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An overview of the  Faraday Discussion, “Design of Nanoparticle Systems for Catalysis”, is presented.  

Examples are taken from the papers presented at the meeting and from the literature to illustrate  main 

discussion points.

Introduction 

Chemical production, which relies heavily on heterogeneous 

catalysis, now accounts for nearly 25% of energy use 

worldwide. Forecasts for global energy demand and use 

project this number will rise to 45% by 2040 
1,2

. Current trends 

in energy supply and use are unsustainable -- economically, 

environmentally and socially. A fully integrated theoretical-

computational-experimental approach to the design of 

selective catalysts is needed to boost energy efficiency in the 

industry's production processes.    

Heterogeneous catalytic processes are extremely complex, 

requiring optimization of factors across multiple scales of 

length, time, pressure, and temperature; inclusive of materials 

synthesis, mechanistic surface chemistry and reaction kinetics.  

Numerous studies show that complex metal/oxide interfaces, 

generally present in catalysts, appear to play an important 

synergistic role in determining reactivity.  Further, since 

materials are often affected by the reaction environment, pre- 

and on-stream activation and optimization of performance is 

necessary.    

Historically, heterogeneous catalytic processes have been 

devised empirically, with broad guidelines informed by prior 

experience in organic and organometallic chemistry. Recent 

advances in theory and experiments provide tools with the 

potential to move beyond the traditional "trial-and-error" 

approach to design principles that predict and develop highly 

efficient heterogeneous catalysis materials systems.  

There has been a revolution in the area of catalysis over the 

past decade enabled by synthetic control of designed 

nanomaterials 
3-5

, advances in theoretical methods and 

computational power 
6,7

, greater understanding of reaction 

mechanisms derived from fundamental surface chemistry 
8-10

, 

and development of novel instrumentation for probing 

catalytic systems under operating conditions 
11,12

.  This Faraday 

discussion revolved around the state-of-the-art in the use of 

these various tools to advance the design of efficient 

heterogeneous catalytic processes.   

Four subtopics were intertwined to address the broad 

question:  How can efficient catalytic systems based on 

nanoparticles be designed?  The use of theory as a driving 

force to understand nanoparticle structure and reactivity was 

one major topic that also permeated all parts of the 

conference.  Because nanomaterials can change their structure 

and surface composition during operation, the challenges of 

characterizing nanoparticulate catalysts was a second major 

theme.  Thirdly, new approaches to catalyst synthesis were 

discussed.  The meeting culminated in the fourth session on 

application of nanoparticle structures as catalysts. 

Herein, I briefly summarize what I view as the general themes 

that emerged from the meeting that lays out challenges for 

future research and further advances in heterogeneous 

catalysis.  The summary draws upon the papers presented in 

the conference as well as selected literature that addresses 

issues arising in the discussion. 

The meeting clearly identified remarkable progress in the past 

two years and challenges that will require further advances.  

The meeting outlined a bright future for further advancing 

heterogeneous catalysts through designed nanomaterials. The 

meeting captured the excitement of new era in heterogeneous  

catalysis thanks to the leadership of Profs. Hutchings and 

Catlow. 

Discussion 

Several key points important for future advancement in catalysis 

emerged from the meeting.  One major theme that emerged was 

the need for better benchmarking and standardization for both 

theory and experiment in order to advance discovery.  

Benchmarking will enable more systematic determination of the 

key characteristics of better catalysts.  A second key point that 

emerged is the continued need for advanced tools for 
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characterization and understanding of catalytic function.  Thirdly, 

the high potential for contributions of “machine learning” for 

catalyst discovery and synthesis were mentioned even though this 

was not a topic of the meeting itself. 

Critical to the design of efficient (active and selective) catalytic 

systems is understanding of reaction mechanism and kinetics.  

Catalysis by its nature is controlled by kinetics; therefore, it is 

essential to map out the elementary steps important in a catalytic 

process and to determine rates constants for these steps.  The 

combination of elementary steps and associated rate constants 

provides the ability to predict reaction selectivity and activity as a 

function of temperature and pressure.   

Modeling of catalytic performance is a multiscale problem, 

spanning substantially different length and time scales (Fig. 1).  At 

the molecular scale 
13

, elementary reactive steps that occur 

extremely short (femtosecond) time scales define the reaction 

mechanism.  Diffusion of reactants across the surface is 

substantially slower (micro-to-milli-seconds) but also depends on 

atomic-scale structure.  Since the structure and composition of the 

catalyst surface determines reactivity, the initial state of the 

catalyst, its form during stable operation and the properties of 

deactivated materials all need to be understood and modeled.  

Evolution of these materials properties is generally significantly 

longer than molecular events and the materials properties all 

depend on the composition of the reactant phase, as described 

below.  Finally, the specific configuration of the reactor and the 

macroscale properties of the catalyst bed are important because of 

the potential for nonuniform temperature and concentration 

profiles that affect rates and selectivity.  The design and modeling 

of catalytic reactors is a well-established field that was not explicitly 

covered in the discussion.  The other two factors:  molecular-scale 

mechanism and evolution of catalyst materials during the course of 

activation, stable operation and ultimately deactivation were the 

topics of active discussion. 

Turning first to molecular scale simulations, such as those discussed 

in the paper presented by Prof. van Santen 
14

  the power of these 

simulations and the remaining challenges are outlined.  In the 

investigation of the alkylation of isobutene using ethylene catalyzed 

by zeolites, the kinetics of activation and deactivation were 

understood using a complex reaction network.  Molecular-scale 

simulations provide insight into the nature of transitions states for 

key steps that control rate and selectivity which can potentially be 

used for designing related catalyst material that can tune the free 

energy of the transition state to direct selectivity.  Such detailed 

insight requires knowledge of both reaction energetics and accurate 

pre-exponential factors. 

One of the major challenges to kinetic modeling at the molecular 

scale is accuracy—both in computing activation energies and pre-

exponential factors.  While electronic structure calculations, such as 

density functional theory (DFT) have increased in accuracy, 

generally they are not at the level of “chemical accuracy”.  

Furthermore, the calculation of pre-exponential factors is 

challenging, especially since anharmonicity may be important in the 

transition state.  Recently, a “divide and conquer” strategy was 

developed by Sauer, etal 
15

. that predicted the rate constants and 

pre-exponential factors to within one order of magnitude of those 

measured for alkylation of olefins in zeolites.   Extending this 

approach to a wider range of systems is a promising direction of 

research and has potential for more accurate kinetic simulations. 

Model systems 

A second challenge in molecular scale modeling of complex 

reactions is that the network of elementary steps needs to be 

defined.  Experimental studies on model systems are generally 

required.  Historically, rate expressions for catalytic processes that 

rationalized the dependence of rate and selectivity on partial 

pressure were used to elementary steps via “reverse engineering”.  

Such expressions provided a means of interpolating reactor 

performance over a restricted range of temperatures and 

pressures.  However, to obtain specific and predictive information 

about the molecular scale events, detailed mechanistic studies on 

well-defined models is necessary.   

Modern surface science methods enabled detailed mechanistic 

studies of model systems that also serve as direct comparison to 

theoretical models.  The elementary steps in the chemical 

transformations important in catalytic systems and the associated 

rate constants can be obtained experimentally using temperature 

programmed methods.   Surface spectroscopy, including vibrational 

and X-ray photoelectron spectroscopies, provide key information 

about intermediates in the reaction and the state of the surface. 

These latter tools also provide a bridge to studies of the actual 

catalyst material (see below) because analogous measurements can 

be made on nanoparticle catalyst. Molecular scale imaging using 

scanning tunneling microscopy (STM) and atomic force microscopy 

(AFM) provide key information about local bonding and 

redistribution of surface species that are important in catalytic 

processes. 

The value of experimental model systems based on well-defined 

samples was illustrated in the paper by Freund 
16

 that showed the 

direct link between theory and experiment.  Studies of Au on thin 

films of ceria demonstrated the key role of O vacancies in the 

CeO2(111) surface in binding the Au.  The combination of 

atomically-resolved STM images and DFT models demonstrated 

effect of charge transfer from Ce
3+

 to Au 
17

.  In the meeting, the 

preference for Au to bind to defects in ceria was further studied 

using DFT 
18

which compared well with the prior experiments.  

Another example of a powerful model system is investigation of Au 

nanoparticles on thin-film SiO2/Si that enabled in operando 

spectroscopic studies 
19

. This work provided evidence for CO 

Figure 1:  Schematic of multiscale nature of catalytic systems 

adapted from van Santen 
14

. 
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oxidation activity at the perimeters of Au nanoparticles, indicating a 

role of the oxide support. 

 

 

 

 

 

 

 

 

 

 

 

Model systems can also identify potential dynamical and 

cooperative effects that can play a role in heterogeneous catalysis.  

For example, our group has shown that one role of water in 

oxidative processes catalyzed by Au is mobilization and 

redistribution of adsorbed oxygen atoms 
20

.  Atomically resolved 

STM images of O adsorbed on Au(110) in conjunction with DFT 

studies reveal that formation of transient OH on the surface via 

reaction of H2O with Oads mobilizes the oxygen (Fig. 2).  The 

adsorbed O is nonuniformly distributed on the surface, as observed 

in STM, forming groups of short chains.  The O atoms at chain ends 

is most reactive so mobilization by water can create O active for 

oxidation of, for example, organic alcohols (Fig. 3) 
21

.  Experiments 

were required to identify important phenomena and theory 

provided insight into the underlying factors that lead to this 

behavior. 

 

 

 

 

 

 

 

 

 

 

 

When model systems are used to map out complex reaction 

networks and associated rate constants a pathway for predicting 

catalytic activity over a wide range of temperatures and pressures is 

possible 
22

.  The two examples above illustrate how model systems 

can be used to understand bonding to the surface.  In order to 

relate the kinetics derived from model systems to nanoparticle 

catalytic systems a bridge across materials complexity and reaction 

conditions is required.  This can be achieved using well-defined 

nanomaterials of known composition and structure.  In our studies 

of nanoporous Ag0.03Au0.97 catalysts, such a link was made by 

refining kinetic parameters measured for single-crystals using 

pulsed transient measurements 
22-24

.  Using this method, the 

selectivity for methanol oxidative coupling over nanporous Au was 

predicted for atmospheric pressure using rate constants determine 

on single crystals under UHV conditions. 

Gates also provided several examples of model catalytic systems 

that have an increased degree of complexity that is more akin to 

supported catalysts used in industrial processes.  For example, Rh 

pairs were synthesized on MgO using a dinuclear Rh complex 
25

 and 

used as a catalyst for ethylene hydrogenation.  The dimer (Rh2) 

structure was shown to persist in the catalyst material using EXAFS.  

These types of studies provide excellent models for catalytic 

processes that can also be used as a benchmark for theory. 

Benchmarking theory:   

The use of atomic-discuss theory to investigate catalysts and 

catalytic processes was a major topic of this discussion.  The 

accuracy and level of complexity of the theory has increased 

dramatically recently, driven by accessible and advanced codes and 

by the increase in computation power available.   

There were several general themes that emerged in the discussion.  

First, modeling of reaction kinetics, as discussed above, is clearly an 

important and challenging problem that requires development of 

new methods to more accurately model the activation barriers and 

pre-exponential factors in key steps.  As described below, 

rearrangement of the structure and composition of catalysts 

material during reaction will also need to be described and 

understood since such rearrangements determine what types of 

bonding environments are available as “active sites”. 

Most of the theoretical work presented in the discussion was 

oriented towards modeling catalytic materials using DFT.  A range 

of models were used, including modeling of extended solids and 

explicit modeling of nanoparticles—both free standing and bound 

to supports.  

Most commonly, extended solid are used to model bonding related 

to catalytic processes because the application of periodic boundary 

conditions limits the number of atoms (and electrons) that must be 

explicitly modeled.  The advantage of periodic models is that 

specific types of complexity can be introduced.  For example, the 

potential roles of defects in metal oxides was studied for small Ni 

complexes on ytrrium-stablized zirconia 
26

and also for Au on 

defective ceria 
18

.  These investigations both indicated the key role 

of vacancies on oxides in stabilizing metal centers and in charge 

transfer between the metal and the oxide. 

Several papers explicitly modeled nanoparticles 
27

 and 

nanoparticles interacting with supports 
28

.  These calculations are 

generally very resource intensive because of the larger number of 

atoms explicitly modeled in comparison to periodic calculations.  

Often these calculations focus on nanoparticles with high 

symmetry, e.g. 13- and 55-atom FCC clusters, that simplifies the 

calculation. 

The ability to now model support effects, i.e. interaction of metal 

nanoparticles with oxide supports, was also demonstrated during 

the meeting.  For example, the mobility of Ni bound to yttria 

stabilized zirconia (YSZ) was investigated for very small clusters of 

Figure 2: Investigation of mobilization of Oads on Au(110) by 

H2O  demonstrate that water increases Oad mobility affecting  
both in-chain and inter-chain interactions

20
. 
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Ni (up to 4 atoms) 
26

.  Larger bimetallic nanoparticles of Pd-IR and 

Au-Rh were also modeled and the effect of a titania support was 

studied
28

.  In these models, FCC truncated octahedra were 

investigated and sever specific types of structures were 

investigated, including Janus (2-sided) particles.  Interaction of the 

nanoparticles with the TiO2 support depended on the nanoparticle 

structure and on which metal bond to the support.  For example, 

interaction of the TiO2 with Ir and Rh were stronger than Pd and Au, 

respectively, probably reflecting stronger metal-O bonding.  

Generally, these studies demonstrated the complexity of metal-

support interactions and the need for accurate modeling.  

Necessarily, these calculations had to limit the degree of relaxation 

of the titania slab and considered a specific subset of possible 

structures (Fig. 4) 
28

.  

 

 

 

 

 

 

 

 

 

 

 

 

Even as DFT methods further increase in accuracy, there are several 

challenges remaining.  First of all, there are many different flavors 

of DFT, as reviewed in several recent papers 
29-31

.  Specifically, the 

functionals used, the details of the calculations, including the slab 

thickness, unit cell size, whether dispersion corrections are included 

and, if so, how, the number of k points and cut-off energies used, 

make direct comparison of different theoretical studies challenging.  

These challenges are even greater for oxide materials for which 

accurate prediction of the band gap is not possible without 

introducing corrections that fit the band gap.  Modeling of 

vacancies, as described above, is also generally challenging because 

the use of supercells leads to errors in the electrostatic energy 
32

.  

Other challenges important in catalysis are selection of methods to 

evaluate the degree of charge transfer and the inclusion of fluxional 

behavior.  Clearly there are a multitude of variables that determine 

the numerical results in DFT that generally vary in calculations on 

the same systems.  

The potentially wide variation in DFT methods calls for more 

benchmarking of calculations using both experiment and 

comparison to other calculations.  Indeed, a detailed comparison of 

different DFT methods has recently been reported that shows the 

increasing accuracy of the available methodology 
33

.  Even so, 

methodologies continue to change and evolve making one-to-one 

comparison challenging. 

At the meeting several different methods for studying binding of 

simple molecules on Au nanoparticles (Au13 and Au55) and on 

Au(321) were compared providing a benchmark of specific methods 

and of extended solids (Au(321)) and nanoparticles 
27

 (Fig. 5).    The 

choice of specific functional strongly influence the energy  

 

 

 

 

 

 

 

 

 

calculated for CO binding to the clusters.  Calculations performed 

using the CCSD(T) method, which were taken as a benchmark, 

showed that the energetics of CO bound to the Au nanoparticles 

and Au(321) were essentially identical 
27

, whereas this is not the 

case at the PBE level.  In related work on Pt nanoparticles (Pt55, 

Pt147, and Pt309) increasing the coverage of adsorbed O increased 

the binding energy on a per atom basis, the effect being largest for 

the largest nanoparticle.  This study indicates that cooperative 

effects, widely studied in surface chemistry experiments, including 

for O adsorbed on Pt 
34

. 

Comparison of theoretical to experimental results is a critical aspect 

of evaluating the accuracy and validity of calculations.  Several 

useful types of information that can be obtained from experiment 

and compared to computed values are adsorption energies, bond 

distances, vibrational frequencies, geometric information (including 

surface restructuring), and electronic energies, including core level 

shifts (Table 1). 

Table 1:  Examples of experimental methods for measuring 

quantities that can be compared with experiment.  

Quantity measured Experimental available 

Adsorption energies Calorimetry; temperature 

programmed desorption 

Bond distances Diffraction, EXAFS, imaging 

methods (STM, and TEM) 

Vibrational frequencies Infrared and Raman 

Spectroscopy; inelastic 

neutron scattering 

Superstructure STM 

Electronic structure Photoelectron spectroscopy 

(UPS and XPS); XANES, 

Scanning tunneling 

spectroscopy 

 

Examples of such measurements that were made for catalyst 

systems were integrated into many presentations.  For example, IR 

was used to probe CO binding to Rh, RhMn and RhMnFe supported 

on silica 
35

. X-ray absorption (XANES and EXAFS) was used to probe 

the Cu oxidation state and binding in catalyst for phosgene 

 
Fig.4: 38-TO nanoalloys in the “hex” configuration with the 

central atom of one (111) facet surrounded by a hexagon of six 

atoms of the other element with few possible combinations and 

configurations 
28

. 

 
Figure 5: CO adsorbed on a Au(321) surface (right), Au55 

(middle) and a Au13 (left) nanoparticle (NP). CO is coordinated 

to a 6-fold low coordinated Au atom on Au(321), a 6-fold low-

coordinated Au atom on Au55 and a 5-fold coordinated Au atom 

on Au13 
27

. 
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production 
36

.  Near ambient pressure XPS was used to quantify the 

Pd oxidation state and binding of CO to PdAu nanoparticles during 

CO oxidation 
37

.  These are examples of benchmarks for theory that 

were presented in the meeting.  The opportunity for tight coupling 

of theory, which can provide insight into the underlying physics and 

chemistry of particular catalytic behavior, is illustrated by these 

examples and many examples in the literature. 

Designer nanomaterials 

The rapid advances in synthesis of designed nanomaterials with 

complex structure has dramatically changed the ability to produce 

exotic nanostructures as potential catalysts.  Synthesis of various 

types of nanoparticulate bimetallics illustrate several different 

synthesis methods, including sol immobilization 
38

 to yield , 

microwave-assisted reduction of Au and Pd salts 
39

 to produce core-

shell AuPd particles, vapor deposition onto graphite 
37

, and galvanic 

replacement using a series of coiled flow inverter reactors to create 

hollow bimetallic PdAg nanomaterials 
40

.  The support materials 

used also varied in these and other catalysts studied in work 

presented at the meeting. These examples show the wealth of 

synthesis methods that can be used to produce “designer” 

nanomaterials for catalysis. 

As new synthetic methods have become available, a major 

challenge that emerged in the discussion is the need to directly 

compare the performance of different nanomaterials so as to 

provide insight into the key characteristics of catalyst materials for 

specific types of chemical transformations.   As discussed for the 

theoretical studies, benchmarking of the performance of materials 

for specific types of reactions is necessary. 

Benchmarking of catalyst performance is a daunting task that would 

require agreement on standards and a source of support for 

curating information made publicly available.  The value of 

standardization has been historically demonstrated.  Taking 

electrochemistry as an example, referencing of specific reduction 

potentials to a standard—the hydrogen evolution reaction under 

standard conditions—provides a specific metric for measurements. 

Heterogeneous catalysis is more complex because there are many 

possible reactions that could be used for standardization.   A few 

classes of reactions, such as oxidation or reduction of a simple 

molecule, by a standardized catalyst made available to the 

community could be tested at a set of well-defined conditions.  

Accordingly, new catalysts for specific classes of reactions would be 

compared against this standard during testing so as to readily 

evaluate different performance across many different laboratories.  

This concept has been adopted for a standard supported Au catalyst 

for oxidation reactions and could be generalized further.   

Further advances can potentially be made if details of catalysis 

synthesis procedures and characterization data were made openly 

available so that materials can be made and tested in different labs.  

Overall, the potential value of different synthetic methods for 

improving reactivity and selectivity and for increasing catalyst 

lifetime is substantial. 

Catalyst evolution 

One of the major challenges in heterogeneous catalysis is 

understanding how to create and maintain the catalyst in a state 

that optimizes reaction selectivity and activity.  Ideally, the active 

catalyst state would be sustained over a long period of time or at 

least to be readily activated or regenerated if deactivation occurs. 

Meeting this type of challenge requires an understanding of how 

the catalyst nanomaterials respond to treatment under different 

conditions after catalysts and prepared.  An understanding of how 

specific treatments during synthesis affect catalyst materials is also 

required.   

These challenges and opportunities were highlighted in the papers 

presented at the meeting.  Catalysts synthesized were generally 

characterized by a variety of tools, including imaging of structure, 

spectroscopic determination of composition, and determination of 

particle size distribution and surface area.  These pre-synthesis 

characterization tools provide a baseline understanding of the 

materials as synthesized. 

The importance of investigating how catalysts evolve during 

operation was demonstrated by measurement of changes in the 

lattice constant in Pd catalysts during ethylene hydrogenation 
41

using in operando EXAFS and X-ray photoelectron diffraction.  The 

ability to correlate the rate of product formation and consumption 

of reactants with changes in materials properties provides valuable 

insight into the state of the actual catalytic material (Fig.6).  Such 

data provide key information about structural changes and their 

time-scale that are valuable for detailed modeling of reaction 

kinetics.   

Insight into catalyst activation and deactivation is also obtained 

from emerging spectroscopic and imaging methods that monitor 

changes in composition and structure.  For example, using a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

combination of ambient pressure XPS and environmental 

transmission electron microscopy (E TEM), we demonstrated that 

activation of nanoporous Ag0.03Au0.97 using treatment with flowing 

ozone at 150 C induced segregation of the Ag to the surface, 

 
Figure 6: Time resolved, operando XRPD study during the 

ethylene hydrogenation reaction on a Pd/C catalyst performed 

under steady state feeding conditions. Panel (a) shows selection 

of XRPD patterns at significant times evidence of structural 

changes along the reaction monitored in the 2q range of the most 

significant Pd Bragg reflections. Panel (b) shows time evolution of 

the averaged Pd lattice parameter  and of the fraction of the b-

phase of PdHx left and right ordinate axis, respectively. Panel (c) 

shows time evolution of the catalyst activity monitored by using 

MS showing a reactant (H2, m/Z . 2) and a product (C2H6, m/Z . 

30) 
41

. 
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forming nanoscale patches of Ag2O and a film of gold oxide while 

also removing adventitious carbon from the material 
42

.  Initial 

exposure of this oxide to a flowing mixture of methanol and O2 at 

the reaction temperature of 170 C removes the oxide via 

combustion of the methanol, but the Ag remains localized at the 

surface in nanometer-scale, which is critical for the sustained 

selective oxidation activity.  

The combination of imaging and spectroscopy is extremely 

powerful in understanding catalyst materials—a point made by the 

study of ammonia reduction on titania using both TEM and STM, 

capitalizing on the spectroscopic nature of TEM 
43

.  As both imaging 

and spectroscopic tools develop, there is potential for 

understanding the evolution of catalyst structures “on-the-fly” as 

measurements are being made.  New methods that combine the 

experimental and theoretical capabilities are being developed 
44

to 

further advance our understanding of structure-activity 

relationships.  For example, recent EXAFS studies that use machine 

learning methods to interpret the data demonstrate the powerful 

interplay of computation and experiment 
45

. 

Conclusions and Looking ahead 

This Faraday discussion on nanoparticle materials for 

heterogeneous catalysis underscored the major advances in 

experiment and theory that have increased understanding of 

catalytic systems.  The discussion also highlighted the need for 

continued development of methods that will further elucidate 

major factors in determining catalytic function at the vast, relevant 

scales of length and time.  Looking forward, challenges in 

developing a unified and standardized approach to evaluating 

catalysts and computational methods will be critical to future 

progress. In the future, better integration of theory, computation 

and experiment have the potential to drive such advances. 
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