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Along with the increase in the world population and global economy, the world primary energy 

consumption is also growing year by year, which in turn has brought about energy shortage and 

global warming. Developing renewable energy and increasing its total fraction in the world energy 

portfolio is one of the strategies to tackle the energy and environmental hurdles. The forward 

progression can be seen in that 14.8% of the increase in primary energy in 2017 was provided by 

renewable energy (including biofuels), which grew rapidly driven by robust growth in both wind 

and solar power. However, the total fraction of world energy portfolio from all renewables is 

expected to amount to just 8% according to the report published by National Research Council in 

2008 and fossil fuels will be a major part of the world primary energy portfolio for the next few 



 

decades to come. Therefore, accelerating the pace of improvement in energy productivity (i.e., the 

amount of energy needed to produce a unit of output), especially the utilization of fossil fuels, 

becomes an urgent task. In order to complete this task, this dissertation brings two strategies into 

attention, (1) developing highly active, selective, and thermodynamically stable heterogeneous 

catalysts for the chemicals and energy industries and (2) developing and applying porous adsorbent 

materials for the capture of CO2 and other toxic gases and for the storage and utilization of cleaner, 

high-energy-density, and lower-carbon fuels such as hydrogen and methane. 

 Heterogeneous catalysis has been at the center of the chemicals and energy industries since 

more than 90% of chemical manufacturing processes utilize catalysts. Late transition metal 

nanoparticles supported on high area oxide surfaces are the key ingredients of many catalysts and 

electrocatalysts with numerous applications in the energy, chemical, and environmental industries. 

The catalytic activity and selectivity of these catalysts often varies dramatically with the size and 

shape of the metal nanoparticles, and with the support materials. In many cases, the supported 

metal nanoparticles are rendered inactive due to particle sintering (i.e., coarsening into fewer, 

larger particles), which also depends strongly on the particle size and support materials. These 

properties have been proven to be closely correlated with the strength of bonding of the metal atom 

and nanoparticles to the support surface. To clarify structure–activity relationships in such 

catalysts and their sintering kinetics, our group has been measuring the strength of the interaction 

between metal nanoparticles and the support surfaces using metal vapor adsorption calorimetry. 

 Chapter 2 describes the standard procedure and experimental setup for metal vapor 

adsorption calorimetry and equilibrium adsorption isotherm (EAI). The metal vapor adsorption 

calorimeter described in Section 2.1 has been applied to drop-cast films of metal–organic 

frameworks (MOFs) NU-1000 described in Chapter 3. The Brunauer–Emmett–Teller (BET) 



 

system described in Section 2.2 has been used to measure equilibrium adsorption isotherms for 

many small gases on NU-100 in Chapter 6. 

A Zr-based metal–organic framework (MOF) NU-1000 as a heterogeneous catalyst support 

onto which transition metal nanoparticles can be deposited is introduced in Chapter 3. The nature 

and energy of the reactions between Ca vapor and the internal surfaces of the NU-1000 have been 

studied by adsorption microcalorimetry, low energy He+ ion scattering spectroscopy (LEIS), X-

ray photoelectron spectroscopy (XPS), and Kohn−Sham density functional theory (DFT). 

 Chapter 4 introduces a novel calorimeter design to study metal vapor adsorption 

calorimetry on surfaces of nanomaterials that are deposited from liquid solutions, as is typical 

when preparing industrial catalyst materials. It uses a LiTaO3 crystal for heat detection, which has 

a Curie point of 893 K, thus theoretically allowing samples to be heated up to ~890 K to clean 

before use. Its capability has been demonstrated by measuring the bond energies of Ag vapor onto 

the clean surfaces of high-surface-area TiO2 powdered support materials.  

 Mixed or binary metal oxides (i.e., oxides with two metal elements) are often used as 

supports in catalysis with considerable improvement on various aspects of catalyst performance. 

Chapter 5 proves that we can measure adsorption energies, using the new metal vapor adsorption 

calorimeter introduced in Chapter 4, on any atomically smooth well-ordered mixed-oxide surface 

and demonstrates that thin Langmuir-Blodgett (LB) films of layered perovskite nanosheets provide 

a powerful new approach to study surface chemistry on single-crystal mixed-oxide surfaces. 

A shift away from coal and oil into cleaner, high-energy-density, and lower-carbon fuels 

such as hydrogen and methane, is considered as another strategy to increase energy efficiency and 

alleviate greenhouse effect. While hydrogen and methane have so many ubiquitous merits, the 

biggest challenge for large-scale transportation and utilization is to develop a safe, lightweight, 



 

and economical gas storage technique. The Zr-based MOF NU-1000 is a particularly interesting 

adsorbent material for gas storage and separation because it is water- and temperature-stable, has 

a high BET surface area and large pore volumes that allow NU-1000 to efficiently trap various gas 

molecules inside its framework. Its application as a storage media for gas molecules depends on 

the adsorption capacity and selectivity for the adsorbates of interest. As such, Chapter 6 reports 

the combined experimental and theoretical study of small gases adsorption on NU-1000, which 

make NU-1000 perhaps the best understood MOF in terms of gas adsorption properties and serve 

as a prototype system for studying the surface chemistry of MOFs in general, thus guiding most 

applications on MOFs. 

 To sum up, this dissertation provides deeper and systematic understandings of metal and 

gas adsorption on high-surface-area catalyst support materials, in the fields of heterogeneous 

catalysis and gas storage and separation relevant to energy and environmental industries. Here, I 

want to emphasize the importance of the new metal adsorption calorimeter introduced in Chapter 

4. To clarify the structure–activity relationships in supported metal nanoparticle catalysts and their 

sintering kinetics, researchers have adopted a model catalysts approach whereby structurally well-

defined samples are prepared by vapor deposition of the metal onto single-crystal oxide surfaces, 

which encounters the well-known “materials gap” with respect to real industrial catalysts. To 

bridge this materials gap, this calorimeter allows one to measure the strength of metal atom 

bonding and the adhesion energy of metal nanoparticles to clean surfaces of technologically 

relevant catalyst support materials. This opens up new opportunities for discovering better support 

materials and for basic scientific study of structure / function relationships with respect to metal / 

support bond energies.  
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Chapter 1. Introduction 

Associated with increase in the world population and the global economy, the world primary 

energy consumption has been growing up gradually in recent years (Figure 1.1),1 which brings 

about the problem of fuel exhaustion and global warming. For example, the CO2 level has steadily 

risen by 40% since the beginning of the industrial revolution.2 In dealing with the energy and 

environmental hurdles, there would not be a single solution; rather, multiple technologies will be 

developed and implemented.3 For example, the total fraction of world energy portfolio from all 

renewables is expected to amount to just 8%, so increased utilization will not be sufficient to meet 

the increasing energy demand. According to the report published by National Research Council in 

2008, fossil fuels will be a major part of the world primary energy portfolio for the next few 

decades to come.2 To lead to a sustainable future, new strategies are required for the utilization the 

fossil fuels in the most efficient and environmentally friendly manner.  

Heterogeneous catalysis has been at the center of the chemicals and energy industries since 

more than 90% of chemical manufacturing processes utilize catalysts.4 In the early 1900s, the 

development of the Haber-Bosch process (i.e., synthesis of ammonia from its elements in the 

presence of iron at high temperatures and pressures) has illustrated the huge potential impact of 

heterogeneous catalysis on human society; in this case, the lives of almost half of the world 

population were made possible by Haber–Bosch nitrogen in 2008.5,6 That the 2007 Nobel Prize in 

Chemistry was awarded to Prof. Ertl for his studies of chemical processes on solid surfaces7-10 

demonstrates a huge amount of interest in heterogeneous catalysis both from a scientific and an 

industrial perspective.11 Hence, developing highly active, selective, thermodynamically stable, and 

energy efficient heterogeneous catalysts is one of the strategies leading to a sustainable future. 
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 Transition metal nanoparticles dispersed across the surface of oxide supports are key 

ingredients in many heterogeneous catalysts, electrocatalysts, and photocatalysts of importance in 

energy technologies, fuel cells, pollution prevention, and chemical processing.12,13 For example, 

they are used extensively for ammonia synthesis, steam reforming, methanol synthesis, the 

hydrogenation of sulfur-containing organics from crude oil, selective oxidation of alcohols, etc.14-

18 Many experimental studies have shown the catalytic activity and selectivity of supported metal 

nanoparticles can vary dramatically with particle size and the support materials on which they are 

deposited.19-22 In addition, under catalytic reaction conditions (e.g., high temperatures and 

pressures), these metal nanoparticles can sinter (i.e., coalesce to fewer, larger particles), resulting 

in loss of activity and selectivity, and the sintering kinetics also depends strongly on the particle 

size and support materials.23-25 These properties have been proven to be closely correlated with the 

strength of bonding of the metal atom and nanoparticles to the support surface.12 Clearly, for the 

purpose of more rational catalyst design, there is a strong motivation to develop a fundamental and 

systematic understanding of the key parameters that control catalyst activity, selectivity, and 

stability. 

 To clarify these structure–activity relationships in such catalysts and their sintering kinetics, 

our group has previously measured the strength of the interaction between metal nanoparticles and 

the support surfaces using metal vapor adsorption calorimetry.12,26-28 These metal adsorption 

calorimetry studies have been performed on thin, single-crystal oxide films grown on thin, single-

crystal metal substrates and cleaned in ultra-high vacuum (UHV), in order to have very well-

defined surface structures where the fundamental aspects of metal / support bonding can most 

easily be elucidated.12,26-28 However, this “model catalyst” approach encounters the well-known 

“materials gap” with respect to the real industrial catalysts.29,30 That is, these flat and well-ordered 
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surfaces are quite different from the atomically-rough surfaces typically present on the high-

surface-area materials needed for real industrial catalyst supports. To bridge this materials gap, we 

demonstrate here that we can calorimetrically measure metal atom adsorption energies and metal 

nanoparticle adhesion energies now on support materials (e.g., metal−organic frameworks, metal 

oxide nanoparticles, and lamellar perovskite nanosheets) with large specific surface areas instead. 

 Metal−organic frameworks (MOFs) are an extensive class of nanoporous crystalline 

materials composed of small metal, metal oxide, or mixed-metal−oxide nodes connected by 

organic linker groups of a fixed length and conformation; the linkers bind to nodes via reactive 

binding sites such as ionized carboxylic acid groups.31-33 MOFs have attracted great research 

interest due to a unique combination of properties, such as structural homogeneity that makes 

MOFs amenable to X-ray diffraction,34,35 large surface areas36,37 and pore sizes,38,39 framework 

flexibility,38,40 opportunities for rational design and tunability,35,41,42 and almost limitless 

compositional diversity.33  

MOFs have numerous current and potential applications in catalysis.43-48 Because metal–

organic framework (MOF) nodes can be oxide clusters of controllable sizes near ∼1 nm in 

diameter, they can be thought of as very well-defined and homogeneous oxide “nano-supports” to 

which catalytic metals (like Pt, Ag, Pd, etc.) could be attached to achieve improvement in activity 

or simply to provide a more homogeneous structure to facilitate fundamental studies of supported 

metal clusters. The organic linker groups effectively isolate these nodes (and the supported metals) 

from each other, thus possibly preventing sintering of the metal centers. Additionally, due to the 

highly ordered nature of MOFs, their structures can be easily determined with X-ray diffraction 

(XRD).34,35,49  
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The Zr-based MOF NU-100050,51 is a particularly promising MOF for catalysis because it 

is water- and temperature-stable,52 has a Brunauer–Emmett–Teller (BET) surface area of >2000 

m2/g,50,52 and has 31 Å hexagonal pores that allow large molecules to penetrate into the bulk of the 

MOF crystallites. NU-1000 contains transition metal oxide nodes51 of formula [Zr6(μ3-OH)4(μ3-

O)4(OH)4(OH2)4] isolated by pyrene-based linkers53 (see Figure 3.1). Each node has six Zr atoms 

in its structure connected by Zr-O-Zr bonds, so it resembles a tiny cluster of zirconium oxide and 

can be thought of as well-defined, homogeneous oxide nanosupports for catalytic metals of interest. 

Thus, the bonding of metal atoms and metal clusters to the oxide nodes of MOFs like NU-1000 is 

a subject of considerable interest. 

Chapter 3 describes the bonding energetics of calcium vapor adsorption onto clean NU-

1000 at 300 K in UHV using metal vapor adsorption calorimetry, the growth mechanism and 

surface morphology of the evolving Ca film using low energy He+ ion scattering spectroscopy 

(LEIS) and X-ray photoelectron spectroscopy (XPS), and modeled reactions between calcium 

atoms and the internal surfaces of NU-1000 using density functional theory (DFT). The reaction 

enthalpies of calcium with NU-1000 are high below 2 monolayers (ML) (570-366 kJ/mol), 

attributed to calcium first reacting with carboxylic acid groups, free water impurities, or both on 

the internal surfaces (these reactions proceed to ~20 nm below the external surface), then with the 

aquo or hydroxyl groups on the Zr6 nodes. Beyond 2 ML, the exothermicity decreases 

asymptotically to the sublimation enthalpy of bulk Ca (178 kJ/mol), mainly attributed to the 

formation of Ca(solid) nanoparticles on the external surface. This is the first adsorption calorimetry 

of metal atoms on the homogeneous oxide cluster nodes of any MOF, and it provides an 

experimental benchmark with respect to reaction energetics for validating the accuracy of DFT 

calculations used to model metal bonding to oxide clusters in general. 
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Many important catalysts and electro-catalysts for energy and environmental technologies 

involve late transition metal atoms and nanoparticles dispersed across the surface of some high-

surface-area support materials, for example, metal oxide nanoparticles. TiO2 nanoparticles have 

been used in wide-ranging catalytic studies.54-57 For example, Christopher’s group has recently 

reported a single Pt atom catalyst with high thermal stability by depositing isolated Pt atoms onto 

5-nanometer-diameter anatase TiO2 nanoparticles, and this catalyst exhibited a 2-fold greater 

turnover frequency for CO oxidation than the 1 nm pre-reduced Pt clusters on the same TiO2 

nanoparticles.57 Therefore, the strength of bonding of transition metal atoms and nanoparticles to 

these surfaces of these TiO2 nanoparticles is of significant interest.  

Chapter 4 introduces a novel calorimeter to measure the strength of metal bonding to clean 

surfaces of high-surface-area catalyst support materials, which extends metal adsorption 

calorimetry to surfaces of nanomaterials that are deposited from liquid solutions, as is typical when 

preparing industrial catalyst materials. This calorimeter implements LiTaO3 single crystals as the 

heat detectors, which maintain high pyroelectric heat-signal response after heating to high 

temperatures (up to ~890 K theoretically),58 while the pyroelectric polymer heat detectors used for 

previous calorimetry studies (including Ca adsorption on NU-1000) in this calorimetry apparatus 

could only be heated up to ~350 K.59,60 In Chapter 4, I demonstrate this new calorimetry capability 

by depositing thin films of the 5-nm-diameter anatase TiO2 nanoparticles directly onto the LiTaO3 

crystals, cleaning these materials after deposition by heating to high temperatures (up to ~890 K 

theoretically)58 in UHV or in controlled gases (e.g., O2) to remove impurities present after 

deposition, and studying the heat of adsorption of Ag vapor as a function of coverage on clean 

surfaces of these TiO2 films. The XPS results show that there is no or negligible oxidation state 

change of the TiO2 support after being heated. The measured sticking probability is above 0.988 
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for all Ag coverages. The heat of adsorption is ~206 kJ/mol in the limit of zero Ag coverage, and 

then increases asymptotically to the heat of sublimation of bulk Ag(s), 285 kJ/mol,61 at higher Ag 

coverages. To our knowledge, this is the only metal vapor adsorption calorimeter capable of 

measuring metal adsorption energies on the surfaces of solution-prepared high-surface-area 

catalyst support materials. 

As mentioned above, our group has previously reported many adsorption calorimetry 

studies of metal atoms on thin, single-crystal oxide films grown on thin, single-crystal metal 

substrates,12,26-28 but those are all oxides of a single metal element. Mixed or binary metal oxides 

(i.e., oxides with two metal elements) are often used as supports in catalysis with considerable 

improvement on various aspects of catalyst performance, with ceria-zirconia in automotive 

exhaust treatment and other reactions62-65 being the best-known example. Unfortunately, growing 

atomically smooth single-crystal surfaces of mixed oxides in well-defined composition and 

structure has never been reported on samples that would be applicable in our metal vapor 

adsorption calorimetry in the literature.  

Perovskite, with the general formula ABO3 (A and B being two cations and O being an 

oxygen anion), represents probably the most studied mixed-oxide system in the field of 

heterogeneous catalysis. They are low-cost, easy to synthesize, and show a large variation in their 

composition and structure allowing tailoring of their chemical and physical properties to better 

target their applications. Since 2000, a significant amount of research has been done on new 

synthesis techniques and applications of perovskites, and they are indeed considered as potential 

alternatives for platinum-group metals (PGMs) today. On the other hand, since both perovskites 

and noble metals have their unique merits, simultaneous use of those two materials could offer a 

tremendous advantage for catalytic processes, i.e., perovskites could be used as a suitable mixed-



 

7 

 

 

oxide support for noble metal nanoparticles to both improve their catalytic efficiency and expand 

their life span.66,67 

Chapter 5 proves that we can use the new calorimeter described in Chapter 4 to measure 

metal adsorption energies on a single-crystal mixed-oxide support prepared in a simple new way 

that offers many exciting new possibilities for surface science studies. A class of lamellar calcium 

niobate perovskite, HCa2Nb3O10(001), can be dispersed in solution as single-crystalline flat sheets 

which are only one layer thick but extend laterally from several hundred nanometers to a few 

micrometers.68-73 Each nanosheet consist of three NbO6 octahedral layers, with Ca2+ in the center 

of the cube formed by Nb5+ and half of the surface O atoms in surface OH groups (see Figure 1.2). 

These nanosheets can be simply deposited in a layer-by-layer fashion on flat substrates using 

Langmuir-Blodgett (LB) techniques to make a thin, single-crystal mixed-oxide film.69,71,74-76 The 

long lateral dimension indicates that these nanosheets have very high surface area and a huge ratio 

of terrace sites to sheet-edge sites, making them promising model mixed-oxide supports with very 

homogeneous surface sites for studying adsorption, for example of metal atoms and nanoparticles. 

We use this LB-film method to deposit such perovskite thin films directly onto the LiTaO3 heat 

detectors. We verify the sheet-like morphology of the HCa2Nb3O10 nanosheets using atomic force 

spectroscopy (AFM).  We report calorimetric measurements of the heat of adsorption and sticking 

probability of Ag atoms as a function of coverage on clean dehydrated (“dh”) HCa2Nb3O10(001) 

surface. We also elucidate the particle-growth mechanism and surface morphology of the evolving 

Ag nanoparticles using low-energy He+ ion scattering spectroscopy (LEIS) and the charge transfer 

associated with the strong chemical reaction between the Ag atoms and the dh-HCa2Nb3O10(001) 

nanosheets using X-ray photoelectron spectroscopy (XPS). The results show surprisingly strong 

bonding between Ag and dh-HCa2Nb3O10(001) with a very high adhesion energy of 4.33 J/m2. 
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This is the first adsorption calorimetry study of metal atoms on single-crystal mixed oxide surfaces, 

and such layered perovskite nanosheets provide a powerful new approach for us to study surface 

chemistry on mixed-oxide surfaces. 

Besides exploring highly active, selective, thermodynamically stable, and energy efficient 

heterogeneous catalysts, a shift away from coal and oil into cleaner, high-energy-density, and 

lower-carbon fuels such as hydrogen and methane, is considered as another strategy to increase 

energy efficiency and alleviate greenhouse effects. Hydrogen has long been regarded as an ideal 

clean energy carrier generating “zero emission” because it is carbon free, combustion of hydrogen 

produces only water as a product, and has an inexhaustible resource of water. What’s more, 

hydrogen has a very high energy density which nearly triples that of gasoline per mass unit. While 

hydrogen has so many ubiquitous merits, the biggest challenge of hydrogen utilization is to 

develop a safe, lightweight, and economical hydrogen storage technique.77-79 Natural gas, whose 

main component is methane, is another clean energy gas and appears to be more promising to 

replace petroleum as the world’s primary fuel for transportation. It has the highest H to C ratio of 

any fossil fuel and lower sulfur and nitrogen contents, thus resulting in much less CO, CO2, SOx, 

and NOx emission.80-82 In addition, recent engineering advances in horizontal drilling and 

hydraulic fracturing have led to the discovery and mining of large quantities of global natural gas 

reserves, reducing the price of natural gas below that of gasoline in many countries.83,84 As with 

hydrogen, methane storage is one of the biggest challenges for large-scale transportation and 

utilization since methane is in its gaseous state at ambient temperature and pressure. Conventional 

methane storage techniques such as compression and liquefaction have unavoidable drawbacks. 

Compressed natural gas (CNG) requires costly multi-stage compressors and high-pressure tanks 

which are heavy and potentially explosive, while liquefied natural gas (LNG) needs complicated 
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and energy-consuming cryogenic cooling system for storage.85,86 Apparently, the development of 

viable method to store hydrogen and methane gas molecules in a confined space has to be put on 

the urgent agenda. 

 As a class of coordination polymers, metal−organic frameworks (MOFs) are composed of 

inorganic nodes consisting of small metal, metal oxide, or mixed metal oxide clusters connected 

by various types and lengths of organic linkers. They have drawn great research interest in the 

field of gas storage and separation due to a unique combination of properties such as large 

nanoscale porosity (up to 90% free volume),37 high surface areas (up to 7,000 m2/g),36 low densities 

(down to 0.13 g/cm3),87 and extraordinary degree of variability for both the organic and inorganic 

components of their structures.33 The most intriguing property of porous MOFs is their 

unprecedented high surface area which makes them stand out from other porous materials, and the 

nanospace inside their pores makes them an excellent adsorbent for various gas molecules. In this 

respect, employing MOFs as a storage media are a viable and promising method for transportation 

and utilization of the aforementioned clean energy carriers.77 Besides the storage of clean gases 

(H2 and CH4), MOFs are also implemented for CO2 capture to alleviate greenhouse effect,88,89 the 

removal of toxic gases (e.g., CO, NOx, SOx, H2S),90-92 and the synthesis of industrial chemicals.93 

 The aforementioned Zr-based MOF NU-1000 is a particularly interesting MOF for gas 

storage and separation because it is water- and temperature-stable,52 has a Brunauer–Emmett–

Teller (BET) surface area of ~2,580 m2/g and large pore volumes (e.g., the hexagonal channels 

seen in Figure 6.1(a) have a diameter of about 31 Å; and the pores seen in Figure 6.1(b) have 

diameters of 8.5 Å) that allow NU-1000 to efficiently trap various gas molecules inside its 

framework.94 NU-1000 contains transition metal oxide nodes,51 which resemble hydrated ZrO2 

clusters, and pyrene-based linkers (TBAPy, H4TBAPy is the 1,3,6,8-tetrakis(p-benzoic-
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acid)pyrene)),53 both offering several kinds of adsorption sites for gases.94,95 Its application as a 

storage media for gas molecules depends on the adsorption capacity and selectivity for the 

particular adsorbate or adsorbates of interest. As such, the measurement of adsorption isotherms 

and the determination of isosteric heats of adsorption as a function of coverage are of great research 

interest. 

 Chapter 6 reports the measurements of adsorption isotherms and the determination of 

isosteric heats of adsorption of many small gases (H2, D2, Ne, N2, CO, CH4, C2H6, Ar, Kr, and Xe) 

on NU-1000. We correlate the adsorption energies as functions of coverage with the Lennard-

Jones well depth (ε) where possible, compare the experimental results to the density functional 

theory (DFT) calculations of the single-atom/single-molecule adsorption enthalpies, and propose 

a sequential-site-filling model (assuming gases are filled in a sequential order from the strongest 

to the weakest DFT-calculated adsorption site) to help understand gas adsorption on NU-1000 at 

low coverages. With these results, NU-1000 becomes perhaps the best understood MOF in terms 

of gas adsorption properties and serves as a prototype system for studying the surface chemistry 

of MOFs in general, thus guiding most applications on MOFs. Also, the excellent agreement 

between experimental measurements and DFT calculations provides confidence in the ability of 

DFT to predict relative adsorption enthalpies at different sites in MOFs when van der Waals 

interactions dominate.94,95 

  Table 1.1 lists the publications reprinted in this dissertation and their corresponding 

chapters. To sum up, this dissertation provides deeper and systematic understandings of metal and 

gas adsorption on high-surface-area catalyst support materials, in the fields of heterogeneous 

catalysis and gas storage/separation relevant to energy and environmental industries. Chapter 2 

provides a brief overview of the experimental setup and measurement procedures for metal vapor 
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adsorption calorimetry and equilibrium adsorption isotherm. (More details are provided in 

Chapters 3-6.) Chapter 3 describes the adsorption calorimetry study of calcium atoms on the 

homogeneous zirconium oxide cluster nodes of MOF NU-1000, which provides an experimental 

benchmark with respect to reaction energetics for validating the accuracy of DFT calculations used 

to model metal bonding to oxide clusters in general.  Chapter 4 introduces a novel calorimeter to 

measure the strength of metal bonding to clean surfaces of high-surface-area catalyst support 

materials, of the type used industrially, the capability of which is demonstrated by measuring the 

bond energies of Ag vapor onto the clean surfaces of high-surface-area TiO2 powdered support 

materials. Chapter 5 reports for the first time the adsorption calorimetry of metal gas atoms on 

any atomically smooth well-ordered mixed-oxide surface and demonstrates that thin LB films of 

layered perovskite nanosheets provide a powerful new approach to study surface chemistry on 

single-crystal mixed-oxide surfaces. Chapter 6 describes the combined experimental and 

theoretical study of gas adsorption on the Zr-based MOF NU-1000, which make NU-1000 perhaps 

the best understood MOF in terms of gas adsorption properties and serve as a prototype system for 

studying the surface chemistry of MOFs in general, thus guiding most applications on MOFs.  
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1.1 FIGURES AND TABLES 

 

Figure 1.1. World primary energy consumption by fuel in million tonnes oil equivalent (mtoe) 

versus year. Reprinted with permission from ref. 1. 
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Figure 1.2. Polyhedral representations of the HCa2Nb3O10 nanosheet structure, viewed from the 

[001] (left) and [010] (right) directions. The structure at left is the top view of the (001) surface 

being studied here. The dashed blue line indicates the unit cell. There are 6.74 × 1014 O atoms/cm2 

on this (001) surface, half of which are in the surface OH groups. The right structure shows one 

complete ‘layer’ of the nanosheet, which has a thickness (or repeat distance in the 3D bulk) of 1.44 

nm. Labels indicate AO: axial oxygen, EO: equatorial oxygen, IS: interstitial space. The structural 

parameters used to draw the structure are from ref. 96. 
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Chem. C 2016, 120, 16850-16862. 

Chapter 4 Zhang, W.; Campbell, C. T. Calorimetric Metal Vapor Adsorption Energies for 

Characterizing Industrial Catalyst Support Materials. ACS Catal. submitted. 

Chapter 5 Zhang, W.; Uppuluri, R.; Mallouk, T. E.; Campbell, C. T. Silver Adsorption on Calcium 

Niobate(001) Nanosheets: Calorimetric Energies Explain Sinter-Resistant Catalyst 

Support. J. Am. Chem. Soc. submitted. 
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Chem. Soc. 2018, 140, 328-338. 
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Mei, L.; Lu, Z.; Zhang, W.; Wu, Z.; Zhang, X.; Wang, Y.; Luo, Y.; Li, C.; Jia, Y. Bioconjugated nanoparticles 

for attachment and penetration into pathogenic bacteria. Biomaterials 2013, 34, 10328−10337. 

  



 

15 

 

 

Chapter 2. Instrumentation 

Heats of adsorption are heats generated over the course of an adsorption reaction on a surface, and 

they are the most important ingredient in understanding the thermodynamics of surface reactions. 

These provide direct information regarding the binding strength between the adsorbate and 

adsorbent. Therefore, there is a great motivation to measure these adsorption enthalpies to better 

understand important surface reactions in catalysis and electrocatalysis, gas storage and separation, 

photovoltaics, and microelectronics.  

 This chapter introduces two experimental techniques to measure adsorption enthalpies, 

metal vapor adsorption calorimetry and equilibrium adsorption isotherm (EAI). Section 2.1 

includes a brief introduction to the metal vapor adsorption calorimetry technique and the sample 

platen used for studying Ca adsorption on a Zr-based metal–organic frameworek (MOF) NU-1000 

in Chapter 3. Section 2.2 covers the basics of the EAI technique and introduces a Brunauer–

Emmett–Teller (BET) system which has been used to measure adsorption isotherms included in 

Chapter 6. 

 We recently introduced a novel calorimeter, which implements a LiTaO3 single crystal as 

the heat detector and allows samples to be heated up to ~890 K for the first time, extending our 

calorimetric technique to surfaces of nanomaterials that are deposited from liquid solutions, as is 

typical when preparing industrial catalyst materials. This calorimeter will be introduced separately 

in Chapter 4. 
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2.1 METAL VAPOR ADSORPTION CALORIMETRY 

Adsorption enthalpies have been measured on single-crystalline metal and oxide surfaces using 

metal vapor adsorption calorimetry, equilibrium adsorption isotherm (EAI), and temperature 

programmed desorption (TPD). Unlike EAI and TPD which cannot provide adsorption enthalpies 

for the species of interest in many cases where the adsorbate dissociates, restructures or diffuses 

into the bulk before desorption, metal vapor adsorption calorimetry allows direct calorimetric 

measurements of adsorption enthalpies on various surfaces irrespective of the structure the 

adsorbates might assume or the reversibility of adsorption.28 

 Our metal vapor adsorption calorimeter was described in detail by Stuckless et al. in a 1998 

article published in Review of Scientific Instruments.60,97 The sample platen was later modified as 

described in detail by Diaz et al. for studying spin-coated polymers.97 We used that same sample 

platen design here to study the NU-1000 samples, and performed the study of Ca adsorption on 

NU-1000 described in detail in Chapter 3. In this section, I will introduce the standard procedures 

of our metal vapor adsorption calorimetry technique using the Ca on NU-1000 project as an 

example. 

 The schematic diagram of the metal vapor adsorption calorimeter and details of the sample 

platen for NU-1000 samples are shown in Figure 2.1 and Figure 2.2, respectively. The calorimeter 

uses a pyroelectric β-polyvinylidene fluoride (PVDF) sheet for heat detection. The PVDF sheet is 

28 μm thick and pre-coated on each side with 70 nm Cu and topped with 10 nm Ni for electrical 

contact. It was cut into ~1.3 cm diameter disks from a large sheet using a ceramic scissor to avoid 

face-to-face shorts. Thin films of NU-1000 were prepared by drop-casting from an agitated NU-

1000 solution (0.5 wt % in acetone) directly onto the heat detector disks. The sample-coated heat 

detector disks were then mounted onto sample platens and stored in a sample suitcase. (Up to 11 
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samples could be stored in the sample suitcase.) The sample suitcase was baked at 350 K under 

vacuum overnight to remove trace solvent and physisorbed water from the samples and finally 

reached a base pressure of 2 × 10-9 Torr.  

 To perform adsorption calorimetry and surface analysis, the samples were transferred from 

the sample suitcase to the ultra-high vacuum (UHV) analysis chamber with a base pressure of 2 × 

10-10 mbar. In the calorimetry stage, Ca atom beam was produced from 99.5% purity Ca granules 

(purchased from Alfa Aesar), which was evaporated from a Knudsen cell containing an alumina-

lined tungsten crucible. The flux of the beam at the sample position was firstly measured by a 

quartz crystal microbalance (QCM). The beam was then chopped into 102 ms long pulses at 1/2 

Hz and collimated to provide a 4.18 mm diameter deposition area on the NU-1000 sample. The 

heat released from the adsorption of metal atoms was transferred by thermal diffusion to the heat 

detector. The resulting peak-to-peak voltage response across the PVDF sheet was then calibrated 

using the voltage response to pulses of known energy of stabilized He-Ne laser with 632.8 nm 

wavelength. (The reflectivity of the sample at the He-Ne laser wavelength 632.8 nm was measured 

ex situ using an integrating sphere in a second He-Ne laser of the same type.) The typical operating 

temperature of the Knudsen cell was ~950 K for Ca, which generates extra thermal radiation that 

impinges on the sample surface. This radiation contribution was also measured by translating a 

BaF2 window into the path of the Ca beam, which blocked all the Ca atoms before they impinged 

onto the sample but passed a known fraction (~92%) of the radiation. This radiation contribution 

was finally subtracted from the total calorimetric heat.  

 The sticking probability was measured simultaneously with a modified King-Wells 

method60 using a line-of-sight quadrupole mass spectrometer (QMS) positioned at a polar angle of 

35° (known as the “magic angle”)98 from the surface normal to measure the fraction of metal atoms 
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which strike the surface but do not stick. The QMS signal was calibrated by a “zero-sticking” 

reference provided by measuring the integrated desorption of a known amount of multilayer metal 

atoms on a heated Ta foil. A -500 V bias voltage was applied between the sample and the mass 

spectrometer to avoid electron damage to the sample surface. 

 The UHV analysis chamber is also equipped with a hemispherical electron energy analyzer 

(Leybold-Heraeus EA 11/100), ion gun (Leybold-Heraeus IQE 12/38), and Mg/Al Kα dual anode 

X-ray source (VG Scienta XR3E2) for low-energy He+ ion scattering spectroscopy (LEIS) and X-

ray photoelectron spectroscopy (XPS). The growth of Ca on NU-1000 was studied by LEIS using 

He+ ions with 1.00 keV primary energy. The sample was positioned perpendicular to the energy 

analyzer axis, and the ion beam was directed at 45° with respect to the surface normal. Ion fluxes 

were typically 15 nA/cm2, and the sample was exposed to the He+ ions only during spectrum 

acquisition. Each deposition of Ca atoms followed previous depositions consecutively, starting 

with a sample that had no adsorbed Ca atoms on its surface. XPS spectra were collected using 

either Al Kα (hυ = 1486.6 eV, 130 W) or Mg Kα (hυ = 1253.6 eV, 130 W) as the excitation source, 

with detection of photoelectrons normal to the surface. 
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2.2 EQUILIBRIUM ADSORPTION ISOTHERM 

The use of equilibrium adsorption isotherms to determine the isosteric (constant coverage) heat of 

adsorption (Qst) and the entropy change (ΔSad) upon adsorption of a gas is given by Eq. 𝑄﷩𝑠𝑡﷩ =

𝑅𝑇2[𝜕(𝑙𝑛𝑃) 𝜕𝑇⁄ ] = −𝑅[𝜕(𝑙𝑛𝑃) 𝜕(1 𝑇⁄ )⁄ ]                              (6.5. The needed data (pairs of P and 

T at several constant coverages) was extracted from horizontal lines drawn across isotherms like 

those of Figure 6.4 and Figure 6.5. The plots of ln P versus 1/T over a reasonably narrow range of 

T (such that Qst is constant) yield straight lines. The slope of each of these lines gives -Qst/R and 

the y-intercept is equal to -ΔSad/R, where both values correspond to that specific coverage. 

Adsorption isotherms included in Chapter 6 were measured using two slightly different 

point-by-point approaches described in ref 94. Figure 6.4 and Figure 6.5 show measured isotherms 

of CO and CH4 to illustrate these two approaches. For the CO isotherms in Figure 6.4, the 

temperatures were set and all data points were taken by keeping the temperature constant. For the 

CH4 isotherms in Figure 6.5, the higher T (99.0 K, 106.5 K, 113.5 K) isotherms started at constant 

temperatures and were continued only to about half a monolayer to get to low coverages at 

equilibrium pressures accessible with the 10 Torr pressure gauge, after which the temperature was 

lowered in steps. When the desired lower T (67.0 K, 83.5 K, 74.5 K) was reached, the isotherm 

was then continued to the bulk vapor pressure. The single equilibrium points obtained at each 

lower T were used to check reproducibility. 

Our NU-1000 samples were prepared at Northwestern University using a procedure 

described in ref 49 and kindly given to us by J. T. Hupp and O. K. Farha. Each NU-1000 sample 

with a mass of approximately 10 mg was loaded into the glass tube (see Figure 2.3) and baked at 

350 K under vacuum overnight to remove trace solvent and physisorbed water. No sample was 

further exposed to air after baking.  



 

20 

 

 

2.3 FIGURES 

 

Figure 2.1. Schematic diagram of the UHV metal vapor adsorption calorimeter. It includes a 

Knudsen cell and associated molecular beam path with rotating chopper to generate pulsed, 

collimated metal atom beams. It also includes a moveable prism used for calorimeter calibration 

by directing a diffused He–Ne laser beam down the molecular beam path. The samples were 

directly deposited onto the heat detector as thin films. Details of the sample platens housing the 

PVDF detectors are shown in Figure 2.2. The heat released from the adsorption of metal atoms 

was transferred by thermal diffusion to the heat detector, generating a voltage response which was 

then amplified by the preamplifier. Reprinted and modified with permission from ref. 60. 
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Figure 2.2. A cross-sectional view of the sample platen for the NU-1000 samples. The entire 

sample platen is circularly symmetric when viewed from above or below. The pyroelectric PVDF 

heat detector sheet was cut into ~1.3 cm diameter disks from a large sheet of metal-coated PVDF. 

The NU-1000 sample was drop-casted onto its front face. Each sample-coated disk was clamped 

between a copper face plate and copper cup bushing. The copper cup bushing was held in the 

ceramic cup bushing by a signal bolt which was isolated from the body of the sample platen. The 

metal films on the front and back face of the PVDF are thus electrically isolated from each other, 

and the signal bolt and sample platen body act as the electrical leads from these metal-film 

electrodes to the preamplifier. A 4-mm diameter area centered on the front face of NU-1000 sample 

was exposed to the pulsed metal atom beams. Reprinted and modified with permission from ref. 

97. 
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Figure 2.3. Diagram of the BET system which was used to measure equilibrium adsorption 

isotherms included in Chapter 6. The NU-1000 samples were placed in a 4 mm ID Pyrex glass 

tube with a wider (about 10 mm) flared flat bottom to make better thermal contact with the cooling 

system and to prevent powder migration when baked and/or pumped. The sample temperature was 

regulated by a cryo-mechanical refrigerator within a temperature range 11 K < T < 300 K, ± 0.1 

K. The glass tube was attached to a vacuum and gas handling manifold capable of pumping to 3 × 

10-7 Torr and pressurizing up to 1 atm. The dosing system had a calibrated volume of 87 cm3 and 

two MKS Baratron capacitance absolute pressure gauges with 1000 Torr and 10 Torr ranges. The 

dead volume of the empty adsorption cell was calibrated between 12 K and room temperature 

using helium gas.94 
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Chapter 3. Calcium Vapor Adsorption on the Metal−Organic 

Framework NU-1000: Structure and Energetics 

This chapter is reprinted with permission from reference 99: 

Lownsbury, J. M.; Santos-Lopez, I. A.; Zhang, W.; Campbell, C. T.; Yu, H. Y. S.; Liu, W. G.; 

Cramer, C. J.; Truhlar, D. G.; Wang, T.; Hupp, J. T.; Farha, O. K. Calcium Vapor Adsorption on 

the Metal-Organic Framework NU-1000: Structure and Energetics. J. Phys. Chem. C 2016, 120, 

16850-16862. 

 

ABSTRACT 

The nature and energy of the reactions between calcium vapor and the internal surfaces of the 

metal−organic framework (MOF) NU-1000 have been studied by adsorption microcalorimetry, 

low energy He+ ion scattering spectroscopy (LEIS), X-ray photoelectron spectroscopy (XPS), and 

Kohn−Sham density functional theory (DFT). NU-1000 is one of the most stable MOFs with 

transition-metal-oxide nodes, and thus it is of interest as a potential catalyst or catalytic support 

when modified with other metals. The reaction heats of Ca with NU-1000 are high below 2 

monolayers (ML) Ca coverage (570−366 kJ/mol), attributed (based on DFT) to Ca reacting first 

with free benzoic acid functionalities or water impurities, then with H2O and OH groups on the 

Zr6 nodes to produce Ca(OH)2 clusters. With higher Ca doses, the heat of Ca reaction decreases 

asymptotically to the sublimation enthalpy of bulk Ca (178 kJ/mol), attributed to the formation of 

Ca(solid) nanoparticles on the external surface, which only occurs after all of the H2O and OH 

groups are titrated deeply enough (∼20 nm) such that slow Ca diffusion prevents further reaction. 
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3.1 INTRODUCTION 

Metal−organic frameworks (MOFs) are an extensive class of nanoporous crystalline materials 

composed of small metal, metal oxide, or mixed-metal−oxide nodes connected by organic linker 

groups of a fixed length and conformation; the linkers bind to nodes via reactive binding sites such 

as ionized carboxylic acid groups.31-33 MOFs have attracted great research interest due to a unique 

combination of properties, such as structural homogeneity that makes MOFs amenable to X-ray 

diffraction,34,35 large surface areas36,37 and pore sizes,38,39 framework flexibility,38,40 opportunities 

for rational design and tunability,35,41,42 and almost limitless compositional diversity.33 Predictive 

modeling has been used effectively to screen vast numbers of node/linker combinations to select 

high-performance MOFs for experimental study.100,101 MOFs have numerous current and potential 

applications, including gas separation102,103 and storage,104-107 catalysis,43-48 sensing,108,109 and drug 

delivery.110 The Zr-based NU-100050,51 is a particularly promising MOF for catalysis because it is 

water- and temperature-stable,52 has a BET surface area of >2000 m2/g,50,52 and has 31 Å 

hexagonal pores that allow large molecules to penetrate into the bulk of the MOF crystallites. See 

Figure 3.1 for the structure of NU-1000. 

Because metal–organic framework (MOF) nodes can be oxide clusters of controllable sizes 

near ∼1 nm in diameter, they can be thought of as very well-defined and homogeneous oxide 

“nano-supports” to which catalytic metals (like Pt, Ag, Pd, etc.) could be attached to achieve 

improvement in activity or simply to provide a more homogeneous structure to facilitate 

fundamental studies of supported metal clusters. The organic linker groups effectively isolate these 

nodes (and the supported metals) from each other, thus possibly preventing sintering of the metal 

centers. Additionally, due to the highly ordered nature of MOFs, their structures can be easily 
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determined with X-ray diffraction (XRD).34,35,49 Thus, the binding of metal atoms and metal 

clusters to the oxide nodes of MOFs like NU-1000 is a subject of considerable interest. 

 Loading MOF nodes with metals has been demonstrated via chemical vapor deposition,111 

solution phase impregnation,112,113 and even solid grinding.114 The large pore size and 

water/temperature stability of NU-1000 also allow for metal loading via atomic layer deposition 

(ALD)49,115,116 and metal exchange117 that would otherwise be severely limited by framework 

degradation and vapor-phase mass transport. Mondloch et al.49 used XRD to show that the 

crystallinity of NU-1000 was not significantly altered by loading the nodes with Al and Zn via 

ALD, and they used diffuse reflectance infrared Fourier transform spectroscopy to confirm that Al 

and Zn react with free hydroxyl groups on the Zr6 nodes. Kim et al.115 used XRD and X-ray pair 

distribution function analysis to show similar results for loading NU-1000 nodes with indium via 

ALD. 

Here, we study the bonding energetics of calcium vapor adsorption onto clean NU-1000 at 

300 K in ultrahigh vacuum using adsorption microcalorimetry, surface spectroscopies, atomic 

beam/surface scattering, and Kohn–Sham density functional theory (DFT). As shown below, the 

Ca atoms are transiently adsorbed in a weakly held precursor state that allows them to diffuse 

deeply (∼10-20 nm) into the NU-1000. Thus, we probe here mainly the internal surfaces of the 

NU-1000. These have a BET surface area of 2,040 -2,320 m2/g.50,52 Calcium is chosen as the probe 

metal here to study the metal-binding properties of NU-1000 because we already know a lot about 

how Ca binds to the surfaces of bulk metal oxides,118,119 pure hydrocarbon surface 

functionalities,120 and organic carboxylate and ester groups in the surfaces of polymers.121-124 

Specifically, Ca has a very weak interaction with pure hydrocarbon groups,120 so it is not expected 

to interact strongly with the fused benzene rings of the linkers. Thus, it is expected to react only at 



 

26 

 

 

the zirconium oxide nodes or at the carboxylate groups that bind the linkers to these nodes. We 

elucidate the film-growth mechanism and surface morphology of the evolving Ca film using low-

energy He+ ion scattering spectroscopy (LEIS) and X-ray photoelectron spectroscopy (XPS). 

Simultaneous measurement of the heat of adsorption and sticking probability of the metal atoms 

as a function of coverage provides the interfacial bonding energies for Ca on NU-1000 as a 

function of Ca coverage. The reactions are modeled with DFT and interpreted in that light. These 

results show a strong tendency for Ca metal to diffuse into the pores of NU-1000 and react with 

either −OH and −OH2 groups on the Zr6 node, free carboxylic acid on the external surface, or 

residual weakly bonded water in kinetic competition with Ca(solid) particle nucleation and growth 

on the surface and in the pores, and eventually Ca(s) film growth across the MOF surface. These 

reactions occur extensively to a depth of ∼20 nm beneath the NU-1000 surface. 

3.2 EXPERIMENTAL METHODS 

NU-1000 was prepared solvothermally and then activated, as described previously.49 Activation 

removes synthesis solvent and replaces benzoate ligands (nonstructural ligands) on the nodes with 

aqua and hydroxo ligands. 1H NMR of the digested material confirmed that activation was 

complete, with the only carbon-containing component being the tetra-acid of the MOF organic 

linker, pyrene-tetraphenylcarboxylate. Nitrogen adsorption measurements of the activated MOF 

yielded the BET surface area, the pore volume, and the isotherm shape expected for a clean and 

undamaged sample. Powder X-ray diffraction measurements yielded the pattern expected for NU-

1000, with no evidence of the formation of polymorphs such as NU-901.125 The MOF crystallites 

are necessarily terminated with linkers, nodes, or both, with the identity of the terminating units 

possibly being crystal-face dependent. A linker-terminated face will present unreacted carboxylic 

acid groups. We have been unable to observe these by DRIFTS, which is not unexpected even if 
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they are present, as the detection limit is about 1%. A node-terminated face will present excess 

aqua and hydroxo ligands. These additional ligands, if present, are likely to be indistinguishable 

by DRIFTS from aqua and hydroxo ligands present within the crystallites. 

Thin NU-1000 films were prepared by drop-casting from an agitated NU-1000 solution 

(0.5 wt % in acetone) directly onto the heat detector, a metal-coated foil of the pyroelectric polymer 

β-polyvinylidene fluoride (PVDF, see below). Three ∼6 μL aliquots were drop-cast onto the 

substrates, which were covered by a small upturned cup with a hole in the center to slow the 

evaporation rate of acetone. This yielded NU-1000 films ∼1.5 μm thick that uniformly coat the 

PVDF with low surface roughness confirmed using a microscope. We typically prepared 10 NU-

1000-coated heat detectors at a time, and transferred them to the sample preparation chamber via 

a stainless steel “suitcase” equipped with a gate valve. With the suitcase attached, the preparation 

chamber was evacuated to its base pressure of 2 × 10-9 mbar and heated at 348 K for ∼10 h to 

outgas the samples and remove trace solvent and physisorbed water. The samples were then 

transferred into the ultrahigh vacuum (UHV) analysis chamber for surface characterization and 

calorimetry as needed. 

The heat detectors were ∼1.3 cm diameter disks cut from 28 μm thick sheets of PVDF, 

precoated on each side with 70 nm Cu and topped with 10 nm Ni for electrical contacts (purchased 

from Measurement Specialties). These heat detector disks were coated with NU-1000 as described 

above. After coating with NU-1000, these “samples” were mounted onto sample platens specially 

designed such that the sample disks are fixed in place by a thin copper washer and the front and 

back contacts are electrically isolated from each other by a ceramic bushing, as described 

elsewhere.97,123 The reflectivity of these NU-1000 films at the He–Ne laser wavelength (632.8 nm) 
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was measured ex situ using an integrating sphere and was found to be 0.737 ± 0.018. The standard 

deviation of the reflectivity measurement for an individual sample was less than 3%. 

The surface analysis chamber, its adsorption calorimeter, and its pulsed metal atom beam 

have been described previously.60 Briefly, the UHV chamber used for these experiments had a 

base pressure of 3 × 10-10 mbar and was equipped with a hemispherical energy analyzer (Leybold-

Heraeus EA 11/100) for LEIS and XPS, ion gun (Leybold-Heraeus IQE 12/38), Mg/Al Kα dual 

anode X-ray source (VG Scienta XR3E2), quartz crystal microbalance (QCM, Inficon), 

quadrupole mass spectrometer (QMS, UTI 100C), and adsorption microcalorimeter. 

The calorimetric method used here has been described previously.60,97 Briefly, the NU-

1000-coated sample platens were heated in the preparation chamber vacuum at 348 K for at least 

1 h prior to each experiment, then transferred to the analysis chamber. The sample platen was then 

mounted on a large Cu thermal reservoir where electrical connections were made to its heat-

detector electrodes. A collimated 4 mm diameter beam of Ca gas atoms was chopped into 100 ms 

long pulses containing 0.009 monolayers (ML) of Ca at a rate of 0.5 Hz. One ML of Ca is defined 

here as 7.4 × 1014 atoms per cm2 of geometric (projected flat) area, which is the packing density 

of the Ca(111) crystal face. The energy from gas adsorption generates a transient temperature rise 

in the NU-1000 sample, which is transferred by thermal diffusion to the pyroelectric PVDF 

detector it coats. The resulting peak-to-peak voltage response was calibrated using the voltage 

response to pulses of known energy from a stabilized He–Ne laser with 632.8 nm wavelength. A 

sensitivity of ∼350 V per joule of heat absorbed by NU-1000 was commonly found. Because the 

calorimeter sensitivity and laser power at the sample are constant throughout the experiment, we 

can determine the change in optical reflectivity of the samples at the He–Ne wavelength due to 

addition of Ca by measuring the heat signal of the laser before and after dosing Ca. The heat signal 
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for the laser increased by an average of 29% to ∼450 V/J. That is, more light was absorbed by the 

sample after Ca was adsorbed on the NU-1000 surface. The average calculated reflectivity after 

experiments was 0.663 ± 0.020. This is approximately the reflectivity of 632.8 nm light reported 

for thick Ca films.126 The operating temperature of the Ca beam source was ∼923 K, which 

generates thermal optical radiation that impinges on the sample along with the Ca metal atoms. 

This thermal radiation was measured by translating a BaF2 window into the path of the beam, 

allowing ∼95% of the optical radiation to pass through to the sample, while blocking the metal 

atoms. This radiation contribution was subtracted from the total measured signal. To convert the 

measured internal energy changes into the standard heat change at the surface temperature (300 

K), the excess translational energy of the metal gas atoms at the oven temperature above that for a 

300 K Maxwell–Boltzmann distribution was subtracted, and a small pressure–volume work term 

(RT) was added, as described elsewhere.60 

The sticking probability for Ca on NU-1000 was determined using the QMS with the 

modified King–Wells method described previously.60,98 A metal grid positioned between the QMS 

and the sample was biased at -500 V to prevent damage to the samples from electrons emitted by 

the QMS filaments. The growth of Ca on NU-1000 was studied by LEIS using He+ ions with a 

primary energy of 1 keV and an angle of 45° between the ion gun and analyzer axes (i.e., 135° 

scattering angle). Ion fluxes were typically 15 nA/cm2, and the sample was exposed to the He+ 

beam for 2 min to measure the C and Ca signal at each coverage. A two-point experiment also 

confirmed that beam damage is not a significant factor during LEIS. For XPS experiments, 260 W 

Mg Kα X-rays (hν = 1253.6 eV) were used, and the spectra were referenced to the C 1s peak of 

NU-1000. The samples used in LEIS, XPS, and calorimetry experiments were baked at 348 K in 

the preparation chamber vacuum for at least 1 h prior to experiments to ensure the samples were 
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free of water. Calorimetry was also performed on samples baked for 10 min at 378 K in the 

preparation chamber vacuum, then cooled to 348 K prior to experiments. Baking to higher 

temperatures removes any remaining physisorbed water in the MOF channels, as well as structural 

−OH2 groups from the Zr6 node.115 All experiments were performed at 300 K. 

3.3 COMPUTATIONAL METHODS 

The experimental crystal structure of NU-100049 was used as the initial structure in our study. We 

also built a cluster model (Zr6C56O32H56, see below) that has one Zr6 core and eight benzoates 

attached to it; the geometry of the cluster was optimized with all carbons fixed to their positions 

that were optimized in a periodic calculation from previous work.51 The Gaussian 09127 and 

CRYSTAL14128 software suites were used for the cluster and periodic calculations, respectively. 

All theoretical calculations, both cluster and periodic, were performed with Kohn–Sham density 

functional theory (DFT) with atom-centered Gaussian basis functions. We used the M06-L129 

exchange-correlation functional for geometry optimization (and Hessian calculation in the case of 

clusters), followed by a single-point energy with the M06-2X130 functional, which has been 

previously validated as giving an accurate energy for the formation of a Ca–O bond.131 We used 

the 6-31G(d,p)132-136 basis set for H, C, and O. The SDD effective core potential and corresponding 

basis set were used for Zr137,138 and Ca.139 

An ultrafine integration grid was used for all cluster calculations. Enthalpies were 

calculated at 300 K. The vibrational contributions were calculated by the quasiharmonic 

approximation, which means using the harmonic oscillator formulas but with scaled frequencies 

that account for anharmonicity and systematic errors in the density functional calculations, as 

explained elsewhere.140 The scale factor used was 0.978 for M06-L, as calculated by the Freqscale 

program.141 
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In periodic calculations, the lattice constants and atomic positions were both optimized 

except in the slab calculations, in which the lattice constants were fixed to values optimized in the 

bulk calculations. For geometry optimization in the periodic model, the Gaussian basis functions 

with exponents smaller than 0.06 and the polarization p function of H were removed. In the 

following single-point calculation, the basis functions of Ca with exponent smaller than 0.06 but 

greater than 0.03 and the polarization p functions of H were added back to better describe the 

reactions involving H and Ca. Default settings were used in CRYSTAL14 except that Itol5 was 

increased to 35 to facilitate convergence of the M06-2X calculations. All enthalpies from periodic 

calculations are approximated by adding the reaction energy at 0 K (neglecting zero-point energies) 

from the periodic calculation to the difference from the cluster calculations between the enthalpy 

of reaction at 300 K and the energy of reaction at 0 K (neglecting zero-point energies). 

3.4 RESULTS 

3.4.1 Sticking Probability 

The amount of Ca vapor that actually adsorbs on the NU-1000 surface must be known to determine 

the true Ca coverage from the Ca flux and to convert enthalpies of adsorption/reaction measured 

by calorimetry into units of kJ per mole adsorbed. Figure 3.1 shows the sticking probability of Ca 

atoms on NU-1000 (outgassed at 348 K) as a function of Ca coverage at 300 K. In the limit of zero 

coverage, the sticking probability of Ca on NU-1000 was 0.91 and increased steadily to within 1% 

of unit sticking by 3 ML coverage. Multilayer Ca films are known to have near unit sticking 

probability for Ca at 300 K.119 The flux of the Ca atom beam was measured with the calibrated 

QCM at 300 K, precoated with a multilayer of vapor-deposited Ca to ensure unit sticking 

probability. Coverage was determined by time-integrating the product of the Ca flux and the 

sticking probability. 
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3.4.2 Low-Energy Ion Scattering Spectroscopy 

LEIS with He+ ions is useful for determining the location of the adsorbed Ca because it 

provides element-specific information while probing only the topmost atomic layer of the 

solid.142,143 Figure 3.2 shows the evolution of the Ca and C LEIS signals, both normalized to their 

maximum values, as a function of Ca coverage on NU-1000 at 300 K, with the inset depicting the 

low coverage region in more detail. Effects of beam damage by He+ ions were determined to be 

negligible by comparing the signal intensity versus coverage to a control experiment, which 

exposed the surface to ∼5 times fewer ions but yielded identical results within the data scatter. The 

Ca signal grows much more slowly with Ca coverage than predicted by a layer-by-layer growth 

model on a flat substrate, and even more slowly than on flat films of several organic 

semiconductors we investigated previously,120,123,124,144-146 where the Ca was shown to diffuse 

deeply below the external surface at 300 K (down to at least 3 nm and up to 12 nm, depending on 

the material) before reacting with internal surface functional groups that contain heteroatoms. 

However, the curve is similar in shape to the Ca growth curves on phenyl-C61-butyric acid methyl 

ester (PCBM)123 and the polyfluorenes poly(9,9-di-n-hexyl-2,7-fluorene) (PDHF) and poly(9,9-

di-n-hexyl-2,7-fluorene vinylene) (PDHFV),120 which contain very few heteroatoms (none in the 

case of the polyfluorenes). In general, the very slow growth of Ca LEIS signal in those cases was 

due to a combination of (1) Ca diffusing below the surface and reacting with internal surface 

groups, followed by (2) Ca atoms nucleating clusters of Ca(solid) on the surface, which grow into 

thick 3D Ca particles that cover only a small fraction of the surface initially (but eventually make 

a continuous overcoating). This second step has a heat of adsorption very similar to the heat of 

sublimation of bulk Ca(s), 178 kJ/mol.61 It appears in Figure 3.2 that a similar behavior occurs 

here, so that Ca initially (up to >5 ML here) is reacting with sites below the external surface and 

thus is binding to the internal surfaces of the NU-1000, where it is invisible to LEIS. 



 

33 

 

 

The carbon LEIS signal increases over the first 2 ML of Ca coverage. This could be 

explained by changes to the amount of C exposed at the surface due to Ca reacting within the pores 

of the MOF, perhaps releasing aromatic groups that segregate to the surface, or a decrease in the 

He+ ion neutralization probability at the surface due to adsorption of Ca, which probably lowers 

the work function, or both. Beyond 2 ML of Ca coverage, the Ca LEIS increase is mirrored by a 

slow decrease in the C signal toward zero. 

3.4.3 X-ray Photoelectron Spectroscopy 

The ratio of the integrated areas of the Ca 2p XPS peak at increasing Ca coverage to the 

initial C 1s peak at 300 K is shown in Figure 3.3. This Ca/C0 ratio increases very slowly below 1 

ML Ca coverage, consistent with the diffusion of Ca below the XPS probe depth. The growth of 

the Ca/C0 ratio is much slower than is predicted by the layer-by-layer growth model on a flat 

surface, also shown in Figure 3.3. The tabulated inelastic mean free path of C 1s electrons (λC) is 

26.2 Å when excited with Mg Kα X-rays (hν = 1253.6 eV).147 For the layer-by-layer model 

calculations, following Ertl and Küppers,148 we increased λC by a factor of 1.8 to account for the 

large void density in NU-1000. The density of NU-1000 was estimated to be 0.85 g/cm3 (i.e., 1.8-

fold smaller than 1.5 g/cm3, a typical density for materials of similar composition used to determine 

λC). The sensitivities for C and Ca were taken from Wagner et al.149 The experimental peak area 

ratio also grows more slowly than was found previously for Ca deposition on PCBM (a 

functionalized C60 buckyball), where Ca was shown to diffuse and react at depths greater than 10 

nm below the PCBM surface.123 Sample charging precluded a more thorough XPS analysis of the 

chemical state of NU-1000 with increasing Ca coverage, but there was qualitative evidence of 

oxygen being involved in some reaction as the O 1s peak shape was altered much more than the C 

1s and Zr 3d peaks with increasing Ca coverage. These pieces of evidence suggest that the porous 
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structure of NU-1000 promotes extensive diffusion of Ca below the external surface and its 

reaction with internal surfaces, prior to nucleation of Ca(s) at or near the external surface. 

3.4.4 Calorimetric Enthalpies of Adsorption 

Figure 3.4 shows the differential enthalpy of adsorption of Ca on NU-1000 samples that 

had been outgassed in vacuum at 348 and 378 K as a function of total Ca coverage at 300 K. For 

pulses containing ∼0.009 ML of Ca, the pulse-to-pulse standard deviation of the enthalpies of 

adsorption at high coverages, where the enthalpy is independent of coverage, is approximately 10 

and 32 kJ/mol for samples baked at 348 and 378 K, respectively. The increase in noise may be due 

to the fact that the pyroelectric response of PVDF begins to degrade at temperatures above ∼353 

K, and this degradation increases with temperature.59 Additionally, three experiments were 

averaged on samples baked at 348 K, as compared to only two experiments on samples baked at 

378 K. For samples baked at 348 K, the enthalpy of adsorption in the limit of zero coverage is ∼ -

513 kJ/mol. Outgassing the NU-1000 to 378 K for 10 min increased the initial enthalpy of 

adsorption to ∼ -570 kJ/mol. It is not obvious why the exothermicity of reaction(s) with the initially 

deposited Ca atoms is slightly greater for those samples outgassed at higher temperature as 

compared to lower temperature. However, it has recently been shown that local node structural 

changes, which do not affect overall crystal order, can occur in bulk NU-1000 as temperatures are 

elevated above roughly 400 K.150 It may be that in the thin films, such changes can also occur in 

the samples heated to only 378 K, and that such local node structural changes generate sites that 

are still more exothermic in their reactions with Ca than are those described and computed below. 

As detailed structural data are not available for these local node distortions, we cannot construct 

specific examples, particularly as they are likely associated with the dangling carboxylic acid 

functionalities at the film terminus and their potential changes in orientation associated with node 
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distortions, but we speculate that this is a reasonable explanation for the reproducible variation in 

initial enthalpies of reaction/adsorption as a function of outgassing temperature. Note that the 

sticking probability (S) versus coverage was not measured for the samples outgassed at 378 K. 

Because S was so close to unity at all coverages for NU-1000 samples outgassed at 348 K (Figure 

3.1), and the enthalpy versus coverage was so similar for both outgassing temperatures, we 

assumed it was the same for 378 K as at 348 K. 

Figure 3.4 shows that the very negative reaction enthalpies (>-250 kJ/mol) extend to Ca 

coverages of >2 ML, or 1.48 × 1015 Ca atoms per cm2. The DFT calculations below, and the general 

trend from our earlier measurements that Ca does not react strongly with pure hydrocarbon 

moieties,120,123 show that the high-enthalpy-release reactions are due to reactions with nodes and 

reactive, dangling carboxylic acid groups. Given the low density of these node sites, this 2 ML Ca 

coverage corresponds to a reacted depth of >10 nm (see below). This means that, just as with Ca 

adsorption on polymer films,120,123,124,144-146 Ca is initially bound in a weakly held state that diffuses 

rapidly into the NU-1000 and thus can react quite deeply within the internal surface area. 

3.4.5 Computational Results 

In this section, we discuss the results from periodic and cluster calculations and compare 

them to experiment. To make the presentation unambiguous and easier to follow, we adopt the 

convention of following each numerical value for energies or enthalpies by “[C]” if it is an enthalpy 

from a cluster calculation, by “[P]” if it is an approximated enthalpy from a periodic calculation, 

and by “[T]” if it is an enthalpy from tabulated experimental numbers in references. 

As shown in Figure 3.5, the cluster model of the nodes studied here (Zr6C56O32H56) has one 

Zr6 core and eight benzoates attached to it, in the geometry optimized from previous periodic 

calculations.51 As a strong reducing agent, Ca reacts with acidic hydrogens to produce H2. In the 
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absence of protons, Ca can also react with H2 to give calcium hydride.151 In NU-1000, the possible 

sources of protons are uncoordinated benzoic acid moieties on the external surface, −OH2 or −OH 

groups of the Zr6 nodes, and residual water that is solvating nodes otherwise fully saturated with 

aquo and hydroxo ligands. We show below that the dominant reactions are with −OH2 and −OH 

groups of the Zr6 nodes (i.e., on the internal surfaces of the MOF), as shown for the cluster model 

in Figure 3.5. We calculated the energies and enthalpies of Ca reacting with these and the other 

types of functional groups on the internal and external surfaces of NU-1000 by both cluster and 

periodic DFT, as listed in Table 3.1. 

There are terminal uncoordinated carboxylic acid sites at the external surface of the NU-

1000. Thus, the following reaction between Ca and unreacted carboxylic acid groups of the linkers 

may occur: 

Ca(g) + 2ROOH → (ROO)2Ca + H2(g)                                     (3.1) 

Because the external surface has ∼3.5 × 1013 nodes per cm2 of area (see below) and each such 

surface node may contribute two such benzoic acid groups, this reaction could occur for a 

maximum of 3.5 × 1013 Ca atoms per cm2, or less than 0.05 ML of Ca. The calculated enthalpy of 

reaction in the gas phase for R = Ph (benzoic acid) is -531 kJ/mol [C]. (For comparison, the 

experimental reaction enthalpy for R = methyl is -695 kJ/mol, from thermodynamic tables of heats 

of formation [T].61,152) To calculate the reaction between Ca and uncoordinated benzoic acid 

moieties on the surface, we built a periodic slab model of the [001] surface of NU-1000 containing 

a single layer of three Zr6 nodes (1 unit cell), terminating with 12 pyrene linkers in total, each of 

which has two benzoic acids on either the top or the bottom surface, as shown in Figure 3.6A. We 

considered Ca reacting with different percentages of surface benzoic acid to form H2: 50% (one 

benzoic acid reacted per pyrene) and 100% (two benzoic acids reacted per pyrene). For the 50% 
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case, we found two benzoate and one unreacted benzoic acid groups to coordinate Ca2+, as shown 

in Figure 3.6B, with the net reaction energy per Ca being -538 kJ/mol [P]. The extra coordination 

from the C═O bond of an unreacted benzoic acid to Ca2+ may account for the slightly more 

exothermic reaction as compared to the gas-phase reactionCa(g) + 2ROOH → (ROO)2Ca + H2(g)                                     

(3.1. The large exothermicity also agrees with the high initial enthalpy release measured 

experimentally, because the external surface of NU-1000 is the first to make contact with deposited 

Ca. For the 100% case, we found that each Ca2+ is chelated by two benzoates, as shown in Figure 

3.6C. The enthalpy of reaction (-500 kJ/mol [P]) is not only lower than the 50% case, but also 

lower than the enthalpy of Ca reacting with two free benzoic acids, that is, benzoic acids in the gas 

phase (-531 kJ/mol [C]); this may be attributed to the more constrained geometry for two benzoates 

binding to Ca at the surface. 

There is one unsatisfactory feature of a model where the initial reaction of Ca is with 

dangling benzoic acid-type groups on the external surface of the MOF, as discussed above. The 

Ca LEIS signal is undetectable in the first 1 ML of coverage (see Figure 3.2), and certainly far 

below that expected for 10% of a ML of Ca bound on the external surface to benzoic acids. If this 

reaction does occur to the extent of 10% of a ML of Ca (twice the maximum estimated above), the 

reacted Ca must somehow get below the benzene rings so they are hidden from the He+ ions. 

The Zr6 node in NU-1000 has 16 protons distributed on four faces: three each on two faces 

in the large pore (diameter d = 31 Å), three each on two faces in the small pore (d = 10 Å), and 

four present as −OH groups of the node itself.52 Each face has the most stable proton topology51 

as shown in Figure 3.7. To model Ca reacting with an OHx groups on a Zr6 node, we replaced 

different numbers of H atoms for OHx functionality on the Zr6 node by Ca in the unit cell. We 

surveyed the reactions shown in Figure 3.7 to assess the following cases in Figure 3.8: (A and B) 
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one Ca in the large or small pore, (C–F) two Ca in the large or small pore, (G–L) four Ca, one Ca 

per face or two Ca per face in the large or small pore, and (M) eight Ca replacing all H atoms on 

the node. To reduce the computational cost, C2 or Ci node symmetry is imposed on these 

geometries where possible; further differentiation of the cases is provided in the caption of Figure 

3.8, which shows the optimized structures. 

The calculated enthalpies of reaction per Ca found in the reactions leading to the products 

in Figure 3.8 are given in Table 3.1. The first Ca has similar exothermicity to react with the OHx 

groups in the large pore or small pore (-421 kJ/mol [P]), and this value is greater than found for 

the cluster calculation (-395 kJ/mol [C]), indicating the effect of relaxation of linkers that are fixed 

in the cluster calculation. A higher enthalpy of reaction per Ca atom (-436 kJ/mol [P]) is found for 

placing two Ca atoms in the large pore with Ci symmetry. In this optimized structure, two 

benzoates dissociate one O atom from a Zr ion and coordinate the two Ca ions with the PhC(O)O–

Ca distance being 2.23 Å. The dissociation and recoordination of benzoate are more prominent for 

cases with Ci symmetry, such as two Ca in the large or small pore, as shown in Figure 3.8C and E, 

and for cases with high Ca loading (equal to or greater than 4 Ca per node). The most exothermic 

case (per Ca) is when four Ca react with the most acidic protons (−OH2) and μ3-OH on each face 

(-459 kJ/mol [P]); Ca reacting with the remaining protons releases less enthalpy, as reflected by 

the smaller enthalpy of reaction per Ca in the case of 8 Ca per node (-393 kJ/mol [P]). This type 

of reaction should account for the middle range of the experimentally measured enthalpies of 

reaction as Ca diffuses into the pores of NU-1000. 

Another proton source is from the residual weakly bonded water that may remain within 

the NU-1000 samples after outgassing. We estimated the reaction enthalpy between Ca and 

residual water by checking tabulated heats of formation for the following reaction at 298 K: 
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Ca(g) + 2H2O(l) → Ca(OH)2(s) + 2H2(g)                                   (3.2) 

which has an enthalpy of reaction of −679 kJ/mol [T]. To estimate the amount of physisorbed 

water remaining in the MOF under UHV, we calculated the bonding strength between the water 

and the node. Two different conformations were examined, as shown in Figure 3.9. 

Let us estimate the coverage of surface sites by weakly held residual water by assuming 

that every water molecule that strikes the surface sticks and equate that adsorption rate at 300 K 

and 2 × 10-9 mbar water with a desorption rate given by the product of a typical desorption prefactor 

for water (1013 s-1), the saturation number of water sites per unit area (∼1015 cm-2), the fractional 

coverage of water sites (θ), and exp(−Edes/RT), where Edes is the activation energy for desorption. 

We estimate Edes from the binding enthalpy for conformation A in Figure 3.9 to be -66.7 kJ/mol. 

These values give a steady-state population of θ = 3 × 10-5. If such residual water molecules and 

the Ca itself were so rapidly diffusing that incoming Ca atoms could be found by water molecules 

that diffused from ∼60 nm below the surface, this could explain 0.1 ML of reacting Ca with the 

very high initial heat observed. We show evidence below that diffusing Ca atoms probe down to 

>20 nm below the surface in their reaction with immobile water and −OH groups that are intrinsic 

to the nodes. 

In the absence of other protons, Ca might react with a Zr–OH group in a single step to form 

a hydride (in the form of Zr–O–Ca–H). This hydride can exist as a reaction intermediate for Ca 

reacting with an −OH group or as a stable product when protons are almost depleted. We calculated 

the enthalpy of reaction for one representative case to form a Ca–H bond, as shown in Figure 3.8N; 

this reaction has an enthalpy of reaction of -311 kJ/mol [P], which is less than that for reactions 

that produce H2 but still comparable. 
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Calcium gas can also react with the gaseous H2 product of the above reactions to produce 

calcium hydride (presumably as solid clusters within the NU-1000 pores) with an enthalpy of -359 

kJ/mol [T] based on standard enthalpies of formation.61 This would need to occur before the H2 

escapes the NU-1000 (as it would otherwise be pumped away), and may even occur with the H 

atoms they release before any H−H bond is formed. Despite never making H2 itself, the heat 

released per mole of Ca by the net reaction to CaH2 can be estimated by averaging this 359 kJ/mol 

with the calculated heat from any one of the above reactions which produce H2. 

Once all protons are consumed, the incoming Ca nucleates and grows nanoparticles of solid 

Ca in a pore of NU-1000 at or near its external surface; therefore, the reaction enthalpy approaches 

the negative of the enthalpy of sublimation of bulk Ca(solid). To study the nucleation step, we first 

placed two Ca on 1,3,6,8-tetrakis(phenyl)pyrene in the cluster model. After optimization, the flat 

pyrene becomes slightly bent toward two Ca, and the enthalpy of reaction per Ca is -62 kJ/mol 

[C]. The CM5 partial atomic charge153 on each Ca in this case is 0.37 and the Mulliken partial 

atomic charge154 is 0.39; these values indicate that Ca dimer donates electrons to pyrene to form a 

charge-transfer complex [Ca2+···pyrene–]. To study how the geometry constraint on pyrene in NU-

1000 affects the enthalpy of reaction, we also placed two Ca on pyrene in a periodic calculation 

(inside or outside the triangular channel, as shown in Figure 3.10A and B, respectively). For the 

in-channel and out-of-channel configurations, the Ca–Ca distance is 3.81 and 3.87 Å, respectively, 

with Mulliken charges on each Ca of 0.52 and 0.46, respectively, indicating more charge transfer 

in the condensed phase. The enthalpies of reaction for both conformations are slightly lower (-49 

and -45 kJ/mol [P]) than those in the gas-phase calculations (see Table 3.1), reflecting the condition 

that both linker conformations in the periodic calculation are constrained. When protons are 
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depleted, this reaction can make the first Ca–Ca bond for the nucleation step in forming Ca(solid) 

clusters. 

3.5 DISCUSSION 

The experimental results can be summarized as follows: (a) the exothermicity of Ca adsorption on 

NU-1000 is initially very high (∼513 and ∼570 kJ/mol in the limit of zero coverage for samples 

baked at 348 and 378 K, respectively) and much greater than the bulk enthalpy of Ca sublimation 

(ΔHsub = 178 kJ/mol); (b) the exothermicity of Ca adsorption approaches ΔHsub by ∼5 ML 

coverage; (c) the Ca LEIS intensity increases much more slowly with Ca coverage than is predicted 

by a layer-by-layer growth model, only reaching complete layer coverage by ∼40 ML; and (d) the 

Ca/C0 XPS peak area ratio increases much more slowly on NU-1000 than is predicted for a layer-

by-layer growth model. 

In the following, we will describe a model for the progress of the reaction of Ca with the 

NU-1000 interface/film that is consistent with these results. 

As shown in Figure 3.2, the Ca LEIS signal intensities remain near zero for the first ∼2 

ML of Ca, where the exothermicity of Ca adsorption drops slowly from its initial value (above 500 

kJ/mol) to ∼280 kJ/mol, still ∼100 kJ/mol larger than ΔHsub. This, together with the very weak Ca 

XPS signal, is consistent with nearly all of the adsorbing Ca atoms diffusing below the external 

surface at coverages below 2 ML, where they undergo much more exothermic reaction(s) than 

depositing pure Ca(solid). Above 5 ML, however, the Ca LEIS signal starts to grow rapidly, and 

the exothermicity has dropped to within 20 kJ/mol of that for formation of Ca(s) and continues to 

asymptotically approach that value. In this regime, Ca must be mainly forming Ca(s) nanoparticles 

on or near the topmost atomic layers of the NU-1000. Between these low- and high-coverage 

regimes, the exothermicity and Ca LEIS signals make a transition wherein there is kinetic 
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competition for incoming Ca atoms. They can either diffuse below the external surface to undergo 

a highly exothermic reaction on internal surfaces, or they can nucleate and grow 3D Ca(s) 

nanoparticles on or near the external surface with a much lower heat. If growth were limited only 

to the formation of 3D Ca(s) particles from the beginning, the measured exothermicity of 

adsorption should be approximately equal to the bulk enthalpy of Ca sublimation of 178 kJ/mol 

(or less in the case of small clusters, due to the Kelvin effect155). The high exothermicity below 1 

ML (570 to 350 kJ/mol) indicates a much more aggressive reaction initially at internal surface sites 

within the MOF. Because Ca has only very weak interactions with pure hydrocarbon polymers and 

hydrocarbon functional groups in polymers,120 but reacts highly exothermically with oxygen-

containing functional groups,123,124,145 we attribute this high exothermicity to Ca reacting in some 

way with oxygen atoms associated with the Zr6 nodes, either at their terminal −OH or −OH2 

groups, at the impurity of unreacted benzoic acid groups on linkers, or with noncrystalline residual 

water. 

The DFT calculations above show that these large enthalpies below 1 ML (-570 to -350 

kJ/mol) could include any combination of Ca reactions with RCOOH groups on the external 

surface or with −OHx on the nodes. Figure 3.4 can be explained by a kinetic competition between 

three reactions: (1) Initially (up to 0.05 ML of Ca), Ca reacts with RCOOH on the external surface 

to account for the high initial heat release (520-570 kJ/mol). (2) Next, Ca reacting with −OHx on 

the nodes becomes most important, which accounts for the intermediate amount of heat released 

(∼420-500 kJ/mol). (3) Finally, the nucleation and formation of Ca(s) dominates, with heats 

approaching the final exothermicity of ∼178 kJ/mol. 

It is not obvious why the exothermicity of reaction(s) with the initially deposited Ca atoms 

is slightly greater for those samples outgassed at higher temperature as compared to lower 
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temperature. However, it has recently been shown that local node structural changes, which do not 

affect overall crystal order, can occur in bulk NU-1000 as temperatures are elevated above roughly 

400 K.150 It may be that in the thin films, such changes can also occur in the samples heated to 

only 378 K, and that such local node structural changes generate sites that are still more exothermic 

in their reactions with Ca than are those described and computed above. As detailed structural data 

are not available for these local node distortions, we cannot construct specific examples, 

particularly as they are likely associated with the dangling carboxylic acid functionalities at the 

film terminus and their potential changes in orientation associated with node distortions, but we 

speculate that this is a reasonable explanation for the reproducible variation in initial enthalpies of 

reaction/adsorption as a function of outgassing temperature. 

The carbon LEIS signal increases over the first 2 ML of Ca coverage. This could be 

explained by changes to the amount of C exposed at the surface due to Ca reacting within the pores 

of the MOF, perhaps releasing aromatic groups that segregate to the surface, or a decrease in the 

He+ ion neutralization probability at the surface due to adsorption of Ca, which probably lowers 

the work function, or both. Beyond 2 ML of Ca coverage, the Ca LEIS increase is mirrored by a 

slow decrease in the C signal toward zero. 

The XPS Ca/C0 peak area ratio increases to only a very small ratio over the first 1 ML of 

Ca coverage, indicating that Ca atoms diffuse below the external surface to react in NU-1000 

beyond the XPS probe depth (λC ≈ 4.7 nm). The Ca/C0 peak area ratio increases even more slowly 

than seen for Ca growth on PCBM,123 a system that saw diffusion of Ca atoms to a depth of >10 

nm below the surface. Sample charging precluded a more thorough XPS analysis of the chemical 

state of NU-1000 with increasing Ca coverage, but there was qualitative evidence of oxygen being 

involved in some reaction as the O 1s peak shape was altered much more than the C 1s and Zr 3d 
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peaks with increasing Ca coverage. These pieces of evidence suggest that the porous structure of 

NU-1000 promotes extensive diffusion of Ca below the external surface and its reaction with 

internal surfaces, prior to nucleation of Ca(s) at or near the external surface. 

The enthalpy curve in Figure 3.4 can be interpreted in terms of a simple two-step 

mechanism: (I) a highly exothermic reaction of Ca with oxygen-containing species associated with 

the Zr6 nodes within the MOF, and (II) growth of Ca(s) clusters and nanoparticles on or near the 

external surface with an enthalpy change of about -178 kJ/mol. 

A similar exponential-like decay in enthalpy with coverage as that seen here has always 

been observed for Ca adsorption on organic semiconducting polymers and molecules,120,123,124,144-

146,156 and we attribute it to the same type of kinetic competition here as was used to explain those 

data. It reflects the decreasing probability for an incoming Ca atom to diffuse further below the 

external surface to find unreacted sites (oxygen-containing species) and its increasing probability 

to instead find a growing cluster of Ca(s) to which it attaches. Reaction I slows as these oxygen-

containing groups near the surface get titrated by Ca. The density of nodes is very small (∼0.23 

nodes per nm3), so the reaction proceeds to >10 nm depth (see below) before diffusion becomes 

too slow to compete effectively. Meanwhile, reaction II gets faster as the fraction of the external 

surface and near-surface covered with Ca(s) clusters increases. The enthalpy for reaction II 

dominates after 5 ML, and perhaps already by ∼2 ML. The LEIS data in Figure 3.2 show that only 

∼1% of the surface is covered by Ca(s) by 2 ML. We show below that nodes have already been 

reacted down to a depth of >10 nm at this 2 ML coverage. 

We use this simple two-state model to explain the enthalpy data in Figure 3.4 for samples 

baked to 348 K, and from this estimate the extent of reaction with internal-surface oxygen-

containing groups on the nodes. This model assumes that the measured enthalpy changes in Figure 
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3.4 result from only two contributing reactions: one with an enthalpy change equal to the initial 

enthalpy release of 513 kJ/mol and the other due to the formation of Ca(s) with an enthalpy release 

equal to ΔHsub (178 kJ/mol). In this model, the measured differential enthalpy of adsorption at any 

Ca coverage (ΔHad) is the sum of the fraction of Ca atoms in the pulse that reacts via node oxygen 

(f) multiplied by -513 kJ/mol and the remaining fraction (1 – f), which makes Ca(s) particles, 

multiplied by -ΔHsub (-178 kJ/mol): 

∆𝐻𝑎𝑑 = 𝑓(−513 𝑘𝐽 𝑚𝑜𝑙⁄ ) + (1 − 𝑓)(−178 𝑘𝐽 𝑚𝑜𝑙⁄ )                              (3.3) 

Solving for f at every Ca coverage results in the curve of f versus coverage shown in the top graph 

of Figure 3.11, which is identical in shape to the enthalpy curve in Figure 3.4, except f = 1 

corresponds to -513 kJ/mol and f = 0 corresponds to -178 kJ/mol. Multiplying f by the Ca coverage 

added per pulse gives the amount of reacted Ca per pulse in ML, which reacts at the node oxygens. 

Summing pulses from zero coverage up to any other coverage gives the total amount of “reacted 

Ca” (i.e., the amount that reacts with oxygen-containing groups at the nodes) at that coverage. This 

is plotted versus Ca coverage in the bottom graph of Figure 3.11. As seen, this amount increases 

gradually until saturating at 1.77 ML of “reacted Ca” at coverages above 7 ML. 

 We converted this “reacted Ca” coverage to the effective “reacted depth” by calculating 

the volume of the unit cell of NU-1000 (one hexagonal pore plus two triangular pores, two layers 

deep) to be 12.8 nm3. Each unit cell contains 3 nodes, which gives the number density of nodes 

mentioned above (0.23 nodes per nm3). Using the Ca ML definition of 7.4 × 1014 atoms/cm2 and 

assuming a reaction stoichiometry of 4 Ca per node, we thus calculated the reacted depth of NU-

1000 from the reacted Ca coverage, which saturates at ∼14 nm. The progression of this reaction 

depth with coverage is also shown in the bottom graph of Figure 3.11. If instead we assume a 
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reaction stoichiometry of 8 Ca per node, as seen for Al deposition via ALD,49,115 we calculate a 

total reaction depth of ∼7 nm. 

 Of course, there are several types of oxygen-containing functional groups at each node, so 

there may be a range of reaction enthalpies for Ca with these nodes, and not just this single value 

of -513 kJ/mol, equal in magnitude to the maximum (initial) enthalpy change assumed in Eq. 

∆𝐻𝑎𝑑 = 𝑓(−513 𝑘𝐽 𝑚𝑜𝑙⁄ ) + (1 − 𝑓)(−178 𝑘𝐽 𝑚𝑜𝑙⁄ )                              (3.3. If we instead assume 

that the enthalpy for the “reacted Ca” has a range of values between -513 and -366 kJ/mol, which 

is the average enthalpy for the first 2 ML of Ca coverage and very close to the DFT enthalpies for 

Reaction Ca(g) + 2ROOH → (ROO)2Ca + H2(g)                                     (3.1 and Ca(g) +

2H2O(l) → Ca(OH)2(s) + 2H2(g)                                   (3.2, the “reacted Ca” amount and depth 

increases. Replacing -513 kJ/mol in Eq. ∆𝐻𝑎𝑑 = 𝑓(−513 𝑘𝐽 𝑚𝑜𝑙⁄ ) + (1 − 𝑓)(−178 𝑘𝐽 𝑚𝑜𝑙⁄ )                              

(3.3 with a value greater than or equal in magnitude to -366 kJ/mol leads to the results in Figure 

3.12. This is quite similar to Figure 3.11, but extends to higher coverages and larger reacted 

amounts and depths (saturating instead at ∼23 nm depth). On the basis of the DFT calculations, 

this modified two-state model in Figure 3.12 better represents the real situation, with Ca reactions 

with RCOOH occurring initially (with exothermicity of 520 kJ/mol), followed by Ca reactions 

with −OHx on the nodes (with exothermicity of ∼400 kJ/mol). 

 On the basis of its bulk crystal structure, the density of nodes in NU-1000 is 2.34 × 1020 

nodes per cm3. This gives a density of roughly 3.5 × 1013 nodes per cm2 in the closest-packed layer 

(assuming close-packed spheres) and a layer-to-layer separation (layer thickness) of ∼1.5 nm. 

Thus, the reacted depth of 23 nm corresponds to ∼15 layers of nodes whose −OH2 and −OH groups 

react highly exothermically with Ca at saturation, after which the Ca only grows as Ca(solid) on 

the external surface. 
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3.6 CONCLUSIONS 

Calcium vapor reacts initially with a high exothermicity (∼ -513 and ∼ -570 kJ/mol for samples 

outgassed at 348 and 378 K, respectively), attributed to Ca reacting with carboxylic acid groups, 

free water, or both on the internal surfaces. The exothermicity slowly drops to −280 kJ/mol by 2 

ML, attributed to a gradual switch to reaction of Ca with −OHx on Zr6 nodes deep below the 

external surface, with an average enthalpy of reaction equal to -366 kJ per mole of Ca. These 

reactions with the internal surfaces of the MOF nodes produce calcium salts. The very slow growth 

of Ca LEIS and XPS signals shows that these reactions proceed to ∼20 nm below the external 

surface before the diffusion of transiently adsorbed Ca atoms becomes too slow to find unreacted 

sites on the internal surfaces. Beyond 2 ML, the exothermicity of adsorption decreases 

exponentially to the sublimation enthalpy of Ca (178 kJ/mol), reaching this limit by 5 ML; this is 

attributed to the formation of Ca(solid) nanoparticles near and on the MOF’s external surface. 
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3.7 FIGURES AND TABLES 

 

Figure 3.1. Measured sticking probability of Ca gas atoms on NU-1000 (outgassed at 348 K) as a 

function of Ca coverage at 300 K. Each data point represents a pulse of ∼0.009 ML with a pulse 

frequency of 0.5 Hz. Monolayer coverage (1 ML) is defined as the Ca(111) packing density (7.4 

× 1014 Ca atoms per cm2). The inset shows the NU-1000 structure with the following color scheme: 

Zr, turquoise; O, red; C, black; H, cream. 
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Figure 3.2. He+ LEIS measurements of Ca growth on NU-1000 (outgassed at 348 K) at 300 K. 

The relative integrated LEIS peak intensities for Ca (blue ●) and C (orange ■) are displayed as a 

function of Ca coverage. Calcium intensities are normalized with respect to the saturation signal 

obtained for very high Ca coverages. Carbon intensities are normalized with respect to the signal 

obtained from a pristine NU-1000 sample. The dashed line indicates the Ca signal growth curve 

expected for a layer-by-layer growth model on a flat surface, such that the signal saturates at 

completion of the first ML. The inset shows a close-up of the low-coverage region. Diamond points 

were measured using 5-fold larger Ca coverage steps than round points, so that the sample was 

exposed to only 20% of the typical He+ dose. Their agreement shows that ion-beam damage does 

not affect the data at the low ion doses used for normal data acquisition. 
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Figure 3.3. Ratio of the integrated area of the Ca 2p XPS peak to the initial C 1s peak as a function 

of Ca coverage on NU-1000 (outgassed at 348 K) at 300 K. The dashed line indicates the Ca/C0 

peak area ratio expected for layer-by-layer growth on a flat surface. 
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Figure 3.4. Differential heat of adsorption of Ca on NU-1000 at 300 K after baking at 348 and 378 

K in a preparation chamber with a base pressure of 2 × 10-9 mbar, plotted as a function of total Ca 

coverage. The heat of adsorption plotted here is the negative of the standard enthalpy of adsorption 

at 300 K. The inset shows a close-up of the region up to 1 ML Ca coverage. 
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Figure 3.5. Predicted structures optimized in the cluster calculations but with the carbon 

coordinates frozen at their values from ref 51. (Left) The initial Zr6 node with 8 attached benzoates 

(to model linkers), giving the cluster formula [Zr6(μ3-O)4(μ3-OH)4(OH)4(OH2)4]
8+. (Right) Final 

product, [Zr6(μ3-O)5(μ3-OH)3(OH)5(OH2)3Ca]8+, formed during the reaction of Ca with a node-

bound water-hydroxyl complex, which releases hydrogen, shown here in the form of dihydrogen 

(similar to the reactions in Figure 3.8A and B; see below). The released hydrogen may instead 

react with another Ca to make CaH2 clusters (see text). 
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Figure 3.6. (A) The slab model of (001) surface of NU-1000 optimized in the periodic calculation 

with lattice constants constrained at bulk values. (B) 50% of surface benzoic acid reacting with 

Ca. (C) 100% of surface benzoic acid reacting with Ca. 
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Figure 3.7. Most stable proton topology on the face of the Zr6 node of NU-1000 and the proposed 

products of Ca reacting with protons. Only one of four faces of the Zr6 node with −OHx is shown. 
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Figure 3.8. Product of Ca reacting with different numbers of protons on the Zr6 node optimized in 

the periodic calculation (as listed in Table 3.1). Some Ca–O distances are marked. (A) 1 Ca in the 

large pore; (B) 1 Ca in the small pore; (C) 2 Ca atoms in the large pore with Ci symmetry; (D) 2 

Ca in the large pore with C2 symmetry; (E) 2 Ca in the small pore with Ci symmetry; (F) 2 Ca in 

the small pore with C2 symmetry; (G) 4 Ca, 1 Ca per face with Ci symmetry; (H) 4 Ca, 1 Ca per 

face with C2 symmetry; (I) 4 Ca in the large pore with Ci symmetry; (J) 4 Ca in the large pore with 

C2 symmetry; (K) 4 Ca in the small pore with Ci symmetry; (L) 4 Ca in the small pore with C2 

symmetry; (M) 8 Ca in both pores; and (N) hydride formation in large pore. 
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Figure 3.9. Optimized cluster models of water making hydrogen bonds with Zr6 nodes. 
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Figure 3.10. Two Ca atoms deposited on pyrene optimized in the periodic calculation (as listed in 

Table 3.1): (A) inside the triangular pore; and (B) outside the triangular pore. 
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Figure 3.11. Top graph shows the fraction of Ca atoms that react with high heat (513 kJ/mol) 

within NU-1000 outgassed at 348 K (f, black points) and the fraction that grow as 3D Ca(solid) 

particles as a function of total Ca coverage at 300 K (1 – f, red points), estimated from the heat 

versus coverage data as analyzed with a simple two-state model (see text). The bottom graph shows 

the corresponding cumulative amount of Ca that reacts with the Zr6 node of NU-1000; it is plotted 

as a function of total Ca coverage at 300 K, shown in ML of Ca (left axis) and reacted depth in nm 

(right axis), which is calculated by assuming that 4 Ca atoms react per Zr6 node. These values for 

the “reacted” amount and depth are clearly lower limits because reactions that are much less 

exothermic than -513 kJ/mol are occurring among the highly exothermic “reactions”. 
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Figure 3.12. Top graph shows the fraction of Ca atoms that react at –OH and –OH2 groups on the 

Zr6 nodes with a reaction heat of |ΔHrxn| ≥ 366 kJ/mol, (i.e., the average heat measure in the first 2 

ML of Ca coverage) within NU-1000 outgassed at 348 K (f, black points), and the fraction that 

grow as 3D Ca(solid) particles as a function of Ca coverage at 300 K (1 – f, red points), as estimated 

from the heat versus coverage data analyzed with the same two-state model used for Figure 3.11, 

except the reaction heat was changed from 513 to ≥366 kJ/mol (see text). The bottom graph shows 

the corresponding cumulative amount of Ca that reacts with the Zr6 node of NU-1000 with a 

reaction heat of ≥366 kJ/mol plotted as a function of total Ca coverage at 300 K, shown in ML of 

Ca (left axis) and reacted depth in nm (right axis) assuming 4 Ca atoms react per Zr6 node. 
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Table 3.1. Heats of Reaction at T = 300 K for Ca Vapor Reacting with Different Functional Groups 

on the External and Internal Surfaces of NU-1000,a as Calculated with Periodic and Cluster-Based 

DFT Methodsb 

reactant description model type (figure 

number for product 

structure) 

product reaction 

enthalpy 

(kJ/mol) 

benzoic acid 50% surface H periodic (3.6B) H2+Ca2+ -538 

benzoic acid 100% surface H periodic (3.6C) H2+Ca2+ -500 

benzoic acid gas phase cluster H2+Ca2+ -531 

–OHx 1 Ca in large pore periodic (3.8A) H2+Ca2+ -421 

–OHx 1 Ca in small pore periodic (3.8B) H2+Ca2+ -421 

–OHx 1 Ca in large pore cluster (3.5) H2+Ca2+ -395 

–OHx 2 Ca in large pore, Ci sym periodic (3.8C) H2+Ca2+ -436 

–OHx 2 Ca in large pore, C2 sym periodic (3.8D) H2+Ca2+ -419 

–OHx 2 Ca in small pore, Ci sym periodic (3.8E) H2+Ca2+ -424 

–OHx 2 Ca in small pore, C2 sym periodic (3.8F) H2+Ca2+ -417 

–OHx 4 Ca, 1 Ca per face, Ci sym periodic (3.8G) H2+Ca2+ -459 

–OHx 4 Ca, 1 Ca per face, C2 sym periodic (3.8H) H2+Ca2+ -417 

–OHx 4 Ca in large pore, Ci sym periodic (3.8I) H2+Ca2+ -382 

–OHx 4 Ca in large pore, C2 sym periodic (3.8J) H2+Ca2+ -388 

–OHx 4 Ca in small pore, Ci sym periodic (3.8K) H2+Ca2+ -370 

–OHx 4 Ca in small pore, C2 sym periodic (3.8L) H2+Ca2+ -379 

–OHx 8 Ca in both pores periodic (3.8M) H2+Ca2+ -393 

-OHx hydride formation in large pore periodic (3.8N) Ca–H -311 

-OHx hydride formation in large pore cluster Ca–H -349 

pyrene 2 Ca inside small pore periodic (3.9A) Ca2
+∙∙∙pyrene- -49 

pyrene 2 Ca outside small pore periodic (3.9B) Ca2
+∙∙∙pyrene- -45 

pyrene 2 Ca on 1,3,6,8-tetrakis 

(phenyl)pyrene in gas phase 

cluster Ca2
+∙∙∙pyrene- -62  

aThermocorrections obtained from the frequency calculation in the cluster model were applied to the energy 

calculated in the periodic model to obtain the approximated reaction enthalpy. All results are in kJ per mole of 

Ca. bAll of the groups represent internal surface sites except benzoic acid, which represent unreacted linkers on 

the external surfaces of MOF particles. 
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Chapter 4. Calorimetric Metal Vapor Adsorption Energies for 

Characterizing Industrial Catalyst Support Materials 

This chapter is reprinted with permission from reference 157: 

Zhang, W.; Campbell, C. T. Calorimetric Metal Vapor Adsorption Energies for Characterizing 

Industrial Catalyst Support Materials. ACS Catal. submitted. 

 

ABSTRACT 

Many important catalysts and electro-catalysts for energy and environmental technologies involve 

late transition metal atoms and nanoparticles dispersed across the surface of some high-surface-

area support materials, for example, oxide nanoparticles. The surface reactivity and long-term 

stability against deactivation of these materials depends strongly on the strength of bonding of the 

metal atom and nanoparticles to the support surface. Here, we introduce a novel calorimetry 

method that implements a LiTaO3 crystal for heat detection and extends metal adsorption 

calorimetry to surfaces of nanomaterials that are deposited from liquid solutions, as is typical when 

preparing industrial catalyst materials. This allows one to measure the strength of metal atom 

bonding and the adhesion energy of metal nanoparticles to clean surfaces of technologically 

relevant catalyst support materials. We demonstrate that here by measuring the bond energies of 

Ag vapor onto the clean surfaces of high-surface-area TiO2 anatase powdered support materials 

(i.e., 5-nm-diameter nanoparticles) of the type used industrially and the clean surfaces of calcium 

niobate perovskite nanosheets. This opens up the possibility of using metal adsorption calorimetry 

to screen catalyst support materials for the strengths with which they bind metal atoms and metal 

nanoparticles. These strengths are well-known to be crucial in determining both the long-term 

stability of transition metal catalysts and their catalytic reactivity when in the form of small metal 
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nanoparticles (i.e., <6 nm in size). This offers new opportunities for discovering better support 

materials and for basic scientific study of structure / function relationships with respect to metal / 

support bond energies. The calorimeter measures heats of Ag adsorption on clean surfaces of 

calcium niobate(001) with a pulse-to-pulse standard deviation of 5.5% for pulses containing only 

0.013 monolayer of Ag atoms. 

4.1 INTRODUCTION 

Active industrial processes apply heterogeneous catalysts consisting of supported metal 

nanoparticles to a variety of catalytic and electrocatalytic reactions.14,17,18,158-161 The catalytic 

activity and selectivity of these catalysts often varies dramatically with the size and shape of the 

metal nanoparticles, and, when smaller than ~6 nm, with the support materials.20,162-164 In many 

cases, the supported metal nanoparticles are rendered inactive due to particle sintering (i.e., 

coarsening into fewer, larger particles) and the sintering kinetics also depends strongly on the 

particle size and support materials.23,26,27 These properties have been proven to be closely 

correlated with the strength of bonding of the metal atom and nanoparticles to the support surface.12 

Here, we introduce a novel calorimeter to measure the strength of this bonding which extends 

metal adsorption calorimetry to surfaces of nanomaterials that are deposited from liquid solutions, 

as is typical when preparing industrial catalyst materials. This allows one to measure the strength 

of metal atom bonding and the adhesion energy of metal nanoparticles to clean surfaces of 

technologically relevant catalyst support materials. 

We demonstrate the capabilities of this new calorimeter by measuring the bond energies of 

Ag vapor onto the clean surfaces of high-surface-area TiO2 powdered support materials of the type 

used industrially and the clean surfaces of calcium niobate perovskite nanosheets. This calorimeter 

design opens up the possibility of using metal adsorption calorimetry to screen catalyst support 
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materials for the strengths with which they bind metal atoms and metal nanoparticles, properties 

which are well-known to be crucial in determining both the long-term stability of transition metal 

catalysts and their catalytic reactivity when in the form of small metal nanoparticles (i.e., <6 nm 

in size).20,162-164 This offers new opportunities for discovering better support materials and for basic 

scientific study of structure / function relationships with respect to metal / support bond energies. 

To clarify structure–activity relationship in such catalysts and their sintering kinetics, our 

group has previously measured the strength of the interaction between metal nanoparticles and the 

support surfaces using metal vapor adsorption calorimetry.12,26-28 These metal adsorption 

calorimetry studies have been performed on thin, single-crystal oxide films grown on thin, single-

crystal metal substrates and cleaned in ultra-high vacuum (UHV), in order to have very well-

defined surface structures where the fundamental aspects of metal / support bonding can most 

easily be elucidated.12,26-28 However, this “model catalyst” approach encounters the well-known 

“materials gap” with respect to the real industrial catalysts.29,30 That is, these flat and well-ordered 

surfaces are quite different from the atomically-rough surfaces typically present on the high-

surface-area materials needed for real industrial catalyst supports. To bridge this materials gap, we 

demonstrate here the similar ability to calorimetrically measure metal atom adsorption energies 

and metal nanoparticle adhesion energies but now onto nanoparticles of support materials with 

large specific surface areas instead. We further demonstrate that these high-area supports can be 

prepared for calorimetry by simple deposition from liquid solutions onto the heat detector (e.g., by 

drop-casting, spin-casting or Langmuir-Blodgett deposition), so that it includes methods similar to 

those typically used to prepare industrial catalyst materials. Finally, we demonstrate that these 

materials can be cleaned after deposition by heating to high temperatures (up to ~890 K 

theoretically) in ultrahigh vacuum or in controlled gases (e.g., O2) to remove impurities present 
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after deposition, so that the adsorption properties of their clean surfaces can be studied by 

calorimetry. To our knowledge, this is the only metal adsorption calorimeter capable of measuring 

metal adsorption energies on the surfaces of solution-prepared high-surface-area samples. 

 To demonstrate this new calorimetry capability, we study here the heat of adsorption of Ag 

vapor as a detailed function of coverage on two very different types of nanoparticle support 

materials. The first support is a drop-casted film of 5 nm diameter anatase TiO2 nanoparticles, 

which have been used in many catalytic studies and showed the unusual ability to stabilized single-

atom metal catalyst through oxidation and reduction conditions.57,165-167 For example, 

Christopher’s group has recently reported a single Pt atom catalyst with high thermal stability by 

depositing isolated Pt atoms onto these TiO2 nanoparticles, and this catalyst exhibited a 2-fold 

greater turnover frequency for CO oxidation than the 1 nm pre-reduced Pt clusters on the same 

TiO2 nanoparticles.57 Therefore, the strength of binding of transition metal atoms and nanoparticles 

to these surfaces of these TiO2 nanoparticles is of significant interest. 

We also applied this calorimeter to study Ag adsorption onto the surfaces of calcium 

niobate nanosheets. These are synthesized in liquid solution as crystalline, unilamellar 

HCa2Nb3O10(001) nanosheets that are 1.45 nm thick and extend laterally for approximately 1 

micrometer.69,71,168,169 When deposited from solution and dehydrated by heating to make 

crystalline powders of stoichiometery Ca4Nb6O19, these make an excellent support material from 

transition metal nanoparticle catalysts which imparts unusual thermal stability against their 

sintering.170,171 We have used this calorimeter to study Ag adsorption on this same dehydrated 

form, but in this case the perovskite nanosheets were deposited in a layer-by-layer fashion (to four-

layer or ~6 nm thickness) on the flat heat detector using Langmuir-Blodgett (LB) techniques. In 

this way, the surface is dominated by (001) facets, so that the calorimetry here is probing a well-
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ordered mixed-oxide surface, of similar cleanliness and order to that typically used in studies of 

single-crystalline oxide surfaces. Those results are presented in detail in another paper.172 They 

show that the differential heat of Ag adsorption is initially ~303 kJ/mol and increases slowly to 

~338 kJ/mol by 0.8 monolayer (ML). This initial rise was attributed to an increase in the average 

size of growing 2-atom-thick Ag islands and the resulting increase in the average number of 

Ag−Ag nearest-neighbor bonds per added Ag atom. At higher coverages, Ag atoms mainly add on 

top of the 2D islands, growing 3D nanoparticles of increasing thickness. The heat decreased 

exponentially towards the heat of sublimation of bulk Ag (285 kJ/mol) at 4.5 ML. The adhesion 

energy of Ag(s) to this Ca niobate surface was estimated to be 4.33 J/m2 from the integral heat at 

4.5 ML. This is larger than previously reported for Ag on any other oxide surface, which we 

showed can explain the sinter resistance reported for metal nanoparticles on this support.172  

4.2 CALORIMETER DESIGN 

The ultrahigh vacuum (UHV) metal adsorption calorimetry apparatus, which also includes 

capabilities for XPS, LEIS and metal atomic-beam surface scattering with mass spectroscopic 

detection, was described previously.60 The methods for metal adsorption calorimetry are quite 

similar to those reported previously with this apparatus, whereby 100 ms pulses of a 2-mm 

diameter atomic beam of metal vapor is impinged onto the surface of interest every 2 seconds, and 

the transient heat released upon metal adsorption in measured by a pyroelectric heat detector.60,173 

This approach has been applied extensively to study metal adsorption energies on single-crystal 

oxide surfaces.12,26-28 Here, we introduce a new heat detector and sample mounting for adsorption 

calorimetry, implementing a metal-coated LiTaO3 single crystal as the pyroelectric heat detector, 

onto which nanoparticles of the material whose surface is to be studied are directly deposited as a 

thin film from a liquid solution. For the two materials studied here, they were deposited from 
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colloidal dispersions, but other deposition methods could be used. Crucial to this new heat 

detector’s design is that it allows heating these thin films to very high temperatures in UHV (or in 

controlled high-purity gases at low pressures) to clean their surfaces before calorimetry. 

4.2.1 Sample Platen for Sample Mounting, Heating and Calorimetric Heat Detection 

For the purpose of sample heating, we used LiTaO3 single crystals as the heat detectors, 

which maintain high pyroelectric heat-signal response after heating to high temperatures.58 We 

demonstrate this capability here by repeatedly heating different nanoparticle film types up to ~725 

K for ~30 minutes in 2 × 10-7 mbar O2 gas to clean them, and successfully performing adsorption 

calorimetry measurements after such heating. LiTaO3 has a Curie point of 893 K,58 theoretically 

allowing samples to be heated up to ~890 K before the heat detector loses its pyroelectric response, 

while the pyroelectric polymer heat detectors used previously in this calorimetry apparatus could 

only be heated up to ~350 K.59,60 

The novel sample platen design that accomplishes this is shown in Figure 4.1. The LiTaO3 

heat detector (red) used here is 25 μm thick and in a 12 mm × 12 mm square shape, with both faces 

precoated with 100 nm thick Ni80Cr20 alloy which serve as the electrodes for electrical signal 

measurement. When struck with a pulse of metal vapor atoms, these heat detectors generate a 

charge (and thus transient current through the preamlifier) in response to heat input due to the heat 

of metal vapor adsorption. 

Both the sample platen body and the face plate are made of aluminum for the purpose of 

easy machining and to reduce weight, and they make electrical contact with the electrode on the 

front face of the LiTaO3 crystal. The LiTaO3 crystal with a thin film of the nanoparticle material 

to be studied deposited on its front face will be referred to as the “sample” below. This sample is 

placed on a tantalum plate, which is 125 μm thick and has the same lateral dimensions as the 
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crystal. (Note that the LiTaO3 crystal cannot be clearly seen in Figure 4.1b because of its tiny 

thickness.) The Ta plate not only supports the LiTaO3 crystal mechanically but also serves as a 

uniformly heated “hot plate” for the crystal so that the crystal can be heated through thermal 

conduction. The Ta plate is in turn heated by radiation from a hot tungsten filament placed very 

near the back side of itself (i.e., from below in Figure 4.1b). The heating temperature and 

heating/cooling rate of the sample can be controlled by controlling that of the Ta plate. The Ta 

plate is placed in the square groove of a stainless steel (SS) cup bushing which makes electrical 

contact with the electrode on the back face of the sample. The SS cup bushing has an open 

cylindrical space on the back side where the sample heater can be positioned. The sample heater 

(i.e., the W filament and its mount) is movable through a precision port aligner, and the distance 

between the heater filament and the Ta plate/sample is adjustable. When mounted in the 

calorimetry position in ultrahigh vacuum (UHV), the platen provides electrical contacts between 

the electrodes on the front and back face of the sample and wires that lead outside the UHV 

chamber to a preamplifier whose components were shown schematically in ref. 60. 

4.2.2 Deposition of Oxide Thin Films Directly onto LiTaO3 Heat-Detector Crystals 

We deposited TiO2 nanoparticles directly onto the metal-coated LiTaO3 crystals to form 

thin TiO2 films. Briefly, five nanometer diameter anatase TiO2 (99.5%) nanoparticles with a 

specific surface area of 480–650 m2/g were purchased from US Research Nanomaterials (Stock 

no. US3838). 0.25 wt % of TiO2 nanoparticles were well dispersed in H2O (HPLC grade) after a 

30-minute (5 minutes × 6 times) ultrasonication process to form a TiO2 suspension, which then 

kept being magnetically stirred for deposition. Thin TiO2 films were deposited by drop-casting 

from the agitated TiO2 suspension directly onto the LiTaO3 crystals (before mounting the crystal 

on its sample platen). The added droplets on each LiTaO3 crystal was covered by a weighing boat 
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to prevent surrounding airflow from affecting solvent (H2O) evaporation. The yielded TiO2 films 

typically have a thickness of ∼1–2 μm and uniformly coat the LiTaO3 crystals with low surface 

roughness confirmed using a microscope. The procedures for depositing the calcium niobate(001) 

nanosheet films onto these heat detectors are described elsewhere.172  

The deposited film must cover the full area of the metal atom beam (~2 mm diameter) and 

the area analyzed by the electron and ion spectroscopies (~3 mm x 1 mm), but not extend so far 

that it prevents the aluminum face plate from making good electrical contact to the metal coating 

on the front face of the pyroelectric crystal. 

4.3 HEATING PROCEDURE AND SURFACE CLEANING 

Up to ten such samples can be mounted onto such sample platens and stored in the sample 

preparation chamber with a base pressure of 2 × 10-9 torr. They are then transferred to the UHV 

analysis chamber with a base pressure of 4 × 10-10 mbar, where they are heated for cleaning just 

before experimental measurements, for example, metal vapor adsorption calorimetry or surface 

spectroscopies. For the drop-casted TiO2 films, to remove H2O and organic impurities from the 

surface, each sample was heated to ~725 K at a rate of 50 degrees per 10 minutes in an O2 pressure 

of 2 × 10-7 mbar and was held at that temperature for 30 minutes. The sample was then cooled with 

the same rate. The O2 pressure was maintained during both the heating and cooling processes, and 

evacuated after cooling. The temperature was ramped up/down slowly because faster 

heating/cooling rates sometimes cause the LiTaO3 crystals to crack. The heat-cleaned sample was 

then used for silver vapor adsorption calorimetry and surface spectroscopy measurements, such as 

low-energy He+ ion scattering spectroscopy (LEIS) and X-ray photoelectron spectroscopy (XPS). 

XPS spectra before and after the heating procedure for the same TiO2 film were measured 

and compared to verify the removal of surface impurities and the sample integrity (i.e., proper 
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elemental composition not being changed by heating), see Figure 4.2. On the broad scan spectra 

(Figure 4.2a), the major photoelectron peaks for titanium, oxygen, and carbon are labeled. Each 

narrow scan spectrum (Figure 4.2b-d) is fitted using the product of a Gaussian and Lorentzian 

function after subtraction of a Shirley baseline.174,175 

The C 1s peak in Figure 4.2b was best fitted with two subpeaks which possibly correspond 

to different carbon species adsorbed on the sample surface (e.g., CHx vs. C-O or COOH).149,176 

After the sample was heated to ~725 K for 30 minutes in an O2 pressure of 2 × 10-7 mbar, the C 1s 

peak intensity markedly dropped, with the atomic ratio of C:Ti decreasing from 0.69:1 before 

heating to 0.27:1 calculated using the atomic sensitivity factors taken from Wagner et al.149 and 

assuming a homogeneous distribution of elements within the total depth seen by XPS. Previous 

studies have shown that water and organic contaminants could be removed from Degussa P25 

powders after being heated to above 673 K in air.177,178 Here, ~40% of the carbon impurities 

(~7.4% atomic concentration in the TiO2 film’s surface) was still detected after the vacuum heating 

procedure, and we attribute this remaining carbon signal to carbon impurities below the surface 

but still within the total depth seen by XPS. For the Ti 2p XPS peak in Figure 4.2c, there is no 

broadening or line shape change which indicates no or negligible oxidation state change for Ti 

(i.e., Ti is not reduced from Ti4+ to Ti3+). The O 1s peak in Figure 4.2d was best-fitted with two 

subpeaks which are labeled as O1 and O2. Here we assume that the O1 subpeak corresponds to 

oxygen atoms in TiO2 while the O2 subpeak is ascribed to oxygen atoms in adsorbed impurities. 

With this assumption, the atomic ratio of Ti:O1 is calculated to be 0.49:1 before heating and 0.50:1 

after heating, which is exactly as expected based on the bulk chemical formula, TiO2. Besides, the 

O2 subpeak intensity dropped after the sample was heated, indicating the removal of adsorbed 

impurities containing oxygen.  
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 In principal, we could have heated the nanoparticle support powders, after their deposition 

onto the pyroelectric heat detector, in a tube furnace in air, to remove more of the carbon impurity. 

We did not attempt that here, since our main focus here was to evaluate the practicality of this 

calorimetric technique. We note too that the metal coatings on the LiTaO3 crystals visibly degraded 

upon heating in air to 773 K, but appeared stable (by visual inspection) up to 673 K.  

4.4 HEAT SIGNAL CALIBRATION USING LASER PULSES 

The metal vapor adsorption calorimetry procedure has been described previously.97 The 

calorimetric heat released from metal vapor adsorption generates a transient temperature rise in 

the TiO2 film, which is transferred by thermal diffusion to the LiTaO3 heat detector. The resulting 

voltage response (“signal”) is calibrated by the voltage response to pulses of know energy from 

stabilized He–Ne laser at 632.8 nm wavelength. Figure 4.3 shows the heat signal during laser 

calibration from a train of five laser pulses onto a 2-micron-thick film of TiO2 nanoparticles on 

LiTaO3 heat detector at 300 K. Each laser pulse is 102 ms wide with a repeat period of 2s and 

contains 2.2 μJ of adsorbed energy. The “peak-to-peak” signal intensity (i.e., the difference 

between the peak of the voltage response and the baseline of the voltage immediately before the 

pulse) gives the heat detector a contact sensitivity of ~720 V/J. The contact sensitivity of the heat 

detector depends strongly on the competition between the heat transfer from the heated portion of 

the sample to the heat detector and to other parts of the sample platen.60,173 For the drop-casted 

TiO2 films, to which different sample thicknesses and quality of thermal contact with the LiTaO3 

crystal could easily be introduced during sample preparation, we expect strong variations in 

contact sensitivities from sample to sample. At the adsorbed energy of Figure 4.3 (2.2 μJ), the 

“peak-to-peak” signal intensity from 50 individual pulses shows a pulse-to-pulse standard 

deviation of 2.6%. 
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4.5 CALORIMETRIC HEAT DETECTION DURING METAL 

ADSORPTION 

Figure 4.4 shows the calorimetric heat signal generated when the surface of the above TiO2 film 

was struck by pulses of Ag vapor atoms at 300 K. Each Ag pulse is 102 ms wide and repeats every 

2 s. The TiO2 film was precovered by 401 pulses or ~8 monolayer (ML) of Ag. One ML is defined 

as the number density of the surface oxygen atoms on anatase TiO2(101), 5.19 × 1014 cm-2, and 

each pulse contains ~0.020 ML Ag atoms. Silver vapor atoms were generated from a hot metal 

source which typically operates at temperatures above 1325 K and thus generates some thermal 

radiation impinging on the surface. Therefore, the calorimetric heat signal shown in Figure 4.4 

includes a contribution (~85 %) from this optical radiation, which can be accurately measured and 

subtracted as described previously.97 This correction was made in the heat data reported below. 

As mentioned above, the calorimetric heat signal is calibrated by the laser signal from a 

stablized He–Ne laser at 632.8 nm. This is a accurate calibration for cases where heat is deposited 

instantly when the metal adsorbs on the surface, that is, the line shape of the heat signal matches 

that of the laser signal (laser deposits its energy on a very fast timescale). If there is a significant 

delay between the metal pulse and the deposition of heat, the lineshape of heat signal will change 

and the laser calibration is no longer accurate for such case, and corrections must be made.179 To 

prove the accuracy of the laser calibration, the average laser signal of Figure 4.3 and the average 

heat signal of Figure 4.4 are compared and shown in Figure 4.5. The time window of the gray 

rectangular area indicates when the mechanical chopper is open. As seen, the steep rises for both 

the laser signal and the calorimetric heat signal match the chopper open time window well and do 

not show broadening. The average laser and heat signals are futher normalized based on the 

equation: Vavg,norm(t) = (Vavg(t) – Vmin) / (Vmax – Vmin), where Vavg(t) is the voltage response at time 
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t, Vmin is the minimum of the voltage response, and Vmax is the maximum of the voltage response. 

As seen in Figure 4.5 inset, the lineshape of the laser signal matches that of the calorimetric heat 

signal very well. 

4.6 TYPICAL CALORIMETRY RESULTS: STICKING PROBABILITY 

AND DIFFERENTIAL HEATS OF ADSORPTION VERSUS COVERAGE 

To determine the true Ag coverage and convert heats of adsorption measured by calorimetry into 

units of kJ per mole adsorbed, the sticking probability of Ag adsorption on the drop-casted, 2-

micron-thick TiO2 film was measured as described previously97 as a function of Ag coverage at 

300 K (see Figure 4.6a). The TiO2 film was heated at ~725 K in an oxygen pressure of 2 × 10-7 

mbar for 30 minutes to remove the adsorbed H2O and organic impurities from the surface before 

the calorimetry run. The measured sticking probability of Ag on the drop-casted TiO2 support is 

0.988 in the limit of zero coverage, rises to 0.995 by 2 ML, and keeps increasing asymptotically 

towards unity at higher coverages.  

Figure 4.6b shows the differential heat of adsorption of Ag on the drop-casted TiO2 support 

as a function of Ag coverage at 300 K. Because the optical reflectivity (used in the laser calibration 

step) of the sample surface is unknown, we normalized the heat of adsorption at high coverages 

(>8 ML) equal to the known heat of sublimation of bulk Ag(s) (285 kJ/mol61) by adjusting the 

optical reflectivity of the starting surface. The adjusted optical reflectivity of the staring surface is 

0.23. Because the contact sensitivity for the heat detector and the laser power at the sample are 

constant throughout the calorimetry run, the optical reflectivity of the sample surface covered by 

Ag can be determined. After the surface was covered by 9 ML of Ag, the optical reflectivity of the 

surface drops to 0.20. This 13% drop of the optical reflectivity indicates ~4% more adsorbed light 

by the surface covered by 9 ML of Ag. In the limit of zero Ag coverage, the heat of adsorption is 
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~206 kJ/mol. It then increases asymptotically to the heat of sublimation of bulk Ag(s) (285 kJ/mol) 

at higher Ag coverages. This increase is probably due to an increase in the average size of growing 

Ag nanoparticles in the range below 6 nm, which results in an increase in the average number of 

Ag−Ag nearest-neighbor bonds formed per added Ag atom. Similar increases in heat with 

coverage have been reported for Ag adsorption on all other oxide surface that have been 

studied,13,172,180,181 except for the Ca niobate(001) surface that we studied with this same new 

calorimeter, which had a much higher initial heat of Ag adsorption, due to its unusually strong 

bonding to transition metals (see above). The initial heat of adsorption for Ag in those systems 

ranges from a low of 176 kJ/mol (on MgO(100) at 300 K)181 to a high of 303 kJ/mol on Ca 

niobate(001).172 

Note that these calorimetry results are from a single experimental run. The large scattering 

in the heat data is mainly due to the significant contribution of the thermal radiation form the hot 

metal source which accounts for ~85% of the calorimetric heat signal shown in Figure 4.4. The 

signal-noise ratio could be greatly approved by increasing the metal beam flux and by averaging 

over multiple experimental runs, as we usually do in metal adsorption calorimetry.182,183 Since we 

were just testing this new calorimeter design in these experiments, we used a very old vacuum 

chamber here that now has a much lower metal atom flux than we typically use. 

4.7 CONCLUSIONS AND PERSPECTIVES 

A new metal adsorption calorimeter, with the capability for sample heating at high temperatures, 

is introduced to study metal vapor adsorption on solution-prepared high-surface-area support 

materials. It implements a pyroelectric LiTaO3 crystal as the heat detector, which has a Curie point 

of 893 K,58 thus theoretically allowing samples to be heated up to ~890 K to clean before use. 

Anatase TiO2 nanoparticles (~5 nm diameter) were directly deposited onto the meal-coated LiTaO3 
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crystal by simple drop-casting to form a 2-micron-thick TiO2 film. Adsorbed H2O and organic 

impurities were cleaned off the surface of the drop-casted TiO2 film by heating the sample to ~725 

K in a low oxygen pressure. The XPS results show that there is no or negligible oxidation state 

change of the TiO2 support after being heated. The sticking probability and differential heat of 

adsorption of Ag vapor atoms on the drop-casted TiO2 film were measured as a function of Ag 

coverage at 300 K using the new adsorption calorimeter. The measured sticking probability is 

above 0.988 for all Ag coverages. The initial heat of adsorption is ~206 kJ/mol. The heat then 

increases asymptotically to the heat of sublimation of bulk Ag(s), 285 kJ/mol, at higher Ag 

coverages. The line shape of the laser calibration signal well matches that of the Ag calorimetric 

heat signal, which proves the accuracy of our heat signal calibration method.  

These results demonstrate clearly that this new calorimeter design if effective for studying 

metal adsorption on vacuum-annealed and cleaned surfaces of high-surface-area powders of 

support materials, which will enable screening such materials for the strengths with which they 

bond transition metal catalysts. 

 Besides the high-surface-area powdered supports, mixed or binary metal oxides (i.e., 

oxides with two metal elements) are often used as supports in industrial catalysis with the best-

known example being ceria-zirconia in automotive exhaust treatment.184 The presence of two 

metal elements in the mixed-oxides surely provides many opportunities for improvement in all 

aspects of support chemistry. As shown in a separate paper,172 we also demonstrated the utility of 

this calorimeter for studying Ag adsorption energies on unilamellar calcium niobate(001) 

nanosheets that were deposited in a layer-by-layer fashion on the heat detector using Langmuir-

Blodgett (LB) techniques to make thin, single-crystal mixed-oxide films following established 

procedures.76,185  
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Overall, this novel calorimeter design offers many new opportunities for surface science 

studies of industrially relevant high-surface-area support materials and allows to further bridge the 

well-known “materials gap” from model catalysts to real industrial catalysts.  
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4.8 FIGURES 

 

Figure 4.1. (a) A cartoon showing separate parts of the sample platen with built-in heat detector; 

and, (b) A cross-sectional view of the assembled sample platen. The heat detector (red) used here 

is a LiTaO3 crystal (12 mm × 12 mm square, 25 μm thick) which is precoated on both sides with 

100 nm thick Ni80Cr20 alloy. The heat detector sits on top of a 125 μm thick Ta plate which is then 

placed in the square groove of a stainless steel (SS) cup bushing. The SS cup bushing held by a 

ceramic cup bushing is isolated from the body of the sample platen. The front and back face of the 

heat detector are thus electrically isolated from each other, and the SS cup bushing and sample 

platen body act as the electrical leads to the preamplifier. A 10 mm diameter area centered on the 

front face of the heat detector is exposed for experimental measurements. A 10 mm × 10 mm 

square cut centered on the SS cup bushing is designed for sample heating. The sample heater (i.e., 

the W filament and its mount) is movable through a precision port aligner, and the distance 

between the heater filament and the Ta plate is adjustable. 

 

  



 

77 

 

 

 

Figure 4.2. XPS spectra (Al K, hν = 1486.6 eV) and peak fits of a 2-micrometer-thick film of 

anatase TiO2 nanoparticles deposited on the LiTaO3 crystal before and after being heated to ~725 

K for 30 minutes. The XPS spectra measured before the sample was heated have been normalized 

so that the average broad scan intensity at 850–900 eV before heating matches that after heating. 
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Figure 4.3. Heat signal during laser calibration from a train of He–Ne laser pulses (at 632.8 nm 

wavelength) onto a 2-micron-thick film of TiO2 nanopartucles on the LiTaO3 heat detector at 300 

K. Each of the laser pulses contains 2.2 μJ of light energy with a ~720 V/J contact sensitivity for 

the LiTaO3 heat detector. The time window of each laser pulse is 102 ms. These signals have been 

corrected by dividing by the preamplifier and postamplifier gain (100 × 10). 
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Figure 4.4. Calorimetric heat signal from a train of Ag pulses onto a 2-micron-thick film of TiO2 

nanoparticles on the LiTaO3 heat detector at 300 K. The TiO2 film surface here had been 

precovered with ~8 monolayer (ML) Ag. One ML here is taken as the number density of surface 

oxygen atoms on anatase TiO2(101), 5.19 × 1014 cm-2, and each pulse contains ~0.020 ML of Ag 

atoms. Besides the heat released from Ag adsorption, the heat signal also includes a significant 

radiation contribution from the hot metal source. The time window of each Ag pulse is 102 ms. 

These signals have been corrected by dividing by the preamplifier and postamplifier gain (100 × 

10). 
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Figure 4.5. Comparison between the average laser signal of Figure 4.3 and the average 

calorimetric heat signal of Figure 4.4. The gray rectangular area has a width of 102 ms, indicating 

when the mechanical chopper is open to create the laser or gas pulse. Inset: The average laser and 

calorimetric heat signals after normalization (see text). 

 

  



 

81 

 

 

 

Figure 4.6. (a) Sticking probability and (b) differential heat of adsorption of Ag atoms on surface 

of 2-micron-thick film of anatase TiO2 nanoparticles of 5 nm diameter (after heating at ~725 K for 

30 minutes in an oxygen pressure of 2 × 10-7 mbar to clean) as a function of Ag coverage at 300 

K, from a single calorimetry run. Each data point represents a pulse of ~0.020 ML. The black solid 

line in (b) is an exponential fit to the heat data. 
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Chapter 5. Silver Adsorption on Calcium Niobate(001) Nanosheets: 

Calorimetric Energies Explain Sinter-Resistant Catalyst Support 

This chapter is reprinted with permission from reference 172: 

Zhang, W.; Uppuluri, R.; Mallouk, T. E.; Campbell, C. T. Silver Adsorption on Calcium 

Niobate(001) Nanosheets: Calorimetric Energies Explain Sinter-Resistant Catalyst Support. J. Am. 

Chem. Soc. submitted. 

 

ABSTRACT 

Metal nanoparticles dispersed across the surfaces of oxide supports are essential to many current 

and prospective technologies, including oxide-supported metal catalysts, fuel cells, photocatalysis, 

and nanoscale electronic contacts. Therefore, understanding the chemical bonding strength at the 

interface between the metal nanoparticles and oxide supports is of great interest. The adsorption 

energetics, adhesion energy and adsorbate structure of Ag on dehydrated HCa2Nb3O10(001) 

nanosheets at 300 K have been studied using metal adsorption calorimetry and surface 

spectroscopies. These dehydrated (“dh”) calcium niobate nanosheets, which we will refer to below 

as dh-HCa2Nb3O10(001), have stoichiometry Ca4Nb6O19. They are interesting since they impart 

unusual stability to metal nanoparticles when used as catalyst supports and are easy-to-prepare by 

Langmuir-Blodgett (LB) techniques, highly ordered, and essentially single-crystal surfaces of 

mixed oxides with a huge ratio of terrace to edge sites. Below monolayer coverage, Ag grows on 

dh-HCa2Nb3O10(001) as 2D islands of thickness ~2 layers. The differential heat of Ag adsorption 

is initially ~303 kJ/mol and increases slowly to ~338 kJ/mol by 0.8 ML. This initial rise is 

attributed to an increase in the average Ag 2D island size and the resulting increase in the average 
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number of Ag−Ag nearest-neighbor bonds per added Ag atom. At higher coverages, Ag atoms 

mainly add on top of the 2D islands, growing 3D nanoparticles of increasing thickness. The heat 

decreases exponentially towards the heat of sublimation of bulk Ag (285 kJ/mol) at 4.5 ML. The 

adhesion energy of Ag(s) to this Ca niobate surface is estimated to be 4.33 J/m2 from the integral 

heat at 4.5 ML. This is larger than previously reported for Ag on any other oxide surface, which 

explains the sinter resistance reported for metal nanoparticles on this support. The extent of 

electron transfer from the adsorbed Ag into the calcium niobate is also measured. These results 

using LB-deposited perovskite nanosheets demonstrate for the first time a new and easy way to 

apply surface science techniques derived for single-crystal surfaces to the complex surfaces of 

mixed oxides, whose study by such techniques have been limited so far to only a few systems. 

5.1 INTRODUCTION 

Late transition metal nanoparticles supported on high area oxide surfaces are the key ingredients 

of many catalysts and electrocatalysts with applications to future technologies in the energy, 

chemical, and environmental industries. The catalytic activity and selectivity of these catalysts are 

strongly dependent on the size and shape of the nanoparticles, and on the support 

material.12,20,22,162,163 Mixed or binary metal oxides (i.e., oxides with two metal elements) are often 

used as supports in catalysis with considerable improvement on various aspects of catalyst 

performance. The best-known example is ceria-zirconia in automotive exhaust treatment and other 

reactions,62-65,186 but many other mixed oxides are used industrially. The presence of two metals 

in the oxide surely offers ample opportunities for improvement on all aspects of support chemistry, 

including not only the strength of bonding to metal nanoparticles but also the extent of charge 

transfer, lattice stress/strain control, the shuttling of electrons or ions between the support and the 

metal as part of reaction mechanisms, etc. Thus, there is considerable motivation to understand 
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mixed metal oxides as supports. To our knowledge, nothing is known about how the second metal 

in such mixed oxides influences the strength of binding of metal nanoparticles to mixed-oxide 

surfaces. Here we measure for the first time how strongly metal adatoms and metal nanoparticles 

bond to a well-ordered mixed-oxide surface, using silver vapor adsorption calorimetry on the 

dehydrated HCa2Nb3O10(001) surface. The results reveal larger adsorption energies than have ever 

been measured for any single-metal oxide surface previously studied. 

There have been many metal atom adsorption calorimetry studies on thin, single-crystal 

oxide films grown on thin single-crystal metal substrates,12,28,187 but those were all simple oxides 

of a single metal element. The preparation of atomically smooth single-crystal surfaces of mixed 

oxides (i.e., with two metal elements) in well-defined composition and a high degree of order is 

very seldom reported in the literature, and never on samples that would be applicable in our 

adsorption calorimetry, since preparing such samples is very challenging. Here we prove that we 

can measure adsorption energies on mixed metal oxide single crystals prepared in a simple new 

way that offers many exciting new possibilities for surface studies. Lamellar Nb- and Ta-

perovskites which can be dispersed in solution as single-crystalline flat sheets which are only one 

layer thick but extend laterally for long distances (>1 m).68-73,188-190 These nanosheets can be 

deposited in a layer-by-layer fashion on flat substrates using Langmuir-Blodgett (LB) techniques 

to make a thin, single-crystal mixed-oxide film.69,71,74-76 Here, we use this method to deposit such 

perovskite thin films directly onto pyroelectric heat detectors, and we perform metal adsorption 

calorimetry on these films in a similar way as reported for spin-coated films of polymers97 and 

drop-cast films of metal–organic frameworks (MOFs),99 except that those deposited films could 

not be heated to high temperatures as we do here. We find that this provides excellent signal-to-

noise ratio, proving that this method should be broadly applicable. This LB-film method is far 
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easier than other methods that have been used to prepare clean single-crystal mixed-oxide surfaces, 

which required much more difficult sample preparations. 

Perovskites, with the general formula ABO3, represents probably the most studied mixed-

oxide system in the field of heterogeneous catalysis. They are low-cost and easy to prepare, and 

show a large variation in their composition and structure, allowing tailoring of their chemical and 

physical properties to better suit their applications.66 Unilamellar perovskite nanosheets can be 

deposited in a layer-by-layer fashion on flat substrates using LB techniques to make thin and well-

ordered mixed-oxide films.69,71,74-76 One of the most interesting of these with respect to use as a 

catalyst support material, and the one we study here, is the dehydrated form of HCa2Nb3O10(001) 

nanosheet. This dehydrated (‘dh”) form, which we will refer to below as dh-HCa2Nb3O10(001), 

actually has stoichiometry Ca4Nb6O19.
168 Each nanosheet of this material consist of three NbO6 

octahedral layers, with Ca2+ in the center of the cube formed by Nb5+ (see Figure 5.1), and is 1.44–

1.46 nm thick (i.e., the sheet-to-sheet repeat distance in the bulk, multilayer solid 

structure).96,168,191-193 These and many other perovskites can be synthesized as single- and few-

layer nanosheets in solution, with lateral dimensions ranging from several hundred nanometers to 

a few micrometers.68-73 The long lateral dimension indicates that these nanosheets have a huge 

ratio of terrace sites to sheet-edge sites, much larger than the terrace : defect site ratio on the 

surfaces of single crystal oxides typically studied by surface science methods in recent years. This 

makes them promising model surfaces with very homogeneous and well-defined surface sites for 

studying adsorption, for example of metal atoms and nanoparticles if interested in their use as 

catalyst support materials, as we are here. These nanosheets offer an important advantage not 

present in normal single crystal surfaces: they can also be prepared as powders that have very high 

surface-to-volume ratio.194-198 This means that their surface chemistry can be studied by many 
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methods not possible on most single crystal surfaces (e.g., volumetric adsorption, transient catalyst 

kinetics in normal-pressure flow reactors, etc.). It also means that they have many potential 

applications in real technology (e.g., as industrial catalysts or sorbents). 

When used as supports for transition metal or oxide nanoparticles, powders of these dh-

HCa2Nb3O10(001) nanosheets impart unusual stability against sintering to these nanoparticles170,171 

and significantly enhance their catalytic activity for water splitting.68,199 These layered perovskites 

are also temperature-stable up to ~825 K in powder form168 and ~975 K in layered-film form169 

without obvious decomposition, so they hold significant promise as support materials for later 

transition metal nanoparticle catalysts.  

In this work, we combine surface chemistry measurement methods developed for studying 

metal adsorption and nanoparticle growth on single-crystal oxide surfaces, particularly metal vapor 

adsorption calorimetry,28 with this thin-film growth method for preparing much more complex 

perovskite mixed-oxide surfaces, to investigate the adsorption of Ag atoms on dh-

HCa2Nb3O10(001) nanosheet surfaces. Silver is chosen as the probe metal here because oxide-

supported Ag catalysts are extensively used for selective oxidation reactions (e.g., for ethylene,200 

CO,201 and methane202 oxidation reactions), and show promise for a variety of other catalytic 

processes.203,204 We use atomic force microscopy (AFM) to verify the lamellar sheet-like 

morphology of the HCa2Nb3O10 nanosheet films. We report calorimetric measurements of the heat 

of adsorption and sticking probability of Ag atoms as a function of Ag coverage, which provide 

the strength of the chemical bonding interactions between Ag atoms and the dh-HCa2Nb3O10(001) 

surface. The results show surprisingly strong bonding between Ag and this surface, which explains 

the unusual stability against sintering of metal and metal oxide nanoparticles when supported on 

this surface that was previously reported.170,171 We also elucidate the particle-growth mechanism 
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and surface morphology of the evolving Ag nanoparticles using low-energy He+ ion scattering 

spectroscopy (LEIS). The charge transfer associated with the strong chemical reaction between the 

Ag atoms and the dh-HCa2Nb3O10 nanosheets is also elucidated using X-ray photoelectron 

spectroscopy (XPS).  

As far as we know, this is the first adsorption calorimetry of metal gas atoms on any 

atomically smooth well-ordered mixed-oxide surface. The results demonstrate that thin LB films 

of layered perovskite nanosheets provide a powerful new approach to study surface chemistry on 

single-crystalline mixed-oxide surfaces. 

5.2 EXPERIMENTAL METHODS 

The ultrahigh vacuum (UHV) metal adsorption calorimetry apparatus, which also includes 

capabilities for XPS, LEIS and metal atomic-beam surface scattering, was described previously.97 

The heat detector, the mounting of the surface to be studied, and the way it is heated have been 

modified as described briefly below, and in more detail in another paper.157   

Thin LiTaO3 single crystals were used as the pyroelectric heat detectors for adsorption 

calorimetry. The LiTaO3 heat detectors (purchased from DIAS Infrared GmbH) were 25 μm thick 

crystals with 12 mm × 12 mm square shape, with both faces pre-coated with 100 nm thick films 

of a Ni80Cr20 alloy which serve as the electrodes for electrical signal measurement. When struck 

with a pulse of metal vapor from the atomic beam of metal atoms, these detectors generate a charge 

(and thus transient current through the preamplifier) in response to heat input due to the heat of 

metal vapor adsorption. 

The HCa2Nb3O10(001) nanosheets whose surfaces we studied here were deposited directly 

onto these pyroelectric heat detectors used for adsorption calorimetry by Langmuir-Blodgett 

methods, as described below. In order to heat these niobate nanosheets to high temperatures in 
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order to dehydrate them (to Ca4Nb6O19) and remove the hydrocarbon impurities from their surface, 

a new pyroelectric heat detector was required that could maintain a high pyroelectric heat-signal 

response after heating to high temperatures. (The heat detector used previously on this apparatus 

could only be heated up to about 350 K.59,60,97) Therefore, we used here LiTaO3 single crystals as 

the heat detectors. LiTaO3 has a Curie point of 893 K,58 theoretically allowing samples to be heated 

up to ~875 K before the heat detector loses its pyroelectric response. Heating these niobate 

nanosheet coated lithium tantalate crystals (“samples”) in UHV required a newly designed sample 

platen and sample heater, which are described elsewhere.157 Briefly, the thin samples are heated 

by radiation from a hot tungsten filament that is placed very near the back side of the sample. The 

sample is mounted on a platen such that it can be moved to different positions in the UHV chamber 

depending upon whether it is being studied by surface spectroscopies (XPS, LEIS) or calorimetry, 

or is being heated for cleaning. When mounted in the calorimetry position, the platen provides 

electrical contacts between the electrodes on the front and back face of the sample and wires that 

lead outside the UHV chamber to a preamplifier.  

Each heat detector was coated with four layers of HCa2Nb3O10(001) nanosheets as 

described above. Five of these “samples” were then mounted onto the new sample platens and 

stored in the sample preparation chamber with a base pressure of 2 × 10-9 torr. Before the 

experimental measurements (i.e., sticking probability, differential heat of adsorption, LEIS, and 

XPS), each sample was transferred to the UHV analysis chamber with a base pressure of 1 × 10-9 

mbar and heated at ~725 K for 10 minutes in an oxygen pressure of 2 × 10-7 mbar to dehydrate 

them and remove the hydrocarbon impurities from the surface. To prevent the heat detector from 

cracking due to thermal expansion, the temperature was ramped up/down slowly at ~50 degrees 

per 10 minutes. XPS spectra before and after the heating procedure for the same sample were also 
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collected and compared to verify the removal of hydrocarbon impurities and the sample integrity 

(i.e., proper elemental composition not being changed by heating). 

Nanosheets of HCa2Nb3O10(001) were first prepared as described previously.170 Briefly, 

KCa2Nb3O10 was prepared by solid state synthesis of a stoichiometric mixture of K2CO3 (40% 

excess), CaCO3, and Nb2O5 at 1200 °C for 12 h. The protonated form HCa2Nb3O10.0.5H2O was 

obtained by acid-exchanging the potassium form (KCa2Nb3O10(001)) with 1 M nitric acid for 3 

days with the acid being replaced every day. The protonated form (0.1 g) was exfoliated by stirring 

in an aqueous solution of tetra(n-butylammonium) (TBA) hydroxide (25 mM, 100 mL) for 1 day 

and the nanosheets were decanted from the unexfoliated sheets after allowing the suspension to 

settle overnight. These nanosheets were deposited directly onto the pyroelectric heat detector used 

for adsorption calorimetry as follows. The heat detectors were first cleaned using UV-ozone and 

then pre-treated with Al Keggin ion205 to anchor the negatively charged nanosheets. Langmuir-

Blodgett deposition was performed by drop casting the nanosheet suspension onto a trough 

containing the heat detector filled with nanopure water and compressing the barriers to a surface 

tension of 15 mN/m. The heat detector was then lifted at a speed of 4 mm/min to ensure well-

packed nanosheets. The heat detector was dipped into hydrochloric acid (0.1 mM) between each 

deposition to remove the surface-bound tetra-n-butylammonium cations.  

Atomic Force Microscopy (AFM) images were acquired in peak-force tapping mode 

(Bruker Icon) using ScanAsyst-Air probe at a setpoint of 1 nN to verify the packing density of the 

nanosheets onto the pyroelectric heat detector. 

The metal vapor adsorption calorimetry procedure used here has been described 

previously.97 The sample platen was placed onto a large Cu thermal reservoir that was electrically 

connected to a pre-amplifier outside the UHV chamber. A 4.15 mm diameter, collimated atomic 
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beam of Ag gas atoms was produced by a high temperature effusion cell containing an alumina-

lined tungsten crucible filled with Ag granules purchased from Alfa Aesar with 99.9% purity. The 

Ag beam was chopped into 100 ms pulses containing ~0.013 ML of Ag per pulse, repeating every 

two seconds. One monolayer (ML) is defined here as 1.38 × 1015 atoms/cm2, which is the number 

of Ag surface atoms per unit area on the Ag(111) surface. This Ag atomic beam was then impinged 

onto the dh-HCa2Nb3O10(001) surface. The heat released from metal atom adsorption generates a 

transient temperature rise in the dh-HCa2Nb3O10 film, which is transferred by thermal diffusion to 

the LiTaO3 heat detector. The resulting voltage response (“signal”) was calibrated by the voltage 

response to pulses of known energy from stabilized He-Ne laser (632.8 nm wavelength). An 

average sensitivity of ~650 V/J (volts per joule of heat adsorbed by dh-HCa2Nb3O10) from three 

experimental runs was found. The typical operating temperature of the effusion cell was 1375 K, 

which generates some thermal radiation that impinges on the sample surface. This radiation 

contribution was also measured by translating a BaF2 window into the path of the Ag beam, which 

blocked all the Ag atoms before they impinged onto the sample but passed a known fraction 

(~94%) of the radiation, which was subtracted from the total measured heat. The radiation 

contribution typically accounts for ~65% of the total measured heat in the case of Ag adsorption 

on dh-HCa2Nb3O10(001). To convert the experimentally measured internal energy changes into 

the standard enthalpy changes at the sample temperature (300 K), the excess translational energy 

of the metal gas atoms at the effusion cell temperature above that for a 300 K Maxwell-Boltzmann 

distribution was subtracted, and a small pressure-volume work term (RT) was added, as described 

elsewhere.60 

The incident Ag beam flux was measured using a quartz crystal microbalance (QCM, 

Inficon). The sticking probability of Ag adsorption on dh-HCa2Nb3O10(001) was measured by a 
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modified King-Wells method,60,97,206 which uses a line-of-sight quadrupole mass spectrometer 

(QMS, UTI 100C) to measure the fraction of Ag atoms that strike the surface, but do not adsorb. 

This “non-sticking” signal was calibrated by a “zero-sticking” reference provided by measuring 

the integrated desorption signal of a known amount of multilayer Ag atoms on a hot Ta foil. A -

500 V bias voltage was applied between the sample and the QMS to avoid electron damage to the 

dh-HCa2Nb3O10 nanosheets. 

The UHV analysis chamber is also equipped with a hemispherical electron energy analyzer 

(Leybold-Heraeus EA 11/100), ion gun (Leybold-Heraeus IQE 12/38), and Mg/Al Kα dual anode 

X-ray source (VG Scienta XR3E2) for low-energy He+ ion scattering spectroscopy (LEIS) and X-

ray photoelectron spectroscopy (XPS). The growth of Ag on dh-HCa2Nb3O10(001) was studied by 

LEIS using He+ ions with 1.00 keV primary energy. The sample was positioned perpendicular to 

the energy analyzer axis, and the ion beam was directed at 45° with respect to the surface normal. 

Ion fluxes were typically 15 nA/cm2, and the sample was exposed to the He+ ions only during 

spectrum acquisition. Each deposition of Ag atoms followed previous depositions consecutively, 

starting with a sample that had no adsorbed Ag atoms on its surface. All XPS spectra were collected 

using Al Kα (hυ = 1486.6 eV, 130 W) as the excitation source, with detection of photoelectrons 

normal to the surface. Each spectrum was fitted with the product of a Gaussian and Lorentzian 

function after subtraction of a Shirley baseline. The overlapping Ag 3d doublets and Nb 2p 

doublets were deconvoluted by fixing the peak splits of both doublets at values taken from Wagner 

et al.149 The binding energy (BE) scale of the analyzer was calibrated to the expected BE of the 

Ag 3d5/2 peak for Ag(s) (367.9 eV),149 as measured here for thick (6.8 ML) Ag films. All 

experiments were performed at 300 K. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Surface Structure and Morphology of HCa2Nb3O10(001) Nanosheet Films 

Figure 5.1 shows polyhedral representations of HCa2Nb3O10 structure in the [001] and [010] 

directions. The structural parameters used to draw this structure are from Chen et al.96 The 

HCa2Nb3O10(001) surface is O/OH-terminated with H atoms on every other O atom. Based on the 

structural optimization calculations done by Janik and co-workers,171 there are three possible 

surface binding sites for metal atoms, all shown in Figure 5.1: (1) axial oxygen (AO), (2) equatorial 

oxygen (EO), and (3) interstitial space (IS) between NbO6 polyhedra. 

 We deposited four layers of HCa2Nb3O10(001) nanosheets on each LiTaO3 heat detector. 

The sheet-like morphology of deposited HCa2Nb3O10 nanosheets was confirmed by the sectional 

analysis of AFM images (Figure 5.2 top). The heat detectors were well covered, with a surface 

coverage of >95% and negligible nanosheet overlap. The deposited nanosheets were flat with an 

average lateral dimension of a few microns. The thickness of individual un-dehydrated 

HCa2Nb3O10 nanosheets estimated from the c-axis lattice parameter measured from 

crystallographic data of the bulk 3D solid is ~1.44 nm.168 Our AFM height profile of the as-

deposited film (Figure 5.2 bottom) shows an overestimated thickness of 3.18 nm possibly due to 

(1) absorbed H2O and hydrocarbon molecules in the interlayer space, (2) increased surface 

roughness of individual nanosheets and multilayers of nanosheets not being perfectly packed, 

and/or (3) systematic errors207 in AFM height profile measurements. The overall thickness of the 

deposited nanosheet films indicate that these films show bulk-like characteristics with no or 

negligible film-thickness effects which have been reported previously for metals on oxide thin 

films, when the oxide film thickness drops to ∼1 nm.180,208,209 
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5.3.2 HCa2Nb3O10 Films before and after Heating 

These HCa2Nb3O10(001) nanosheet films were cleaned and dehydrated by heating to ~725 

K in vacuum before use in studying Ag adsorption. These films are known to dehydrate upon 

heating at ~575K to form Ca4Nb6O19 (i.e., 2 HCa2Nb3O10 → Ca4Nb6O19 + H2O(g)).168 The 

structure is still quite similar to Figure 5.1,168 but all the H is removed (from the nanosheet’s 

surface hydroxyl groups) and one surface O atom is removed for every two such H atoms. The Nb 

bonds to the lost O atom are replaced by Nb bonds to a surface O atom of the neighboring 

nanosheet, thereby linking together the parallel nanosheets (see Figure 5 in ref. 168). This decreases 

the c-axis lattice parameter (nanosheet-to-nanosheet separation) slightly, to ~1.31 nm.168 We refer 

to this dehydrated form as dh-HCa2Nb3O10(001) below. To produce this dehydrated calcium 

niobate, each sample was heated to ~725 K at a rate of 50 degrees per 10 minutes in an O2 pressure 

of 2 × 10-7 mbar, and held there for 10 minutes. The sample was then cooled with the same rate in 

this same O2 pressure. The heating/cooling rates were slow because faster rates sometimes caused 

the LiTaO3 crystals to crack. 

Figure 5.3 shows XPS spectra measured before and after the heating procedure for the 4-

layer thick nanosheet films. On the broad scan spectrum (Figure 5.3a), the major photoelectron 

peaks for niobium, calcium, oxygen, carbon, and an oxygen Auger peak are labeled. Before the 

sample was heated, the ratio of the integrated XPS peak intensities gives atomic ratios of Ca:Nb:O 

= 1.00:1.6:10.5 and C:Nb = 5.1:1 using the atomic sensitivity factors taken from Wagner et al.,149 

and assuming a homogeneous distribution of elements within the total depth seen by XPS. The 

atomic concentrations of oxygen and carbon indicate the sample contains a significant amount of 

organics (CHx, C-O, COOH).  

 After the sample was heated to a high temperature, the C concentration dropped markedly 

as shown in Figure 5.3a, with the ratio of C:Nb decreasing by seven-fold, to 0.71:1. The atomic 
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ratio of Ca:Nb:O also changed to 1.00:1.5:4.7, which is very close to that expected based on the 

bulk chemical formula, Ca4Nb6O19. The comparison of O 1s, Nb 3d, and Ca 2p core level spectra 

before and after the heating procedure is also shown in Figure 5.3. Besides a small shift (~0.2 eV) 

to lower binding energy, there is no broadening or lineshape change for the Nb 3d and Ca 2p peaks, 

which indicates no or negligible oxidation state change for the two elements. The change for O 1s 

is however significant. The O 1s spectrum measured before the sample was heated is much 

broader, with a shoulder peak above 532 eV BE, while the O 1s spectrum measured after the 

sample was heated shows a much more symmetric lineshape. We attribute the change of the O 1s 

spectrum to the removal of adsorbed molecules containing O, which is also consistent with the 

decrease of relative atomic concentration of oxygen. (The O(1s) BE range for the part that was 

removed is consistent with C-O and COOH functionalities.149,176) Previously, it has been shown 

that hydrocarbon impurities could be removed from perovskite-type SrRuO3 films after annealing 

to above 575 K in high oxygen pressure conditions.210 

5.3.3 Sticking Probability of Ag on dh-HCa2Nb3O10(001) 

The amount of Ag atoms that chemically adsorb on the dh-HCa2Nb3O10(001) surface must 

be known to determine the true Ag coverage and to convert heats of adsorption measured by 

calorimetry into units of kJ per mole adsorbed. Figure 5.4 shows the sticking probability of Ag 

atoms on dh-HCa2Nb3O10(001) surface at 300 K as a function of Ag coverage. One Ag monolayer 

(ML) is defined throughout as 1.38 × 1015 atoms/cm2, the number of Ag surface atoms per unit 

area on Ag(111) surface. In the limit of zero coverage, the sticking probability of Ag on 

HCa2Nb3O10 is 0.955 and increases rapidly to 0.98 at 1 ML coverage. The sticking probability 

increases slowly towards unity at higher coverages. This is expected, since multilayer Ag films are 

known to have near unit sticking probability for Ag at 300 K.13,180,181  
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5.3.4 LEIS Study of the Ag Film Morphology on dh-HCa2Nb3O10(001) 

The method used here to detect the morphology and growth mode of the Ag film (such as 

the average thickness and number density of growing nanoparticles) is based on measurements of 

the intensities of He+ LEIS peaks associated with the substrate and the Ag metal itself, which 

essentially provides quantitative elemental analysis of the topmost atomic layer of the 

solid.13,142,143,180 Here, we used He+ LEIS at a primary energy of 1 keV. 

Figure 5.5a shows the LEIS spectra for the starting dh-HCa2Nb3O10(001) surface (red dots) 

and for 1.1 ML adsorbed Ag (blue dots) at 300 K. For the starting dh-HCa2Nb3O10(001) surface, 

only an oxygen peak at ~420 eV kinetic energy was detected above the baseline because the surface 

is O-terminated. (Hydrogen is too light to detect in LEIS.) After Ag was deposited on the surface, 

the intensity of oxygen peak decreased and a silver peak at ~860 eV kinetic energy appeared. 

Figure 5.5b shows the evolution of the integrated Ag and O LEIS intensities (normalized with 

respect to that from high Ag coverages and the starting dh-HCa2Nb3O10(001) surface, respectively) 

as a function of Ag coverage on dh-HCa2Nb3O10(001) surface at 300 K. This provides a direct 

measure of the fraction of the dh-HCa2Nb3O10(001) surface covered by Ag particles (even if they 

are only one atom thick) because the He+ ions are neutralized with essentially unit probability 

when they penetrate the electron density of a solid by an amount deeper than a small fraction of 

an atom, and are thus not detected as LEIS signal.142 As seen in Figure 5.5b, the normalized LEIS 

intensities for both Ag and O change more slowly with Ag coverage than predicted by a layer-by-

layer growth model on a flat substrate (shown by the dashed black line for Ag). Note that the blue 

and red dashed lines in Figure 5.5b are not best fits to the Ag and O LEIS signals, but just used to 

guide the reader’s eye. 

We tried to fit these LEIS signals using the hemispherical cap model first introduced by 

Diebold et al.,211 which assumes that all the nanoparticles have hemispherical cap shape and the 
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same diameter at any coverage (which increases with coverage) and the same number density at 

all coverages, but as refined by Campbell’s group.143 This model cannot fit the data well. 

Specifically, it predicts that the LEIS signal for the metal would increase proportionally to the 2/3 

power of the metal coverage up to ~35% of the surface being covered143 whereas the Ag signal in 

Figure 5.5b increases linearly instead (as show better in expanded scale in Figure 5.6).  The 

normalized Ag LEIS signal was fitted linearly with a slope of 0.41 in the first ML in Figure 5.6. 

The Ag layer-by-layer growth model in the first ML has a slope of 1. If Ag grew perfectly as flat 

2-dimensional (2D) islands that are two atomic layers thick, with each layer having a packing 

density the same as our definition of 1 ML (i.e., the same as for bulk Ag(111)), one would expect 

a linear LEIS signal increase with a slope of 0.50, similar to what is observed. The straight-line 

fits in Figure 5.6 indicate that, on dh-HCa2Nb3O10(001) at 300 K, Ag grows as flat 2D islands 

which are between 2 and 3 Ag layers thick until these cover ~50% of the surface. Above 1.5 ML, 

the Ag LEIS signal starts to curve down and no longer follows the linear fit. This indicates that, 

above 1.5 ML, Ag mostly adds on top of existing Ag islands to form 3D particles, but also adding 

(more slowly) to their edges, eventually making a continuous 3D Ag film. 

To further prove that the 2D islands are two to three Ag layers thick at low coverages, we 

calculated the average Ag particle thickness versus coverage from these Ag LEIS data (i.e., by 

dividing the Ag coverage in ML by the fraction of the surface covered by Ag particles from LEIS). 

The resulting island thickness as a function of Ag coverage at 300 K is shown in Figure 5.7. The 

inset shows a close-up of the low Ag coverage region. Below 1.5ML coverage, the average Ag 

particle thickness increases slowly from 1.9 to 2.6 ML. Above 1.5 ML, the average Ag particle 

thickness increases faster, reaching 6.8 ML by 7 ML coverage when a continuous film first forms. 
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5.3.5 Heat of Adsorption of Ag Vapor on dh-HCa2Nb3O10(001) 

Figure 5.8 shows the differential heat of adsorption of Ag on dh-HCa2Nb3O10(001) surface 

as a function of Ag coverage at 300 K, averaged over three experimental runs. We normalized the 

three runs individually by adjusting the absolute optical reflectivity of the starting surface (used in 

the heat signal calibration with heat from a He-Ne laser at 632 nm) to set the heat of adsorption at 

high coverages (>4 ML) equal to the known heat of sublimation of bulk Ag(s) (285 kJ/mol61). 

When individually normalized in this way, the three runs all showed the same coverage 

dependences of heats.  

In Figure 5.8, Ag coverage was separated by two gray dashed lines into two regions 

corresponding to different adsorption behavior. In Region 1, the heat of adsorption is initially ~303 

kJ/mol and increases slowly to ~338 kJ/mol by 0.8 ML. We attribute this initial rise to an increase 

in the average size (lateral dimension or effective diameter) of the Ag 2D islands (which were 

shown by LEIS above to have a nearly constant thickness of 2-3 atomic layers in this coverage 

range, increasing slightly with coverage). This increase in size results in an increase in the average 

number of Ag−Ag nearest-neighbor bonds formed per added Ag atom.181 Above 0.8 ML, the heat 

decreases exponentially towards the heat of sublimation of bulk Ag (285 kJ/mol61) by 4.5 ML (see 

Region 2). We attribute this slow drop to the simple kinetic competition between Ag atoms which 

adsorb in a structure similar to that seen at ~0.6 to 0.8 ML (i.e., at the edges of large 2D islands of 

Ag that are 2-3 atoms thick with a heat near 338 kJ/mol) or in a structure more similar to adsorbing 

on top of a thick 3D film (i.e., on top of large 2D (and later, 3D) islands of Ag with a heat near 

285 kJ/mol). As the coverage increases, the Ag atoms will naturally have a greater and greater 

probability to adsorb in the 2nd type structure, so the heat decreases asymptotically to 285 kJ/mol. 

The integral (i.e., coverage-averaged) heat of adsorption in the first ML is 320. kJ/mol. 
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The heats of adsorption of Ag atoms have been measured on MgO(100) and on reducible 

oxide surfaces (e.g., CeO2-x(111) and Fe3O4(111)) previously.13,180,181 For comparison, the initial 

heats of Ag adsorption were 176 kJ/mol, 200. kJ/mol, 220. kJ/mol, and 230. kJ/mol on MgO(100), 

CeO1.9(111), CeO1.8(111), and Fe3O4(111), respectively.13,180,181 The much stronger binding 

strength of Ag atoms seen here on dh-HCa2Nb3O10(001) surface (303 kJ/mol) indicates that this 

mixed-oxide support stablizes Ag nanoparticles better than those simple oxide supports. Strong 

interficial interactions between late transition metal/metal oxide nanoparticles and the layered dh-

HCa2Nb3O10(001) nanosheets have also been found by liquid-phase isothermal titration 

calorimetry (ITC), electron microscopy and density functional theory (DFT) calculations, showing 

that nanoparticles on supports with exothermic heats of interaction were stabilized against 

sintering.170,171 Our high heats of adsorption at low coverages measured in UHV agrees with these 

findings. 

5.3.6 Chemical Reaction between Ag Atoms and dh-HCa2Nb3O10(001) 

Figure 5.9 shows the XPS spectra and peak fits of Ag 3d for the adsorbed Ag nanoparticles 

and O 1s, Nb 3d, Ca 2p in the dh-HCa2Nb3O10 support at 0 ML and 1.1 ML Ag coverages. Each 

peak was fitted with the product of a Gaussian and Lorentzian function after subtraction of a 

Shirley baseline.174,175 The overlapping Ag 3d doublets (blue dots) and Nb 2p doublets (red dots) 

were deconvoluted in Figure 5.9a. No noticeable change in lineshape was detected for Nb 3d and 

Ca 2p peaks after Ag deposition, but they all shifted to higher binding energies (BE) by 0.3 to 0.4 

eV (see Figure 5.10 below). For O 1s, a second peak at ~2 eV higher BE appeared after Ag was 

deposited on the surface. This Ag-induced component is labeled as O2, and the original and main 

O 1s component at a lower BE is labeled as O1. 
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Figure 5.10 shows the core-electron XPS BE shifts for Ag and for all the elements in the 

dh-HCa2Nb3O10 support as a function of Ag coverage at 300 K. The BE shift of O 1s in Figure 

5.10b is represented by the BE shift of the O 1s peak’s centroid or “center line” (the integrated 

area is the same on both sides of the line). The BE of Ag 3d5/2 starts high after the first Ag dose 

(0.18 ML), but drops rapidly by 0.35 eV after the second Ag dose (0.36 ML), and then stays nearly 

constant at higher coverages, eventually decreasing slightly to reach the BE of 367.9 eV expected 

for bulk Ag(s)149 at 6.8 ML. The high Ag BE at the lowest coverage is attributed mainly to electron 

transfer from Ag to the dh-HCa2Nb3O10 support at very low coverage, which causes the Ag to be 

partially positively charged (i.e., higher XPS BE than at higher coverages where Ag becomes bulk-

like). Janik and co-workers also discovered from DFT calculations and Bader charge analysis that 

for all the adsorbed transition metals they studied, there was significant transfer of electron density 

from the metal atoms to the HCa2Nb3O10(001) support, with the metal adatom having a charge of 

+0.68 in the case of Ag,171 consistent with our observation. As seen here, the Ag stops donating 

electrons to the oxide support at higher coverages, so the Ag BE stabilizes. The XPS BEs of metal 

nanoparticles (even when neutral) shift weakly to higher BE with decreasing particle size since 

there is less final-state relaxation of the core hole via screening by conduction electrons in smaller 

particles than in bulk metal.25,212,213 (The strength of the screening increases with metal coverage 

or particle size.) This effect may be responsible for the small Ag BE shifts at higher coverages 

here.  

The core-level BEs for all the support elements (and the residual C impurity) shift by ~0.3 

eV to higher BE with the first Ag dose (Figure 5.10). As noted above, this Ag has significant 

positive charge. These uniform shifts of the support elements’ XPS peaks indicate that at least 

some of the electron density from this Ag+ transfers deeper into the sample than the XPS probe 
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depth. This gives rise to a band-bending like effect, where all the atoms within the XPS probe 

depth feel this positive charge (of Ag+s nearby), and so all their electrons get stabilized, shifting 

to higher BEs by the same ~0.3 eV. This same effect has frequently been seen upon metal 

adsorption on thick semiconducting oxide crystals, where the electron donated from the metal is 

delocalized deep into the bulk of the oxide, so that the surface atoms of the oxide feel the nearby 

metal atom’s positive charge and shift to higher BE upon metal adsorption.25 After that first Ag 

dose, the new Ag is neutral, and the effect stops, so the BEs of the support elements nearly stabilize 

(increasing only slightly, by an additional ~0.1 eV for Nb and Ca, and ~0.2 eV for O). The O2 

component of the O 1s peak appeared after the first Ag dose (0.18 ML), and since it is ~2 eV 

higher in BE than the main peak, it dominates the overall shift of the O 1s centroid. 

Figure 5.11 shows the XPS intensity of the O2 component of the O 1s peak normalized to 

the total O 1s intensity of the Ag-free starting surface. As seen, the O2 intensity almost plateaus 

already after the first dose of Ag (0.18 ML), just as the electron transfer from Ag to the support 

occurs mainly from the Ag in this first 0.18 ML, where the Ag takes the form of Ag+. This 

indicates that the O2 atoms are those that are closest to this Ag+. This raises the question: How 

deeply are we measuring this O2 component? The mean free path of the O 1s electrons at their 

kinetic energy measured here is estimated to be 1.67 nm based on Eq. 5 in ref. 214. Since detection 

is normal to the surface, this equals the O 1s probe depth. There are ~8 layers of O atoms within 

this depth of the dh-HCa2Nb3O10(001) surface (see Figure 5.1). The large contribution from the O2 

component (~16% after 0.18 ML) suggests that both of the first two layers of O atoms must be 

included in this component, since the first O layer includes only ~9% of the O atoms in this probe 

depth. The first two O layers hold 27%, since there are twice as many O atoms in the second layer. 

The observed 16% contribution from the O2 component suggests that it corresponds to all the O 
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atoms in the first O layer and roughly half of those in the second layer. At the Ag coverage of 0.18 

ML, this corresponds to roughly five O2-type O atoms created for every Ag+ atom. An idealized 

c(2×2)-Ag overlayer on dh-HCa2Nb3O10(001) (which corresponds to a similar coverage of 0.24 

ML), would have one Ag+ for every two surface O atoms. It appears that both of these two surface 

oxygen atoms plus the two or three nearest O atoms in the second layer would need to have O 1s 

binding energies strongly affected by each Ag+ to explain the large XPS signal from this O2 

component. This does not seem unreasonable. 

5.3.7 Adhesion Energy and Sinter Resistance for Ag Adsorption on dh-HCa2Nb3O10(001) 

The connection between adsorption and adhesion energies has been discussed in detail 

elsewhere25,181 and their mathematical relationship is represented by:181 

∑n∆Hads = -n ∙ ∆Hsub + (1 + fr) ∙ A ∙ γν/m – A ∙ Eadh             (5.1) 

where ∑n∆Hads is the sum of adsorption enthalpies over n metal adatoms, ∆Hsub is the metal’s bulk 

sublimation enthalpy, A is the area covered by the metal particles, fr is the roughness factor to 

account for the surface roughness of the metal particles, γν/m is the surface energy of the bulk metal 

solid (γν/m is 1.22 J/m2 for bulk Ag12,13,181,215), and Eadh is the metal’s adhesion energy to the support. 

Our LEIS results show that Ag grows as 2D islands that cover most of the surface before 

thickening, and that ~96% of the surface is covered by Ag already by 4.4 ML. This indicates that 

the surface is very smooth at 4.5 ML, so we will assume fr is 1.00 here. 

To estimate the adhesion energy for Ag adsorption on dh-HCa2Nb3O10(001) using Eq. 

∑n∆Hads = -n ∙ ∆Hsub + (1 + fr) ∙ A ∙ γν/m – A ∙ Eadh             (5.1, we must integrate the 

heat of adsorption versus coverage up to a coverage where ∆Hads is no longer different from 

∆Hsub.
60 Using the data from Figure 5.8 and integrating up to 4.5 ML, the adhesion energy for Ag 
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adsorption on dh-HCa2Nb3O10(001) is estimated to be 4.33 J/m2. This is larger than twice the 

surface energy of Ag (2 × 1.22 J/m2), which means that Ag wets this surface at equilibrium.25 

For comparison, Ag growth on MgO(100), CeO1.9(111), and Fe3O4(111) at 300 K give 

number densities of 2.5 × 1012, 4.0 × 1012 and 4.0 × 1012 particles/cm2 and adhesion energies of 

0.3 ± 0.3, 2.3 ± 0.3 and 2.5 ± 0.3 J/m2, respectively.13,180,181,215 The higher adhesion energy of Ag 

to dh-HCa2Nb3O10(001) indicates a very strong interaction between Ag(s) and the dh-

HCa2Nb3O10(001) surface.  

This large adhesion energy of Ag to this Ca niobate(001) surface helps explain the 

stablization of Rh nanoparticles against sintering reported on this same Ca niobate support.170 

While Ag and Rh are different, we have found that the adhesion energies of late transition metals 

to a given oxide support surface strongly correlate with each other, and that when one such metal 

element has a higher adhesion energy to one given oxide surface compared to another, so too do 

all the late transition metals.216 As we have also shown, the higher is Eadh, the lower is the metal 

atom’s chemical potential at a given particle size, and the slower is the sintering rate.216 This is 

qualitatively consistent with the earlier explanation for this unusually strong sinter-resistance 

imparted by this Ca niobate support based on solution-phase adsorption calorimetry and DFT 

calculations.170,171 We can use the adhesion energy correlation mentioned above together with the 

value measured here for Ag on this Ca niobate(001) surface (4.33 J/m2) to predict Eadh for other 

late transion metals to this mixed oxide surface. That correlation showed that Eadh increases linearly 

with [(Hsub,M - Hf,MOx)/NA]/M
 2/3, which is a measure of the oxophilicity of the metal element, 

per unit surface area.216 Here, Hsub,M is the bulk heat of sublimation of the metal M, Hf,MOx is 

the heat of formation of its most stable bulk oxide (per mole of metal atoms), and M is the volume 

per atom in the bulk metal, so that M
 2/3 provides an estimate of the area per metal atom at the 
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interface. The slope is 0.146 for the two oxides that have been studied, and this x-axis value 

(oxophilicity per area) for Ag is 7.5 J/m2.216 For Rh, this x value is 23 J/m2. Assuming the same 

slope as found for the other oxides, this correlation can be extrapolated from this Eadh value for Ag 

(4.33 J/m2) to predict that Eadh equals ~6.6 J/ m2 for Rh to this Ca niobate(001) surface. This is 

larger than twice the surface energy of Rh (2 × 2.33 J/m2), which means that Rh is also predicted 

to wet this surface at equilibrium. (The surface energy of Rh used here is from ref. 217.) 

5.4 CONCLUSIONS 

Unilamellar HCa2Nb3O10 nanosheets were easily deposited onto a LiTaO3 heat detector as single-

crystalline thin films using LB techniques. The AFM images show that these nanosheets are flat 

and have an average lateral dimension larger than 1 micron (the ratio of terrace to sheet-edge sites 

is huge). To obtain a relatively clean, dehydrated HCa2Nb3O10(001) surface, the nanosheets were 

first heated to 725 K in a low oxygen pressure. These results demonstrate for the first time a new 

and easy way to apply surface science techniques derived for simple single-crystal surfaces to the 

complex surfaces of mixed oxides, using LB-deposited perovskite nanosheets. The He+ LEIS and 

adsorption calorimetry results show that Ag grows on the dh-HCa2Nb3O10(001) surface as 2D 

islands that are mostly two layers and some three layers thick with a coverage-averaged heat of 

adsorption of ~320 kJ/mol in the first monolayer. As the Ag coverage increases, Ag atoms add on 

top of the 2D islands, making 3D nanoparticles and eventually a continuous 3D film, with the heat 

of adsorption reaching the sublimation enthalpy of bulk Ag(s), 285 kJ/mol. A very high adhesion 

energy of Ag(s) to dh-HCa2Nb3O10(001) of 4.33 J/m2 is estimated from the heats of adsorption, 

and explains why this dh-HCa2Nb3O10 support imparts unusual stability against sintering to 

transition metal nanoparticles. At very low coverages, Ag is in the form of Ag+, which causes a 

~2 eV shift to higher binding energy of the O 1s XPS peaks of nearby O atoms in the first two 
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layers of the dh-HCa2Nb3O10(001) support. Some of the electron density from this Ag+ transfers 

deeper into the sample than the XPS probe depth, causing an ~0.3 eV band-bending seen in all the 

support elements’ core levels. Above 0.18 ML, Ag adsorbs in neutral form. 
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5.5 FIGURES 

 

Figure 5.1. Polyhedral representations of the HCa2Nb3O10 nanosheet structure, viewed from the 

[001] (left) and [010] (right) directions. The structure at left is the top view of the (001) surface 

being studied here. The dashed blue line indicates the unit cell. There are 6.74 × 1014 O atoms/cm2 

on this (001) surface, half of which are in the surface OH groups. All of these H atoms, and one O 

atom for every two such H atoms in this structure, is removed upon dehydration to produce the 

dehydrated (dh) form studied here (see text). The right structure shows one complete ‘layer’ of the 

nanosheet, which has a thickness (or repeat distance in the 3D bulk) of 1.44 nm (1.31 nm after 

dehydration). Labels indicate AO: axial oxygen, EO: equatorial oxygen, IS: interstitial space. 
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Figure 5.2. AFM image (top) of 4 layers of HCa2Nb3O10(001) nanosheets deposited on a LiTaO3 

heat detector and height profile (bottom) across a single nanosheet along the white solid line in the 

image. 

  



 

107 

 

 

Figure 5.3. XPS spectra of 4 layers of HCa2Nb3O10(001) nanosheets deposited on LiTaO3 heat 

detectors before (orange) and after (dark cyan) heating to ~725 K, which produces its dehydrated 

form: (a) broad scan, (b) O 1s, (c) Nb 3d, and (d) Ca 2p. The orange spectra measured before the 

sample being heated have been normalized so that the average broad scan intensity at 1050–1100 

eV before heating matches that after heating. 
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Figure 5.4. Sticking probability of Ag atoms on dh-HCa2Nb3O10(001) surface (heated at ~725 K 

for 10 minutes in an oxygen pressure of 2 × 10-7 mbar) as a function of Ag coverage at 300 K. 

Each data point represents a pulse of ~0.013 ML. One ML is defined as the atom density of 

Ag(111), which is 2.05 times the number of O atoms per area on the dh-HCa2Nb3O10(001) surface. 
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Figure 5.5. (a) He+ LEIS spectra (at a primary energy of 1 keV) for the starting dh-

HCa2Nb3O10(001) surface (red dots) and for 1.1 ML adsorbed Ag (blue dots) at 300 K. (b) 

Integrated Ag (blue dots) and O (red dots) LEIS intensities as a function of Ag coverage at 300 K 

on dh-HCa2Nb3O10(001) surface (heated at ~725 K for 10 minutes in an oxygen pressure of 2 × 

10-7 mbar). Ag and O peak intensities were normalized with respect to that from high Ag coverages 

and the starting dh-HCa2Nb3O10(001) surface, respectively. The black dashed lines correspond to 

the normalized LEIS intensities that would be observed if Ag grew in a layer-by-layer fashion on 

a flat substrate. Note that the blue and red dashed curves are only to guide the reader’s eye. 
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Figure 5.6. Integrated Ag (blue dots) and O (red dots) LEIS intensities versus Ag coverage up to 

3 ML from Figure 5.5b. The blue solid line is a linear fit with a slope of 0.41 for the Ag LEIS 

signal up to 1 ML Ag coverage, above which the Ag LEIS signal starts to curve down so the blue 

dashed line after that is only a guide to the eye. The red line does not represent a best fit for the O 

LEIS signal but mirrors the blue line with respect to the normalized LEIS intensity at 50%. The 

black dashed lines correspond to the normalized LEIS intensities that would be observed if Ag 

grew in a layer-by-layer fashion on a flat substrate.   
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Figure 5.7. Average Ag nanoparticle thickness (as measured by LEIS) as a function of Ag 

coverage at 300 K. The inset shows a close-up of the low-coverage region. The thickness of 1 ML 

is 2.36 nm, the layer-to-layer separation between Ag(111) layers 
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Figure 5.8. Differential heat of adsorption of Ag atoms on dh-HCa2Nb3O10(001) surface (heated 

at ~725 K for 10 minutes in an oxygen pressure of 2 × 10-7 mbar) as a function of Ag coverage at 

300 K. Ag coverage is separated by a gray dashed line into 2 regions, corresponding to different 

adsorption behaviors (see text). Note that the black lines are best fits to the data with a straight line 

in Region 1 and an exponential decay in Region 2. 
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Figure 5.9. XPS spectra (hν = 1486.6 eV) and peak fits of the elements (a) Ag 3d for the adsorbed 

Ag nanoparticles and (b) O 1s, (c) Nb 3d, (d) Ca 2p in the dh-HCa2Nb3O10 support, plotted for the 

starting clean dh-HCa2Nb3O10(001) surface and after adsorbing 1.1 ML of Ag at 300 K. The O 1s 

peak at 1.1 ML Ag coverage was fitted with two components labelled as O1, ascribed to the non-

bonding O atoms (mostly subsurface O atoms) of the perovskite support, and O2, the surface 

oxygen atoms that are in closer contact to the cationically adsorbed Ag. The overlapping Ag 3d 

doublets (blue dots) and Nb 2p doublets (red dots) were deconvoluted in (a). 
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Figure 5.10. Core-electron XPS binding energy shifts with Ag coverage at 300 K for (a) Ag 3d5/2 

for the adsorbed Ag nanoparticles and (b) O 1s, (b) Nb 3d5/2, (c) Ca 2p3/2 in the dh-

HCa2Nb3O10(001) support. The BE shift of O 1s peak in (b) is represented by the BE shift of the 

O 1s peak’s centroid or “center line”, on both sides of which the integrated area is the same. All 

spectra have been energy-referenced to Ag 3d5/2 peak for bulk Ag(s) (367.9 eV).149 
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Figure 5.11. The integrated XPS intensity of the O2 component of the O 1s peak, normalized to 

the total integrated O 1s peak for the starting surface (before dosing Ag). 

  



 

116 

 

Chapter 6. Energetics of van der Waals Adsorption on the Zr-based 

MOF NU-1000: Experimental Measurements and DFT Calculations 

Metal−organic frameworks (MOFs) are a subclass of coordination polymers consisting of 

inorganic nodes containing metal ions, metal clusters, or metal oxide clusters joined by various 

types and lengths of organic linkers. Some of the recent developments and applications of MOFs 

are in the fields of hydrogen and methane storage,33,77-79,83,85,86 toxic gas removal,90-92 separation 

of propylene from propane,218 and metalation for catalytic applications.49,99,111,113-115 Most 

applications depend on the adsorption capacity and selectivity of a given MOF for the particular 

adsorbate or adsorbates of interest. As such, the measurements of adsorption isotherms and the 

determination of adsorption energies for gas molecules on MOF samples as a function of coverage 

are of great research interest. Here, a Zr-based MOF NU-1000 is chosen as a prototype system for 

this study. 

This chapter describes the structure of NU-1000 in detail, reports the measurements of 

adsorption isotherms and the determination of isosteric heats of adsorption of many small gases 

(H2, D2, Ne, N2, CO, CH4, C2H6, Ar, Kr, and Xe) on NU-1000, correlates the adsorption energies 

as functions of coverage with the Lennard-Jones well depth (ε) where possible, compares the 

experimental results to the density functional theory (DFT) calculations of the single-atom/single-

molecule adsorption enthalpies, and proposes a sequential-site-filling model (assuming gases are 

filled in a sequential order from the strongest to the weakest DFT-calculated adsorption site) to 

help understand gas molecule adsorption at low coverages.  

 This chapter splits into two subchapters. Subchapter 6.1 focuses on coverages from 0.1 ML 

up to the bulk three-dimensional phase, and Subchapter 6.2 extends to coverages below 0.1 ML. 
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6.1 Energetics of van der Waals Adsorption on the Metal−Organic Framework 

NU-1000 with Zr6‑oxo, Hydroxo, and Aqua Nodes 

This subchapter is reprinted with permission from reference 94:  

Zhang, W.; Ma, Y.; Santos-López, I. A.; Lownsbury, J. M.; Yu, H.; Liu, W.-G.; Truhlar, D. G.; 

Campbell, C. T.; Vilches, O. E. Energetics of van der Waals Adsorption on the Metal–Organic 

Framework NU-1000 with Zr6-oxo, Hydroxo, and Aqua Nodes. J. Am. Chem. Soc. 2018, 140, 328-

338. 

 

ABSTRACT 

We report measurements of adsorption isotherms and the determination of the isosteric heats of 

adsorption of several small gases (H2, D2, Ne, N2, CO, CH4, C2H6, Ar, Kr, and Xe) on the metal-

organic framework (MOF), NU-1000, which is one of the most thermally stable MOFs. It has 

transition-metal nodes of formula Zr6(μ3-OH)4(μ3-O)4(OH)4(OH2)4 that resemble hydrated ZrO2 

clusters and can serve as catalysts or catalyst supports. The linkers in this MOF are fused benzene 

rings linked to the nodes via the carboxylate groups of benzoates. The broad range of adsorbates 

studied here allows us to compare trends both with adsorption on other surfaces and with density 

functional calculations also presented here. The experimental isotherms indicate similar filling of 

the MOF surface by the different gases, starting with strong adsorption sites near the Zr atoms, a 

result corroborated by the density functional calculations. This adsorption is followed by the filling 

of other adsorption sites on the nodes and organic framework. Capillary condensation occurs in 

wide pores after completion of a monolayer. The total amount adsorbed for all the gases is the 

equivalent of two complete monolayers. The experimental isosteric heats of adsorption are nearly 

proportional to the atom-atom (or molecule-molecule) Lennard-Jones well-depth parameters of 
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the adsorbates but ~13-fold larger. The density functional calculations show a similar trend but 

with much more scatter and heats that are usually greater (by 30%, on average) 

6.1.1 INTRODUCTION 

Metal-organic frameworks (MOFs) are a class of coordination polymers that may be used as 

catalysts, catalytic support structures, and molecular sieves31-33 with well controlled pores. They 

consist of nodes containing metal atoms, metal clusters, or inorganometallic clusters joined by 

various types and lengths of organic linkers. They can be synthesized in a variety of crystal 

structures and can be modeled in detail. Some of the recent developments and applications of 

MOFs are in the fields of hydrogen storage219, metalation for catalytic applications49, separation 

of propylene from propane218, and micromotors220. Most applications depend on the adsorption 

capacity and selectivity of a given MOF for the particular adsorbate or adsorbates of interest. As 

such, the adsorption energies and the equilibrium adsorption capacities as functions of temperature 

and pressure are of great interest. Here we report experimental and theoretical studies of the low-

temperature adsorption characteristics of one of the most stable and thus catalytically relevant Zr-

based MOFs, NU-100049 (described below). We study ten inert, approximately spherical atoms 

and molecules, ranging from H2 to Xe, thus reporting heats of adsorption over a large range of 

strengths of van der Waals interaction. In addition, single-atom or single-molecule enthalpies of 

adsorption on six possible sites at the metal nodes and one possible site on the organic linker were 

calculated using density functional theory (DFT) and compared with the low-coverage (0.1 

monolayer) heats determined here from the experimental equilibrium adsorption isotherms.  With 

these results, NU-1000 becomes a well understood MOF in terms of its adsorption behavior, and 

this information should be useful in guiding further applications on this or similar MOFs as well 
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as allowing NU-1000 to serve as a prototype system for studying the surface chemistry of MOFs 

in general. 

Below, we describe the NU-1000 MOF structure, describe our measurement method and 

equipment used for adsorption isotherms, calculate the isosteric heats of adsorption from the 

pressure-temperature-coverage isotherms, describe the DFT methods and results, and compare the 

experimental results to the DFT calculations of the single-atom/single-molecule adsorption 

enthalpies.  Where possible, we correlate adsorption energies as functions of coverage with the 

Lennard-Jones potential energy (ε) and size (σ) parameters of the pure gaseous adsorbates, and 

also with a quantum parameter (η= de Boer’s parameter, defined below). Finally, we discuss 

possible reasons for a sharp rise in adsorption amount observed after monolayer completion for all 

the adsorbates, somewhat similar to the gate-opening221,222 transition observed in  zeolitic 

imidazolate framework MOFs (ZIFs). 

NU-100049,99,221 contains Zr6(μ3-OH)4(μ3-O)4(OH)4(OH2)4 nodes separated by pyrene-

based linkers.  It has an open crystalline structure with ab planes shown in Figure 6.1(a), similar 

to a Kagome lattice. These planes are joined along the c axis by the organic linkers, as shown in 

Figure 6.1(b) and the lower insert. Each node has six Zr atoms in its structure connected by Zr-O-

Zr bonds, so it resembles a tiny cluster of Zr oxide, Figure 6.1 (top insert). Adsorption studies on 

such cluster nodes promise to offer new insights into particle size effects in catalysis by metal 

oxide nanoparticles. The distance between nodes is approximately 15 Å; the hexagonal channels 

(large pores) seen in Figure 6.1(a) have a diameter of about 31 Å; and the pores seen in Figure 

6.1(b) have diameters of 8.5 Å. The NU-1000 nodes offer several kinds of adsorption sites 

involving hydroxyl groups and Zr atoms on the nodes and carboxylates and aromatic rings on the 

linkers. Figure 6.2 shows the six locations near the nodes where the strongest adsorption sites were 
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found by density functional calculations. (The adsorption site on the pyrene linker will be shown 

in Figure 6.11 below.)  While Ar is shown in Figure 6.2, similar figures were constructed for all 

other gases studied and will be referred to in Section 6.1.7 below; they are included in the 

Supporting Information. 

The NU-1000 MOF has been studied by physical adsorption using N2 and CO2 as 

adsorbates, but the heat of adsorption was not determined.49,50 A recent publication by Lownsbury 

et al. describes an extensive experimental and theoretical study of Ca adsorption on this MOF.99,223 

The Ca atoms adsorb on the inorganometallic nodes with adsorption energies in the 300 kJ/mol 

range. Close agreement was found between the experimentally determined differential heats of 

adsorption and theoretical DFT calculations of the same properties. Here we study the much 

weaker van der Waals binding of nine different atoms and molecules on the same material and 

correlate their adsorption energies with molecular properties, to establish benchmark energies for 

studies of adsorption on MOFs with multinuclear metal nodes.  To our knowledge, there is no other 

MOF with isolated multinuclear metal nodes where adsorption energies have been measured for 

more than a few molecules.  

6.1.2 EXPERIMENTAL TECHNIQUES 

Our samples of NU-1000 were prepared at Northwestern University using a procedure described 

in ref 49 and kindly given to us by J. T. Hupp and O. K. Farha. Seven samples of NU-1000 powder 

were tested, each sample having up to 10 mg mass before vacuum and/or heat treatments. All 

samples were from the same batch. The Brunauer-Emmett-Teller (BET) specific surface area of 

this powder has been measured as 2,320 m2/g.49 The samples were placed in a 4 mm ID Pyrex 

glass tube with a wider(about 10 mm) flared flat bottom to make better thermal contact to the 

cooling system and to prevent powder migration when baked and/or evacuated. Samples 1, 2, 4, 

https://pubs.acs.org/doi/10.1021/jacs.7b10360
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and 5 were used to test different vacuum baking temperatures from 348 to 523 K, which were 

found to change the adsorbed volumes by less than 5% (i.e., within experimental error). After 

baking, they were submerged in liquid nitrogen and N2 and/or Kr isotherms were measured. 

Sample 7 was used for a N2 BET measurement at 77.4 K in a different apparatus; this measurement 

gave a specific surface area of 2,580 m2/g, within error of values measured at Northwestern 

University.49 Most of the results in this report come from samples 3 and 6. The BET areas per gram 

of samples 3 and 6 were not measured but are expected to be within experimental error of this 

value for sample 7, since all samples came from the same batch. 

We adsorbed H2, D2, Ne, N2, CH4, C2H6, CO, Ar, Kr, and Xe. The weak dispersion and 

induced dipolar interactions of these species are well understood. The Lennard-Jones potential 

approximates this interaction. It is given by 

𝑉(𝑟, 𝜎, 𝜖) = −4𝜖[(
𝜎

𝑟
)

6

− (
𝜎

𝑟
)

12

]                                           (6.1) 

where r is the distance between a pair of atoms (or molecules), ε is the depth of the pairwise 

attractive potential well, and σ corresponds to the hard core interaction distance. Table 6.1 shows 

the range of ε and σ encompassed224 in the present study, the approximate atomic/molecular masses 

(m), and the dimensionless quantum parameter η = ħ2/mσ2ε,225,226 which has been extensively used 

to separate the “classical” and “quantum mechanical” regimes of liquid-vapor critical points 

(corresponding states) and solid-liquid-vapor triple points, both in two and three dimensions.227-

230 

Samples 3 and 6 were attached, at different times, to a cryo-mechanical refrigerator which 

could be operated within the regulated temperature range 11 K < T < 300 K, ±0.1 K. The 

refrigerator had two thermometers, one below and one above the adsorption cell, a heater attached 

to an electronic controller using the bottom thermometer, and an auxiliary heater which could be 
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turned on when running above 90 K to improve stability. Both samples were attached to a vacuum 

and gas handling manifold capable of pumping to 3 × 10-7 Torr and pressurizing up to 1 atm. 

Sample 3 was baked at 523 K in vacuum in a different vial, and then transferred to the cryocooler 

system and attached to the dosing system. During this transfer, some of the sample was lost. 

Sample 6 was baked at 348 K in vacuum on the cryocooler cell but outside the cryocooler system. 

It had an additional valve, which was closed after baking; it was opened only after being attached 

to the cryocooler and evacuated dosing system. Neither sample was further exposed to air.  

Adsorption isotherms were measured using a point-by-point method. The dosing system 

had a calibrated volume of 87 cm3, and two MKS Baratron capacitance absolute pressure gauges 

with 1000 Torr and 10 Torr ranges. The 10 Torr gauge could be used with reasonable stability to 

about 4 × 10-4 Torr. The calibration of this gauge was checked against the vapor pressure of Ar 

after condensing this gas into a tube identical to the one used for the NU-1000 experiments but 

without the sample. A thermo-molecular correction of the room temperature readout using an 

equation and coefficients for each gas published by Takaishi and Sensui231 was done for all 

pressures below 2 Torr. 

We used the CH4 coefficients for C2H6, and the N2 coefficients for CO since we could not 

find them in the literature. The maximum possible thermo-molecular correction for all gases in the 

limit of pressures low enough that the mean free path of atoms/molecules in the residual gas is 

much larger than the diameter of the tube between room and experimental temperatures is 

(Texperiment/Troom)1/2. The correction for all of the gases follows a rather universal curve. We 

calibrated the dead volume of the empty adsorption cells between 12 K and room temperature 

using helium gas. 
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We measured isotherms of H2, D2, N2, and CO on sample 3 and of H2, Ne, N2, CO, CH4, 

Ar, Kr, Xe and C2H6 on sample 6. Details of how many isotherms were measured and how they 

were measured are given below. 

6.1.3 EXPERIMENTAL RESULTS 

6.1.3.1 Adsorption Isotherms and Analysis Method 

Figure 6.3 shows the N2 surface area calibration isotherm measured at 77.4 K on sample 7. The 

inset shows the linear plot of the same isotherm following the BET equation in the form232,233 

1

{𝑉𝑎𝑑𝑠[(𝑃0 𝑃⁄ −1)]}
=

𝑐−1

𝑐𝑉𝑀𝐿
(𝑃 𝑃0⁄ ) +

1

𝑐𝑉𝑀𝐿
                                    (6.2) 

where Vads is the adsorbed volume of gas, P0 is the bulk adsorbate saturated vapor pressure (760 

Torr), P is the thermomolecular corrected measured pressure, c = exp[(E0 – EL)/(RT)] is a constant 

related to the binding energy to the substrate (E0, assumed constant) and the latent heat of 

condensation (EL) of the bulk liquid or solid adsorbate, and VML is the BET monolayer coverage. 

The slope and intercept of the linearized BET graph yield VML and c. From the inset graph, VML = 

5.93 ccSTP, or a specific area of 2,580 m2/g when using 16.2 Å2 for the area of a single N2 molecule, 

a value estimated from its three-dimensional bulk liquid density.232 This specific area is 11% larger 

than that reported in ref 49. The BET VML is shown in Figure 6.3, as well as the inflexion point 

where the curvature of the isotherms changes from concave to convex. Adsorption above VML leads 

to a large, essentially constant jump, Δ, in the volume adsorbed when the pressure reaches a certain 

value, and finally bulk condensation at P = P0. 

Figure 6.4 and Figure 6.5 show measured isotherms of CO and CH4 to illustrate two 

different approaches. For the CO isotherms, Figure 6.4, the temperatures were set, and all points 

were taken keeping the temperature constant. All pressures were within the range of the 10 Torr 
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and 1000 Torr pressure gauges. Multiple CH4 isotherms, Figure 6.5, were started at constant 

temperatures between 91.8 K and 113.5 K in order to get to low coverages at equilibrium pressures 

accessible with the 10 Torr pressure gauge. The 91.8 K isotherm was continued until reaching the 

bulk liquid vapor pressure. The higher T isotherms were continued only to about half a monolayer, 

after which the temperature was lowered in steps. The single equilibrium points obtained at each 

lower T where used to check reproducibility. When the desired lower T was reached, the isotherm 

was then continued to the bulk vapor pressure. 

Graphs for all measured isotherms for the other gases are presented in the SI.  The pressure 

could not be accurately measured at low coverages of ethane due to non-condensable impurities 

in that gas. 

6.1.3.2 Monolayer Coverage 

Figure 6.4 and Figure 6.5 above show all the total and partial isotherms of CO and CH4 

measured on sample 6. In Figure 6.6 and Figure 6.7 we show one isotherm for each gas, measured 

on samples 3 and 6 respectively. The vertical axis in all the figures is the actual amount of gas 

adsorbed converted to standard pressure and temperature. The horizontal axis in Figure 6.6 and 

Figure 6.7 has been normalized to the saturated vapor pressure of each gas at the temperature of 

the isotherm. These figures clearly show the change in monolayer capacity with the size of the 

atom or molecule adsorbed.   

H2 and D2 have the same Lennard-Jones interaction parameters, but their quantum 

parameters are different by a factor of 2 due to their different masses. The slight increase in the 

adsorption of D2 over H2 seen in Figure 6.6 is due to this difference since D2’s effective footprint 

is smaller. This effect is also seen on adsorption on exfoliated graphite,234 where the molecular 

surface densities at monolayer completion on the (0001) surface are 0.099 Å-2 (D2) and 0.094 Å-2 
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(H2). The arrows in Figure 6.6 and Figure 6.7 indicate our estimated monolayer adsorbed volumes 

on samples 3 and 6. It is important to note that for H2 and D2 there is considerable adsorption on 

another layer or site past monolayer completion and before the Δ condensation jump. The same 

effect can be seen in Ne adsorption, and to a lesser extent in N2 and CO. This extra adsorption has 

an effect on the Δ-jump as discussed below (Section 6.1.6.2). 

Figure 6.6 and Figure 6.7 also show that the vertical condensation jump, Δ, occurs at about 

the same relative vapor pressure (P/P0) for all adsorbates. 

6.1.3.3 Area of Sample Occupied by the Different Gases 

We present in Table 6.2 our determination of the volume of gas adsorbed at monolayer 

coverage, VML, from one particular isotherm of each species at the temperatures shown in Figure 

6.6 and Figure 6.7. The accuracy of this determination is about 5%. 

A linearized BET plot of the N2 isotherms on samples 3 and 6, similar to Figure 6.3, gave 

BET monolayer completion volumes of 3.21 cm3 STP (sample 3) and 4.66 cm3 STP, similar to the 

monolayer coverages determined by the inflexion point in these isotherms. These coverages 

translate, respectively, into areas of 14.0 m2 and 20.3 m2 using 16.2 Å2 for the N2 molecular area. 

We used the monolayer capacities for all gases in this study to check if all atoms or 

molecules occupied essentially the same effective total surface area of this MOF. From the ideal 

gas equation of state, the number of atoms/molecules adsorbed at monolayer completion is  

𝑁𝑀𝐿 = (𝑃𝑠𝑡 𝑅𝑇𝑠𝑡⁄ )𝑉𝑀𝐿𝑁𝐴                                                   (6.3) 

where Pst = 1.013 × 105 Pa, Tst = 273.15 K, and R = 0.0831 L bar/(mol K) is the gas constant, and 

NA is Avogadro’s number. VML is taken from Table 6.2. The total effective area of our NU-1000 

samples for each adsorbate is 
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A = 𝑁𝑀𝐿𝑎                                                              (6.4) 

where a is the area of the atom or molecule adsorbed. One uniform way of estimating a is to assume 

that the full monolayer forms a close packed structure of spheres “touching” at the minimum of 

the Lennard-Jones potential, r = 21/6σ. Thus, each atom or molecule occupies a hexagon of area a 

= 1.09σ2. Using this approximation and the VML data from Table 6.2, Figure 6.8 shows the 

calculated “Lennard-Jones area” of our samples 3 and 6 (normalized to the value for N2 for that 

sample) versus the gas’s quantum parameter, both calculated using the Lennard-Jones potential 

and other constants of Table 6.1. 

We conclude from Figure 6.8 that, within the experimental uncertainty in the determination 

of VML, all adsorbates, except perhaps C2H6, occupy essentially the same sites or effective total 

area on the surface of the NU-1000 substrate. 

Table 6.2 also lists the number of molecules adsorbed in this first monolayer per formula 

unit of NU-1000 (i.e., per Zr6 node), nML.  The BET specific surface area for N2 molecules, 2,580 

m2/g, combined with the molar mass of NU-1000 (2,177 g/mol) and the area per N2 molecule (16.2 

Å2, see above) gives nML = 58 N2 molecules per Zr6 node for N2. For the other gases, nML is just 

nML(for N2) times VML/VML(for N2) with the same MOF sample. For comparison, one Zr6O12 unit 

with the same density as bulk ZrO2(solid) would have a radius of 0.38 nm if spherical, with an area 

of 1.8 × 10-14 cm2.  This simple spherical model for a node would adsorb ~11 N2 molecules. 

6.1.3.4 Isosteirc Heat of Adsorption 

The isosteric (constant coverage) heat of adsorption is given by 

𝑄𝑠𝑡 = 𝑅𝑇2[𝜕(𝑙𝑛𝑃) 𝜕𝑇⁄ ] = −𝑅[𝜕(𝑙𝑛𝑃) 𝜕(1 𝑇⁄ )⁄ ]                              (6.5) 
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where R is the gas constant. Pairs of P and T were extracted from horizontal lines (isosteres) drawn 

across isotherms like those of Figure 6.4 and Figure 6.5, and graphs of ln P vs. 1/T at constant 

coverage were made from those pairs. Over a narrow range of temperature (such that Qst is constant) 

these graphs yield straight lines through the data points. The slope of each of these lines gives Qst 

at that coverage. Figure 6.9 shows the resulting Qst for all the adsorbates versus coverage (relative 

to the monolayer coverage of each gas from Table 6.2). The bottom part of this figure shows the 

same data, with the heats normalized to the heat for each gas at 0.1 ML coverage. These are 

differential heats of adsorption. Table 6.2 lists the isosteric heats at 0.1 ML coverage, Qst(0.1), 

estimated from fitting curves  to heats versus coverages near 0.1 ML.  

Although the accuracy for Qst of applying this analysis is reasonably good for those gases 

where we measured several isotherms, the values for Ar, Kr, and C2H6 were extracted from only 

two isotherms for each gas and less reliable. The low coverage H2 and D2 regions were measured 

via several isotherms between 25 K and 37.5 K, but results for these two molecules above 

monolayer coverage were calculated from only two isotherms at 16 K and 19 K. 

Figure 6.9(top) shows the same trend for all the adsorbates. There is strong binding at very 

low coverages, followed by a general decrease to almost the bulk latent heat of each substance at 

monolayer completion. Past monolayer completion there is a small increase in Qst during the 

condensation step Δ, easily visible in the Xe and CH4 data in Figure 6.9 before the 3d latent heat 

of condensation (or sublimation) is reached. 

The bottom half of Figure 6.9 normalizes the isosteric heats to 0.1 monolayer coverages. 

As seen, the heat of adsorption decreases strongly with coverage in the first ML, with a relative 

decrease that is faster for light gases (H2, D2, CH4 and Ne).  
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The zero-coverage isosteric heat of adsorption is related to the single atom/molecule 

binding energy (0) on the strongest adsorption site at temperature T by 

𝑄𝑠𝑡 = 𝐸0 + 𝛼𝑅𝑇                                                           (6.6) 

where α is a constant that depends on the degree of localization of the atoms/molecules on the 

surface (3/2 for an ideal monatomic  2D gas232,235). The strongest adsorption site is usually a site 

near the Zr atoms, as discussed below.   

Figure 6.10 shows these isosteric heats at a coverage of 0.1 monolayer, Qst(0.1), plotted 

against the atom-atom (or molecule-molecule) Lennard-Jones energy parameter (well-depth, ε) 

from Table 6.1. Data at lower coverages (like the “zero coverage” limit) are not as reliable due to 

the very low equilibrium vapor pressure of the films at the temperature of our experiments and due 

to the possible role of defect sites. Figure 6.10 shows that the heat increases nearly proportionally 

to ε of the adsorbates, with a best-fit slope of 12.9. For comparison to adsorption of these same 

gases on a uniform substrate, we also plot in Figure 6.10 the best estimates of the binding energy, 

E0, to graphite (0001) at 0 K, from Vidali et al.’s review236.  As seen, graphite shows a very similar 

trend to NU-1000, but usually with weaker binding (best-fit proportionality of slope = 9.3, 28% 

less than on NU-1000). 

6.1.4 DENSITY FUNCTIONAL THEORY CALCULATION METHODS 

We adopted the cluster model of NU-1000 that was used in our previous study of Ca adsorption 

on NU-1000.99 For the geometry optimizations and normal-mode frequency calculations, we used 

the M06-L129 exchange-correlation functional with the 6-31G(d,p)135 basis for all atoms except Zr, 

Kr, and Xe, for which the SDD138,237 effective core potential and corresponding basis sets were 

used. The M06-L functional has been well validated for van der Waals interactions in small-
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molecule tests,238-240 for molecule–surface adsorption,241,242 and by applications to problems in 

MOFs where damped dispersion is essential.243-245 

The frequencies were scaled by a factor of 0.977 calculated by the method described 

elsewhere.140 The energies were refined by single-point calculations with a larger basis set,246 6-

311++G(d,p) and corrected  for basis set superposition error (BSSE) using the counterpoise 

method.247 

We placed each of the ten adsorbates at each of the seven numbered adsorption sites of 

Figure 6.11, and we optimized the structures. Figure 6.12 provides a view from the triangular pore 

of Figure 6.1(a) to illustrate six of the sites around the Zr6 node. In each case we found a local 

energy minimum. Site 1 is near the µ3-OH, and site 2 is near the µ3-O. These sites are each 

sandwiched between two benzene rings. Sites 3 and 4 are chemically equivalent to sites 1 and 2, 

respectively, except that sites 1 and 2 are in the large pore whereas site 3 and 4 are in the small 

pore of NU-1000. Site 5 is near four O atoms of four carboxylate groups, and site 6 is close to an 

–OH group and an –OH2 group. In addition to the adsorption sites around the Zr6 node, we also 

examined the gas adsorption on pyrene, which is the major structural component of the organic 

linker of NU-1000. 

6.1.5 ENTHALPIES OF ADSORPTION FROM DFT 

The adsorption enthalpies of various gas molecules at 77 K for each site are listed in Table 6.3. 

The average heat of adsorption at 77 K in the limit of low coverage was calculated using the 

following formula: 

〈𝑄〉0,𝐷𝐹𝑇 = −
∑ 𝐻𝑖𝑑𝑖𝑞𝑖𝑒−𝐸𝑖 𝑘𝑇⁄

𝑖=1−7

∑ 𝑑𝑖𝑞𝑖𝑒−𝐸𝑖 𝑘𝑇⁄
𝑖=1−7

                                                    (6.7) 
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where di is the number of equivalent sites of type i in the crystal structure (which is 2 for sites 1–

5 and 4 for site 6), Ei is the single-point potential energy at the equilibrium geometry of structure 

i relative to the overall zero of energy, qi is the vibrational partition function of structure i with 

zero of energy at Ei, and Hi is the adsorption enthalpy for site i. The negative sign converts from 

reaction enthalpy to heat. 

From Table 6.3, we can see that all gas species except C2H6 have larger adsorption enthalpy 

for sites in the small pore (sites 3 and 4) than for the corresponding sites in the large channel (sites 

1 and 2). Sites 1, 2, 3, and 4 are in bowl-like structures surrounded by benzene rings, as shown in 

Figure 6.12. For sites in the small pores, the small benzene-benzene distance results in large 

attractive van der Waals interaction, in agreement with the previous finding for comparative 

binding energies in the two kinds of pores.244 The large size of C2H6 makes it unable to reach the 

atomically dense metal-oxide node for site 4 in the small pore, resulting in almost the same 

adsorption enthalpy as in the large pore.  Although it has more π electrons than the benzoates, the 

pyrene (site 7) has a smaller adsorption enthalpy than sites 1–4, which indicates the importance of 

the pocket-like structure to the adsorption enthalpy. 

Table 6.3 also lists the differential enthalpy of adsorption of the site expected to be 

populated at 0.1 ML coverage, assuming that the sites are populated sequentially starting from the 

strongest to the weakest. Since there are 2 sites of most types, this is generally equal to Hi for the 

nth strongest site, where n = 0.1 nML/2, and nML is the number of molecules per ML per Zr6 node 

listed in Table 6.2. We refer to this enthalpy as HDFT(0.1). This enthalpy makes the most appropriate 

direct comparison to our differential isosteric heat of adsorption measurements at 0.1 ML coverage 

listed here. For the example of N2, it is the enthalpy at the 3rd strongest site. At these nth strongest 

sites, all the gases are binding to the O, OH and/or H2O groups of the Zr6 nodes.  These HDFT(0.1) 
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values are plotted in Figure 6.10 for comparison to the experiments. The agreement with 

experiment at 0.1 ML coverage is much better for these DFT values than the thermally-averaged 

heat of adsorption calculated for the limit of zero coverage (<Q>0,DFT).  The increasing DFT heat 

with well depth is quite similar to experiments, although with much more scatter than the 

experiments. On average, the HDFT(0.1) values are 30% larger than the experimental isosteric heats 

at 0.1 ML, with the largest difference (69%) seen for D2. (The large relative differences for the 

lightest gases (H2 and D2) dominate this average relative error, although their absolute errors are 

quite small (a few kJ/mol).) 

6.1.6 DISCUSSION 

6.1.6.1 Monolayer Heats of Adsorption 

Comparison of the saturation adsorption amounts in the first layer indicates that the whole area of 

the NU-1000 samples is available to all the gases (Figure 6.8).  

Table 6.3 and Figure 6.10 compare experimental Qst results at low coverage (0.1 ML) to 

the theoretical enthalpies from the DFT calculations. The experimental isosteric heats of 

adsorption increase nearly proportionally to the atom-atom (or molecule-molecule) Lennard-Jones 

parameters of the adsorbates. The DFT calculations show a similar trend but with more scatter. 

The HDFT(0.1) values agree well with the experimental heats at 0.1 ML, except for N2, CO and 

CH4, which have DFT values that are too high, on average by 42%.  The average absolute value 

of the relative difference between -HDFT(0.1) and Qst(0.1) for all the gases except ethane is ~30%. 

An interesting feature of the experimental Qst results at 0.1 ML in Figure 6.10 is their 

almost linear dependence on the adsorbate’s ε parameter. This also seen in the initial heats of 

adsorption for many of these same gases reported for graphite(0001) surfaces,236 also plotted in 

Figure 6.10 for comparison to NU-1000.  On average, the gases bind more strongly to NU-1000 
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than to graphite at the coverages compared in Figure 6.10.  The gases with the largest ε bind 30-

40% less strongly to graphite, whereas the relative difference decreases as ε decreases.  The 

average difference would be even larger if compared at the same low coverage, since heat drops 

with coverage.  Indeed, this coverage effect partially explains why this relative difference appears 

to decrease with decreasing ε.  By 10% of a ML, the smallest gases have already populated 9 sites 

per node, whereas the other gases except Ne have only populated 4 to 7 sites per node (i.e., compare 

nML values in Table 6.2). The DFT calculated adsorption enthalpies on NU-1000 show this same 

trend of increasing with ε, but usually with higher adsorption energies and more scatter. 

To our knowledge, this linear dependence of the adsorption energy on ε seen in Figure 6.10 

has never been recognized before for any MOF. However, when some early results on other MOFs 

are plotted in this way, we noticed that they follow the same trend. This is seen, for example, in 

adsorption measurements for N2, Ar, Kr and Xe performed at 273 K and 292 K on the open-frame 

MOF-74-x (also called M-MOF-74, with M being the metal = Mg, Co, Ni or Zn). Simulations 

were performed for the same combinations.248 A set of DFT calculations for the adsorption of Kr 

and Xe on M-MOF-74, where M stands for 10 different metals (but not Zr), has been performed 

by Vazhappilly et al.249 The MOF-74 with M being Ni, Fe, and Co as the metal has been used to 

demonstrate quantum sieving between H2 and D2 with higher pressure isotherms than ours in the 

temperature range of 77K to 150K.250  Our results for Qst for the rare gases on samples of NU-

1000 with Zr as the metal (experiment and theory) are in excellent agreement with the isosteric 

heats measured and calculated by Perry et al. for the Zn-based MOF, MOF-74-Zn. It should be 

noted though that different metals produce a wide range of Qst values, as seen on Table 6.3 of Perry 

et al., and close to factors of two discrepancies in calculated and measured values of the N2 isosteric 

heat with Mg (23.57 kJ/mol experimental, 12.82 kJ/mol simulation) and Ni (23.22 kJ/mol 
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experimental, 13.99 kJ/mol simulation), as the metals, while for Zn as the metal their experimental 

and simulation results are quite close (11.82 kJ/mol experimental, 14.99 kJ/mol simulation). Our 

discrepancy in the N2 isosteric heat between measurement and calculation in our Table 6.3 and 

Figure 6.10 though is reversed to that on MOF-74-Ni or -Mg. 

The calculations of Vazhappilly et al. on Cr-MOF-74 with six Kr or Xe atoms on the pore 

give binding energies of -12.83 kJ/mol for Kr and -21.02 kJ/mol for Xe, and for Zn-MOF-74 they 

give, respectively, -11.95 kJ/mol and -22.87 kJ/mol. These values are similar to our measured and 

calculated values for the same two gases in Table 6.3. We also obtained a slightly larger heat of 

adsorption of D2 than H2 as measured by FitzGerald et al., but our Qst values are more than a factor 

of three lower than the ones in their measurements on that Cr-based MOF. 

6.1.6.2 Second Layer and Growth to Saturated Bulk Vapor Pressure 

The isosteric heats in the 2nd ML in Figure 6.9 show similar trends versus mass as do the 

latent heats of bulk condensation (listed in Table 6.2), for which quantum effects are known to 

cause gases with large quantum parameters to have much lower heats (relative to the Lennard-

Jones well-depth, ε, see Table 6.2, last column.  

The growth in coverage from one monolayer (VML) to the volume of adsorbed gas required 

to reach bulk (three-dimensional) condensation at the bulk saturated vapor pressure occurs, (V3d), 

shows interesting and common characteristics amongst all of adsorbates. The arrows in the N2 

isotherm in Figure 6.3 show where the first statistical layer is completed. Increasing the coverage 

past VML, a second layer begins to form, soon followed by an increase in coverage, labeled Δ, at 

essentially constant pressure. Once this step has been completed, a further small increase in 

adsorbed (or condensed) gas is needed to reach the saturated bulk vapor pressure at the temperature 

of the isotherm. The Δ-step is common to all the gases used in our isotherms, as can be seen in the 
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normalized isotherms of Figure 6.6 and Figure 6.7.  A constant pressure and temperature adsorption 

step is indicative of some form of condensation and phase coexistence (two- or three-dimensional). 

We have observed that the Δ-step occurs at a relative pressure 0.11 < (P/P0) < 0.37, with P/P0 = 

0.11 for CH4 at 67 K and C2H6 at 127.4 K, and P/P0 = 0.37 for Ne at 18 K, see Table 6.4 below, 

column 6. Furthermore, Figure 6.6 and Figure 6.7 clearly show that H2, D2 and Ne complete a 

monolayer well before reaching the Δ-step relative pressure. Thus, a second layer of these 

substances begins to form before the Δ step, reducing the two- or three-dimensional space available 

in the NU-1000 matrix for further adsorption or condensation. A smaller (or partial) 2nd layer 

forms also for N2, CO, CH4, and Ar, but may not exist for C2H6, Kr and Xe. 

Column 4 of Table 6.4 shows the ratio of the volumes of gas required to reach the bulk 

vapor pressure and to reach one monolayer (V3d/VML), calculated at the temperature shown in 

Column 5; the phase of the bulk condensed phase (S, solid; L, liquid) is also indicated. This ratio 

is higher for the more quantum gases (H2, D2, and Ne), where the overlayer capacity is 

approximately equivalent to a monolayer, than for the larger adsorbates (especially C2H6 and Xe). 

We know from many heat capacity and neutron diffraction studies of H2 on uniform surfaces like 

graphite234 that even at 19 K, well above its bulk triple point temperature, a full monolayer forms 

a rather compressible solid. Addition of a second layer increases the first layer density above that 

determined by an isotherm. The same effect occurs for adsorbed D2, but its monolayer is less 

compressible than the H2 one. The larger ratios of V3d/VML we observe for these two molecules are 

likely due to this effect. The large ratio for Ne may be due to its small size and the way it can fill 

the pores. We note that the apparent area occupied by Ne in Figure 6.8 is larger than for the other 

adsorbates. In between the small and large quantum parameter gases though, the volume adsorbed 

above a monolayer is between 80% and 90% of the monolayer capacity with differences likely due 
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to details of their adsorption process and uncertainties in the experimental data. We note that for 

an idealized perfect cylindrical pore of 15Å radius, a uniform monolayer of thickness σ (from Table 

6.1) will reduce its adsorption area from 81% (for H2) to 73% (for Xe) of the initial pore area. 

To quantify the adsorption at the Δ-step, we used the adsorbed amount in the Δ-step for 

both samples 3 and 6 (VΔ), used the ideal gas low to calculate the number of atoms or molecules 

at the Δ-step, multiplied them by the close-packed Lennard-Jones volume (σ3) and divided the 

result by the mass of the NU-1000 samples to obtain the volume of the voids per unit mass of the 

adsorbent for each one of the gases used.  The resulting void volumes per mass are shown in Table 

6.4, Column 2, for the temperature and condensed phase of the bulk adsorbate listed in Column 3. 

We would expect that if the actual void space left after the first monolayer is formed were the same 

for all the gases, about the same volume would be occupied by all the condensed gases. It is 

obvious from Table 6.4 that this is not the case. The volume of H2 in the phase condensed in the 

pores is the smallest. The next smallest is D2, followed by Ne. This effect reinforces our 

observation above that the equivalent of another partial layer of these gases forms on top of the 

first layer in the available surface or pore before the Δ-step.  

We also observe in Table 6.4 that the calculated void volume of the pores is larger for those 

atoms or molecules that condense into a solid phase at the temperature in the table. This effect is 

largely due to using the same Lennard-Jones σ for both the liquid and solid state at the temperature 

of the isotherm; using the molecular volumes of the actual three-dimensional phases would make 

the liquid and solid values closer (although not identical). These results should be useful for future 

modeling of the complete isotherms, including quantum effects for H2 and D2. 

Our isotherms at the Δ-step look similar to those measured at the gate opening transition 

on a commercially available zeolite, the Zn imidazolate framework, ZIF-8: N2 by Fairen-Jimenez 
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et al.,221 Xe by Gallaba et al.,222 O2 by Russell et al.,251 N2, Ar, CO and O2 by Ania et al.,252 and Ar 

by Tanaka et al.253 The imidazolate (C4H3N2
-) linkers join Zn atoms to form a macroscopic 

crystalline structure of “quasi-spheres”. The inner surface of these quasi-spheres is not available 

when adsorption starts, but at a certain relative pressure, P/P0, the linkers bend to allow for gas to 

penetrate into the cavities. This phenomena (gate opening) suddenly increases the adsorption 

capacity of the framework (the vertical step), and produces a small measurable increase in the heat 

of adsorption. The Ar, CO and O2, and some of the N2 measurements show significant hysteresis 

between adsorption and desorption isotherms (gate closing). Furthermore, simulations for the Ar 

isotherms on ZIF-8 corroborate the general form of the isotherms, the significant hysteresis and 

the structural transition of opening and closing the gate.253 

We find some differences between our isotherms on NU-1000 and the Ar isotherms253 and 

Xe isotherms222 on ZIF-8. The ratio P/P0 for the gate opening in the ZIF-8 Ar isotherms grows 

from about 0.15 at 79 K to about 0.62 at 91 K as the 3d triple point of Ar is approached.253 The 

ratio for the Xe isotherms also increases rapidly from 0.45 at 95 K to 1 at the 3d solid-liquid-vapor 

triple point, Tt.
222 Our isotherms for CO and CH4 span Tt and don’t show a tendency for the Δ-step 

to disappear. In fact, Table 6.4 shows the rather narrow range of changes of the ratio PΔ/P0. We 

adsorbed and desorbed CO at 64 K through the Δ-step on Sample 3 and found at most a 0.1 Torr 

hysteresis at 9.1 Torr. This is well within our uncertainties but deserves to be studied carefully.  

We believe capillary condensation in the small pores is responsible for the Δ-step seen here. 

This fills the volume of the small pores of NU-1000 remaining after one monolayer of adsorbate 

has been deposited on the NU-1000 (or, after a partial second layer, as seen for most of the gases).  

In a study of N2 adsorption at 77.4 K on well characterized siliceous molecular sieves (MCM-41), 

Kruk et al.254 measured adsorption and desorption isotherms on samples with pore diameters 
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between 2.83 nm and 6.59 nm. They used a modified Kelvin equation to calculate the pore radius 

from the relative pressure at capillary condensation, which could be compared to the pore radius 

measured by X-ray diffraction. Kruk et al used the Kelvin equation with additional terms254 to 

estimate their pore radius from pressures at the condensation step (PΔ) relative to the 3d bulk vapor 

pressure: 

𝑟(𝑃∆ 𝑃0⁄ ) =
2𝛾𝑉𝐿

𝑅𝑇
ln(𝑃∆ 𝑃0⁄ ) + 𝑡(𝑃∆ 𝑃0⁄ )                                    (6.8) 

where 

We have used the data from the Table 6.4 isotherms of H2(19.6 K), D2(19.7 K), N2(65.2 K) 

and CO(77 K) on Sample 3, and CO(78.6 K) and CH4(91.8 K) from Sample 6, all leading to a 3d 

liquid phase, in 𝑟𝑃﷩∆﷩﷩𝑃0﷩﷩ =
2𝛾𝑉𝐿

𝑅𝑇
ln(𝑃∆ 𝑃0⁄ ) + 𝑡(𝑃∆ 𝑃0⁄ )                                    (6.8 above to 

estimate the effective radius of the open condensing space. We used γ = 2.2 × 10-3 N/m255  and VL 

= 28.6 × 10-6 m3/mol256 for H2 at 19 K, γ = 3.6 × 10-3 N/m255 and VL = 23.4 × 10-6 m3/mol256 for D2 

at 19.7 K , γ = 11.7 × 10-3 N/m257, VL = 32.6 × 10-6 m3/mol258  for N2 at 65.2 K, γ = 10 .2 × 10-3 

N/m259, VL = 34.7× 10-6 m3/mol260 at 77.7 K for CO and γ = 16.62 × 10-3 N/m257 and VL =  35.6 × 

10-6 m3/mol261 for CH4. The calculated apparent radius of the pores using the normal Kelvin 

equation (i.e., t(PΔ/P0) = 0 in 𝑟𝑃﷩∆﷩﷩𝑃0﷩﷩ =
2𝛾𝑉𝐿

𝑅𝑇
ln(𝑃∆ 𝑃0⁄ ) + 𝑡(𝑃∆ 𝑃0⁄ )                                    (6.8), 

are: 5.5 Å (H2), 5.6 Å (D2), 8.2 Å (N2), 7.0 Å (CO, Sample 3), 6.3 Å (CO, sample 6) and 9.2 Å 

(CH4).  If we consider the hexagonal pores of Figure 6.1 as an idealized tube of radius 15 Å and 

use as an estimate of a monolayer thickness the Lennard-Jones σ from Table 6.1, adding a 

monolayer of CH4, somewhat more than a layer of N2 and CO, and almost two layers of H2 and 

D2 on the walls of the pore would account for the reduced volume of the pores on going from CH4 
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to H2, which is consistent with our findings on the pore volume from the volume adsorbed at the 

Δ-step. 

6.1.7 CONCLUSIONS 

We have measured an extended set of adsorption isotherms of 10 small gases on a relatively open 

frame Zr-MOF, namely NU-1000. Our objective was to obtain for each adsorbate the isosteric heat 

of adsorption, Qst, both at low coverage as a function of the pair interaction energy of the different 

adsorbates, and as a function of amount of gas adsorbed from zero coverage to bulk three-

dimensional condensation. The heats at 0.1 ML increase nearly proportional to the Lennard-Jones 

6−12 pair potential energy parameter (ε) for the interaction between adsorbates (Figure 6.10). The 

same area of the NU-1000 samples is available to all the gases (Figure 6.8). We present DFT 

calculations of the enthalpy of adsorption on seven different sites associated with the NU-1000 Zr-

MOF crystal for the individual gases studied (Figure 6.2, Figure 6.11, Figure 6.12, and Table 6.3). 

Favorable agreement is achieved when the differential heat at 0.1 ML is compared to DFT results 

after appropriate filling of more stable (lower-coverage) sites Figure 6.10. The filling of the pores 

above the statistical first layer occurs via adsorption of a significant partial second layer for the 

small mass quantum gases (H2, D2, Ne), a lower amount of second layer for the intermediate-mass 

gases, and no apparent second layer for C2H6 and Xe. For all the gases though there is a sizable 

adsorption step (increase in adsorption at constant P and T) that we interpret as capillary 

condensation in the voids left after the first (and partial second) statistical layer is formed. 
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6.1.8 FIGURES AND TABLES 

 

Figure 6.1. Cartoon of the NU-1000 MOF lattice: (a) Cross sectional view of the lattice (along the 

c axis) and an amplified view of one of the nodes containing the metal of interest. This view shows 

the large channel and six triangular channels. (b) Side view of the linkers joining the nodes and an 

enlarged view of the organic linkers. This view, from perpendicular to the view in part (a), along 

the direction bisecting the a and b axes, shows the small pores. 
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Figure 6.2. Cartoon of the node model used to identify six adsorption sites for each atom or 

diatomic molecule on the NU-1000 lattice. The figure illustrates the locations of the six most stable 

sites for Ar atoms, additional similar figures for all other atoms/molecules in this study can be 

found in the Supporting Information. 

  

https://pubs.acs.org/doi/10.1021/jacs.7b10360
https://pubs.acs.org/doi/10.1021/jacs.7b10360
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Figure 6.3. N2 adsorption isotherm (i.e., total amount adsorbed versus pressure) on a 10.0 mg 

sample 7 of NU-1000, measured at 77.4 K (liquid N2 temperature, where P0 = 760 torr). Inset: 

linearized BET isotherm,
1

{𝑉𝑎𝑑𝑠[(𝑃0 𝑃⁄ −1)]}
=

𝑐−1

𝑐𝑉𝑀𝐿
(𝑃 𝑃0⁄ ) +

1

𝑐𝑉𝑀𝐿
                                    (6.2. The 

slope of the straight line (S) and intercept on the vertical axis (I) give a BET monolayer volume 

VML = 1/(S + I) = 5.93 ccSTP (horizontal arrow). Δ: condensation jump after completion of the 

first BET layer. 
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Figure 6.4. CO isotherms on NU-1000 MOF, Sample 6. 
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Figure 6.5. CH4 isotherms on NU-1000 MOF, sample 6. 
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Figure 6.6. One reduced isotherm for each one of the four gases adsorbed on Sample 3 at 

temperatures indicated. Horizontal arrows indicate monolayer completion as listed on Table 6.2. 

To view all the isotherms for each gas, please see the Supporting Information. 

  

https://pubs.acs.org/doi/10.1021/jacs.7b10360
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Figure 6.7. One reduced isotherm for each gas adsorbed on Sample 6 at temperatures indicated. 

Horizontal arrows show monolayer completion for some of the adsorbed gases. Table 6.2 lists VML 

for all the gases. To view all isotherms for each gas, please go to Supporting Information. 

  

https://pubs.acs.org/doi/10.1021/jacs.7b10360
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Figure 6.8. Lennard-Jones areas of Samples 3 and 6 based on the monolayer adsorption capacities 

for different gases, calculated using data from Table 6.1 and Table 6.2 (and normalized to that 

from N2 adsorption, which gives a BET area of 2,580 m2/g) versus the quantum parameter η for 

the gas, as defined in text. 
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Figure 6.9. Top: Isosteric heats of adsorption versus coverage determined from analyzing 

isotherms at multiple temperatures. Bottom: Same data with heats normalized to value at 0.1 ML. 

Experimental average temperature for each gas: CO, 72.5 K; Xe, 134 K; CH4, 95.2 K (1st layer), 

79.2 K (2nd layer); Ar, 74.1 K; Ne, 26.3 K (1st third of 1st layer), 20.7 K (rest of 1st and 2nd 

layers); H2 and D2, 34 K (initial half of 1st layer), 17.5 K (2nd layer); N2, 72 K; Kr, 84 K; C2H6, 

142 K. 
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Figure 6.10. Differential isosteric heat of adsorption at 0.1 ML coverage versus the Lennard-Jones 

well depth, ε, for all the gases where measurements could be carried to that low coverage. Also 

shown are two adsorption enthalpies calculated with DFT: the thermally-averaged value at 77 K 

in the limit of low coverage, <Q>0, DFT, and the adsorption enthalpy of the site expected to be being 

populated at 0.1 ML, -HDFT(0.1), are also shown. For comparison, experimental values of the 

binding energy of the adsorbates on graphite(0001) in the low-coverage limit at 0 K, E0, are also 

shown from Vidali et al236. 
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Figure 6.11. Six adsorption sites on the hexazirconium node of NU-1000, and one adsorption site 

on the pyrene linker (#7).  Dashed lines indicate the shortest distances between adsorbates and 

MOF atoms. This is a view from the hexagonal pore of Figure 6.1(a). 
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Figure 6.12. Illustration of the relation between the node and benzene rings, and six site locations. 

Hydrogens on the nodes are not shown for simplicity. This is a view from the triangular pore of 

Figure 6.1(a).  Site 7 is not shown because it is farther away from the node. 
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Table 6.1. Gases adsorbed, Lennard-Jones potential parameters (σ, ε), molecular masses (m), 

quantum parameters (η), sample number used for quantitative measurements (#), and range of 

temperatures at which isotherms were measured (T). 

gas σ ε m η × 103 # T 

 Å kJ/mol g/mol   K 

H2 2.92 0.31 2.01 76.65 3, 6 16.5-37.5 

D2 2.92 0.31 4.03 38.23 3 16.5-37.5 

Ne 2.75 0.30 20.18 8.95 6 18.0-29.0 

CH4 3.82 1.23 16.04 1.40 6 67.0-113.5 

N2 3.70 0.79 28.01 1.34 2, 3, 6, 7 65.2-78.3 

CO 3.76 0.83 28.01 1.22 3, 6 66.5-78.6 

Ar 3.41 1.00 39.95 0.87 6 70.0-78.2 

C2H6 3.95 2.02 30.03 0.43 6 127.4-145.0 

Kr 3.65 1.42 83.80 0.25 6 79.5-88.5 

Xe 3.98 1.84 131.29 0.11 6 128.3-139.0 
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Table 6.2. Monolayer coverage from samples 3 and 6, and isosteric heats of adsorption at 0.1 

monolayer coverage, Qst(0.1), measured at average temperature, <T>. Such low-coverage C2H6 

isotherms could not be measured. Also listed are the average number of molecules per Zr6 node 

(per formula unit of NU-1000) in the monolayer, nML, the bulk latent heat of condensation 

(EL)256,262-268, and the ratio EL/ε. 

gas # VML nML <T> Qst(0.1) EL EL/ε 

  ccSTP  K kJ/mol kJ/mol  

H2 3, 6 4.7, 7.6 86, 93 34 3.6 0.964 3.11 

D2 3 5.3 95 34 3.9 1.47 4.74 

Ne 6 9.6 118 26.3 3.2 2.14 7.13 

CH4 6 4.8 59 95.2 16.5 10 8.13 

N2 3, 6 3.2, 4.7 58, 58 72 11 5.88 7.44 

CO 3, 6 3.2, 4.7 58, 58 72.5 12 6.43 7.74 

Ar 6 5.6 69 74.1 12 7.91 7.91 

C2H6 6 3.3 40 142 - 15.8 7.82 

Kr 6 4.6 56 84 18 11.2 7.89 

Xe 6 4.2 51 134 23 15.5 8.42 
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Table 6.3. The adsorption enthalpies at the numbered sites, Hi, average heat of adsorption in the 

limit of low coverage, <Q>0,DFT, at 77 K and differential enthalpy of adsorption at 0.1 ML coverage 

in a sequential-site model, HDFT(0.1), all based on DFT calculations (see text), compared to the 

experimental isosteric heats at 0.1 ML coverage, Qst(0.1) (at temperatures from 26 to 142 K, see 

Table 6.2). All values in kJ/mol. Negative signs are omitted for all H values. 

site 1    2    3    4    5    6    7 <Q>0,DFT -HDFT(0.1) Qst(0.1) 

di* 2 2 2 2 2 4 4    

H2 8.6 8.1 9.6 9.0 5.4 4.2 4.4 9.3 5.4 3.6 

D2 10.0 10.0 11.1 11.0 6.6 5.6 4.6 10.9 6.6 3.9 

Ne 3.0 7.3 6.8 7.3 6.1 4.9 2.4 7.0 4.9 3.2 

CH4 21.4 19.9 23.0 20.8 6.8 11.6 8.2 22.6 20.8 16.5 

N2 15.9 15.8 20.3 16.1 3.4 9.0 3.6 20.3 15.9 11 

CO 20.9 18.6 26.5 17.9 4.3 7.0 8.3 26.5 18.6 12 

Ar 12.7 12.4 13.5 13.2 4.6 6.3 6.1 13.2 12.4 12 

Kr 15.0 14.4 16.9 15.5 6.0 8.7 7.4 16.5 15.0 18 

Xe 21.2 18.8 23.0 20.7 8.0 8.8 10.6 22.4 20.7 23 

C2H6 27.3 27.0 32.2 27.0 15.0 11.4 11.6 32.2 27.3 - 

*The number of equivalent sites of type i per node. 
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Table 6.4. Measured properties of adsorbed gases beyond the first layer. Column 2: Volume of 

voids at the Δ-step (NΔ × σ3/msample) where NΔ is the number of atoms derived from the volume 

adsorbed at the Δ-step; Column 3: temperature of isotherm and phase of 3d substance, used to 

calculate Column 2; Column 4: ratio of full volume adsorption capacity, V3d, to volume of adsorbed 

monolayer; Column 5: temperature of isotherm used, phase of 3d substance, and sample number, 

used to calculate Column 4; Column 6: ratio of measured pressures at the Δ-step (PΔ) to the 

saturated vapor pressure of the bulk 3d adsorbate at the temperature (T) and 3d phase (L or S) of 

the isotherm. S = solid; L = liquid; (#) Sample number. 

gas VΔ 

(cm3/g) 

T (K), 

phase 

<V3d/VML> T (K), phase 

(#) 

PΔ/Po, T (K), phase 

H2 0.095 19.6, L 2.08 19.6, L (3) 0.19, 19.6, L 

D2 0.17 19.6, L 1.96 19.6, L (3) 0.16, 17.1, S; 0.19, 19.6, L 

Ne 0.3 18.0, S 2.08 23.1, S (6) 0.37, 18.0; 0.32, 21; 0.29, 23.1, S 

CH4 0.49 67.0, S 1.82 91.8, L (6) 0.11, 67.0; 0.16, 74.5; 0.14, 83.5, S; 0.18, 91.8, L 

N2 0.265 78.3, L 1.85 65.2, L (3) 0.16, 65.2; 0.22, 71.2; 0.25, 78.3, L  

CO 0.335 78.6, L 1.94 78.6, L (6) 0.16, 66.5, S; 0.18, 69.6; 0.20, 72.3; 0.22, 75.4; 

0.22, 78.6, L 

Ar 0.43 78.2, S 1.93 78.2, S (6) 0.20, 70.0; 0.26, 78.2, S 

C2H6 0.36 138.3, S 1.76 138.3, S (6) 0.11, 127.4; 0.11, 138.3; 0.13, 145.0, S 

Kr 0.5 79.5, S 1.91 88.5, S (6) 0.20, 79.5; 0.21, 88.5, S 

Xe 0.41 128.3, S 1.69 149.8, S (6) 0.20, 128.3; 0.23, 139.0, S 
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6.2 Heats of Adsorption of N2, CO, Ar, and CH4 versus Coverage on the Zr-

Based MOF NU-1000: Measurements and DFT Calculations 

This subchapter is reprinted with permission from reference 95: 

Vissers, G. O.; Zhang, W.;Vilches, O. E.; Liu, W.-G.; Yu, H. S.; Truhlar, D. G.; Campbell, C. T. 

Heats of Adsorption of N2, CO, Ar, and CH4 versus Coverage on the Zr-Based MOF NU-1000: 

Measurements and DFT Calculations. J. Phys. Chem. C 2019, 123, 6586-6591. 

 

ABSTRACT 

Equilibrium adsorption isotherms at very low coverage (0 to ~0.1 monolayer) have been measured 

for four simple gases, N2, CO, Ar and CH4, above 98 K on the metal-organic framework (MOF) 

NU-1000 (which has Zr6(μ3-OH)4(μ3-O)4(OH)4(OH2)4 nodes linked by pyrenes with –COO- end 

groups). From these, the differential isosteric heats of adsorption (Qst) were determined versus 

coverage.  These were compared to density functional calculations of the adsorption enthalpies on 

different sites, assuming that they are filled in a sequential order from strongest to weakest binding. 

This comparison shows excellent quantitative agreement on the trends for the four gases, as well 

as reasonable agreement in the absolute magnitude of the adsorption energies. This agreement 

indicates that the sites predicted by the density functional calculations to be populated at different 

coverages for the different gases are correct, thus further increasing our understanding of 

adsorption on this prototype MOF. 

6.2.1 INTRODUCTION 

Metal-organic frameworks (MOFs) represent an important new class of adsorbent materials and 

catalysts.  As such, it is important to fundamentally understand the adsorption of simple gases on 

these materials, and to quantitatively evaluate the accuracy of density functional theory (DFT) in 



 

156 

 

predicting their adsorption energies at the different sites on the MOFs.  Our team recently reported 

measurements of adsorption isotherms and the calculation of the isosteric (differential) heat of 

adsorption, Qst, versus coverage from the isotherms for ten different small gases adsorbed on a Zr-

based metal-organic framework (MOF) called NU-1000.94 Those measurements were performed 

for ten gases (H2, D2, Ne, CH4, N2, CO, Ar, C2H6, Kr, and Xe) at various temperatures, from low 

sub-monolayer coverages (0.1 ML) up to condensation of the bulk three-dimensional phase.  

NU-1000 is one of the most thermally stable MOFs49 and has been demonstrated to have 

interesting catalytic applications.48,269-275 NU-1000 has transition-metal nodes of formula Zr6(μ3-

OH)4(μ3-O)4(OH)4(OH2)4 that resemble hydrated ZrO2 clusters and can serve as catalysts or 

catalyst supports, and the linkers in this MOF are pyrenes (fused benzene rings) linked to the nodes 

via the carboxylate groups of benzoates. The monolayer completion coverages in our adsorption 

study were found to correspond to a large number of adsorbed molecules per Zr6 node (58 to 69 

molecules per node for the four gases studied in this present paper), and the heats of adsorption 

were found to decrease strongly with coverage, which is explained by the varying chemical 

character of the sites in a unit cell. These measurements were accompanied by density functional 

theory (DFT) calculations of enthalpies of adsorption at 77 K for the zero-coverage adsorption of 

the same gases at seven different types of sites (i) of the MOF lattice, each of which has two or 

four identical sites per node within each unit cell of NU-1000. The structure of NU-1000 and the 

DFT-calculated site locations are shown in Figure 6.13(a); the site-type multiplicities (Mi) are 

listed in Table 6.5. 

A summary of some of the experimental results from Zhang et al.94 is shown in Figure 

6.13(b) (Figure 10 of that article) and in Table 6.5. As shown, at 10% monolayer (ML) coverage 

(the lowest coverages for which reliable Qst values were obtained in ref 94) the measured Qst(0.1) 



 

157 

 

for the different gases followed an almost linear dependence on the Lennard-Jones well depth ε 

for the atom-atom or molecule-molecule interaction of the substances being studied. As also 

shown, the zero-coverage DFT adsorption enthalpies (<Q>0,DFT) for the noble gases were close in 

magnitude to the measured Qst(0.1), while for the diatomic and polyatomic molecules the DFT 

enthalpies were much larger than the experimental Qst(0.1). Much better agreement with the 

experimental Qst(0.1) was obtained with a model assuming sequential filling of DFT adsorption 

sites, from high to low adsorption energies, up to 10% of a monolayer (-HDFT(0.1), shown in Figure 

6.13(b)). 

Although the previous experiments did not extend to coverages below 0.1 ML, the DFT 

calculated energies gave a large change in heat with coverage even below 0.1 ML within this 

sequential site-filling model. This stimulated the current study, where we report experimental heats 

of adsorption of four of these gases (N2, CO, Ar, and CH4) extended to much lower coverage with 

better resolution. The results agree well with the trends predicted by the DFT calculations, 

including the higher adsorption energy magnitude for the diatomic and polyatomic molecules than 

for the rare gas. This combination of experimental and calculated heats at different sites gives a 

nearly complete understanding of the adsorption of these gases on NU-1000, making this perhaps 

the best understood MOF in terms of adsorption properties. Furthermore, it provides confidence 

in the ability of DFT to predict relative adsorption energies at the many different sites in MOFs 

when van der Waals interactions dominate, as they do here. 

6.2.2 METHODS 

6.2.2.1 Experimental Methods 

Details of the synthesis of the NU-1000 studied here and its structural characterization are 

presented in ref. 94, with more details in the original synthesis paper.49 That structural 
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characterization is summarized below. The N2 adsorption isotherm measured for the sample of 

NU-1000 studied here (Figure 6.14) is indistinguishable from that presented in the original 

synthesis paper49 (i.e., within tiny run-to-run differences seen on the same sample). This further 

verifies that we studied the same structure here, at least with respect to gas adsorption. 

As we stated in ref 94, the NU-1000 samples studied here were synthesized and activated 

by the same group (Farha, Hupp et al.) following the same procedures as outlined in their original 

paper,49 and further outgassed by us as described in ref 94. A great deal of structural analysis of the 

material we used here was provided in that original synthesis paper,49 including X-ray diffraction 

(XRD), scanning electron microscopy (SEM) and diffuse reflectance infrared fourier transform 

spectroscopy (DRIFTS). The crystallite sizes are large, so the fraction of defect sites due to crystal 

terminations should be lower than 0.5%. We had published a previous paper about the adsorption 

energy of calcium vapor onto this same type of NU-1000 sample synthesized by that same group, 

in which they were coauthors.99 The Experimental section of that joint paper with them says 

regarding defects: “1H NMR of the digested material confirmed that activation was complete, with 

the only carbon-containing component being the tetra-acid of the MOF organic linker, pyrene-

tetraphenylcarboxylate. Nitrogen adsorption measurements of the activated MOF yielded the BET 

surface area, the pore volume, and the isotherm shape expected for a clean and undamaged sample. 

Powder X-ray diffraction (XRD) measurements yielded the pattern expected for NU-1000, with 

no evidence of the formation of polymorphs such as NU-901. The MOF crystallites are necessarily 

terminated with linkers, nodes, or both, with the identity of the terminating units possibly being 

crystal-face dependent. A linker-terminated face will present unreacted carboxylic acid groups. 

We have been unable to observe these by DRIFTS, which is not unexpected even if they are 

present, as the detection limit is about 1%. A node-terminated face will present excess aqua and 
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hydroxo ligands. These additional ligands, if present, are likely to be indistinguishable by DRIFTS 

from aqua and hydroxo ligands present within the crystallites.” This NU-1000 also contains a 

secondary framework seen in residual electron density plots in powder XRD which was estimated 

to be present in ~20% of the mesopores of NU-1000 (in excellent agreement with the 25% modeled 

in N2 adsorption simulations).49 The nodes and linkers in that secondary framework are nearly 

identical to those in the main framework, and thus provide essentially the same types of adsorption 

sites as we have modelled here with DFT based on the main framework crystal structure. That 

same synthesis team (Farha, Hupp et al.) also used potentiometric acid–base titrations to look for 

defects in this same material, and were unable to find any defects except for the type already 

expected from this secondary framework structure.276 

The methods and apparatus are essentially the same as those we reported previously,94 with 

some minor modifications in methods. This study focusses on coverages in the region below 0.1 

monolayer, and thus required using higher temperatures (T) than those reported in ref 94. We used 

the Langmuir isotherm equation to estimate the temperature of the isotherm at which to measure 

the adsorption pressure of the calculated strongest site (called Site 3 in Figure 6.13(a)), compatible 

with our absolute pressure measurement system. Pressures were measured with a 10 Torr range or 

1000 Torr range MKS Baratron capacitance manometer, accurate to 1% at full range and chosen 

for best accuracy. 

We measured a N2 adsorption isotherm at approximately 77 K for a new sample of NU-

1000 (Sample 8, prepared as we reported previously94), as shown in Figure 6.14. We used the BET 

equation to determine the BET monolayer capacity VML of this sample (5.11 ccSTP). Considering 

the mass-loading difference between samples, we scaled this monolayer capacity to the value 
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reported by ref 94 for Sample 6 of the NU-1000 (4.7 ccSTP) to compare data from different 

samples.  Sample 8 was used for the new experiments reported here. 

Before each isotherm measurement, the sample was pumped at 23 oC to about 10-6 Torr, 

then cooled to the desired temperature. At coverages below 0.1 ML, we either added (or removed) 

gas at a fixed T or changed T with the fixed amount dosed. We repeatedly verified that we reached 

the same volume adsorbed at a given temperature and pressure whether approaching from lower 

of higher coverage (i.e., that our procedure allowed us to reach true equilibrium). The adsorption 

cell volume was calibrated as a function of temperature using He gas. 

6.2.2.2 Theoretical Methods 

Full details about the theoretical methods were provided previously;94 here we just give a 

brief summary. For the DFT calculations, we adapted the cluster model that had been used in a 

previous study.99 The geometry optimizations employed the M06-L density functional129 and 6-

31G(d,p) basis set.135 The enthalpies were then calculated based on interaction energies evaluated 

with a larger basis set, 6-311++G(d,p),246 and a counterpoise correction.277 

6.2.3 RESULTS AND DISCUSSION 

Figure 6.15 shows the DFT calculated differential heat of adsorption, –Hi, versus coverage at 77K, 

taken from Table 6.5, assuming sequential filling of sites from the strongest to the weakest and no 

lateral interactions between adsorbates as sites fill. If we use N2 as an example, Site 3 of Figure 

6.13(a) is the strongest site with multiplicity of 2, so the first two “sequential sites” in Figure 6.15 

both correspond to a structure like Site 3 of Figure 6.13(a). We will compare newly measured heats 

below to this aspect of our previously reported DFT calculations. 

Adsorption isotherms for the four gases in the central range of adsorption energies of 

Figure 6.13(b), i.e., the gases N2, CO, Ar, and CH4, were measured versus temperature to determine 
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heats of adsorption versus coverage, with emphasis on the region below 0.1 monolayer.  Figures 

S2 through S5 in the Supporting Information show for each gas the expanded low-coverage 

isotherms. For each gas, we measured one complete isotherm, lowering the temperature and adding 

gas until we reached liquid- or solid-vapor coexistence at saturated vapor pressure, P0. Once P0 

was reached, lowering T allowed us to check the thermometer readings vs. tabulated saturated 

vapor pressures. The differential isosteric heats of adsorption, Qst, were calculated from these 

isotherms using the equilibrium pressure (P) versus temperature (T) at constant coverage (θ) in the 

standard relation:235 

 𝑄𝑠𝑡(𝜃) = −𝑅[𝜕(𝑙𝑛𝑃) 𝜕(1 𝑇⁄ )⁄ ]𝜃                       (6.9) 

where R is the gas constant. The isotherms have no singularities in the range measured. They were 

smoothed and digitized every 0.02 ccSTP adsorbed. From the table of data for each gas, graphs of 

ln P vs. 1/T were constructed. Straight lines were drawn through the constant coverage points, their 

slopes (multiplied by -R) giving Qst as a function of coverage. The amount of gas adsorbed was 

converted to site occupancy assuming a sequential filling of sites from strongest to weakest 

adsorption energies. From Table 6.2 of ref. 94, the measured number of adsorbed atoms or 

molecules per Zr-node at monolayer completion are nML = 58, 58, 69, and 59 for N2, CO, Ar and 

CH4, respectively. The number of sites being occupied as coverage increases is given by 

 no. of sites occupied = 𝑛ML(𝑉ads 𝑉ML⁄ )               (6.10) 

where VML is the monolayer adsorbed quantity and Vads is the actual amount adsorbed. Thus, if 

there is a sequential filling of sites, 0.1 monolayer corresponds, in the same order, to roughly 6, 6, 

7, and 6 molecules per node being adsorbed. The resulting plots of differential heat of adsorption 

versus coverage or site occupancy for N2, CO, Ar, and CH4 are shown in Figure 6.16. The DFT 

results from Figure 6.15 are added for comparison.  

https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b12263
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The heats of adsorption of N2 and CO on NU-1000 in Figure 6.16 decrease strongly with 

coverage in the initial stages of adsorption (below 10% of saturation coverage) due to the 

sequential filling of different types of adsorption sites present on the NU-1000, as is remarkably 

well predicted by DFT. The heats of adsorption of Ar and CH4, on the other hand, decrease more 

slowly with coverage, as also predicted by the DFT calculations. The average temperature of the 

current measurements is about 40 K higher than the 77 K of the DFT calculations, so the new 

measurements should be higher by about R × ΔT ≈ 0.33 kJ/mol.  

As seen in Figure 6.16, there is very good agreement between these measured heats of 

adsorption versus coverage in this low-coverage regime and the differential heats calculated with 

DFT assuming sequential site filling for all four gases, especially in the magnitude of the decrease 

in heat with coverage. This suggests that the sites and binding energies predicted by DFT represent 

a very accurate reflection of reality, making these adsorbates on NU-1000 some of the best 

understood of all adsorbate-on-MOF systems. The DFT calculations also reproduce the faster 

decreases in heat of adsorption with coverage seen for N2 and CO than for Ar and CH4, which is 

probably associated with the stronger interaction between adsorbate pi bonds (present in CO and 

N2 only) and Site 3 on the node. The DFT calculations overestimate the heats of adsorption by 2-

5 kJ/mol for all the molecular gases, with less disagreement (2-3 kJ/mol) for the single-element 

molecule (N2), but larger disagreement (~5 kJ/mol) for the other molecular gases (CO and CH4). 

This overestimate of the heats is probably due to an intrinsic error in the DFT method. The DFT 

heats show almost no difference with our measurement for the monatomic noble gas (Ar). It is 

clear that the M06-L functional is particularly well suited for this study, probably because it takes 

advantage of the ability of meta functionals to account for damped dispersion at van der Waals 

distances.238,244 
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The temperatures for the DFT energies (77 K) were chosen to match the average of the 

experiments in our previous paper where they were published.  They are lower than in the current 

experiments, which used higher temperatures to achieve lower equilibrium coverages. However, 

since the heat-capacity effect on the heat is small (~RΔT), this temperature difference is not 

considered important. (The heat capacity effect was estimated from the vibrational partition 

functions as described earlier,94 using frequencies provided by normal-mode analyses.) 

The range of coverages studied in Figure 6.16 (~0.5% to 10 % of a ML) is so low that one 

must consider whether the results might be dominated by defects. As noted in the Experimental 

Methods section, structural analyses of the NU-1000 synthesized exactly as the samples used here 

(and showing identical N2 adsorption isotherms as measured here) have <1% defects, except for a 

secondary framework that has nodes and linkers arranged in a way that is nearly identical to those 

in the main framework. This secondary framework thus provides essentially the same types of 

adsorption sites as we have modelled here with DFT based on the main framework crystal 

structure.  The excellent agreement in Figure 6.16 between the DFT-calculated heats and those 

measured here also strongly suggests that defects are not a significant problem here.   

Figure 6.17 is the same type plot as Figure 6.16, but now extended all the way up to 1.0 

ML using data from our prior study.94 It is very clear in this comparison to experiments that the 

assumption in these DFT-based estimates of adsorption heats that adsorbate-adsorbate interactions 

are negligible breaks down severely soon after filling 8 sites per node with adsorbates. The 

measured heats stay much higher than predicted, which we attribute to adsorbate-adsorbate van 

der Waals (vdW) attractions. The importance of these vdW attractions has been clearly observed 

in studies of CH4 adsorption on other MOFs,243,278,279 and they are expected to be important for all 

four of these gases when adsorbed on surfaces to which they are very weakly bonded. 
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However, it is also clear in Figure 6.17 that at coverages below 8 adsorbates per node (i.e., 

~0.1 ML and below), that these adsorbate-adsorbate attractions are not yet important. This is 

because the sites that are available here bind these adsorbates so strongly to well-separated sites 

that it would be uphill in energy to move two adsorbates closer together where they could enjoy 

these vdW attractions. For example, when 8 sites per node are filled, the closest CH4−CH4 

separation is greater than 0.60 nm (based on our DFT geometries for isolated adsorbates), 

compared to the CH4−CH4 van der Waals bond distance of 0.43 nm from its Lennard-Jones 

parameters.94 This low-coverage region is perhaps most interesting from the point-of-view of 

benchmarking comparisons to theory, since the lack of adsorbate-adsorbate interactions removes 

many of the assumptions needed for theoretical modeling of higher coverages,, and thus makes a 

far simpler and more direct comparison.  Heats of adsorption in this low-coverage regime are rarely 

reported on any MOFs with such high coverage resolution as we do in Figure 6.16 on NU-1000 

with four different gases. The heats of adsorption of CH4 and N2 have been measured at low 

coverages on Fe-MOF-74.245  

In contrast to the case above with 8 or fewer adsorbates per node, when 9 or more 

adsorbates per node are sequentially populated, the minimum adsorbate-adsorbate distance gets 

very close to the Lennard-Jones bond distance. The resulting vdW attractions explain why the 

heats at this coverage in Figure 6.17 suddenly get larger than predicted by this sequential-site-

filling model, which neglects adsorbate-adsorbate interactions. 

Figure 6.18 compares the results from our present measurements to the previous DFT 

results and previous measurements reported by ref. 94. The results are shown in the order of 

increasing Lennard-Jones well depth, ε. The present measurements at 0.1 ML agree with previous 

measurements to within <2 kJ/mol.  The magnitude of heats calculated by DFT (in the limit of 
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zero coverage at 77 K, <Q>0,DFT) is somewhat larger for the molecules than the measured values, 

whereas for the monoatomic gas (Ar) these values agree within uncertainties. 

The data show that at zero coverage the adsorption energies do not follow a linear 

dependence on the Lennard-Jones well depth, ε, but rather each molecule has its own adsorption 

characteristic dependence on coordination and accommodation on the MOF nodes and linkers. The 

strongest adsorption site is situated near a Zr atom but aided by two organic rings as shown in 

Figure 6.13(a) (Site 3). The origin of the discrepancy in the magnitude between the DFT enthalpy 

calculations and the Qst measurements is not resolved. On the experimental side, it is possible that 

the NU-1000 sample has impurities adsorbed on the strongest site that cannot be removed by 

simple baking in vacuum. We have baked samples of NU-1000 up to 300 °C at 7 × 10-7 Torr and 

immediately run N2 isotherms. Only very small changes were seen in the monolayer capacity up 

to 250 °C. Baking at 300 °C decreased the effective substrate area significantly. We have not 

explored the zero-coverage limit in detail. 

6.2.4 CONCLUSOINS 

In summary, the heats of adsorption of N2, CO, Ar, and CH4 on NU-1000 decrease strongly with 

coverage in the initial stages of adsorption (below 10% of saturation coverage), due to the 

sequential filling of different types of adsorption sites present on NU-1000, as is remarkably well 

predicted by DFT. The heat decreases more strongly with coverage for the less symmetric gases 

(CO and N2) than for Ar and CH4, as also predicted by DFT. These agreements strongly support 

the nature of the sites predicted by DFT for the adsorption of the ten different gases reported in 

our previous study,94 especially for this subset of four. These adsorbates on NU-1000 are now 

some of the best understood of all adsorbates on any MOF system. 
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6.2.5 FIGURES AND TABLES 

 

Figure 6.13. (a) Six adsorption sites on the hexazirconium node of NU-1000 and one adsorption 

site (#7) on the pyrene linker. Dashed lines indicate the shortest distances between adsorbates and 

MOF atoms. (b) Differential isosteric heat of adsorption at 0.1 ML coverage versus the Lennard-

Jones well depth, ε, for all the gases for which measurements could be carried to that low coverage. 

Also shown are two adsorption enthalpies calculated with DFT: the thermally-averaged value at 

77 K in the limit of low coverage, which is labeled as <Q>0, DFT, and the adsorption enthalpy of 

the site expected to be populated at 0.1 ML, which is labeled as -HDFT(0.1). For comparison, 

experimental values of the binding energy of the adsorbates on graphite(0001) in the low-coverage 

limit at 0 K, E0, are also shown from Vidali et al.236 Reprinted with permission from ref 94. 

Copyright 2017 American Chemical Society. 
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Figure 6.14. Left: N2 equilibrium adsorption isotherm on Sample 8 of NU-1000 measured at 

approximately 77 K in the cryocooler system after baking for several hours at 75 °C and 10-6 Torr. 

Right: BET plot of this same N2 isotherm. Here, Vads is the volume of gas adsorbed (if measured 

at STP), P is the pressure and P0 is the equilibrium vapor pressure of the bulk liquid at the 

measurement temperature. The BET linearized best-fit equation shown gives VML = 5.11 ccSTP. 

This value was used to scale coverages to those of Sample 6 for which VML = 4.7 ccSTP (i.e., ~8% 

smaller sample size). 
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Figure 6.15. Calculated isosteric heats of adsorption at 77 K versus coverage using the DFT 

enthalpies calculated at zero coverage in the different sites, -Hi, assuming that the sites are filled 

sequentially with no adsorbate-adsorbate interactions. The five strongest structurally-distinct sites 

found from DFT have multiplicities 2, 2, 2, 2 and 4, from strongest to weakest (with a total of 12 

sites shown here). 
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Figure 6.16. The very low coverage isosteric heats (Qst) of N2, CO, Ar, and CH4 adsorption as 

functions of the amount adsorbed as determined from the measured isotherms. Also shown is the 

DFT estimate at 77 K (-Hi) assuming sequential filling of sites, taken from Figure 6.15 and Table 

6.5. The bulk latent heats of vaporization from the literature262,264,267 are also shown (green 

crosses). 
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Figure 6.17. The same as Figure 6.16, but now extended to much higher coverage (1.0 ML) using 

experimental heats from our prior study94 (open triangles) and the DFT estimate at 77 K (-Hi) 

assuming sequential filling of sites, taken from Table 6.5 (just as in Figure 6.16, but now going to 

the highest coverage, or weakest binding site, studied by DFT). 
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Figure 6.18. Calculated (DFT) heat of adsorption at zero coverage and 77 K (<Q>0,DFT) from ref. 

94, measured differential Isosteric heat of adsorption at 0 and 0.1 ML coverage (Qst(0) and Qst(0.1)) 

from this experiment, and Qst(0.1) from ref. 94 (labelled with “(a)”) for all four gases studied here, 

plotted as a function of increasing Lennard-Jones well depth. Inset is the ratio between 

Qst(0)/<Q>0,DFT as a function of increasing Lennard-Jones well depth. 
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Table 6.5. Four Gases Used in this Study, their Experimental Lennard-Jones Well Depth (ε), their 

Enthalpy of Adsorption at Site I Calculated by DFTb (Hi) at the Seven Adsorption Sites Shown in 

Figure 6.13 (from ref. 94), their Experimental Isosteric Heats of Adsorption at 0.1 ML (Qst(0.1)) 

from the Same Reference (Labelled with “(a)”), their Experimental Qst(0.1) and Qst(0) from the 

Present Work, and the Range of Temperatures over which the Isotherms Used to Calculate the Qst 

Values were Measureda 

gas ε calculated adsorption enthalpies at 77 K 
Qst(0.1)

(a) 
Qst(0.1) Qst(0) 

temperature 

range (K) 
 

 
-H1 -H2 -H3 -H4 -H5 -H6 -H7 

    
N2 0.79 15.9 15.8 20.3 16.1 3.4 9 3.6 11 12.5 18.5 98-128 

CO 0.83 20.9 18.6 26.5 17.9 4.3 7 8.3 12 12.8 22 113-154 

Ar 1 12.7 12.4 13.5 13.2 4.6 6.3 6.1 12 11.8 13.8 98-118 

CH4 1.23 21.4 19.9 23 20.8 6.8 11.6 8.2 16.5 15.4 18.4 118-137 

Mi  2 2 2 2 2 4 4     

aAll energies and enthalpies are in kJ/mol. The table also shows the multiplicities (Mi) of the sites. bThe DFT 

methods are described in detail in ref. 94. (a) From measurements in ref. 94. 
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CONCLUSION  

To sum up, this dissertation provides deeper and systematic understandings of metal and gas 

adsorption on high-surface-area catalyst support materials, in the fields of heterogeneous catalysis 

and gas storage/separation relevant to energy and environmental industries. 

  Chapter 2 describes the standard procedure and experimental setup for metal vapor 

adsorption calorimetry and equilibrium adsorption isotherm (EAI). The metal vapor adsorption 

calorimeter described in Section 2.1 has been applied to drop-cast films of metal–organic 

frameworks (MOFs) NU-1000 described in Chapter 3. The Brunauer–Emmett–Teller (BET) 

system described in Section 2.2 has been used to measure equilibrium adsorption isotherms for 

many small gas molecules on NU-1000 in Chapter 6. 

 Chapter 3 describes the study of Ca vapor adsorption on a Zr-based metal–organic 

framework (MOF) NU-1000 at 300 K. Calcium vapor reacts initially with a high exothermicity 

(∼ -513 and ∼ -570 kJ/mol for samples outgassed at 348 and 378 K, respectively), attributed to Ca 

reacting with carboxylic acid groups, free water, or both on the internal surfaces. The 

exothermicity slowly drops to −280 kJ/mol by 2 ML, attributed to a gradual switch to reaction of 

Ca with −OHx on Zr6 nodes deep below the external surface, with an average enthalpy of reaction 

equal to -366 kJ per mole of Ca. The very slow growth of Ca LEIS and XPS signals shows that 

these reactions proceed to ∼20 nm below the external surface before the diffusion of transiently 

adsorbed Ca atoms becomes too slow to find unreacted sites on the internal surfaces. Beyond 2 

ML, the exothermicity of adsorption decreases exponentially to the sublimation enthalpy of Ca 

(178 kJ/mol), reaching this limit by 5 ML; this is attributed to the formation of Ca(solid) 

nanoparticles near and on the MOF’s external surface. 
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 Chapter 4 introduces a novel calorimetry method that implements a metal-coated LiTaO3 

crystal for heat detection and extends metal adsorption calorimetry to surfaces of nanomaterials 

that are deposited from liquid solutions, as is typical when preparing industrial catalyst materials. 

We demonstrate the capabilities of this new calorimeter by measuring the bond energies of Ag 

vapor onto the clean surfaces of anatase TiO2 nanoparticles (5 nm diameter)  at 300 K, which were 

directly deposited onto the LiTaO3 heat detector by simple drop-casting to form a 2-micron-thick 

TiO2 film. Adsorbed H2O and organic impurities were cleaned off the surface of the drop-casted 

TiO2 film by heating the sample to ~725 K in a low oxygen pressure. The measured sticking 

probability is above 0.988 for all Ag coverages. The initial heat of adsorption is ~206 kJ/mol. The 

heat then increases asymptotically to the heat of sublimation of bulk Ag(s), 285 kJ/mol, at higher 

Ag coverages. To our knowledge, this is the only metal adsorption calorimeter capable of 

measuring metal adsorption energies on the surfaces of solution-prepared high-surface-area 

catalyst support materials. 

 Chapter 5 describes the first adsorption calorimetry of metal gas atoms on any atomically 

smooth well-ordered mixed oxide surface, using the new metal adsorption calorimeter introduced 

in Chapter 4. Unilamellar HCa2Nb3O10 nanosheets were easily deposited onto the LiTaO3 heat 

detector as single-crystalline mixed-oxide thin films using Langmuir-Blodgett (LB) techniques. A 

clean, dehydrated (“dh”) HCa2Nb3O10(001) surface was obtained after heating the nanosheets to 

~725 K in a low oxygen pressure. The He+ LEIS and adsorption calorimetry results show that Ag 

grows on the dh-HCa2Nb3O10(001) surface as 2D islands that are mostly two layers and some three 

layers thick with a coverage-averaged heat of adsorption of ~320 kJ/mol in the first monolayer. As 

the Ag coverage increases, Ag atoms add on top of the 2D islands, making 3D nanoparticles and 

eventually a continuous 3D film, with the heat of adsorption reaching the sublimation enthalpy of 
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bulk Ag(s), 285 kJ/mol. A very high adhesion energy of Ag(s) to dh-HCa2Nb3O10(001) of 4.33 

J/m2 is estimated from the heats of adsorption and explains why this dh-HCa2Nb3O10 support 

imparts unusual stability against sintering to transition metal nanoparticles. At very low coverages, 

Ag is in the form of Ag+, which causes a ~2 eV shift to higher binding energy of the O 1s XPS 

peaks of nearby O atoms in the first two layers of the dh-HCa2Nb3O10(001) support. Above 0.18 

ML, Ag adsorbs in neutral form.  

 Chapter 6 reports the adsorption isotherms for many small gases on NU-1000 from zero 

coverage up to the condensation of bulk three-dimensional phase, together with density functional 

theory (DFT) calculations of the single-atom/single-molecule adsorption enthalpies at 77 K. At 

coverage below 0.1 monolayer (ML) when the adsorbate-adsorbate attractions are not yet 

important, the heats of adsorption of N2, CO, Ar, and CH4 on NU-1000 decrease strongly with 

coverage, due to the sequential filling of different types of adsorption sites present on NU-1000, 

as is remarkably well predicted by DFT. The heats at 0.1 ML for Ne, H2, D2, N2, CO, Ar, CH4, Kr, 

and Xe increase nearly proportional to the Lennard-Jones 6−12 pair potential energy parameter (ε) 

for the interaction between adsorbates. The same area of the NU-1000 samples is available to all 

the gases. For all the gases there is a sizable adsorption step (increase in adsorption at constant P 

and T) that we interpret as capillary condensation in the voids left after the first (and partial second) 

statistical layer is formed.  

 Here, I want to emphasize the importance of the new metal adsorption calorimeter 

introduced in Chapter 4. To clarify the structure–activity relationships in supported metal 

nanoparticle catalysts and their sintering kinetics, researchers have adopted a model catalysts 

approach whereby structurally well-defined samples are prepared by vapor deposition of the metal 

onto single-crystal oxide surfaces, which encounters the well-known “materials gap” with respect 
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to real industrial catalysts. To bridge this materials gap, this calorimeter allows one to measure the 

strength of metal atom bonding and the adhesion energy of metal nanoparticles to clean surfaces 

of technologically relevant catalyst support materials, e.g., metal oxide nanoparticles and 

perovskite nanosheets. This opens up new opportunities for discovering better support materials 

and for basic scientific study of structure / function relationships with respect to metal / support 

bond energies. 
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