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Isothermal, integral heats of adsorption have been measured for Hz adsorption on Pt dispersed 
on four supports. These values were determined at 215 and 300-320 K using a modified differential 
scanning calorimeter. At room temperature Lw (ulj ranged from 21 to 36 kcallmole on the “typical” 
Rt catalysts, which included Rt/Ti02 (low-temperature reduction, LTR) reduced at 473 K. The 
heats of adsorption were highest on Pt/SiO, and lowest on F’t/TiOz (LTR); however, a clear trend 
exists between A&d) and Ft fraction exposed, with large Pt crystallites having the highest values. 
A high-temperature reduction (HTR) at 773 K of Pt/TiO* markedly decreased both chemisorption 
and the heat of adsorption, with values as low as 5-10 k&mole occurring after repeated HTR 
cycles. These results provide direct evidence that a decrease in the H-Pt bond strength can be at 
least partially responsible for lower chemisorption capacity; however, migration of TiO, species 
onto the Pt is assumed to cause physical blockage of some Rt sites as well as modification of the 
chemical properties of the few remaining surface Pt atoms that are available for adsorption. A 
linear correlation exists between the logrithm of the CH., turnover frequency and the H2 heat of 
adsorption. 0 1985 Academic Press. Inc. 

INTRODUCTION 

Since the report by Tauster et al. that 
high-temperature reduction (HTR) near 773 
K markedly decreased the Hz and CO che- 
misorption capacity of Group VIII metals 
dispersed on TiOs (I), many studies have 
been directed toward a better understand- 
ing of this phenomenon. A number of ex- 
planations for this behavior currently exist, 
one of which is the proposal that bond 
strengths between the adsorbate and the 
metal are decreased as a consequence of an 
electronic effect caused by some form of 
electron transfer between the metal and the 
support (2-4). Another explanation, which 
does not require a decrease in heats of ad- 
sorption, is that chemisorption is decreased 
because of physical blockage of metal sur- 
face sites created by the migration of the 
support onto the metal surface (5-7). 

One principal goal in this study was the 
direct calorimetric measurement of heats of 
adsorption of CO and Hz on Pt dispersed on 

TiO2 along with those obtained for “typi- 
cal” Pt catalysts utilizing SiO2, Al203, and 
SiOz-Al203 as supports. A comparison of 
these results should help determine 
whether a decreased heat of adsorption for 
CO and Hz is the primary cause for lower 
chemisorption uptakes. It was also of inter- 
est to measure these isothermal, integral 
heats of adsorption because these values 
relate to surfaces equilibrated at high gas 
pressures which can exist under reaction 
conditions. Another reason for this investi- 
gation was the large variation in methana- 
tion turnover frequency which has been 
found for this family of catalysts (8), and 
the correlation which has been observed 
between heats of adsorption and activity 
(9). It was therefore of interest to determine 
whether any relationship between these 
two parameters existed for these Pt cata- 
lysts. This initial paper describes the differ- 
ential s canning calorimetry @SC) system 
and its modifications in detail and discusses 
Hz adsorption, while CO adsorption is dis- 
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cussed in the second paper in this series 
UO). 

EXPERIMENTAL 

Catalyst Preparation 

The catalysts used in this study were pre- 
pared from chloroplatinic acid and r)-A&O3 
(Exxon Research & Engineering Co.), 
Si02-A1203 (Davison Grade 979, 13% alu- 
mina), Ti02 (P-25 from Degussa Co., 80% 
anatase and 20% i-utile), and Si02 (David- 
son Grade 57). The reported surface areas 
for each support are 245, 400, 50, and 220 
m2 g-l, respectively. The 2.1% Pt/qA120,, 
1.5% Pt/TiO, , 2.0% Pt/TiO, and 2.1% 
Pt/SiOZ samples were prepared by the in- 
cipient wetness method, while an excess 
water technique was used to prepare the 
1.5% Pt/Si02-A1203 (1.5% Pt/S-A) sample, 
and further details of both preparation 
methods are given elsewhere (11). One por- 
tion of the 2.1% Pt/Si02 sample was reim- 
pregnated with pure water after initial prep- 
aration and drying overnight at 395 K, and 
is designated by a (W). The final platinum 
weight loadings of the catalysts were deter- 
mined by neutron activation analysis using 
a known concentration of chloroplatinic 
acid in water as a standard. 

Chemisorption Measurements 

Apparatus. The uptake measurements 
were made using one of two high-vacuum 
systems. The first consisted of a glass mani- 
fold connected to a 150-lpm Edwards 
Model E02 oil-diffusion pump backed by a 
mechanical pump with liquid-nitrogen traps 
at the inlet of each pump. An ultimate dy- 
namic vacuum near 4 x lo-’ Torr (1 Torr = 
133 Pa) was obtainable, as measured by a 
Granville-Phillips Model 260-002 ionization 
gauge. Isotherm pressures and tempera- 
tures were measured by a Texas Instru- 
ments Model 145 precision gauge and a 
Doric digital trendicator, respectively. A 
more detailed description of the gases, their 
purification, and the adsorption system is 
given elsewhere (II). The second adsorp- 

tion system was constructed of stainless 
steel, utilized an Edwards Diffstak MK2 oil 
diffusion pump, and provided an ultimate 
vacuum below lo-* Torr. Isotherm pres- 
sures were again measured by a TI 145 
gauge, but heating rates and temperature 
control were provided by a Thea1 Engineer- 
ing programmer/controller. Details of this 
system are given elsewhere (12). 

Procedure and pretreatments. Approxi- 
mately 0.5 g of fresh catalyst was placed in 
a Pyrex adsorption cell, and each sample 
was given pretreatment A, B, or C, as listed 
in Table 1, prior to the adsorption runs. 
Pretreatment A was followed for Pt sup- 
ported on v-A1,03, Si02-A120j, and SiOZ, 
while both pretreatments B and C were 
used for Pt/TiO, (I). The low-temperature 

TABLE 1 

Pretreatment Procedures 

Pretreatment A* 

1. Heat sample to 393 K in flowing He (or Ar), and 
hold for 30 min 

2. Switch to flowing Hz (or HJAr), heat to 533 K, 
and hold in flowing H2 for 30 min 

3. Heat to final temperature of 723 K and maintain 
for 1 h in flowing H2 

4. Cool to 698 K in flowing Hz, evacute (in adsorp- 
tion system), or purge in Ar (in DSC system) at 
698 K for 1 hr, then cool 

Pretreatment B” (LTR) 

1. Heat sample to 423 K in flowing He (or Ar), and 
hold for 30 mitt 

2. Switch to flowing Hz (or H,/Ar), heat to 473 K, 
and hold in flowing Hz for 2 h 

3. Terminate Hz flow, evacuate at 473 K (or purge 
in Ar) for 2 h, then cool 

Pretreatment Co (HTR) 

1. Heat sample to 423 K in flowing He (or Ar), and 
hold for 30 mitt 

2. Switch to flowing H2 (or HJAr), heat to 773 K, 
and hold in flowing H2 for 1 h 

3. Cool to 723 K in flowing Hz, evacuate (in adsorp- 
tion system), or purge in Ar (in DSC system) at 
723 K for 30 mitt, then cool 

= All heating rates were 40 K/min. 
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reduction at 473 K (B) is designated (LTR), 
while the high-temperature reduction at 773 
K (C) is designated (HTR). After initial pre- 
treatment, the catalyst was cooled under 
dynamic vacuum to either 300 or 215 K 
prior to the adsorption run. For the low- 
temperature chemisorption experiments, 
the sample cell was placed in a Dewar flask 
containing a slurry of chloroform and dry 
ice. 

The chemisorption of hydrogen on pure 
q-A1203, Si02-AIZOj, and TiOz has al- 
ready been shown to be zero at room tem- 
perature (II, 13), and the Hz uptake on 
Ti02 (LTR) and TiOz (HTR) was found in 
this study to also be zero at 215 K. The 
isotherms for hydrogen at both ambient 
temperature and 215 K covered a pressure 
range of 50 to 400 Torr and were essentially 
linear in this range, so the method of Ben- 
son and Boudart (14) and Wilson and Hall 
(15) was used to measure saturation hydro- 
gen coverages on the Pt by extrapolating 
the isotherm to zero pressure. Two hydro- 
gen isotherms were measured for the sup- 
ported Pt catalysts at 215 K since reversible 
adsorption was more significant at this tem- 
perature. After the initial isotherm the sam- 
ple was evacuated for 5 min at 215 K to 
remove weakly bound Hz, and the second 
isotherm was determined. The difference 
between the two isotherms at 75 Torr was 
chosen to represent the irreversible adsorp- 

tion of hydrogen on the platinum surface at 
215 K in the calorimetric measurements. 

Calorimeteric Measurements 

Isothermal energy changes were mea- 
sured using a modified Perkin-Elmer DSC- 
2C differential scanning calorimeter with an 
Intracooler II (Model 319-0207) to allow 
subambient runs down to 200 K. The gas- 
handling system preceding the calorimeter 
controlled the flows of argon, helium, hy- 
drogen, and carbon monoxide and provided 
switching capability between gas streams, 
as shown in Fig. 1. Ultrahigh purity argon 
(99.999% from MG Scientific Gases) was 
further purified by passing it first through a 
drying tube containing 5A molecule sieve 
(Supelco Inc.), and then through an Oxy- 
trap (Alltech Associates) before use as a 
purge gas in the calorimeter. The helium 
(99.999% from MG Scientific) was purified 
in a similar fashion. An Elhygen Mark V 
Hydrogen Generator produced ultrapure 
hydrogen (less than 10 ppb total impurities) 
by electrolytically dissociating deionized 
water and then diffusing the hydrogen 
through a thin palladium membrane. The 
carbon monoxide (99.99% from Matheson) 
was passed through a molecular sieve 
trap held at 383 K to remove any metal car- 
bonyls. The gases were regulated by Tylan 
mass flow controllers (Model FC260), and a 
digital Tylan RO2OA readout box provided 

“2 

co de&N2 
DSC 

FIG. 1. Differential scanning calorimetry system: I-Hoke valves, 2-mass flow controllers, 3- 
pressure gauge, 4-four-way switching valve, 5-needle valves, &Supelco drying tubes, 7-Oxy- 
traps, g-molecular sieve trap, 9-line to sample cavity, M-line to reference cavity, I I--N2 purge 
streams through plastic shrouds, 12-draft shield, 13-aluminum block. 
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control and monitoring for the four mass 
flow controllers. Two of these controllers 
were capable of measuring between 0 and 
50 cm3 min-’ argon flow, the third one was 
designed for either hydrogen or carbon 
monoxide flow control between 0 and 10 
cm3 min-l, depending upon which valve 
was opened, and the fourth regulated He 
flows up to 10 cm3 min-I. 

To enhance sensitivity and accuracy by 
minimizing baseline perturbations after 
switching from the purge gas to the gas 
stream containing the adsorbate, a number 
of evolutionary modifications were made to 
the gas-handling system and the calorime- 
ter itself, and the final flow design is shown 
in Fig. 1. The changes to the DSC included: 
(1) perforation of the platinum sample 
holder covers to enhance gas mixing; (2) 
removal of the flow splitter inside the DSC 
and insertion of a needle valve in each line 
(to the sample side and to the reference 
side); (3) regulation of flows by mass flow 
controllers; (4) utilization of adjustable He/ 
Ar ratios in the purge stream; and (5) enclo- 
sure of the entire aluminum block, the 
cover, and the draft shield under a blanket 
of flowing N2 (99% from Linde) to eliminate 
the possibility of oxygen (air) diffusing 
through any tiny leaks to the sample. 

To provide optimum performance, the 
following procedure was used. Needle 
valve 5 controlling gas flow to the 
atmosphere was adjusted so that equal 
pressure drops were attained through both 
loops of the switching valve. This elimi- 
nated a perturbation during switching due 
to a pressure differential. Adjustment of the 
two needle valves in lines 9 and 10 balanced 
the flows through the sample and reference 
cavities at a constant overall flow rate. The 
purge gas to the DSC was comprised of a 
constant Ar flow of -36 cm3/min which by- 
passed the switching valve plus an addi- 
tional component which passed through the 
switching valve. For the experiments with 
Hz, switching occurred from 8 cm3 min-r 
He to 4 cm3 min-’ H2 back to the He. These 
He flow rates (STP) minimized baseline 

perturbation and offset due to differences 
between the thermal conductivity of the 
mixture and pure Ar, a problem which was 
more severe with the H2 mixtures. After 
these modifications, very reproducible 
results with minimal baseline correction 
were obtained, as indicated in Fig. 2 by the 
base-case traces after switching with pure 
support on both the sample and the refer- 
ence sides. This figure also shows a typical 
baseline variation when pure Ar was used 
as the purge gas, rather than the He/Ar 
mixture. As mentioned, the offset occurs 
because of the difference in thermal con- 
ductivity of the two streams. 

The signal output from the DSC and its 
time integral were monitored on a two-pen 
integrating recorder (Linear Instruments 
Model 252A). The energy calibration was 
conducted using various weights of indium 
and different ordinate (meal/s) ranges, 
chart speeds, and heating rates to deter- 
mine a calibration constant of K = 0.0442 + 
0.0002 s/count for the recorder integrator. 
As a check, another K value was deter- 
mined based on the weight of the chart pa- 
per under the curve. Both provided excel- 
lent correlations, so the former was used in 
most cases. Only when energy changes 

I I I I 1 I 

A,-- ------ - I 
I 

OO 
I I I I I I 
I 2 0 I 2 

TIME (MINI 

FIG. 2. Effect of carrier gas on baseline DSC curves 
for pure Ti02. (a) Temperature at 320 K: solid line- 
switching from Ar to 10% HJ90% Ar prior to insertion 
of needle valves. Dotted line: switching from 20?6 He/ 
80% Ar to 10% Hz/% Ar after installation of needle 
valves (optimum conditions). (b) Temperature at 215 
K: switching from Ar to 10% H#O% Ar without nee- 
dle valves. 
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were extremely small was the second pro- 
cedure used. Eight ordinate sensitivities be- 
tween 0.1 and 20 meal s-l could be used, 
but with the sample sizes used here (0.03- 
0.15 g) and the typical gas uptakes that oc- 
curred, most runs could be easily recorded 
on a full-scale range of 2 or 5 meal s-i. After 
admittance of Hz or CO, the baseline was 
corrected by subtracting the baseline trace 
of the pure support after exposure to that 
gas or by switching back to the purge gas 
for 3 min, reintroducing the adsorbate mix- 
ture, and obtaining the baseline trace after 
weakly adsorbed gas had been removed. 
On the “typical” catalysts using Al203, 
SiOz, and SiO&1203 the two traces were 
very similar; however, for the Ti02 (HTR) 
samples some deviations occurred because 
of the small, more weakly adsorbed 
amounts of hydrogen occurring on the pt. 
In these cases, the correction using the 
pure support was preferred. 

The samples placed in the DSC were 
taken from larger (l-2 g) samples of that 
catalyst that had been previously pre- 
treated and characterized in the chemisorp- 
tion system then stored in a desiccator. 
Each sample was then given another pre- 
treatment in the DSC in either a 10% HZ/ 
90% Ar or a 20% H#M% Ar mixture, as 
noted, flowing at 40 cm3 min-’ and was 
heated at 40 K mitt-i to the desired tem- 
perature. Because of the greater thermal 
conductivity of Hz, significant deviations 
occurred between the actual cavity 
temperature and the temperature indicated 
on the DSC when pure HZ was used. For 
example, with a flow of pure Hz, used in 
certain cases, a maximum temperature of 
713 K was achieved rather than the indi- 
cated 773 K. A calibration between AT and 
the H2 mole fraction allowed the actual 
temperature to be obtained. 

Finally, to check for possible contamina- 
tion effects, the purge time at high tempera- 
ture in the DSC system was varied from 20 
to 660 min as a NZ blanket was kept around 
the cavity. The total energy change in- 
creased about 30% as purge time increased 

up to 60 min, which was attributed to an 
increase in desorption from the surface. 
Additional purging to 180 min produced no 
change, within experimental error, and a 
66Omin purge results in a 5% increase in 
the energy change. Consequently, 60 min 
was chosen as an optimum time for com- 
plete removal of hydrogen from the sur- 
face. As an additional test, a Pt/TiOz (HTR) 
sample was pretreated and purged, then 
cooled to 300 K, and left under flowing Ar 
overnight while the NZ blanket was main- 
tained. The’measured energy change after 
this long-term exposure was 39.3 meal/g 
compared to the previous value of 38.7 
meal/g obtained after our normal proce- 
dure. This deviation was within experimen- 
tal error and again showed the absence of 
any contaminants entering with the Ar or 
via any air leaks. 

RESULTS 

Saturation hydrogen uptakes at 300 K 
and both the total and irreversible hydrogen 
uptakes at 215 K are listed in Table 2 along 
with Pt dispersions (fractions exposed) and 
crystallite sizes calculated assuming equal 
areas of the (lOtI), (llO), and (111) crystal 
planes and using the equation d, (nm) = 
1.13/D where d, is the surface-weighted di- 
ameter and D is the fraction exposed, i.e., 
the H/Pt ratio (8). 

Table 3 contains the calorimetric data in- 
cluding the number of runs made on a given 
sample to obtain the listed average energy 
change after baseline corrections. The stan- 
dard deviations include errors inherent in 
both the chemisorption and the energy 
change measurements, and they represent 
maximum deviations because in actuality 
some of the systematic errors in the chemi- 
sorption procedure tend to cancel out. Fig- 
ures 3 and 4 show sets of calorimetric data 
for 2.1% Ptlr)-A&O3 and 1.5% Pt/TiOz 
(LTR) which were obtained before the sys- 
tem was optimized. In these figures the 
baseline offset was due to the difference in 
thermal conductivity between a pure Ar 
purge and a 10% H#O% Ar stream, and 
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TABLE 2 

Hz Adsorption on Supported Pt 

Catalyst Uptake @mole g cat-‘) 

300K 215 K 

Pt fraction exposed” 
(H/Pt) 

Pt crystallite size 
(nm) 

h-rev. Total 

2.1% Pt/q-A&O3 
1.5% Pt/Si02-A&O3 
Pare TiOt (LTR) 
1.5% PUTiO* 
2.0% PUTiO* 

I 
II 
IF 
IIAd 

Pure TiOz (HTR) 
1.5% Pt/TiOz (HTR) 
2.0% Pt/TiO* (HTR) 

I 
II 
IIAd 
III 

2.1% Pt!SiOz 
I 
II 

2.1% Pt/SiO* (W) 
III 

39.9 41.7 48.1 0.74 1.5 
15.1 - - 0.39 2.9 
O.Ob 0.0 - - - 

38.5 25.5 30.6 1.00 1.1 

49.7 0.97 
31.5 0.61 
31.8 0.62 
23.0 0.45 
O.Ob 0.0 
1.5 1.9 2.6 [0.039] 1.1 

1.0 [0.020] 
1.6 [0.031] 
1.4 [0.027] 
1.0 [0.020] 

4.1 6.6 8.6 0.076 14.8 
15.2 0.28 4.0 

9.1 0.17 6.7 

s Based on adsorption at 300 K. 
b Ref. (13). 
c Average of four uptakes, rather than the first three included in II. 
d A-after O2 treatment (see Table 3). 
(W)-Water-treated catalyst (see text). 

the sizable peak immediately after switch- 
ing was because of slightly unequal flow 
rates through each side. The improvement 
achieved after all modifications were com- 
pleted is obvious in Figs. 5 and 6, which 
show another run for 2.0% Pt/TiOz (LTR) 
and a run for 2.1% Pt/SiO2, both conducted 
under the more optimum conditions. In all 
cases, the energy change, AH, in millicalo- 
ries per gram is represented by the area be- 
tween the two curves. The improvement in 
baseline was not especially important in 
samples which I;;d large exothemts and 
results were reproducible under nonopti- 
mum conditions: for example, compare the 
2.1% Pt/~-A1203 catalyst-Sample I was 
before and Sample II was after optimiza- 

tion-and compare the 1.5% Pt/TiO, (LTR) 
catalyst (before) with the 2.0% Pt/TiO, 
(LTR) catalyst (Sample III) (after optimiza- 
tion). 

As shown in Fig. 7, results for the Pt/ 
TiOz (HTR) samples were the most difficult 
to obtain not only because the uptakes and 
energy changes decreased markedly, thus 
increasing the uncertainties of their mea- 
surements, but also because these low val- 
ues were extremely dependent upon subtle- 
ties in the pretreatment procedure and the 
number of pretreatment cycles. Conse- 
quently we found that to obtain consistent, 
reproducible results it was imperative that 
samples be given identical pretreatments in 
the chemisorption unit and the DSC, that 
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TABLE 3 

Heats of Adsorption of Hydrogen on Supported Platinum 

2.1% R/SD2 

2.1% Pt/Si@ 

2.1% FVSiO#9 

1.5% IWit& (LTR) 

2.0% Plni& (LTR) 

1.5% PtRiO, (HTR) 

2.0% WI’S& (HTR) 

60.6 

II 62.7 

320 
215 

320 
215 

I 32.3 

11 34.5 
320 
320 

I 33.7 320 
215 

II 36.9 A 300 

III 37.3 320 

I 40.6 

A 

B 
B 

320 
215 

I 
II 
IIAc 
III 
IV 
IVAc 

99.5 
98.4 
98.4 
91.8 

106.2 
106.2 

300 
300 
300 
300 
300 
300 

I 
n 

41.4 
64.5 

320 
320 

1 108.6 
II 98.4 
IIAC 98.4 
IV 106.2 
IVAc 106.2 

B 
B 
B 
B 
B 
B 

C 
C 

C 
C 
C 
C 
C 

300 
300 
300 
300 
300 

1109 - 

617 14.8 -r 0.5 
1003 - 

601 14.4 -t 0.5 

439 
415 

- 
- 

148 
48 

- 

7.4 * 1.7 

421 - 

313 

807 
373 

818 

854 
524.4 

1049.6 

868.0 
595.5 

8.5 
4.5 

13.8 
16.6 
13.9 
16.4 
21.4 

- 

- 

14.6 * 0.6 

- 
- 
- 
- 
- 
- 

- 
- 

- 
- 
- 
- 
- 

27.8 + 1.1 

12.8 k 0.4 
25.1 * 0.7 
12.5 2 0.4 

29.1 + 1.9 
27.5 % 2.5 

36.1 e 6.9 
5.7 * 1.2 

27.7 + 3.0 

34.4 zt 4.7 

21.0 ” 0.7 
12.2 f 0.5 

25.7 f 0.9 
27.1 f 2.3 
22.8 + 3.1 
21.1 2 0.5 
27.6 ” 3.6 
25.9 f 3.1 

5.7 
3.0 -t 2.0 

13.8 5 12.2 
10.4 f 10.5 
9.9 * 4.4 

10.3 f 5.2 
19.4 -c 8.1 

LI Bawd on irreversible adsorption on pt. 
b Based cm total adsorption cm Pt. 
’ A it’tdi&Cs V&ICS Obtained tier treatment in 20% O@J% He at 673 K for 30 tin followed by m LTR or HTR step, BS listed in the table. 

chemisorption measurements be made after adsorption isosteres, field emission micros- 
every pretreatment cycle, and that the or- copy, and theoretical calculations. The 
der and number of pretreatment cycles be results from these earlier studies are tabu- 
kept identical in the DSC and adsorption lated in the review by Toyashima and So- 
systems. A typical sequence of experi- motjai (26) and in the paper by Cerny et al. 
ments for a F’t/TiOz sample and the corre- (17). A wide range of AHd values from be- 
sponding data obtained after each pretreat- low 10 to over 50 kcal/mole has been re- 
ment step are listed in Table 4. ported; however, if only the more recent 

results obtained in UHV systems are con- 
sidered, the variation in AH&’ near 300 K is 

DISCUSSION substantially decreased and values range 
The heat of adsorption of hydrogen on between 12 and 32 kcabmole, with most 

Pt surfaces has been determined in many falling between 20 and 30 kcal/mole. Still, 
studies which have employed a variety of on the Pt(ll1) plane alone, reported values 
techniques such as thermal desorption, Cal- vary from -17 to -31 k&/mole (16). Stud- 
orimetry, work function measurements, ies of supported R are far less numerous, 
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e 6- 
A 

a 
s 5- 

u 

5 
0 4- 

3- 

00 
TIME (MINI 

FIG. 3. DSC curves for Hz adsorption on 2.1% Pt/n- 
A&O3 prior to optimized conditions (60.6 mg). Dotted 
lines represent baselines obtained during readsorption 
following a 3-mitt purge: (a) 320 K, (b) 215 K. 

1 

(b) 

I- 

#- , 
: 

I I I I I 

) I 2 0 I 2 
TIME (MINI 

FIG. 4. DSC curves for Hz adsorption on 1.5% Pt/ 
Ti02 (LTR) prior to optimized conditions (40.6 mg). 
Dotted lines represent baselines obtained during read- 
sorption after a 3-min purge: (a) 320 K, (b) 215 K. 

TABLE 4 

Effect of Pretreatment Cycles on Hz Uptake and Heat of Adsorption for TiOz-Supported Pt 

Sample II (98.4 mg 2.0% Pt/Ti02 in DSC) 

Run sequence Pretreatment Energy change 
(mcahg cat) 

Uptake 
&mole/g cat) 

AHw 
(kcahmole) 

1 B (LTR) 939.6 32.9 28.6 
2 B 889.4 31.6 28.1 
3 B 815.3 30.8 26.5 
4 B 712.6 30.7 25.2 
5 C (HTR) 34.0 2.0 17.0 
6 C 10.0 1.4 7.1 
7 C 5.8 1.3 4.5 
8” B (LTR) 606.4 21.9 27.7 
9 B 561.5 22.7 24.7 

10 B 468.1 23.4 20.0 
11 B 461.8 24.0 19.2 
12 C (H-W 14.4 1.1 13.1 
13 C 15.3 1.8 8.5 
14 C 12.1 1.3 9.3 

LI Catalyst treated in 20% O2 + 80% Ar(He) at 400°C for 30 min between Runs 7 and 8. 
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6 

FIG. 5. DSC curve for Hz adsorption at 300 K on 
2.0% FWTiO2 (LTR) after optimization (106.2 mg). 
Dotted line represents baseline obtained from pure 
Ti02 . 

and only three studies since 1970 have ap- 
peared in the literature (18-20); regardless, 
a similar variation exists and AHd ranges 
fi-om 10 to 36 k&/mole. Obviously, the 
possibility of contamination is a major con- 
cern in the older studies, particularly those 
involving Pt black because of the concen- 
tration of residual impurities at the surface 
(20 

The values listed in Table 3 represent iso- 
thermal, integral heats of adsorption corre- 
sponding to the total energy change that oc- 
curs as an initially clean Pt surface reaches 
adsorption equilibrium under 75 Torr HZ. 
The direct calorimetric measurement of 
heats of adsorption has certain advantages 
over isosteric and TPD techniques. For ex- 
ample, diffusional and readsorption effects 
have no influence upon these values. Also, 
any irreversible adsorption renders use of 

ble and values obtained by this method are 
typically low. A reasonably wide spread of 
heats of adsorption exists among the cata- 
lysts which might be expected to exhibit 
normal adsorption behavior, yet these AI& 
values near 300 K readily fall within the 
range previously reported and ah but two 
lie between 20 and 30 kcal/mole. Perhaps 
the most surprising results are the relatively 
high values near 35 kcal/mole for two of the 
Pt/SiOz samples. We had anticipated that 
our integral AIY&~ values would be notice- 
ably lower than the initial desorption ener- 
gies (Ed 1 A&& acquired from TPD runs. 
The result that they are comparable may be 
a consequence of intrinsic limitations in 
TPD studies due to appropriate choice of 
the frequency factor and the order of the 
desorption process, both of which affect 
the Ed value. Another explanation may be 
that our use of higher HZ pressures en- 
hances the filling of high-energy binding 
states on these Pt crystallites which have an 

IA I 

TIME (mini 

FIG. 6. DSC curve for Hz adsorption at 300 K on 
2.1% Pt/Si& after optimization (36.9 mg). Baseline 

the Clausius-Clapeyron equation unrelia- was obtained from pure SiOz . 
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FIG. 7. DSC curve for adsorption at 300 K on 2.0% 
PtIT’i02 (HTR) (106.2 mg). Baseline was obtained from 
pure TiOz . 

activation barrier and are not filled (or do 
not exist) on low-index single crystals. A 
third possibility is that certain crystallite 
geometries may be favored in these sup- 
ported catalysts, such as square (cubic) 
Pt particles which can be formed on 
SiOZ (22). The fraction of the surface com- 
prised of the (100) plane, which has fourfold 
symmetry, might be markedly higher than 
usual, and McCabe and Schmidt have re- 
ported the highest Ed values (27.5 kcal/ 
mole) for this plane (23). As mentioned 
under Experimental, we cannot attribute 
these somewhat higher AHcad) to contamina- 
tion effects and, because the highest val- 
ues were achieved using SiOl , typically as- 
sumed to be an inert, noninteracting 
support, we do not believe it is due to a 
metal-support interaction. 

Although support effects upon adsorp- 
tion bond strength must be considered in 
this group of catalysts, which includes Pt/ 
TiOz after a LTR step, crystallite size may 
be an equally important parameter, as indi- 
cated by Fig. 8. If the support is not consid- 
ered, a clear trend appears to exist between 
lWaa and Pt dispersion, as represented by 
the H/Pt ratios, with bond strength de- 
creasing along with crystallite size in a uni- 
form manner. This trend is opposite to that 
expected if stronger bonding is associated 

with Pt atoms of lower coordination num- 
ber such as edge and corner sites (24, 25). 
However, the study of McCabe and 
Schmidt found the highest binding energies 
on the (100) plane, followed by the more 
open (210) and (211) surfaces, then the (111) 
plane, and finally the (110) surface, which 
had the lowest values (23). An average inte- 
gral AHc,d, value was determined from the 
data of Lantz and Gonzalez (20), and it is 
also represented in Fig. 8. Although it ap- 
pears somewhat low compared to our val- 
ues, it is consistent with the observed 
trend. We are now preparing a range of Pt 
dispersions on SiOZ to determine if this ap- 
parent crystallite size effect does indeed 
exist. 

Some initial results measuring heats of 
adsorption at 215 K are also contained in 
Table 3. In all cases AHcad) values are signifi- 
cantly lower, which is consistent with TPD 
studies showing that additional lower-en- 
ergy binding states are filled at lower tem- 
peratures (23, 26). Hydrogen uptakes were 
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FIG. 8. Correlation of Hz heat of adsorption with Pt 
dispersion: 2.1% Pt/SiOz (O), 1.5% Pt/Si02-A120, (m), 
2.1% Pt/q-A&O9 (O), 2.0% Pt/TiOz (LTR) (A), 2.0% 
Pt/TiO* (LTR) after O2 exposure and rereduction (A), 
1.5% Pt/Ti02 (LTR) (h), Pt/SiOt [from Ref. (2O)I (0). 
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higher at 215 than at 300 K for all catalysts 
studied except the LTR 1.5% Pt/TiO* sam- 
ple. This trend is expected for nonactivated 
adsorption and the behavior of the LTR Pt/ 
Ti02 may indicate the presence of a small 
activation barrier presumably introduced 
by the presence of the titania. The AZfttij 
values for the Pt/A1203 and LTR Pt/TiO* 
correspond more closely with the p2 and f13 
desorption states on the (110) and (100) 
planes and the fiI state on the (211) surface 
while the heat of adsorption on the Pt/SiOz 
sample agrees most closely to the j3, state 
on the (100) plane (23). This again suggests 
that the latter plane predominates on the Pt 
crystallites in this catalyst. Although the 
HTR Pt/TiOz catalyst exhibited a small in- 
crease in uptake at 215 K, no measurable 
exotherm was detected in the calorimeter. 
This suggests a modification of the few re- 
maining adsorption sites which results in 
adsorption only in weakly bonding states 
that can be populated at lower temperature. 

The results obtained for Pt/TiOz after an 
HTR clearly do not fit the trend found with 
the “typical” catalysts. Previously, studies 
on Pt/Ti02 catalysts by Baker et al. have 
shown that Pt crystallite size changes little 
during this treatment (27, 28), and disper- 
sions cannot increase further as they are 
unity for our most well-dispersed PtlTiOt 
samples. No evidence has been reported to 
show that “atomic” dispersion, i.e., single 
isolated Pt atoms, exists in these Pt/TiOz 
systems and, in fact, the formation of Pt 
rafts has been proposed (27, 28). Conse- 
quently, we conclude that some change 
which weakens the H-Pt bond, not associ- 
ated with crystallite size per se, has oc- 
curred at the Pt surface after an HTR step. 
This decrease in AHfad) is responsible, at 
least partially, for the reduced HZ chemi- 
sorption capacity of “SMSI” Pt/TiOz sys- 
tems (1,2). We interpret these results to be 
direct calorimetric verification that metal- 
support interactions in TiOz-supported Pt 
decrease the adsorbate bond strength. 
However, this behavior cannot be general- 
ized to all Group VIII metals because simi- 

lar results were not observed for Pd/TiOz 
catalysts (29). Our results for Pt/TiOz 
(HTR) are consistent with the recent study 
of White and co-workers who found that HZ 
desorbed at lower temperatures from Pt de- 
posited on reduced Ti@, compared to Pt 
on oxidized TiOz (30). Our results are also 
similar to those in the TPD study of 
Weatherbee and Bartholomew which 
showed that adsorbed hydrogen was shifted 
to lower-energy binding states in Ni/TiOz 
catalysts (31). However, in a similar study 
on Ni foils under UHV conditions, Raupp 
and Dumesic did not observe this effect 
when TiO, was placed on a Ni surface, and 
two additional higher-energy binding states 
were created in addition to a lower-energy 
state, compared to clean Ni (32). 

The data in Tables 3 and 4 show that the 
“SMSI” behavior can be reversed by expo- 
sure to oxygen at higher temperatures, as 
reported in the literature (1, 2, 27, 28). 
However, the significant influence of pre- 
treatment time and temperature is indicated 
in Table 4, which shows a series of concom- 
itant runs in the DSC and adsorption sys- 
tems on a single sample of Pt/TiO* . Succes- 
sive LTR cycles slowly decreased both H2 
uptakes and AHttid, values, but the surface 
appeared to stabilize after about four suc- 
cessive cycles. This is assumed to be a 
result of the surface reduction of TiOz and 
slow migration of TiO, species onto the Pt, 
which can occur to some extent even at 473 
K. The effect of HTR cycles is much more 
pronounced, and although chemisorption is 
markedly decreased after only one cycle, 
the greatest decrease in AHcd values seems 
to occur after the second and third cycles. 
The variation in uptakes after the HTR 
steps is small on an absolute basis but large 
on a relative basis, hence the heats of ad- 
sorption are very sensitive to these mea- 
surements. We readily admit that the sensi- 
tivities of both systems were being tested in 
these experiments and it is gratifying that 
the low Al&d, values obtained could be re- 
produced as well as they were. Table 4 sub- 
stantiates our warning that the surface of 
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these Pt/TiOz systems is extremely sensi- 
tive to experimental parameters such as 
time and temperature of reduction, HZ pres- 
sure, and the number of reduction cycles; 
therefore, great care must be taken in ob- 
taining results with similar “SMSI” cata- 
lysts. This sensitivity to pretreatment con- 
ditions could readily account for the 
differences in behavior reported for Ni/ 
TiOz systems (31, 32). 

Much evidence has been obtained re- 
cently which shows that in metal/TiOz sys- 
tems a titanium oxide species (TiO,) can 
migrate onto the metal surface (5-7, 33- 
38). As a result, we attribute much of the 
decrease in chemisorption on TiOrsup- 
ported Pt, and “SMSI” catalysts in gen- 
eral, to physical blockage of Pt surface sites 
due to migration of TiO, species during the 
HTR step. The remaining adsorption sites, 
however, are modified and exhibit lower 
average bond strengths as shown by our 
measurements. Activated adsorption may 
also be enhanced in these Pt/Ti02 systems. 
These adsorption sites may still be associ- 
ated with Pt atoms only, or they may repre- 
sent newly created sites at the Pt-TiO, in- 
terface (39-42), or they may be situated on 
the TiO;! surface away from the interface 
region- evidence exists for all three possi- 
bilities (7,41-45). We believe our measure- 
ments have principally detected the first 
two types of sites because of the low tem- 
peratures used, which would slow surface 
diffusion, and previous IR studies of CO 
absorbed on Pt/TiOz which showed bands 
associated only with Pt-CO bonds (46). 
The calorimetric results reported here, 
therefore, are strong evidence that the elec- 
tronic nature of these surface Pt atoms has 
been significantly altered due to electron 
transfer resulting from either: (1) localized 
Pt-TiO, bonding (2); (2) metal-semicon- 
ductor behavior dependent upon the bulk 
properties of the support (.5,47,48); or (3) a 
promotor effect (4, 7). However, changes 
in Pt morphology cannot be ruled out. Al- 
though we cannot distinguish among these 
possibilities, a change in the chemical na- 

ture of surface Pt atoms because of its con- 
tact with a TiO, surface is clearly indicated. 

The specific activities for methanation 
over these catalysts have been measured, 
and turnover frequencies vary more than 
loo-fold (8). There is a correlation between 
CH4 turnover frequency and A&&,+ as 
shown in Fig. 9. It is nearly identical to that 
found between iVcu,and AHcad) for CO (IO). 
Although a previously proposed kinetic 
model for methanation would predict that a 
decrease in AHcad) for HZ would result in a 
higher apparent activation energy, a larger 
preexponential factor, and a rate enhance- 
ment (8), all of which is observed, we do 
not think that this in itself is a completely 
adequate explanation. We prefer the pro- 
posal that active sites are created at the Pt- 
support interface which have an enhanced 
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FIG. 9. Correlation of CH4 turnover frequency with 
HZ heat of adsorption on supported platinum: 2. I% W 
Sio2 (01, 1.5% pt/SiO+U203 (A), 2.1% W7)-A1203 
(V), WI’i02 (LTR) (high dispersion) (0), WTiOl 
(LTR) (average of all samples) (O), mi02 (HTR) (av- 
erage of all samples) (0). 
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capability to rupture the CO bond when 
certain supports are utilized, and these new 
sites provide the higher activity because 
this is the slow step on Pt (8, 40). Intui- 
tively, it is dticult to associate very weak 
hydrogen adsorption with higher activity, 
and we suggest that the correlation may not 
represent a cause and effect situation. That 
is, some alteration of the Pt surface occurs 
which simultaneously creates new active 
sites and decreases the average heat of ad- 
sorption on the available Pt atoms, all of 
which need not be active sites. In fact, evi- 
dence indicates that only a small fraction of 
surface Pt atoms constitute “active sites” 
(8). Consequently the variation in hydrogen 
heats of adsorption, representing the entire 
Pt surface, is not the direct cause for the 
higher activity. 

Experiments are currently in progress to 
test this hypothesis. The different Pt crys- 
tallite sizes on a given support which will be 
studied by calorimetry will also be charac- 
terized by kinetic studies to determine if a 
marked variation in Mttij, should it occur, 
correlates with activity as it does in Fig. 9. 
As no Pt crystallite size effect on CH4 tum- 
over frequency exists when a given support 
is used (8), this would help distinguish be- 
tween the effect of adsorption parameters 
on rates versus the creation of special inter- 
face sites. 

SUMMARY 

In this study, we have measured HZ heats 
of adsorption on supported Pt under identi- 
cal adsorption conditions using a sensitive, 
modified differential calorimeter. This al- 
lowed us to evaluate the influence of the 
support and of Pt crystallite size on isother- 
mal, integral M(d) values for Pt dispersed 
on SiOz, r)-A&03, SiO2-AlzO3, and TiOz. 
Heats of adsorption at 300-320 K ranged 
from 36 to 21 kcallmole, and were highest 
on the Pt/SiOZ samples and lowest on the 
(LTR) Pt/TiO* samples. This variation ap- 
pears to be dependent upon both the sup- 
port and crystallite size because a trend 
exists between M(d) and dispersion 

irrespective of the support, with large Pt 
crystal&es having the highest heats of ad- 
sorption. An HTR cycle induces dramatic 
decreases in both chemisorption and heat 
of adsorption, and the latter property can 
decline after repeated cycles to values near 
5-10 k&/mole at 300 K. This provides di- 
rect evidence that a decrease in the H-Pt 
bond strength is at least partially responsi- 
ble for the lower chemisorption capacity. 
However, migration of the TiO, species 
onto the Pt under HTR conditions is as- 
sumed to cause physical blockage of some 
surface Pt sites as well as modification of 
the few remaining adsorption sites. A cor- 
relation exists between the CH4 turnover 
frequency and the heat of adsorption for 
Hz, with the least active catalysts, Pt/SiOZ , 
having the highest heats of adsorption. This 
decreased surface bond strength, coupled 
with a concomitant decrease in CO heat of 
adsorption (IO), could account for the ob- 
served increase in activity over Pt/TiOz cat- 
alysts; however, current evidence favors a 
model proposing that special Pt-TiO, in- 
terface sites enhance the CO hydrogenation 
reaction by facilitating C-O bond rupture 
(39,40). Consequently, we do not view the 
correlation between Nc~q and M(d) as a 
cause and effect relationship, but that of 
two parameters independently varying as 
changes occur in the chemical state of sur- 
face Pt atoms. Although these results show 
a decrease occurs in the H-R bond 
strength after HTR cycles, they cannot be 
generalized to include all the Group VIII, 
or even all the noble, metals because such 
behavior was not observed with Pd/TiOz 
catalysts and Hz heats of adsorption were 
essentially independent of the support (29). 
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