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Abstract

Microcalorimetry is a useful tool for studies of heterogeneous catalysts, because it provides a direct measurement of the

strength with which molecules interact with solid surfaces. The following communication reviews adsorption

microcalorimetric studies of unsupported metals and metal-based catalysts performed over the last 20 years, and then

presents three advanced microcalorimetric techniques and their applications to the study of low surface-area-metal single

crystals, ®lms and powders, and metal surfaces/catalysts that are highly reactive toward oxygenates. # 1998 Elsevier Science

B.V.
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1. Introduction

Adsorption microcalorimetry has been widely used

to measure the strength with which probe molecules

adsorb on solid catalyst surface [1]. For example,

many microcalorimetric studies have dealt with the

adsorption of basic molecules (e.g. NH3) on zeolites

and metal oxide catalysts, to probe the strength of acid

sites (see Ref. [1] and reference therein). In contrast,

microcalorimetry has been used, to a lesser extent, for

probing sites on metal-based catalysts, since reduced

metal surfaces may be more susceptible to poisoning

by trace oxygenates (e.g. O2, H2O, CO and CO2)

present in high-vacuum systems. Thus, it is often

dif®cult to prepare clean metal surfaces and maintain

them in the zero-valence state for microcalorimetry.

New advances in adsorption microcalorimetry have

made it possible to measure differential heats of

adsorption on metal single crystals [2,3], polycrystal-

line metal ®lms [4,5], and metal powders and metal-

based catalysts which are reactive toward oxygenates

[6]. In this paper, we review selected microcalori-

metric studies performed on supported and unsup-

ported metals and, thereafter, present three

advanced microcalorimetry techniques and their

applications for the study of low surface area metals

and metal-based catalysts.

2. Microcalorimetric studies of metal surfaces

Microcalorimetry has been used effectively to

probe sites on supported-metal catalysts (e.g. Pt/

SiO2) that are not overly sensitive to poisoning by

oxygenates. The following is a brief summary of

microcalorimetric studies performed on metal sur-

faces over the last 20 years.

Gravelle et al. were some of the ®rst investigators to

employ heat-¯ux or Tian±Calvet type calorimeters to

measure heats of adsorption on supported metal cat-

alysts [7±9]. Initial heats of 110 and 130 kJ/mol were

reported for H2 and CO adsorption, respectively, on
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silica-supported Ni catalysts at 296 K. Alloying Cu

with Ni, however, decreased the initial heats and the

saturation coverages for both CO and H2 adsorption,

suggesting that the presence of Cu weakens the inter-

action of these molecules with Ni.

Similar heat-¯ux microcalorimetric measurements

were used to study strong metal±support interactions

(SMSI) in Pt/TiO2 catalysts [10], and to probe sites on

supported Ir catalysts [11]. Initial heats of H2 and CO

adsorption at 296 K on Pt/TiO2 were 93 and 130 kJ/

mol, respectively. The initial heat of H2 adsorption

decreased to 80 kJ/mol, however, when strong metal±

support interactions were present (i.e. after reducing

the sample in H2 at 773 K), suggesting that the

reduced support modi®es the chemical properties of

Pt. Similarly, initial heats of CO adsorption at 296 K

on silica- and Na±Y±zeolite-supported Ir catalysts

were 148 and 120±140 kJ/mol, respectively, with

higher heats of adsorption observed for Ir±Na±Y±

zeolite resulting from higher sample reduction tem-

peratures (e.g. 773 K).

Vannice et al. employed a modi®ed differential

scanning calorimeter (DSC) [12] to measure isother-

mal, integral heats of H2, CO and O2 adsorption on

unsupported Pt powder (1600 nm) and on SiO2-, SiO2/

Al2O3-, Al2O3-, and TiO2-supported Pt catalysts, con-

taining Pt crystallites ranging from 1±20 nm [13±18].

Adsorption of H2 at 300 K yielded an average integral

heat of 57 kJ/mol for all the catalysts studied, inde-

pendent of the Pt crystallite size or the catalyst sup-

port. Adsorption of CO at 300 K yielded average

integral heats in the 85±135 kJ/mol range, with poorly

dispersed Pt/SiO2 catalysts having the highest values

and highly dispersed Pt/TiO2 catalysts the lowest

values. Average integral heats of O2 adsorption at

300 K on Pt powder and well-dispersed Pt/SiO2 were

220 and 285 kJ/mol, respectively, which suggests that

the strength of the Pt±O interaction increases on small

Pt crystallites.

A similar DSC study was performed on Pd powder

(1000 nm) and SiO2-, SiO2/Al2O3-, Al2O3-, TiO2-

supported Pt catalysts, having Pd crystallites in the

1±12 nm range [19±23]. Average integral heats of H2,

CO and O2 adsorption at 300 K were reported to vary

in the 65±100, 90±145, and 210±335 kJ/mol ranges,

respectively, independently of the catalyst support.

The heats, however, increased signi®cantly as the

Pd crystallite size decreased below 3 nm for all the

catalysts studied, suggesting that small Pd crystallites

strongly adsorb H2, CO an O2. Phillips et al. [24] have

reported that the initial heats of H2 adsorption at 300 K

on similar Pd catalysts were 50±70 kJ/mol, depending

on the support and the Pd particle size. Moreover, a

recent DSC study of carbon-supported Pd [25] shows

that the average integral heats for H2, CO and O2

adsorption in the 65±100, 70-90 and 190±230 kJ/mol

ranges, respectively, which are lower (with the excep-

tion of H2) than the corresponding values on oxide-

supported Pd catalysts.

Differential scanning calorimetry was further used

to measure heats of O2, ethylene, and butadiene

adsorption on Al2O3-supported Ag at 300 and

443 K [26]. Average integral heats of O2 adsorption

at 443 K are in the 140±210 kJ/mol range, with higher

heats observed for smaller Ag crystallites. Heats of O2

adsorption at 300 K were slightly lower, but exhibited

the same dependence on crystallite size. Heats of

ethylene and butadiene adsorption at 443 K were

found to be 42 and 38 kJ/mol, respectively. At

300 K, the heats of ethylene and butadiene adsorption

were indeterminate because of sizable heats (ca. 40±

45 kJ/mol) contributed by adsorption of these mole-

cules on the Al2O3 support.

Vannice et al. have also used a DSC to study carbon-

supported Fe, Fe±Mn, Fe±K and K±Fe±Mn catalysts

derived from stoichiometric mixed-metal carbonyl

clusters [27,28]. Average integral heats of adsorption

of CO at 300 K on Fe/C, Fe±Mn/C, Fe±K/C and K±

Fe±Mn/C were 63, 72, 70 and 87 kJ/mol, respectively.

These results showed that both Mn and K increase the

heat of CO adsorption on Fe, and suggest that K and

Mn are in contact with the Fe surface.

Recently, a DSC has been used to investigate

Al2O3-supported Pt, Pt±Sn, and Pt±In catalysts

[29,30]. Average integral heats of H2 adsorption on

Pt/Al2O3 at 300 K are in the 55±60 kJ/mol range, and

decreased to 45±55 kJ/mol in the presence of Sn or In.

Average integral heats of CO adsorption at 300 K were

ca. 95 kJ/mol for all catalysts studied, independently

of the presence of Sn and In. Average integral heats of

ethylene adsorption at 300 K were ca. 90 kJ/mol on

highly dispersed Pt catalysts having small Pt crystal-

lites, and these heats were not altered by the presence

of Sn or In. In contrast, heats of ca. 130 kJ/mol were

measured on catalysts having larger Pt crystallites

with no Sn or In. These results were interpreted by
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noting that ethylene adsorbs dissociatively (i.e. as

ethylidyne species) on large clusters of Pt atoms,

and molecularly (i.e. as �- or di-s-bonded ethylene)

on smaller Pt clusters. In the absence of Pt, average

integral heats of ethylene adsorption at 300 K were 21,

40 and 28 kJ/mol on Al2O3, Sn/Al2O3 and In/Al2O3,

respectively.

Phillips et al. have used heat-¯ux microcalorimetry

to study high surface-area carbon [31±35]; graphite-

supported Ir [36], Pd [24], Fe [37], Rh [38], Fe±Rh

[39,40] and Fe±Pd [41,42] catalysts; and oxide-sup-

ported Fe, Fe±Rh [43] and Pd±Ag [44] catalysts.

Initial heats of H2, CO and O2 adsorption at 300 K

on graphite-supported Ir particles were 70, 170 and

450 kJ/mol, respectively. Similar measurements of O2

adsorption at 300 K on graphite-supported Fe, Rh, Fe±

Rh and Fe±Pd catalysts yielded values of 600, 375,

540 and 520 kJ/mol, respectively. The Fe catalysts

were reported to form bulk oxides, while O2 chemi-

sorption occurred on the Rh, Fe±Rh and Fe±Pd sam-

ples. The initial heats of O2 adsorption were reduced

signi®cantly on silica-supported Fe, and silica- and

alumina-supported Fe±Rh catalysts, to values of 420,

500 and 355 kJ/mol, respectively. Initial heats of 140±

150 kJ/mol were reported for CO adsorption at 300 K

on silica-supported Pd±Ag catalysts, due to change in

catalyst morphology following different catalyst pre-

treatments.

Dumesic et al. have used heat-¯ux microcalori-

metry to study supported Pt [45±49], Pt±Sn [47±50],

Pd [49], and Cu [51] catalysts, and unsupported Ni

powder, Ni±B, and Ni±P [52] catalysts. Initial heats

of 90 and 140 kJ/mol were reported for H2 and CO

adsorption at 403 K, respectively, for Pt supported on

silica and non-acidic zeolites [45]. The initial heats

were independent of Pt particle size for Pt loadings

between 1 and 7 wt%, but were increased by ca. 20 kJ/

mol when Pt was supported on basic materials such as

K/SiO2, Mg/Al2O3, or zeolite containing basic cations

(K�, Ba2�). Exposure of the Pt/SiO2 catalysts to

reaction conditions for n-hexane aromatization (e.g.

mixtures of n-hexane and H2 at 700 K) resulted in a

decrease in the total number of adsorption sites and a

decrease in the number of sites that adsorb CO

strongly [46]. In contrast, Pt supported in L-zeolite

showed no change in the extent and heat of CO

adsorption after exposure to reaction condition for

n-hexane aromatization. The addition of Sn to Pt/SiO2

catalysts decreased the number of sites that interact

strongly with H2 and CO [47]. Further addition of

potassium to silica-supported Pt and Pt±Sn catalysts,

increased the saturation extent of H2 adsorption and

decreased the saturation extent of CO adsorption, but

did not affect the initial adsorption heats of these

molecules [48]. The addition of Sn, and subsequent,

addition of K to L-zeolite-supported Pt showed effects

similar to those observed on silica-supported Pt [50].

Similar microcalorimetric measurements have been

used to characterize the interaction of hydrocarbons

with supported metal catalysts [47±49]. Initial heats of

ethylene adsorption at 300 K on silica-supported, Pt,

Pd and Pt±Sn catalysts were ca. 150, 170 and 120 kJ/

mol, respectively. Initial heats of isobutylene adsorp-

tion at 300 K on these catalysts were ca. 160, 190 and

125 kJ/mol, respectively. The high values observed for

silica-supported Pt and Pd were attributed to disso-

ciative adsorption of ethylene and isobutane on these

catalysts at 300 K to form alkylidyne species. In

contrast, the lower heats observed on Pt±Sn/SiO2,

were attributed to the adsorption of �- or di-s-bonded

ethylene on Pt at 300 K. Accurate measurements of

the heat of isobutane adsorption at 300 K on Pt and Pd/

SiO2 were not possible due to extensive isobutane

dehydrogenation. Initial heats, however, were in the

160±225 kJ/mol range, and were decreased in the

presence of Sn.

Microcalorimetric measurements of CO, C2H4,

N2O, O2 adsorption at 313 K on Cu/SiO2 and Cu±

Y±zeolite have been used to probe the adsorption

properties of metallic Cu and Cu1� cations, respec-

tively [51]. Initial heats of CO and C2H4 on Cu1�

cations (Cu±Y±zeolite) were 80 and 90 kJ/mol,

respectively, while initial heats of CO and C2H4 on

metallic Cu (Cu/SiO2) were 64 and 60 kJ/mol, respec-

tively. Oxygen, however, adsorbed more weakly with a

strength of 95±170 kJ/mol on Cu1� cations, as com-

pared to the value of 400 kJ/mol for metallic Cu

estimated from the heat of N2O decomposition.

Heat-¯ux microcalorimetry was used to character-

ize unsupported Ni powder, and Ni±B and Ni±P alloy

particles prepared by aqueous chemical reduction

[52]. Initial heats of H2 and CO adsorption on Ni at

303 K were 85 and 120 kJ/mol, respectively. The

presence of B and P signi®cantly increased the BET

surface areas from the value of 1.7 m2/g for Ni pow-

der, to 8.4 and 19.7 m2/g for Ni±B and Ni±P, respec-
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tively. The presence of B and P, however, decreased

the initial heats of H2 and CO adsorption by 20±30 kJ/

mol and, subsequently, reduced the saturation uptakes

of these molecules per unit surface area. The decrease

in the heats of H2 and CO and adsorption were

explained in terms of the electronegativity of the B

and P metalloid elements.

King et al. have used heat-¯ux calorimetry to

characterize the interaction of H2 with silica-sup-

ported Ru, K±Ru and Ru±Ag catalysts [53,54]. Initial

heats of H2 adsorption at 403 K were ca. 90 kJ/mol for

all Ru catalysts studied (including Ru black), inde-

pendent of the K or Ag concentrations, suggesting that

there is no electronic effect in¯uencing H2 chemisorp-

tion. The addition of K and Ag to Ru/SiO2, however,

signi®cantly decreased the overall H2 uptake, and the

populations of intermediate (50 kJ/mol) and weakly

(10 kJ/mol) bound hydrogen states observed at higher

H2 pressures.

Guil et al. have used microcalorimetry to investi-

gate the adsorption of H2 on SrTiO2-supported Rh

particles [55]. The Rh/SrTiO2 system was used

because H2 adsorption was not appreciably affected

by strong metal±support interactions (SMSI), and H2

spillover onto the SrTiO2 support is lower than for

more reducible oxides (e.g. TiO2). Initial heats of H2

adsorption at 298 K on Rh/SrTiO2 were ca. 40 kJ/mol,

and decreased steadily until a constant value of 7 kJ/

mol was reached, corresponding to the heat of H2

adsorption on the SrTiO2 support. The decrease in the

strength of the H±Rh interaction with H2 coverage was

discussed on the basis of adsorption site heterogeneity

and a modi®cation of the electronic properties at the

metal surface.

Stradella has investigated the interaction of several

probe molecules with polycrystalline Ni powder using

heat-¯ux microcalorimetry [56]. Initial heats of O2,

NH3, N2, N2O, H2, CO2, C3H6, and CO adsorption at

305 K, were 75, 62, 55, 43, 40, 38, 14 and 10 kJ/mol,

respectively, and remained constant at these values

until the Ni surface became saturated. Oxygen, NH3

and N2 adsorption were the strongest and most irre-

versible, in contrast to C3H6 and CO adsorption which

were weak and fully reversible. Thermokinetic calcu-

lations indicate that O2, NH3, N2 and H2 may undergo

activated diffusion into bulk Ni.

It addition to microcalorimetric studies of metal-

based catalysts, Cerny et al. have used a differential

isoperibolic (Beeck type) calorimeter [57] to measure

differential heats of adsorption of H2, CO, and several

hydrocarbons at room temperature on evaporated

metal ®lms of Mo [57±60], Pt [58,61,62], Ce [63],

Dy [63±65], Dy±Cu [65], Gd [66], Er [63], Lu [63],

Tm [63] and Yb [63]. For example, initial heats of 90

and 40 kJ/mol were reported for H2 adsorption on

evaporated Pt and Mo ®lms, respectively. Similarly,

initial heats of 148 and 280 kJ/mol were reported for

ethylene adsorption, and initial heats of 187 and

275 kJ/mol were reported for acetylene adsorption

on these same ®lms, respectively.

3. Advances in microcalorimetry for metals

The dif®culty in maintaining clean metal surfaces

complicates the use of microcalorimetric methods to

study adsorption phenomena on metals. Recent

advances in microcalorimetry, however, have pro-

vided a means to study low surface area metal single

crystals and ®lms, unsupported metal powders, and

metal-based catalysts which may be contaminated by

oxygenates. The following section presents three

advance microcalorimetric techniques and their appli-

cations toward the study of low surface area metals

and metal-based catalysts. For more detailed informa-

tion regarding adsorption microcalorimetry in surface

science studies, the reader is referred to a recent,

comprehensive review by Cerny [67].

King et al. have developed an ultrahigh vacuum

microcalorimeter, capable of measuring absolute

heats of adsorption as a function of adsorbate coverage

on low surface-area metal single-crystal surfaces

[2,3,68]. The calorimeter consists of a pulsed super-

sonic molecular beam source, an ultrathin (ca.

2000 AÊ ) metal single crystal, and remote infrared

temperature sensing. In a typical experiment, a

2000 AÊ thick, 1-cm2 metal single crystal is supported

within an ultrahigh vacuum chamber and, subse-

quently, cleaned by Ar-ion sputtering. The adsorbate

gas is dosed via pulsed molecular beam onto an

unsupported circular section of the crystal (ca.

2 mm in diameter), such that heat losses are by

radiation only. A broadband infrared photon detector,

placed directly behind the crystal, records the infrared

emission (heat) radiated from the back of the crystal

face during each pulse, which is directly proportional
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to the heat of adsorption. The adsorbate uptake is then

determined for each pulse from the product of the

number of molecules incident on the sample (related

to the beam intensity) and the fraction that are

adsorbed (the sticking probability, calculated using

the method of King and Wells [69]). This calorimeter

has a sensitivity to adsorption of 0.01 monolayers of

adsorbate, and it has been used to measure heats of

adsorption on various Ni [2,3,68,70±75] and Pt

[68,76±81] crystal planes.

Heats of CO and O2 adsorption at 300 K have been

measured on the (100), (110) and (111) planes of clean

and K-promoted Ni [70±73]. Initial heats of CO

adsorption on Ni(100), Ni(110) and Ni(111) were

123, 133 and 130 kJ/mol, respectively, while initial

heats of dissociative O2 adsorption on the same crystal

planes were 532, 498 and 470 kJ/mol, respectively.

The addition of potassium to the Ni single crystals,

however, signi®cantly increased the heats of adsorp-

tion of these molecules. For example, addition of 0.08

monolayers of K to Ni(100) increased the initial heats

of CO and O2 adsorption to 170 and 620 kJ/mol,

respectively, and the addition of 0.30 monolayers of

K to Ni(100), increased the initial heats to 250 and

590 kJ/mol, respectively. These results indicate that

the presence of K on Ni(100) increases the strengths of

the Ni±CO and Ni±O bonds, which have been

explained in terms of increased electron density at

the Ni surface. Similarly, an initial heat of 426 kJ/mol

has been measured for dissociative NO adsorption on

Ni(100) at 300 K [75], and this value, along with the

corresponding value for dissociative O2 adsorption,

has been used to estimate a heat of 136 kJ/mol for

dissociative N2 adsorption on Ni(100).

The ultrahigh vacuum single-crystal adsorption

calorimeter has also been used to measure heats of

CO, O2, NO and C2H4 adsorption on Pt single crystals

[76±79,81], and to measure the heat of the reaction for

CO oxidation on Pt [80]. The adsorption of C2H4 on

Pt(110)-(2�1) at 300 K yielded four distinct regions

of differential heat vs. coverage, having values of 205,

170, 136 and 120 kJ/mol, which were assigned to

ethylylidyne (>CCH2±), ethylidyne (>CCH3), di-s-

bonded ethylene (±H2CCH2±), and �-bonded ethylene

species, respectively [76]. Initial heats of C2H4

adsorption at 300 K on Pt(111) [78] and the hexagonal

and (1�1) phases of Pt(100) [77] were 174, 200 and

250 kJ/mol, respectively, indicating that different

crystal planes and different surface phases affect the

interaction of C2H4 with Pt. Similarly, the initial heats

of CO adsorption at 300 K on Pt(110) [81] and the

hexagonal and (1�1) phases of Pt(100) [77,79] were

183, 180 and 225 kJ/mol, respectively, and the initial

heats of NO adsorption at 300 K were 160, 180 and

200 kJ/mol, respectively, suggesting that different

crystal planes and different surface phases also affect

the interaction of CO and NO with Pt. Comparison of

the heats of C2H4, CO, and NO adsorption on Pt(100),

shows that the energy difference between the hexa-

gonal and (1�1) phases is ca. 20 kJ/mol [77]. The

adsorption of O2 at 300 K on Pt(100) [81] gave an

initial heat of 335 kJ/mol.

King et al. [74] have expanded the applicability of

the single-crystal adsorption calorimeter by develop-

ing a pyroelectric temperature sensor for measuring

absolute heats of adsorption at low temperatures. The

sensor consists of a pyroelectric LiTaO3 wafer con-

nected by electrodes to a high-impedance ampli®er,

forming a parallel plate capacitor. A metal single

crystal is cold welded to the surface of the LiTaO3

wafer to provide good heat transfer. Since pyroelectric

materials have a permanent, temperature-dependent

electric polarization along a particular crystalline axis,

these materials exhibit a change in polarization with

temperature, which can be correlated to measurable

voltage changes. Thus, a temperature change induced

by the adsorption of a probe molecule on a single-

crystal surface, results in voltage change across the

capacitor, which is proportional to the heat of adsorp-

tion. This pyroelectric detection scheme has been used

successfully with the single-crystal adsorption calori-

meter to measure heats of O2 adsorption on Ni(100) at

300 K (ca. 530 kJ/mol) and 110 K (ca. 480 kJ/mol).

The lower heat of adsorption measured at 100 K has

been attributed to reduced mobility of adsorbed oxy-

gen at this temperature.

A similar calorimeter, employing a pulsed molecu-

lar-beam source and a pyroelectric LiTaO3 single

crystal as a temperature sensor, has been developed

independently by Cerny et al. [4,5], for measuring

heats of adsorption on thin metal ®lms. In their

apparatus, a thin metal ®lm is evaporated onto the

surface of a LiTaO3 single crystal, and then pulsed

with adsorbate via the molecular beam. Absolute heats

of adsorption are then determined through voltage

changes in the LiTaO3 single crystal, and the adsorbate
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coverages are calculated from the product of the

sticking coef®cient and the number of molecules

incident on the sample, as in the method of King et

al. [74]. The present calorimeter has been used to

measure initial heats of 265 and 670 kJ/mol for CO

and O2 adsorption, respectively, on an evaporated Dy

®lm at room temperature.

We have developed a technique for using conven-

tional heat-¯ux microcalorimeters to measure differ-

ential heats of adsorption of probe molecules on

unsupported metal powders and metal-based catalysts

which are reactive toward oxygenates [6]. Clean,

reduced metal samples are prepared ex situ, in a

down-¯ow glass treatment cell, using ultrapure ¯ow-

ing gases. The reduced metal sample is then sealed in

pure helium within a Pyrex NMR tube attached to the

side of the glass treatment cell. The sample capsule

formed in this manner, is broken in a special set of

microcalorimetric cells, shown schematically in

Fig. 1. The cells, equipped with Cajon VCR high-

vacuum ®ttings, employ a bellows-sealed linear

motion feed-through to drive a rod into the sample

receptacle to break the sealed Pyrex sample capsule.

In this manner, the clean sample can be exposed

rapidly to the adsorbate gases under study, without

excessive surface contamination that can accumulate

during the long periods (ca. 5±6 h) required for ther-

mal equilibration of the sample in the calorimeter.

The present microcalorimetric technique has been

used to probe the interaction of H2 and CO with Ni

powders containing submonolayer amounts of metal-

lic K and Cs [82]. Fig. 2 shows results for CO adsorp-

tion at 308 K on clean Ni powder and Ni powders

containing both, metallic and oxidized K and Cs

adatoms. The adsorption of H2 and CO on reduced

Ni powder at 308 K, gave initial heats of 90 and

120 kJ/mol, respectively. The addition of metallic K

(0.1±0.2 monolayers) and Cs (0.3±0.6 monolayers) to

Ni powder, signi®cantly increased the initial heats of

CO adsorption to ca. 200 kJ/mol. Exposure of these

samples to air, and subsequent reduction in H2 at

673 K, however, reduced the initial heats of CO

adsorption to ca. 160 kJ/mol. In contrast, the addition

of K had weaker promotional effects on the adsorption

of H2. Initial heats of 110 and 100 kJ/mol were

measured for H2 adsorption at 308 K on Ni powder

containing metallic and oxidized K atoms, respec-

tively. These results show that the presence of metallic

alkali promotes the adsorption of CO, and to a lesser

extent, H2 on Ni, by increasing the strengths of the Ni±

CO and the Ni±H bonds. Oxidation of the alkali

species, however, moderates these promotional

effects. Importantly, the results for CO adsorption

on both clean and metallic K-promoted Ni powders

are in excellent agreement with similar measurements

performed by King et al. [70] on clean and K-pro-

moted Ni(100), and indicate that the present methods

are effective for preparing clean, reduced Ni surfaces

containing alkali metals, and maintaining these sur-

faces in the zero-valence state for microcalorimetry.

A similar microcalorimetric study was conducted

on Pt powders and silica-supported Pt and Pt±Sn

catalysts containing alkali metals, to address the che-

Fig. 1. Schematic diagram of the microcalorimetric cell.

100 B.E. Spiewak, J.A. Dumesic / Thermochimica Acta 312 (1998) 95±104



mical state and role the alkali metals as catalytic

promoters for the dehydrogenation of isobutane

[83]. Fig. 3 shows results for CO adsorption at

403 K on clean Pt powder and Pt powders containing

both, metallic and oxidized Rb and Cs adatoms.

Microcalorimetric measurements of CO adsorption

at 403 K yielded an initial heat of 140 kJ/mol and a

CO saturation coverage of 30 mmol/g. The addition of

metallic Rb (0.1±0.4 monolayers) and Cs (0.6±0.8

monolayers) to Pt, increased the initial heats of CO

adsorption to 160 and 180 kJ/mol, respectively, and

extended the CO adsorption capacity to 110 and

60 mmol/g, respectively. Exposure of these samples

to air, followed by calcination in O2 at 473 K and,

subsequent, reduction in H2 at 373 K, however, elimi-

nated the promotional effects, resulting in initial heats

and saturation CO coverages similar to those obtained

on clean Pt. These results show the presence of

metallic Rb and Cs on Pt promotes the adsorption

of CO, by strengthening the Pt±CO bonds and extend-

ing the CO adsorption capacity, while oxidized alkali

species have little effect on CO adsorption. The

increase in the CO adsorption capacity observed for

Pt powders containing metallic Rb and Cs, resulted

from formation of an alkali±CO complex on Pt at

403 K.

Microcalorimetric measurements of CO adsorption

on silica-supported Pt (0.85 wt% Pt) and Pt±Sn

(2.61 wt% Pt) catalysts at 403 K, gave initial heats

of 140 and 120 kJ/mol and CO saturation coverages of

25 and 65 mmol/g, respectively. The addition of K, Rb

and Cs salts (1 : 5 atomic Pt : alkali) to Pt/SiO2 fol-

lowed by treatment in H2 at 773 K, did not affect the

adsorption of CO at 403 K. In contrast, the addition of

Na and Cs salts (1 : 3 atomic Pt : alkali) to Pt±Sn/SiO2

followed by treatment in H2 at 773 K, resulted in a

signi®cant decreases in the CO saturation coverage.

Comparison of the results for supported and unsup-

ported Pt, suggests that the alkali are not in the

metallic state on working silica-supported Pt and

Pt±Sn isobutane dehydrogenation catalysts, and that

the promotional effects observed for alkali-promoted

Pt±Sn/SiO2 are the result of alkali species decreasing

the ensemble size of surface Pt sites.

The present microcalorimetric technique has also

been used to investigate the interaction of N2 with Fe±

ammonia synthesis catalysts [6,84]. Initial heats of ca.

200 kJ/mol have been measured for dissociative N2

adsorption at 453 and 673 K on various iron-based

catalysts. Importantly, these heats are in excellent

agreement with heats of 200±230 kJ/mol estimated

from ultrahigh vacuum measurements of N2 desorp-

tion from Fe single crystals [85±87].

In a recent work, the present microcalorimetric

technique has been employed to investigate the inter-

action of C2H4 and H2 at 173 K on clean Pt surfaces,

and on Pt surfaces that have undergone C2H4 hydro-

genation at 330 K [88]. Fig. 4 shows the results for

C2H4 adsorption at 303 and 173 K on clean Pt powder,

and at 173 K on Pt powder that has undergone ethylene

hydrogenation at 300 K under conditions, where

Fig. 2. Microcalorimetric results of CO adsorption at 308 K on Ni

powder (*), K-promoted Ni (&), Cs-promoted Ni (~), and the K-

promoted ( ) and Cs-promoted (5) Ni samples after exposure to

air, and subsequent reduction in H2 at 673 K)

Fig. 3. Microcalorimetric results of CO adsorption at 403 K on Pt

powder (*), Rb-promoted Pt (&), Cs-promoted Pt (~), and the

Rb-promoted ( ) and Cs-promoted (5) Pt samples after exposure

to air, calcination in O2 at 473 K, and subsequent reduction in H2 at

373 K.
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ethylidyne species are present. Microcalorimetric mea-

surements of C2H4 adsorption on reduced Pt powder at

303 and 173 K gave initial heats of 160 and 120 kJ/

mol, respectively, in excellent agreement with values

obtained by King et al. [76,78] for C2H4 adsorption on

Pt single crystals. These strengths of adsorption cor-

respond to ethylidyne species and to di-s-bonded

ethylene, respectively. The increase in differential heat

with coverage observed for C2H4 adsorption at 300 K

(Fig. 4), was a result of C2H6 formation. Initial heats

measured for H2 adsorption on reduced Pt powder at

403 and 173 K were ca. 90 kJ/mol. Exposure of the Pt

samples to C2H4 hydrogenation at 300 K, under con-

ditions at which ethylidyne species form, results in a

signi®cant decrease in the strengths (20±30 kJ/mol) a

well as the saturation coverages of C2H4 and H2

adsorption at 173 K. Exposure of Pt to C2H4 hydro-

genation at conditions for which ethylidyne species do

not form results in a similar decrease in the adsorption

strength and the saturation uptake of H2 at 173 K.

However, these surfaces contain signi®cant amounts

of reactive hydrogen, since they show formation of

C2H6 upon C2H4 adsorption at 173 K. In short, these

Fig. 4. Microcalorimetric results of C2H4 adsorption at 303 (*)

and 173 K (*) on Pt powder, and at 173 K (&) on Pt powder that

has undergone ethylene hydrogenation at 300 K under conditions,

where ethylidyne species form.

Table 1

Calorimetric heats of H2, CO, O2 and C2H4 adsorption on Ni and Pt

Metal H2/ CO/ O2/ C2H4/ Temperature/ Calorimetry type References

kJ/mol kJ/mol kJ/mol kJ/mol K

Ni(100) 123 532 300 SCAC a [70±73]

480 100 SCAC a [74]

Ni(110) 133 498 300 SCAC a [70±73]

Ni(111) 130 470 300 SCAC a [70±73]

Ni powder 85 120 303 HFC b [52]

40 10 75 305 HFC b [56]

90 120 303 RMHFC c [82]

130 173 RMHFC c [89]

Ni/SiO2 110 130 296 HFC b [7±9]

Pt(100)-hex 180 200 300 SCAC a [77,79]

Pt(100)-1�1 225 250 300 SCAC a [77,79]

Pt(100)-2�1 183 335 205 300 SCAC a [76,81]

Pt(111) 174 300 SCAC a [78]

Pt film 90 148 295 TFC d [58,61±72]

Pt powder 57 113 220 300 DSC e [16±18]

90 140 403 RMHFC c [83,88]

160 303 RMHFC c [88]

120 173 RMHFC c [88]

Pt/SiO2 57 123 285 300 DSC e [16±18]

90 140 403 HFC b [45,57]

150 300 HFC b [47±49]

140 403 RMHFC c [83]

a Single-crystal adsorption calorimetry.
b Heat-flux calorimetry.
c Reactive metal heat-flux.
d Thin-film calorimetry (isoperibolic calorimeter).
e Differential scanning calorimetry.
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experiments provide thermodynamic and kinetic

information about reactive surface intermediates on

both clean and working Pt surfaces.

In related work, the present microcalorimetric tech-

nique has been used to probe the interaction of C2H4

and C2H2 with Ni, Pt, and Pd powders [89]. Initial

heats of 130 and 250 kJ/mol have been measured for

C2H4 and C2H2 adsorption, respectively, on reduced

Ni powder at 173 K. Initial heats of 225 and 200 kJ/

mol have been measured for C2H2 adsorption on

reduced Pt powder at 303 and 173 K, respectively.

Similarly, initial heats of 180 and 140 kJ/mol have

been measured for C2H4 adsorption on reduced Pd

powder at 303 and 173 K, respectively, which corre-

spond to ethylidyne species and to di-s-bonded ethyl-

ene, respectively. In addition, an initial heat of 145 kJ/

mol has been measured for CO adsorption on Pd

powder at 403 K [89].

Of the numerous calorimetric studies reviewed in

the present paper, the majority of these studies have

focused on the adsorption of simple probe molecules

on Ni and Pt surfaces. For the purpose of comparison,

the heats of H2, CO, O2 and C2H4 adsorption obtained

on various Ni and Pt surfaces with different micro-

calorimetric methods, have been summarized in

Table 1. A more complete table of differential heats

of adsorption of various probe molecules on metal

single crystals, and polycrystalline metal wires, rib-

bons, and ®lms can be found in Ref. [67].

4. Conclusions

Microcalorimetry is a powerful technique for mea-

suring the strength with which adsorbates interact with

solid catalyst surfaces. Moreover, recent develop-

ments in microcalorimetry have provided means to

extend these measurements to metal single crystals,

metal ®lms, metal powders, and metal-based catalysts

which are reactive toward oxygenates. These micro-

calorimetric methods have provided new insight into

the interaction of adsorbates with metal surfaces and

will advance the study of metal-based catalyst systems.
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