Ar rather than Ne as the carrier gas. 
e The Amoco value was 0.46%. 
1 The Amoco value was 1.11%. 
0 The Amoco value was 1.16%. 
* The catalyst was calcined at 441°C for 20.S hr before reduction. 
i The Hz-O, titration and desorption were run first, then the hydrogen chemisorption and desorption. 
j A pulse of hydrogen was trapped at 25°C for 180 min (rather t,han passing 5 pulses of hydrogen). 

70-80, was used (S indicates the smaller were run at 25°C. Figure 2 shows, for 
mesh gel, 120-140). The value for the 21.5SiOz-IonX, the apparent value of por- 
Hz-02 titration Dt was derived from the centage exposed, lDh’, obtained when other 
consumption of hydrogen divided by 3 as- temperatures are used. 
suming that the following equation repre- 
sents the stoichiometry of the reaction: 

Reactivity with Hydrogen at 25°C of Stored 
P&-O + 3/2H2 = Pt,-H + Hz0 Catalyst 

Pt, represents a surface atom of platinum. It seemed of interest to examine the 

In Table 1, catalysts with DI, equal to 2770 reactivity with hydrogen of the surface 

or less were calcined before reduction. Those oxide on platinum which results from 

with Dh equal to 40yo or greater were re- storage of a catalyst under exposure to air 
duced directly. Figure 1 shows the plot of for more than a year. Table 2 shows that 
D, vs D,p such surface oxide reacts much more 

All adsorptions of hydrogen in Table 1 slowly \vith hydrogen than the surface 
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oxide resulting from treatment with oxygen moved by an argon flush at %5”C, 40-Si02- 
for only 15 min. Since the low reactivity PtCl-S was given the standard pretreat- 
might result from adsorbed watcrr not re- mrnt and exposed to O2 at 25°C for 15 min, 
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FIG. 2. Apparent perrenlage exposed, ‘Dt,‘, cakttla~ed from the hydrogen chemisorpiion 
irreversible at, the t*emperatlttre given ott lhc .r axis. The calalysl~ is 21.5SiOa-IonX and the cx- 
trcme range of valaes measured at 25°C is shown by the two points at (hat tetnpcra(ure. 
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TABLE 2 

Hydrogen Titrations on Pt/Si& after Storage for over 1 Year 

cata1pt ‘IA (%P 

(a) Ar flush (b) After (a) .4fter H? at 25% for (e) H?. 100 0 C, (f)0?,3000; (9) 02,300”; 
nt 25”Cb ti0 min H.>. 300’ ; H?, 300°; 

(c) 15 min (d) 30 min Ar, 3000 Ar, 4300 

4.9 5.1 4.3 4.8 
3.liC 

-IO-RiOz-PtCl-S 1i.l 19.3d 2G.S 29.7 30.3 32.9 31.9 
I G.W 19.x 80.6 32.8 
13.1c 
l-1.01 

X2-SiO~-I”nS-S 11.2 34.0 3G.X (li.j)O 
11.4’ 67.G’,! 

5.2= 

0 One-third the quantity of hydrogen atoms consumed from five pulses of H? passed over the catala-st in argon carrier divided by 
total atoms of platinum. After the experiment of column (a), the catalyst was treated with oxpgcn for 15 min at 25’C and then 
exposed to pulses of hydrogen to give column (b). In rolumns (c)-(g), the catalyst from the previous colunm was given the listed 
treatment. and exposed to oxygen at 25°C. and pulses of hydrogen were passed over the catalyst. Treatment at 300°C was for 
0.5 hr with 02 and for : hr with H?. 

6 A sample of the stored catalyst was flushed with argon for 20 min and then pulsc~s of hydrogen wvcrc paswd over it. 
c Stored catalyst was exposed to 0~ at 300% for 30 min. cooled to 25°C in 0~. and flushed nitb Ar, rind pulses of hydrogen were 

passed over the catalyst. 
d Repetition of this measurement gave 19.5%. 
e Run on a fresh sample of catalyst. 
I As in footnote c except that treatment with 02 was for 80 min at 3OO’C and 225 min at 2j°C. 
Y  From Table 1. 
h By trapping a pulse of hydrogen for 210 min at 25’C (rather than passing 5 pulses of hydrogen). Subsequent desorption at 45O’C 

gave 88.7%. 

att(l then to an atwunt of watw vt~por in 
liolium carrkr cortwpottdittg to 3OOG.500 
tttottolaytw on the plutittum surfnw. Hy- 
drogen pulsw \v(tre thctt puswd ovw the 
catalyst to give a I), of :JO.S(x. 

Table 3 prcwttts rfwtl ts of measutw~wt 
by the trapping twhttiquc of the surface 
oxide of stored catalyst prctwatcd with 
oxygen at 300°C and of the hgdrogctt- 
oxygen titration of this material aftor re- 
duction by hydrogen at 25°C. Table 4 prc- 
sents the results of attempts to duplicate 
the slow reduction characteristics of stored 
catalyst by various prctreatments \vith 
oxygen. Figures ?I and 4 prcsont the results 
of the wductiott of surface oxide by the 
trapping tcchniquc as a function of t,imc: 
and t,rmpc~ratJurc~ of tmppittg. 

I)IS<:lJSHION 

‘I’hc SC+ of catjalyst8s was prepared b, 
convt~ntional mt%hods and with pnrlicular 

effort to avoid c~ottt~atnitt:~~iott. I<(dtt&)tt of 
~~c~ccwt~gc~ t~xpowd ws c3wt,c~d lt~, c~alcittn- 
tiott Iw~we wduc+ott ratkr t,hatt by tJltc: 
sitttwittg c@e~ rc>ductiott ctttployc~d in tnatty 
similar studios. ‘l’hrrclforc>, our set of cat’u- 
lysts was pwpawd uttd(hr rathw unifortn 
cottdit.iotts, catal;\-& \vw(’ twvw c~xposcd 
to tcmpwa.turw high(>r than 45O”C, and, 
after the standard prc%reatmctnt, thr surface 
of the support should have bwn tht: same 
for all catalysts. WC suspect, therefore, that 
the only variable in our set of catalysts is 
percentage exposed to a better approxima- 
tion than in many other studks. 

The standard pwtrcattnc~nt, (uwd uttlcss 
otherwise specified) was 02, 500”, 0.5; HP, 
X00”, 1 ; Ar, 450”, 1 (the first number follow- 
ing a gas is t,c!nipw3tuw itt “(J, the second 
is titnc~ in hours). The uxygw treatment 
was tmployed to c>liminatc any contamina- 
tion by organic matter (I..$). Howevw, 
sittw otttitt,ing O,, 3OO”C, Ird t,o tha same 



TABLE 3 

Reaction of Stored Pt/Yi& with Hydrogen 

(h) Or, 300” ; 
H,, 23” ; 
Ar, “<SO” 

(i) Oz, :300” ; (j) O,, :<OO” ; (k) 02, :500°; (I) .4r, 25°C 

Hz, 25”; Ar, :wo” j nr, 25’q: 
Ar, 450”” 0.23 

6.3~Si&-PtCl-I,,’ 

40-Si02-PtC1-S 
8 I-SiOz-Ion X-S 

0 Computed from one-third the quantit,y of hydrogen atoms consumed as in the calculation of II,. Treat- 
ments in 02 were for 0.5 hr, and all catalysts were cooled from 300°C in 0: except for column (j). Treatments 
with H, were for 1 hr. 

* Following t,he listed treatment, of stored catalysts, the cat.alysts were exposed to 02 for 0.25 hr at 25°C. 
c Following the listed treatment, a pulse of hydrogen was trapped in the reactor and later released for 

analysis. 
lf The sensitivity in detection of hydrogen was twice that for 6.3-SK&PtCl employed in Table 2. A sample 

of stored 6.3-SitI?-PtCl given the pretreat.ment Ot, 300”; H?, 100” ; .4r, 25”, followed by Oy, 2,5’ ; 0.25, and 
a hydrogen pulse trapped at 25°C for 1106 min gave 6.9!,. 

e Trapped with H:! for about 1100 min at 25°C. 
1 Trapped for 180 min at 100°C. 
0 The sample exposed t,o the listed treatment was a catalyst, which had been exposed to the srnud:rrd 

pret re:dinenl. 

li Trapped for IS0 min at lOO”C, and the released pulse of hydrogen was measured. The catalyst was then 
heat,ed rapidly to 450°C in flowing argon, and the evolved pulse of hydrogen was measured as in I)esorpt,ion, 
Table 1. The surface oxide is taken as (2) (trapped pulse of hydrogen minus that released at IOO”C 
:ud 450°C). In a simih experiment in which the pulse of hydrogen was trapped at, :IOO”C, ‘II,’ = 122%. 

results, the stored catalyst appears to bc 
frco of organic contamination. Wc assume 
that the platinum particlcs are clean folio\\-- 
ing the standard prctreatmcnt. Mcasurcd 
values of percentage exposed from hydro- 
gcn chcmisorption, Dir, wcrc in gcncral 
agrecmcnt with previous reports (9, 10, 
1.5, 16) both for SiO-IonX (prcparcd hi 
ion exchange with Pt(-R;HJJ2+) and for 
SiOz-PtCl (prcparcd by impregnation \vith 
HnPtCl, a(I). 

The percentage exposed was cvaluatcd 
by the successive mcasurcmcnt using a 
pulse technique of the amount, of h;\drogcn 
adsorbed at, 25°C on clcnn ont~nl~st, pro- 
lwed by the stantlard ~)ret~rc:rt,lnrl~t, wlricl~ 
givw II,, (c*c)lunltls 3 and .i of ‘L‘:kl)lo I), l,l~f~ 

amount of hydrogen thou dcsorbcd at 4.iO”C 
(columns 4 and (i), t’lic aniount of hydrogen 
which rcact,cd with oxygrn adsorbed at 
2;i”C on the clean catalyst nhich gives D, 
(columned 7), and the amount of hydrogen 
which dcsorbrd at 450°C following the 
hydrogen-oxygen titration (c:~lumn S). 
Thr first four mcasurcmcnts are in rcason- 
ably good ngrccmcnt, I), is smaller than Di,, 
and the value of hydrogen dcsorption after 
thr hydrogcnoxygcn titration is smaller 
than that after hydrogen chcmisorption for 
the catalysts of lo\vcr pwccntagc cxposcd, 
Most of the results of Table 1 \vcrc obtained 
about 1 yrar after the prcparat.ion of tht: 
catalysts. Ho\wvc~, t.hc catalyks had hccn 
c~samiuc~l witliin :I 1’17v clays 01’ Itiflir ~II’~):I- 

ration lry hyclrogon cliemisorption alot~c* 
using tlw t(~chni(luc c~r111~lo~~ctl iii c01u111t1 :i. 
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TABLE 4 

ReacGon of Hydrogen with Surface Oxide Formed 
on Clean 40-Si02-PtCl-Sa 

Exposure to 02 

At 300°C At 25°C 
(min) (min) 

Ht-0, after 
Ht for 

30 min at 
25°C” 
(%I 

45 15 24.5 
80 15 24.3 32.7 

150 17 25.9 22.5 33.2 
45 120 18.7” 19.7 31.4 

17.9f 
309 15 34.6 

34.2f 
608 120 29.8 
0 920 28.2” 

a The catalyst was first, given the standard pre- 
keatment, then exposed to oxygen for various 
periods of time at 3OO”C, cooled in 02, kept in 0, at 
25”C, and flushed with Ar. Following this, hydrogen 
pulses were passed. 

b Computed from hydrogen consumed in five 
pulses divided by 3. 

c The catalyst from the previous column was ex- 
posed to oxygen at 25°C for 15 min, and pulses of 
hydrogen were passed. 

d The catalyst from the previous column was ex- 
posed to hydrogen at 25°C for 30 min and treated 
wit,h oxygen for 15 min after an argon flush, and 
pulses of hydrogen were passed. 

e A pulse of hydrogen was trapped at 25°C on a 
fresh sample of catalyst given the same treatment 
with 02 and released for measurement after 120 min 
to give 48.0%. Repetition of the oxygen pretreat- 
ment and trapping of hydrogen at 25°C for 225 min 
gave 47.9%. 

/ llun on new batch of catalyst under the same 
conditions as the run just above. 

0 The temperature w&s 150°C. 
* A pulse of hydrogen was trapped for 3 hr at 

100°C on a sample given the same treatment. 
‘II: was 37.2y0. 

The resulting values of Dh were in good 
agreement wi-ith those of Table 1. Further, 
the full set, of measurements of Table 1 were 
repeated for three catalysts about 2 years 
after preparation. As shown in Table 1, 
agreement was good. In these last measure- 
ments, a somewhat different procedure, 
one which should give better results, was 
used to measure desorpt.ion. As judged by 

measurement of Dh, the catalysts are stable 
over at, least 2 years. The following values 
of D, were obtained for 40-SiOz-PtCl-S 
during the interval of catalyst age from 1 
to 2.5 years: 32.9, 32.6, 31.9, 32.3, and 
31.570. 

Use of the pulse method requires the 
carrier gas to be of ultrahigh purity. The 
oxygen content of the argon at the catalyst 
was less than 0.03 ppm. Amounts much 
larger than 0.1 ppm would give erroneously 
high values of, Dh because oxygen would 
adsorb on the surface of platinum during 
pretreatment and then consume three times 
as much hydrogen as would chemisorption. 
The presence in the carrier gas of adsorbable 
impurities like hydrogen or carbon mon- 
oxide would cause Dh to be erroneously low. 
In our experience, one cannot rely upon a 
pulse technique unless one monitors the 
oxygen content of the carrier gas at the 
cataljpt. 

Previous literature had indicated that 
hydrogen chemisorption at 25°C gave 
values of Dh in reasonable agreement with 
values of percentage exposed calculated 
from TEM and X-ray measurements (9, 
10, 15, 17, 18). It was not, clear, however, 
why 25°C was the correct, temperature. We 
measured the apparent, percentage exposed, 
‘Dh’, at temperatures between -78 and 
200°C for 21%Si02-IonX \vith the results 
exhibited in Fig. 2. ‘Dh’ declines mono- 
tonically from a value of 27y0 at -78°C to 
9% at, 200°C. Nothing in the figure sug- 
gests that 25°C is preferable to any other 
temperature. Similar variation of the extent 
of hydrogen chemisorption has been re- 
ported before (19, 20). One group (20) 
argues that H/Pt, is significantly above 
unity at 25% when determined by chomi-. 
sorption measurement at about 1 Torr. 

Aika et al. (7) measured Dh for 63.5- and 
27-Si02-IonX and 7.1- arid 40-SiOz-PtCl-S 
by the hydrogen isotherm technique, and 
obtainc>d 62, 24, 5, and ;jS(& rc~spc~ctivrl~~. 
Particlr sizes calculated from their valuc~s 
of Dh wcrc in good agreement \vith obsclrva- 
tions by TEM cxccpt for 7,1-SiOx-Pt,Cl, in 
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FIG. 3. ‘&’ (one-third of the hydrogen atoms consumed divided by total platinum atoms) 
for 81-SiOz-IonX. Values at zero time represent results from mere passage of five pulses of hydro- 
gen. All others represent, a pulse of hydrogen trapped for the time on the z axis. Full symbols repre- 
sent trapping at 100°C; empty symbols represent experiments at 25°C. Squares (dashed line) 
represent experiments on stored catalyst. Circles (full line) represent experiments on stored 
cat,alyst + 02, 3OO”C, 0.5 hr, cooled in oxygen. New samples of catalyst were employed for 
each point. 
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FIN. 4. ‘D,’ measured as in Fig. 3 for stored 40-Si02-PtCl-S (circles, full line; 11 axis at the left) 
and for stored 6.8SiOr-Pt,Cl (kiangles, dashed line; v axis on the right). Filled symbols are for 
trapping at 100°C; empty symbols, at, 2.5%. The squares represent experiments on 40-SiOz-PtCl 
given the standard pretreatment followed by 02, 25”C, 0.25 hr. The open cirrle al 187 min was fol- 
lowed by 02, 25”C, 0.25 hr, and then a hydrogen pulse trapped for 125 min. All other points 
represent different samples. 11, for 6.3-SiOrPtCl was 4.8%,. 
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\vhich cast: much smaller particles were ob- 
swwd than those calculated from L+,. 
The TEM data indicatc>d that 63.5~Si&- 
IonX has a sharp distribution, the mean 
deviation being only 0.3 nm from an 

average particle diameter of 1.0 nm. 
Sashital et al. (6) have charactcrizc>d the 

catalysts of Table 1 for n-hi& 111, is 4OTL 
or less. For 7.1~Si02-PtCl, they found per- 
centages exposed of 8 and lO’ji# (repeat ox- 
poriments and in agreement \vith hgdrogcn 
chemisorption unlike observationby TEM) ; 
for 21.5~SiOZ-IonX, 24 arid 25sl; for 

27-SiO?-IonX, 27.2 and ‘LS.7%, ; and for 
40-SiOx-PtCl-S, 43.7 and 46.9%. In this 
work, the line shapes in X-ray diffracticn 
were used to calculate the average dimen- 
sions in four crystallographic directions and 
also the distributions of these dimensions. 
The particles were approximately “spheri- 
(~1” except, for t,hose in 7.1- SiO,-l’tC1. This 
caatalyst, was the only one examined in which 
microst,rains were present, in the particles 
of pl:&num. 

hngcvint: et al. (8) have examined our 
catalysts by XPS and conc~ludcd that 
tha plat~inum partic*lcs in SiOj-IorGY arc 
rather uniformly distrihutcd throughout 
the granul(bs of silica gel but that those in 
SiO?-PtCl are concentrated ncarcr the 
surface. 

In sum, agreement is rcasonabt~~ good 
among the TEM, X-ray, and chcmisorptive 
methods. Determination of percentage cx- 
posed by hydrogen chcmisorption by the 
pulse method at 25°C is empirically succrss- 
fut in this system; H/P& appears to bc 
near unity at 25”C, although cvid(>nce for 
this is less cxtcnsivc for the catalysts of 
larger D,. However, it is very doubtful that 
there is any exact, microscopic id(tntit,J 
bckecn HZlda and Pt,. 

The data of Fig. 2 ma!’ app(‘ar some>\\-hat 
puzzling. For example, one loads th(> srvfaw 
of plnt~inrlm with hydrogcltl at, OY’, flush~ 
\\ itli argon unl il t,he r:~l~h:~roiilc~1c~r signal 
falls to the baseline, defirics t8he rwitttud 

tlyllTgc~l1 as irrc~vc~rsit)t~~ ;lctsorl,rcl hy- 

drogen, and obtains a value for this of 2Zc;l,,. 
If me now warms the catalyst to SOT, the 
catharometcr signal risrs and again falls to 
tjhe baseline. The new value of adsorbrd 
hydrogen is l~.;i~~. It apprars that the 
rate of removal of hydrogen is of some 
form like 

The twm ebo is too simple but it gives the 
correct effect except near 8 = 0. The rate 
falls rapidly as 8 decreases isothermally. 
At some value r* the rate falls below the 
experimental sensitivity, and one treats it 
as having bccomc zero. If mc now raises the 
temperature, the rate becomes apprcciablc 
and hydrogen is lost to give what appears 
to bo a new steady state. It is not clra,r from 
our data whether (a) dcsorption is rsscn- 
tially irreversible and the catharomctcbr 
signal reflects t,he rate of desorption or (h) 
equilibrium prevails between Hz(g) and 
H* and the rat,c of loss of hydrogen reflrct,s 
the value of f’n,(eq). Or, of coursr, the 
situation may be intc>rmcdiatc. In any case, 
I’,,, just bcforc the arrival of the following 
pulse is roughly 0.01 Torr, but this figurcl is 
very rough sincr the cathuromctcr signal 
is hardly distinguishably above t’hc bnsc,lincl. 

It, appears then that the surface of the 
platinum partklrs is nonuniform. It has 
bren reported that -AH:,,i, for hydrogen 
on evaporated films of platinum falls from 
20 kcal molkl at B = 0 to 13 kcal motkl at 
I’,,, = lop4 Torr (21). Several peaks have 
heen reported in temprraturc programmed 
dcsorption of hydrogchn from platinum 
film (22), filamchnt, (WY), and Pt,/AlzOx (a/,). 

There has been d&atc as to the correct 
stoichiometry for both steps of the hydro- 
geti-ox\.grn titration (15- 25). On Pt/SiO,, 
th(l tlnt~:i of ‘I’:rbt(~ 1 indic;it(s t~tint the ratio 
II, 13 8 :1fkr It~~(tt3tg(-It Iit~rnhn rllr lt10f7 

I)rcciscLl>., 11 (3l’tc.r l~it,r:il~ioil)/ H (:tf(cxr ctt(btlt- 
isorp(,ioii)] is c*losc~ t,o riility, c~xcq~t, at, 



The calculation of 11, involws the 
cyuat~ion 

IA = (1/3)[:!(0:,,1,) + H:,,,,],’ 
(total Pt) x 100, (I) 

where OELds rcprtwnts the numlwr of nlol~s 
of oxygen atoms on the platinum btlfow 
thn hydrogen t’it’ration and H,,,,,, th(l 
number of moles of hydrogw atoms on th(l 
platinum after the hydrogen t’itration. It’ is 
ordinarily assumed that H:,,,. = O:,,ls Ijut, 
on our catalysts, H:lCia > O:,,,, clxwpt fol 
the catalysts of low pwwnt,agc~ t~xpowd. 
Thus, the ratio O,,l,j(t,otal Pt,) is usually- 
sotncwhat smaller than D, in Table 1. \\:v 
have not corrcctod for this hw:lusc~ th(i 
rorrtction is somwvhat unwrtain, rather 
small, and not nccdcd for ollr purpows. 
Howcwr, when 11,/D,, is 0.M (the litw in 
Fig. I), O;,c~s/H:,,~, = 032. The figurw indi- 
cate that thwc is no larga variation in 
11,/D,, wit,h pcrccntagc cxpowtl or ~1 ith 
method of preparation of thcb catal!&. 
Wilson and Hall (1~) made similar studiw 
of Pt/SiOl prcparrd in the initial s;tagw 
by the same methods as thaw of this pxpc’r. 
\I’hcre our ratios, 

(H consumed for Dt)/ (H consumc>d for I1lJq 

are c~losc to 2.6, thtairs arc’ about 2.2. 

Ovwall, thwc is :\ r:itlior fair mwsiirf’ of 
agrcemcwt among thcb various reports on 
I’t/SioL cat,alysts. Howc?wr, crrtuin d&ils 
remain ut~rwolvcd both in h\drogchn ch(m- 
isorption and in h?-clrogc,t~~~ox~gt’n titration. 
It A\-ould bc dwirablo to iind~~rt:~l;c~ ;\ tlc- 
t’ailcd cwmparison of the iaothcrtn :lntl the: 
pulse twhtiiquw 

‘I’hc ll~drogc~rl-~ox\.g(,Il tit,ration has the 
advant8agc~ that it mn tw applkl t,o c*ntn- 
Iysts rcidlwcd at lo\\- ttw~p(~ratuws hnt~sf~ 
02, 2J°C;, 0.25 hr, cwnwrts the H* IICWS- 
snrily prwctit~ to 0* \vhirli fmi tlicn bft 
titratctl \\ ith h>~drogcw. E:xpwimonts in 
‘I’ablcs ‘) _ and 3 confirm that validit’y of this 
prowduw for Pt,/SiO,. 01tfb might, cxpcct 
that h>~tlrogcn titration ~vould hr diwctl! 
applirable to stnwd catalyst,. Ho\vcwr, as 
shown in l’abl~ ‘1, c~olumn (a), this is not 
gcwrally so. Hydrogcw ronsutnption from 
fiw pulsw of h!.drogtw at 25°C is drastically 
low for Sl-Si02-IonX and JO-Sic),-Pt(‘l. 
Exposurc~ of thaw stowd c*atalysts to 
oxygc~ti iit! 300°C still furt~hc~r wdrwcs t tie 
consumption from pulws of hydrogen. ‘I’hc~ 
lowcwd rcwtivity of stow1 catalyst WI.‘: 

sliown not to rfwtlt, f’twtn f~:tthon:wcotts con- 
t:rmiti:mts nor solely from t,lrc :khsorpt,ioti 
of wntor during atorqq~. ‘I’hc~ trcatmont 02, 
ZLi”C, 0.2.5 hr, follo\ving h~drogcw titration 
of st,orcd cab:il!.st rwtorw the catnl!yt tfJ 

th(l condit,ion of st,ored catalyst. 
Stored catal\,st, :rppcws to 1~ l:lqyly r(‘- 

duccd by longer trwtmcnt \vith hydrogen 
at 2.i”C than that, pruvidcd by fiw pulsw, 
bwauw, if stowd catalJ.st is trcutcd H,, 
2.; O) 0.5; o,, “r,“, 0.2.5, ant1 t,hen sub- 
jWtW1 t0 JNlh Of h~thO~Ptl :tt L’.iO(:, 



t,he consumption of hydrogen rises nearly 
to that observed in the standard hydrogen- 
oxygen titration [Table 2, columns (c) 
and (d)]. These results suggested that one 
could measure Oada by trapping a pulse of 
hydrogen in the reactor tube at 100°C and 
then releasing it for measurement after an 
appropriate interval. Table 3, column (I), 
presents results for trapping hydrogen with 
the stored catalyst for 3 hr at 100°C and 
columns (j) and (k) provide similar data 
for the stored catalyst pretreated with 
oxygen at 300°C. If ‘D,’ represents the 
results of hydrogen titration under non- 
standard conditions, the values of Dt, "Dt" 
(stored catalyst, trapping at lOO”C), and 
'D,' (stored catalyst after 02, 3OO”C, 
trapping at 1OO’C) are: for 81-SiOz-IonX, 
67, 89, and 113yn; for 40-Si02-PtCl, 32, 41, 
and 50; and for 6.3-Si02-PtCl, 4.8, 7.9, and 
8.0-8.8. In the calculation of these numbers 
by Eq. (l), the amount of adsorbed oxygen 
is calculated by subtracting the final 
amount of adsorbed hydrogen from the 
amount of hydrogen consumed. It was as- 
sumed that Hods = Onds. This is not correct 
and further, judging by Fig. 2, the residual 
hydrogen at 100°C would be smaller than 
that at 25°C. This problem can bc avoided 
by heating the catalyst to 450°C in flowing 
argon and measuring the evolved hydrogen 
after one has released and measured the 
hydrogen after trapping at 100°C. As 
shown in column (k) of Table 3, O/P&,t,i 
for 81-SiOz-IonX becomes 123’%, and this 
is a more accurate value than the 113% 
found by the simpler procedure. If the 
pulse is trapped at 300°C rather than lOO”C, 
O/P&,, is 122%. 

The two experiments just cited suggest 
that reduction is as complete at 100 as at 
300°C. This conclusion accords with the 
data of columns (e) and (g) of Table 2 
which show that D, was the same after 
Hz, lOO”C, 1 hr, as after the standard 
pretreatment. 

The fraction of Oads removed from stored 
catalysts by five pulses of hydrogen at 

25°C increases from 0.13 for Dk, = Sly0 
to 0.42 for Dh = 40y0 and to 0.71 for 
Dl, = S.So&. The rate of subsequent rc- 
moval of surface hydrogen can be deter- 
mined by use of the trapping technique. 
As shown in Figs. 3 and 4, essentially 
complete reduction requires about 300 min 
for stored 6.3-SiOt-PtCl and about 1000 
min for stored 40-SiO*-PtCl and stored 
81-SiOz-IonX. Stored 81-SiOz-IonX plus 
02, 300°C probably requires an even 
longer period of reduction. On the con- 
trary, as is shown in Fig. 4, the surface 
oxide formed on clean 40-SiOz-PtCl by 
02, 25”C, 0.25 hr, in the standard hydro- 
genoxygen titration is completely or al- 
most completely removed by five pulses of 
hydrogen at 25°C. 

Visual observation establishes that the 
adsorption of oxygen on clean catalysts of 
higher percentages exposed is initially very 
rapid. The clean catalyst is grcg. Introduc- 
tion of oxygen causes a sharp band to move 
through the catalyst bed in which the color 
changes t,o a darker brown characteristic, 
presumably, of a substantial content in 
Pt(I1). Reduction of this product is also 
rapid since pulses of hydrogen cause 
reversion to grey as a sharp band. 

In sum, the initial rapid adsorption of 
oxygen at 25°C is followed by slow, further 
adsorption of oxygen during storage and by 
still further adsorption upon exposure of the 
catalyst to oxygen at 300°C. The surfaces 
of higher oxygen content react with hy- 
drogen slowly and the phenomenon is struc- 
ture sensitive. 

If surface oxide ions are immobile or only 
slowly mobile, one would expect that the 
oxide layer formed rapidly would be in- 
complete. The slow subsequent adsorption 
of oxygen may correspond to the filling of 
the gaps in the layer formed initially. The 
ratio, O/P&,i, of stored catalyst is about 
the same as the ratio, H/P&,i, formed on 
clean catalyst. Upon exposure to oxygen 
at 300°C, faceting or penetration of oxide 
ions into the bulk appears to occur for 



largw particlcs of platinum sincr t’llr osyp~ 

content’ on G.3-SiOr-PtCl considerably VS- 
owds a monolayer. With Sl-Si&-IonX, 
after cxposurc to oxygen at 3OO”C, O/P&,,:,, 
is 1.23, no metallic platinum remains, and 
the catalyst is slightly oxidized PtO/Si& 
These arc the materials which arc rc- 
duced by hydrogc>n during the> standard 
pretreatment. 

We suggest that rapid reaction of hy- 
drogcn with surface oxide requires gaps in 
the oxide layer at which hydrogen can dis- 
sociativcly absorb or at which it can un- 

dergo reactive chemisorption in t,he follow- 
ing scnsc, 

*O + * + Ha(g) --f *OH + *H. 

Ertl and Koch (2:‘) have proposed that 
reaction of OS(g) with *CO on palladium 
requires gaps in the layer of adsorbed 
carbon monoxide whereas CO(g) can react 
with a surface covcrcd by *O. Both expla- 
nations assume the need for free surface 
sites to assist in dissociating diatomic 
molecules. 

There must exist some coverage bs 
oxygen beyond which removal of Oads by 
hydrogen pulses at 25°C will be incomplete. 
The data of Table 4 refer to this point. 
They arc derived from hydrogen titration 
of 40-SiO,-PtCl which had been given thr 
standard pretreatment and then cxposcd 
to oxygen under various conditions. The 
standard D, for this catalyst is 32-33C;‘,,. 
02, 300", 0.75; 02, 25”, 2, leads to a va1u.e 
of ‘D,’ of about IS%, a value nearly as 
small as that, of stored 40-Si02-PtCl 
[Table 2, column (a)]. Clean catalyst 
exposed to oxygen for 920 min at 25°C 
gives a ‘Dt' of 28%, but this represents 
only partial reduction since trapping at 
100°C gives 377, (Table 4). Thus, it’ 
appears likely that surface oxide acquirrs 
a reduced activity vs hydrogen whtln 
coverage by oxygen significantly exceeds 
that resulting from 02, 25”C, 0.25 hr. 

Lower reactivity of hydrogen with plati- 
num surfaca covered with augmcntctd 

amounts of trx,y+yn have h~cw wportc~d 
lwfow : on Pt,(llO) and Pt (111) (26) and 
on Pt/Al&, (25). WC shall postporw dc- 
tailed comparisons of thr prcscnt work on 
Pt/SiOt with that on othrr systrms to a 
rrport on work in progrws dealing \vith 
Pt/Alr&. 

Reduction by hydrogcw at 2.5 or 100°C 
of stored 6.3-SiOL-PtCl which has been 
treated with oxygen at 300°C appears to 
gencratc a catalyst -of larger pwccntagc 
cxposrd than dot>s reduction by the stan- 
dard pretreatment. If the catalyst roduccd 
at the lower tcmperaturcs is treated 02, 
25”C, 0.20 hr, and clxposed to pulses of 
hydrogen at 2;i”C, ‘Dt’ is ~9-7.07~ 
[Table 3, column (h)]. The standard D, is 
only 4.Sy0 (Table l), and treatment of the 
catalyst reduced at 2.i”C with argon at 
450°C reduces ‘D,' to :i.4y0,, i.e., nearly 
to D, [Table 3, column (i)]. Most probably, 
some faceting or surface reconstruction 
occurs during oxygcan treatment at 300°C 
of larger particles of platinum, and rcduc- 
tion at 25 or 100°C generates a surface of 
augmented arca which is annealed at 
4;5O”C to about the area given by the 
standard pretreatment. 40-Si02-PtCl and 
c01-SiOn-IonX do not exhibit this effect 
since the values in column (i) of Table 3 
arc not smaller than those in column (h). 

We detected no signs of sintering in any 
of the experiments reported in this paper. 
In particular, clean 81-SiOz-IonX can bt 
oxidized to I’tOl.z at 3OO”C, reduced by 
IIs, 300”; Ar, 450”, and the cycle can be 
repeated several times without a sign of 
transport of platinum between the clusters 
of platinum. It may be noted that a 
granulr of this catalyst consists of about 
70y0 by volume void, 307, silica, and 0.04y0 
platinum. The clusters of platinum arc 
about 20 nm apart. 
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