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1. Introduction

In this document we identify different themes that in the focus of the synchrotron-based Chenzodl
Energy Sciences (CES) community. We outline theerg@ drivers behind the need in using advanced
synchrotron capabilities and propose how thesesead be matched to the technical capabilitief@MNSLS-II
beamlines. We point out demands for future devetgmand novel experimental methods which needna ne
source like the NSLS-II and a well planned, dedidanhfrastructure. We propose the routes for ttemméng the
CES programs from NSLS to NSLS-II and outline cetersteps that will minimize the disruptions ofe@sh
programs for CES researchers. This document isaafsst coordinated effort of scientists workimg multiple
CES sub-fields to join forces and create a multigi;hary research environment, including both thew
infrastructure and a new atmosphere of collabamatio

The synchrotron CES community consists of scientidio use synchrotron radiation in the areas ofmated
transformations, catalysis, electrochemistry, epargnversion/storage, and hydrogen storage reseByicéct
impact of synchrotron research on the advancenfetitegse sciences has been pointed out in manytsepod
reviews: Many industrial applications directly benefit frosynchrotron CES researtiror example, analysis
and optimization of catalytic converters has relgeloécome possible at European synchrotron radisteurces
(DESY and ESRF) by performing fast in situ XAFS esiments which are essential to replicate fast (8 1
cycling between reducing and oxidizing environmeatevant to practical applications. Synchrotrardats have
helped to improve the mechanical and temperatwistemce of fuel cell membranes, to control thereegf
hydration, and to design optimum fuel cell elecémdlhe need to advance chemical and energy inekigtives
advancement in synchrotron innovations as well.s@mple, the development of new experimental tecies
at DESY, e.g., Quick Scanning EXAFS (QEXAFS) andhbmed XAFS/XRD methods were motivated by, and
had significant impact on industrial research adltb the expansion of industrial research theteadso at the
ESRF, spearheaded by one of the leading catalpgpanies (Haldor Topsge A/S, Denmark). The strooggs
(R. Prins, A. Baiker) working on catalysis at thEHEin Zurich were driving forces to implement a oheded fast
QEXAFS monochromator at the SLS, which was justmgssioned.

As stated in the report of the 2002 BESAC workstOpportunities for Catalysis in the 21st centuryhé
Grand Challenge for catalysis science in the 2&stwry is to understand how to design catalystciras to
control catalytic activity and selectivity." Mucls iknown from synchrotron studies about the strectand
properties of many model systems at specific camdit Real systems and processes, however, aremetir
complex and require techniques for the charact@izaof such systems in-situ, as they evolve inetiwith a
changing environment. At the February 20-21, 2008rkehop at the National Institute of Standards
(Gaithersburg, MD) Measurement Needs for Local Structure Determination in Inorganic Materials’ most
participants emphasized that such goals requingtdyhspecialized suite of dedicated instrumentsttaly real
systems and processes under conditions relevarihdio practical use by the combined use of several
complementary techniques. Due to its uniquely Higghtness and flux, NSLS Il can offer such newldaand
solutions for the CES communities. We will outlthese new tools in greater detail below.

1 M. Boudart, et al, Sudy by synchrotron radiation of the structure of a working catalyst at high temperatures and
pressures’, Science 228 717 (1985); A. Bell, et al,The impact of nanoscience on heterogeneous catalysis’, Science?99,
1688 (2003), G. Beaucage, et dPrtbing the dynamics of nanoparticle growth in a flame using synchrotron radiation”,
Nature Materials3, 370 (2004).

2 B.Clausen, H.Topsge, R. Frahmpblication of combined x-ray diffraction and absorption techniques for in situ catalyst
characterization.” Adv. Catalysis42, 315 (1998).




The key scientific drivers for chemical transforioas, e.g., catalysis and electrochemistry fieldisntified at
the first strategic planning workshop for Catalysml Electrochemistry community held at Brookhaiweduly
2007 are the atomistic real-time understanding e tmechanism of chemical reactions and of catalyst
deactivation, the design of new or more efficiehemical processes, and the more efficient desighigh-
activity, high-selectivity, and low-cost catalysts.

One of the important missions of energy researth teevelop methods for exploiting, converting aptimizing
existing and recently developed energy sources.mgnibe many scientific drivers in energy reseaseveral of
them have demonstrated the need for methods ofysasgabased on synchrotron radiation: development of
renewable energy conversion technologies, storbgaergy products, portable devices for energyvee)i and
engineered nanocomposite materials for variousggregoplications.

Catalysis serves as a cross-cutting enabling ssigm@ach of these disciplines, and thus many teahn
capabilities required in designing their synchrotbased lines of research (as well as many chakemgvard
their realization) are expected to be similar. Whuather bridges these themes together is the tigcemerged
approach of space-resolved and time-resolved nmimgtand identifying short-lived reaction intermatdis.

For both communities, the approaches that need to be undertaken at the synchrotrons are:

-Nanometer-scale understanding of reactivity, $®iéyg, stability, and degradation mechanisms dhbssts;

-Design of model catalysts that provide indirect lbasential and reliable information on more comple
commercial catalysts;

-Development of combined multi-technique method@eagnd instrumentation for real tima,situ catalysis
and battery discharge studies;

-Development of instrumentation that simulates tatmry and industrial conditions for energy releaterage,
and generation where the catalytic process capllmsved in a time-resolved manner.

The challengeare primarily due to the lack of knowledge about:

-Structure of metal and metal compound objectsraselb-nanometer or nanometer length scales
-Interactions of oxide and metal clusters with sarpp

-Changes of the structure as a function of adsmrgif reactants and products;

-Dynamics of elementary steps on surfaces in tiiesedond-to-second time scales.

To address these needs at the NSLS-1l we propasgptement the following strategy:

Present challenges Impact on science Proposed iraplentation
Multiple scales of spatial and temporat in situ, quick (<1s) studies of Hard x-rays, combined, Quick
metrics: medium range nanoparticles (>nm) | XAFS/XRD+DAFS
Space Atomic bonds: 0.1 nm, and support structure; + soft x-rays KPS/NEXAFS)
Clusters: sub-nm to nm, Complementary in situ studies of experiments at dedicated and shared
Supports: nmm. reactants, products and catalysts beamlines
Time: Charge transfer: fs to ngduring chemical transformations, by | Combinechigh resolution diffraction
Vibrations: ps, hard x-rays (XAFS, XRD, DAFS) and and high Q studies B§DF method at
Atomic relaxation: ps, Reaction ratgssoft x-rays (XPS, NEXAFS) the project PING beamline.
0.1lmstos
Complexity of catalyst properties: | XAS studies of individual XAS at the hard x-ray nanoprobe
cluster-support/adsorbate interactionsnanoparticles; beamline on a (tapered) undulator
dynamic structure, in situ, quick (< 1s) studies of catalyticsource;
structural relaxation effects are activity, deconvolution of High resolution fluorescenceausing
difficult if not impossible to resolve at heterogeneous species and reacti@econdary emission at the XAS project
present sources intermediates beamline on a damping wiggler source
Catalyst heterogeneity, polydispers|tyim-scale imaging of 3D structure of | Hard x-ray nanoprobe project beamling
hinder structural and reactivity studigscatalysts and valence distribution; | on an undulator source;

Resolving the heterogeneity problgm XAFS andDAFS studies on a damping

by a combination of XAFS and DAF$ wiggler source




-Combined, QuickKAFS/XRD;
-XAFS on a damping wiggler beamling
-XPS/NEXAFS at an undulator source

operational catalysts or time scale) XAFS/XRD
monolayers of model catalysts are nddilute catalysis:
accessible due to low flux Using a high flux beamline
Lack of high pressure sample Fast (< 1s) monitoring of the evolutignFast high-resolution moderate pressur
chambers to reproduce reactive of surface intermediates, mechanistic (up to 10 Torr)XPS at an undulator
environments with pressures up to 10 studies. XPS/NEXAFS (TEY) beamline for

torr for carrying out in situ carrying out in situ surface reactivity
measurements studies;NEXAFS (Fluorescence)
measurements of real catalysts
Studies of catalysts within reactors i Tomography, fast (10 ms) scan High energyXRD at the project PING
not available due to ppm repetition timespm focusing, high beamline,QEXAFS at the damping
concentrations and x-ray absorption bgnergy diffraction (to penetrate reactowiggler beamline

reactor walls walls)

Fast kinetics, low concentrations FKinetics: in situ, Quick (sub-second
2

D

Table I. Challenges, science drivers and their pragsed implementation

The studies of real time processes in chemistryearadgy research are particularly important. Fangxe,
the dynamic, time dependent studies are essentidhé development for e.g. lithium-ion batteri€s. increase
the capacity, high current capability and long timperability one has to use fast (in the sub-s eang
discharge/charge cycles in the investigationss wéll known that reducing the speed of such prE®R$f make
them accessible for current experimental facilititsso can change the reactions and intermediagestahus, to
get meaningful results, the need is to measure gratesses under real dynamic conditions and ngibw them
down to match the need of the experiment. The samgpecially true for catalysts.

The size of the CES community is. ~100 (75 - chemistry/25-energy sciences) groupm facademia, 20 -
national laboratories, 35 (10/25) - industry: tldak of 150 (100/50) groups and estimated 750 @G8my
synchrotron users. These groups have always hadimpeat presence at NSLS: CES users publish 10%l of a
NSLS science highlights (5 in 2007, 8 — in 2008, aftannual of 56)

2. The Growth, Expansion, and Transition of NSLS &entific Programs

Since the Synchrotron Catalysis Consortium (SCarfest its operations in 2005, this user group las/ed
into a well established NSLS user community, with user support coordinated, in part, by the SCC.
Synchrotron-based energy science researchers laay@horganized into a synchrotron community dsesove
as the SCC group. We hope NSLS-II will help thehbgtoups to advance their science programs and more
effectively use synchrotron facilities, at the NS&u$d NSLS-Il. Members of SCC, and its future susoeSCC-
Il (at NSLS-I1), will continue active planning rola supporting CES programs.

a s —
———— : i Single Time- pectrosc.
Fast” kinetics In situ surface Complex lell?g;i (;I?J?(C- nano?)art. esolved i tender Sturf?ce \
quick-scanning structure & spatial spectro- Kinetics (1-3 keV) S ru; ure
mono reactivity: . metrics Bimetall. scopy > 1s) xX-ray tivit
(ms range) XPS analyzer, high energy, nanoall nm focal region reactivity
+ high flux high flux +high flux high flux spot size c " l
’ , oncentr.
l l l e-range high flux samples l XPS/
. , 1] AT NEXAFS
Quick, TR (ms) studies Project Project 1 .l, beamline || Loomii
combined using HP (<10 XRD/PDF XAS Project S on soft eam |fnte
f on so
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Table II. A proposed infrastructure for CES researd at NSLS-II. The two facilities in the bottom left
(blue) will be dedicated for CES users, the othergellow) —shared with other communities.



To best serve the needs of CES users, we proposentbine several dedicated and shared facilitigheat
NSLS-II as summarized in Table Il above and inrtieee detailed description below.

3. Detailed description of the dedicated beamlines

3.1 A dedicated CES beamline on a damping wiggler source for fast x-ray spectroscopy/diffraction
measurementsto study in situ chemical transformations

The main purpose of this beamline will be twofdfitst, it will enable in situ fast (from few ms minutes)
XAFS/XRD combined studies of structure, dynamicd egactivity for real catalysts. Second, it will Agrimary
investigation tool for in situ studies of energyated materials. While the main analytical techegwill be
XAFS and XRD, other complementary techniques (DAIRS IR) can be also used in situ, either in contlina
with XAFS/XRD or indepedently.

Catalytic reactions typically require high temparas and pressures and use a wide range of malecule
L e TEQUINING real-time assessments by mass spectrproetr

: E gas chromatography. Homogeneous catalysts (e.ga in
liquid state) require special cells. Thus, to eaalhl situ
experiments, gas and liquid flow reactors, high
] temperature and high pressure cells, supplied eghired
E gaseous and/or liquid reactants are required. Gases
] chemicals, and supplies delivery systems require a
. permanent, reliable infrastructure. Toxic or flanbea
] reagents (e.g. CO, NOH,, hydrocarbons) require safe
permanent installations and robust  monitoring
infrastructure.
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Fig. 1. Flux/per eV for three NSLS-II sources (damgpwiggler, a XRD is effective in pure or mixed crystalline madés

three-pole wiggler and a bending magnet), 5 thepposition,  \hile XAFS provides short range order structuraltfiees

ca. 25 m from the source and through a 1x10aperture. in less ordered or amorphous materildsaddition, XAFS
also gives element specific information about thecteonic properties of the element being probedtsat
absorption energy. Finally, Diffraction Anomalousié Structure (DAFS) technique allows the assessofaihe
local structure in ordered species within hetereges samples, for those systems in which ensemmblaged
XAFS data analysis would be complicated by diffefenms of the resonant element. These three methade
been developed and advandedependently from each other at synchrotron sources in the hiéabroad. To
analyze catalysts under their operating conditiansew approach that allows the simultaneous dmleof the
XRD and XAFS data unden situ conditions together with online product analysiseéquired. At present, XAFS
and XRD measurements can be performed at the NSlySabseparate beamlines, with acquisition tinfek-b0?
s for XAFS and 10-10s for XRD. DAFS has been performed only a few sirirethe last 10 years, and has been
used rarely in catalysis and hydrogen storage egipins, for which it would provide essential distaif their
ubiquitous heterogeneity.
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The SCC and NSLS teams are currently developingfitise US facility for combined time-resolved
XRD/XAFS experiments at beamline X18A,; this fagilis the prototype instrument for our proposed NSLS
beamline. Such a combination will allow the measwe®et of changes in the actual structure (in thetsheedium
and long range order), electronic properties, dmehnical reactivity of heterogeneous catalysts dimmaglously.
This will be coupled with online gas analysis, need for the concurrent assessment of the dynaofidbe
relevant chemical transformations.

The choice of a damping wiggler source for thisped beamline is justified as follows. First, fitsx
through the 1x10mfaperture (Fig. 1) is 500 times better than in@l88m-radius NSLS bending magnet source

(not shown). Such increase in flux will allow usréach even less than 0.1% metal loadings of RtAlRO; used



in commercial catalysts and still be able to inigege the time dependence of the underlying presesSuch
capability will exceed those available at presgmichrotrons.The useful energy range allows to measure most
catalytically important materials, from Ti and V the lower energies, to Pd, Ag, and In at the higirergies.
Second, the NSLS-II staff (A. Broadbent and P. Nuaup) is working with us to optimize the sourcegraeters

for addressing the monochromator heat load andhi/@igblems, in order to enable fast energy scapfihere

are several possible solutions currently being idemed (including a possibility of using a tapenaudulator
source) which we will address in much greater datahe Letter of Interest which is currently ingparation.

The fast XAFS instrument will be similar to the fotype currently installed at beamline X18B in NSliSs
inspired by the designs of several specialized QESMonochromators developed in Germany in the gobéh
Frahm who is the leading inventor of these instnut:i@nd provides guidance for our organizing conemitThe
angle of a Si(111) double crystal monochromataoistrolled via an assembly containing a micro-sitegppotor,
a rotating cam, and a small brass lever arm dyreitiached to the monochromator tangent arm. Séiap
provides high resolution fast-XAFS energy datat tharies as a sinusoidal function of time withregluency that
is inversely proportional to the time resolutiontbé fast-XAFS scan. These data are then procesiiecbur
custom-developed software to provide users witlividdal and time resolved EXAFS or XANES scans ttet
be analyzed by widely accessible data analysisgumsk

Additional QEXAFS monochromators are - besidesahe recently installed at the SLS - under constoct
at, e.g., SOLEIL, and the SSRF (Shanghai Synchrd®adiation Facility). The fact that such a monoamator
system is now available commercially now points theé importance in the future which is given to tsuc
hardware by the community. The monochromator defggiNSLS Il will follow those developments and inde
the best of the most recent hard- and software.

J. Hanson and other SCC members run fast TR-XRDerarpnts at beamline X7B and QEXAFS
measurements beamline X18B. Their recent QEXAF&mx@nts focus on the Cu K-edge XANES of thg.Ce
«CuO, system under reducing (reaction with) ldnd oxidizing environments (reaction with)OThein-situ data
(Fig. 2) point to the chemical transformation opper oxide to zerovalent copper under reducing itiond and
back to Ceg,Cu0, for oxidizing conditions at 275, 300, argR5°C.
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Fig. 2. (a) Time-resolved X-ray diffraction (TRRD) patterns collected during the water gas SWiGS)
reaction for the 5%Cu/CeO2 nanocatalysts. (b)TR XAN reduction/rexidation of Cu doped ceria
200°C.(c) A typical figure for KHland CQ products from the WGS reaction is shown in thedigigpane. Th
products were analyzed with mass spectrometer (MS).

Data analysis performed by Principal Component ysialallowed to detect the intermediate phase amtys
the dynamics of structural transformations accomipanreduction processes (Fig. 3). Our team membave
the know-how to design and perform experimentstarahalyze data for fast XAFS and XRD approachesaae
well positioned to develop their integration at §ane beamline.

The XAFS and XRD data displayed in Fig 2 clealllystrate why the integration of fast XAFS and
fast XRD is necessary. These data, obtained inrapbeamlines, is for a g4£uy O, catalyst during the water-
gas shift reaction. The Ce Bdge XANES spectra show the appearance 8fd@¢ions as a consequence of
the formation of O vacancies. The lattice of thédexs sensitive to the concentration ofCand expands (or



contracts) when the concentration of this catiaardases (or decreases). The XRD data indicate indirect
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way that the amount of &ein the catalyst varies with the CQ/B
ratio. Both sets of data are consistent, but there is important
information missing. To get a complete picture of the behavior of
the catalyst, one needs the combination of fast ¥ARd fast XRD
to get information about the compaosition, oxidatistate and
structure of the system simultaneoudifie proposed integration of

experimental setups will guarantee that XRD and ¥Aéchniques
study the same intermediate states — and thus eamsbd to
complement each other. For the first time, the #emeous
measurements of the short range structure and ahg tange
structure of a nanocatalyst will be measuredtu, during chemical

Monochromatic reaction.
collimated beam

Figure 4 shows a schematic for our proposed
Fast-XRD/XAFS/gas analysis setup. Although
combined XRD/Fast XAFS facilities are at various
stages of advancement at HASYLAB/DESY
(Hamburg) and at the SRS (Daresbury), most have
one-dimensional position sensitive detectors and
thus have long characteristic time. Our proposed
setup will have both fast XRD (3ms time resolution)
and fast XAFS (10 ms), which will represent the
state-of-the-art worldwide. For example, we willrga
the ability to study metal loadings as diluted d9®
by fast XAFS with the same data quality presently
achievable at the NSLS-I for much higher
concentrations.

As shown in Figure 4, the XAFS instrumentation

will include sealed ionization chambers for transsion detectors, and the Log Spiral of RevolutibBR)
analyzed coupled with an annular ion chamber foorscence measurements, designed by D. Pease.and A
Frenkel. XRD patterns will be collected using a C@&ector. A final decision on optimum design void made

during the early LOI preparation period.

The research team will design synchrotron endestatwith an optimal spatial configuration for thaupling
of the detectorsThe integration of a gas mixing system and a prodoalysis system (mass spectrometer) will be
performed using the prototype setup being buithatbeamline X18A at the NSLS by SCC members andSNS

staff.
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The utilization of the instrumentation describedwabfor fast
XRD and XAFS will expand our knowledge significantl
about the state of the catalyst material (crystallphases,
oxidation states, composition, etc.) and partidylés real
time dynamic changes under working conditions.illt rave,
however, a limited utility to follow at the samemt the
surface chemistry of the catalytic process. Thatmaddof a
vibrational spectroscopy tool (in particular FTIR) the
combined XRD/XAFS would greatly expand the captibsi
of this characterization system, giving insighbitite surface
chemistryand the changes in that chemistry as the attributes
of the catalyst change. We therefore propose hdadate a
special in situ cell that will enable IR absorptispectra



simultaneously with XAFS and XRD, and to implem#Rtspectroscopic capability with the addition of ARIR
spectrometer at X18A. Fig. 5 shows a special gelbpsed for acquiring XAFS, XRD and IR data frora #ame
sample at a given set of conditions. The samplebeamounted at 9Gowards the beam for transmission studies,
or at 45 for fluorescence. The tube for IR light is sealéth a IR-transparent window. An opening, covergthw
Kapton, can be also done for XRD measurements.IRh@eam is focused at the sample by means of @80
axis parabolic mirror.

» End station instrumentation:

Setup for in situ studies will include: combined K3/XRD instrument, specialized software for synoized
XAFS/DAFS/XRD measurements, gas mixing and puriiitcasystem, on line analytical capabilities indhgl
gas analysis systems (multi-detector GC and GC/N&j)h temperature, high pressure, and electroct@mic
reactors which must be designed not only for effecspectroscopy/diffraction measurements but #&so
guantitative representation of chemical reactidmst take place in them. For example, quantitativelies
reaction kinetics, mass and heat transfer shoulthdide possible. Some analytical methods shouldebelaped
for analyzing biomass conversion. Analysis shoutdniade possible in solution and liquid flow cel&ich
collection of specialized equipment for cutting edcptalysis research will be most efficiently usedthe
dedicated catalysis beamline, as it is presenthedd SCC beamlines X18B/X19A.

» Software and computing infrastructure requirements for this beamline:

-Integration of data collection, gas input/outpuidl @ther external parameters into the same soffware

-Data acquisition software for synchronizing conaainechniques (XAFS/DAFS/XRD);

-Integration of rapid throughput data processinfiwsare with data display and analysis softwarehamdle
data storage and data access requirements andktofast decision about the quality of the experim&®&D
required). High speed or combined measurementsdatal storage need an individual solution withoutimu
computing/networking overhead;

-Software for on line reactivity analysis.

* Detector requirements for this beamline:
Fast readout XRD detectors, fluorescence analyz&R’s, and others), HRF analyzers..

3.2. A dedicated CES undulator beamline for millisecond time-resolved high pressure XPS and
fluorescence yield NEXAFS measurements of surfaces, adsorbates and reaction intermediates at pressures up
to 10 Torr

A necessary requirement for a catalyst’s funct®itd ability to undergo dynamic and reversibleroleal and/or
structural transformations. For example, in the,N@rage catalyst used for emissions control im-laan
gasoline engines, a BaO containing catalyst traPg $fpecies during fuel-lean conditions and is comekihto
Ba(NG;),. Subsequently, this is transformed back into Baéng brief fuel-rich transients when the trapped,N
species are released and reduced,toThe necessity for such dynamic, non-equilibriginjctural and chemical
properties are not limited to NGstorage catalysts, but are essential to the aperaf catalysts in general.
Experimental techniques that directly probe suchadyic chemical transformations of a catalyst amsydver,
rare. This is because such a measurement requegre®mbined capabilities of providing quantitatishemically
specific information on the millisecond timescalel@ss under catalytic operating conditions, présgrgreat
experimental challenges. We plan to take advantdgiee properties of a Soft X-ray EPU beamlineider to
construct two complementary experiments with theggabilities. By combining the high brightnesstioé
undulator beamline with stroboscopic Elevated RmesBPhotoemission Spectroscopy (EP-PES), we wifbpa
kinetic photoemission spectroscopy experimentgseggures of at least 10 torr with time resolutiarttee sub 10
ms timescale. This will provide unprecedented cleaimiletail of the dynamic nature of catalytic fuoot In
addition, we will, in collaboration with NIST, camsct a photon-in, photon-out Near Edge X-ray Alpsion Fine
Structure (NEXAFS) endstation optimized for theatgttcally important Carbon K-edge, and which al®also
measurements at the Oxygen and Nitrogen K-edgdss ifistrument will facilitate the chemical identétion
and concentrations of adsorbed hydrocarbons anttioraintermediates which is crucial for undersiagd



hydrocarbon chemistry. Further developments calllilv the application of these experimental techai]to
systems of environmental and more general chennitsiest as well, therefore serving a broad usemeonity.

Photoemission spectroscopy is a well-establishethnique for the chemical identification and
guantification of adsorbates on surfaces. Typjdhlese measurements are performed under Ultra-Yiagiuum
(UHV) which is far removed from catalytically op&ray conditions. However, the recent developmeint o
synchrotron based PES that incorporates a diff@élnpumped electrostatic lens into the analyzas hllowed
PES measurements under elevated pressures, uprixipately 5 -10 torr. This development is begignto
transform our understanding of a variety of surfagader elevated pressure conditions includingnttere of
water mineral interfaces under ambient conditicarg] ice and liquid surfaces under atmospheric tiondi
Similar to these experiments we expect a significenpact of such measurements for the field of lgais
Further, we plan to extend this technique throughuse of a small volume flow cell that rapidly lexnges gas
on the millisecond timescale with the simultaneacguisition of spectra during this dynamic gas excfe. This
provides a new type of measurement for users sftémhnique facilitating specifically the directarrogation of
catalysts under dynamic conditions. As describeldvl, these measurements will only be possibleutjiiahe
use of an x-ray source with high brightness suctihas found on the soft x-ray undulator EPU 100 VUV
beamline.

Fluorescence yield NEXAFS of low Z materials hasdme a powerful tool for understanding the local
structure and chemistry of diverse materials emethé presence of reactive atmospheres. In phatjdd K-edge
fluorescence yield NEXAFS has demonstrated thetwytib identify the local chemistry and type of lsan
bonding (sp, s, or sp) of adsorbed hydrocarbon species. The M@Ichrotron Methods group has developed
a high efficiency near normal incidence focusingltitayer mirror detection system for carbon K edge
fluorescence yield soft x-ray NEXAFS. This wavejtdndispersive detector technology is the culmoratf
over a decade of research in fluorescence yieldxsiy absorption spectroscopy and has enabledaewnew
class of in situ soft x-ray absorption measuremeifitsarbon chemistry in catalysts to be made umeactive

atmospheres. The extraordinary chemical reaction

0.12 sensitivity demonstrated for metal single crystal
Bermene oG experiments can now be effectively applied to nsetal
0.10— ¥ / supported catalysts at pressures up to 10 Torr.ams

example, several practical zeolite catalyst expenis
have been accomplished for propylene and benzene
absorption chemistry, see Fig. 6.
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Incident Photon Energy (eV) TSZ-20 spectrum is gas phase like indicating
Fig. 6. Fluorescence yield carbon K edge NEXAFS  physisorption. As described below we also expect
spectra for benzene dosed in zeolites TSZ-20 (solid ~ significant benefit for this technique at an unduwla
and TS:-390 (dashed) source due to its high brightness.

General Considerations for Beamline Characteristics

The soft x-ray region (from approximately 10 eVta2000 eV) provides access to the catalyticalgvant core
levels and K-edges C1s (binding energy ~285 eV} @530 eV), and N1s (~400 eV) as well as manysttiam
metal L-edges. Also, in this region the maximunshé&ll x-ray absorption cross-sections for low Zredats can
be found, making it the desired region for C K-eddEXAFS. Further, for photoemission experiments
photoelectron kinetic energies are in the rangdigliest surface sensitivity, 50 to 200 eV. Phaotoergies



exceeding ~1000 eV can be used to increase thegibotron kinetic energy and allow one to probeemweply

below the surface.
changes in the surface region.

Such depth-profiling experimeatldress the depth and extent of chemical conmposit
Since photoemissignal intensities are proportional to the phothux,

maintaining a high photon flux at higher photonreies is also vital in performing depth profilingperiments.
The EPU 100 VUV Undulator beamline with its highopim flux at over 2000 eV will allow probe depthfs o
approximately 20 A (up to 10 atomic layers) covgrnsignificant portion of the surface region.

In modern elevated pressure photoemission speopgsexperiments the maximum pressure is limited
by the attenuation of the photoemitted electroasgés phase scattering. Gas phase attenuatiows$oll Beer's

law dependencép a Ivacexr(— ZG(E)p), where z is the path length of the photoelecttbrsugh the gass(E)

Entrance Nozzle to
Differentially Pumped
Electrostatic Lens

Background Gas
Pressure, p

Fig. 7. Sampleffirst aperture geometry foi
standard elevated pressure photoemis
spectroscopv experimen

is the energy dependent scattering cross-sectitimedajas, p is the
gas pressure andyd is the photoelectron intensity under UHV
conditions (Fig. 7). From this equation it is apgrd that EP-PES
experiments require the use of high photon fluxgéal.) and
short distances between the sample and entrancturapto the
differentially pumped electrostatic lens of the lgmer (small z).
Since gas is pumped through the entrance apewtieh reduces
the gas pressure at the sample, minimum valuesad limited to
approximately the diameter of the aperture. Tlogeeh reduction
in gas phase attenuation can only be achieved tedaction in
aperture size which allows smaller values of z.pidg aperture
sizes currently used range from about 1 mm to 10€roms.
Using smaller aperture sizes requires a reductidhe size of the
x-ray spot on the sample. Thus the combined nitgaxsa high
photon flux and small x-ray spot sizes for perforgni
photoemission spectroscopy experiments under eléyaessures
indicates that a high brightness undulator souscdeisirable for

these experiments. Current elevated pressure @m@sion spectroscopy experiments can operatecasymes
up to approximately 5 - 10 torr. The increasea i EPU 100 at NSLS-II together with the decrei@sphoton
beam size to approximately 10 x 40 microns (at ®@Pmay allow operating pressures that exceed da®&tfull

order of magnitude greater than current maximumraijmg pressures.

important for revealing the true chemically actpleases of a catalyst during its activity.

Similarly, fluorescence yield C, O, N K-edge NEXAR&asurements will benefit from the high flux and
brightness of an undulator source. The waveledigpersive soft X-ray fluorescence NEXAFS method Isw
count rate experiment since the intrinsic carbaoriiscence yield is very low (0.0012) and the divefficiency
of the NIST multilayer mirror and X-ray detectothedugh the best to date are also low. Thus thie thix of an
undulator source significantly reduces data cabectimes and makes possible the observation ot
reactions as they occur on a surface or in a galyst on the time scale of minutes by sittingbond specific
resonances and monitoring their time evolution. e Tdecond beneficial aspect of the undulator is its
brightness. The wavelength dispersive soft X-tagrescence NEXAFS method relies on a small brégiot on
the sample to well define the optical paths ofrthdtilayer mirror system to optimize the energyotlaon which
ultimately effects the ability to reduce the sigttabackground in the NEXAFS measurement.

Special Consideration for Kinetic Measurements Using Stroboscopic Methods

In order to provide unigue experimental capabsitiwe plan to integrate a gas flow cell into thevated pressure
x-ray photoemission spectroscopy experiment andauselay-line detector for stroboscopic measuresnéfiy.
8). This will allow one to quantitatively measuiganges in chemical composition of surfaces atspres up to
at least 10 torr on the sub-10 ms timescale. ldkperiment short pulses of gas on the 10’'s dimmsscale enter
the celland spectra are collected using a delay4dietector a specific delay time after the pulsa single shot
covering a specific time-width. The time resolatia such an experiment is not determined by time tiequired

This new pressure regime may be



to scan a full spectrum, but instead
by a balance between the width of
H the acquisition time window and the

: time necessary for the surface to
_f N N ) s return to its initial state following the
f\\ o/ $ ]22;55;‘;? gas pulse. Using typical dwell times,
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Fig. 8. Close-up view of an elevated pressure getotssion spectroscopy experiment using ayyindow at a specific delay time
small volume flow cell. Gas enters the flow cetimh a pulse valve and leaves through the 1 mm

hole for the x-rays. Partial pressures of the dting the flow cell are measured with the following the gas pulse can be

differentially pumped QMS. The right hand sidetlué figure shows potential data from such a acquired by averaging about 1000

set-up where spectra are collected at specifieaydihes following a gas pulse. spectra, requiring 1000 gas pulses.
Assuming that the surface returns to its initigtstin approximately 1 second following the gasseuihis
requires 1000 seconds allowing the collection oftiple delay times in a single synchrotron shifthis provides
unprecedented time resolution for XPS and as dtresprecedented details about the dynamics otkienical
composition of a surface and how this couplesstedtalytic function. Combining this type of me@suent with
depth-profiling experiments will provide informatioabout how changes in surface composition couple t
changes in bulk composition. Estimates of the fitba 0.4 T bending magnet source at NSLS-II afeld®er
than that of VUV EPU 100 indicating that it wouléquire 18 longer time to acquire a spectrum (or
approximately 10seconds) of roughly the same quality. This assusitedar x-ray spot sizes on the sample
which may be difficult to achieve at a bending nmetghbeamline without additional loses in photon beam
intensities. Therefore, these experiments arecdiffto achieve without the high brightness of @amdulator
source.

User Instrumentation Permanent Set-up: Elevated Pressure Photoemission Spectroscopy Endstation

The Elevated Pressure Photoemission Spectroscogistdtion will consist of a surface preparation chanfor

the production of single crystal and model catabstfaces. To perform standard photoemission extagdd

pressures an electron energy analyzer with a diffally pumped electrostatic lens will be usedor Ehe

stroboscopic measurements a small volume flowatelig with a delay-line detector is necessaryaddition, a

gas manifold with the necessary precautions (stoaag gas cabinets) for hazardous gases is requias phase
analysis will initially be conducted using a di#atially pumped mass spectrometer.

End station for photon-in/photon out NEXAFS of catalytic reaction intermediates under reaction pressures of 10
Torr utilizing unique wavelength dispersive focusing multi-layer mirrors

In collaboration with NIST, we propose to add aosetendstation for photon-in photon out in-situ NEBS
(carbon K edge, 285 eV) of catalytic reaction imtediates under reaction pressures (10 Torr) uidizinique
wavelength dispersive focusing multi-layer mirrgpieneered by NIST. The high pressure NEXAFS enidstat
would complement the high pressure XPS endstatidrpaovide a complete chemical and structural pecad an
operating catalyst.

Software and computing infrastructure requirements for this beamline;

-General beamline control software

-Integrated beamline control and data acquisitaitware for NEXAFS

-Integrated gas supply (pulse valve control), b@entontrol (if a shutter is used), and data actijois
software for the stroboscopic experiments

Detector requirements for this beamline:



For moderate-pressure XPS experiments: an advaddéelential- pumped electron-energy analyzer,.,e.g
Specs Phobios 150 with 2-D delay line detectordathmercial instruments). For fluorescence yieldXRES a
high efficiency near normal incidence focusing ntayer mirror detection system optimized for theboen K-edge.
This detector technology has been developed by KIS Fischer).

4. Recommended transition/construction sequence

As discussed above, the size of the CES commumatywill utilize the facilities discussed in thisite paper
(XAS, XRD XPS, NEXAFS) exceeds 150 groups and Q\&f¥ potential users. Therefore, several more beas)li
each having 1-2 end stations, in addition to trdiced beamlines described in Section 2 will bedee to serve
this community. The project beamlines will offeretlbest-in-class instruments for unique charactéoizs. —
ultra-thin or ultra-dilute samples, for examplean de studied at the XAS project beamline; the oradscale
(>5-10 nm in diameter) catalysts on support — & plowder diffraction project beamline, using adwahc
techniques such as a high energy XRD. Pls of thel8ptron Catalysis Consortium (Frenkel and Hanson)
active members of the beamline advisory teams (BATthese beamlines

Building the shared (non-project) beamlines listedables 1,2 could conceivably be done via maiiagj,
upgrading and transitioning existing beamlines ftbm NSLS. As indicated in the Table, several Biaa® will
be needed to cover a wide energy range and diffezehniques. Future “state of the art” needs meitjuire small
spot size at the sample, rapid scanning for subrgkdata acquisition, and sensitive detectors ifatedsamples
and/or rapid acquisition.

There is a number of beamlines currently in usth@atNSLS that already provide some of the capaslit
desired. This community will work with the NSLSttansitioning team along with PRTs and Contributirgers
to determine what beamlines, or possibly what pafrtseamlines, will meet requirements needed fraasition
to the NSLS Il. This assessment will include aprajsal of the optics, vacuum systems, motors, coenp
controls and detectors. It may be determined tbatponents of one beamline should be combined witiher
so that the best possible beamline will become aijmeral after the transition. Planning and resesirwill be
allocated over the remaining operating life of M®LS so that maintenance and upgrades will not prdyide
optimal performance in the near term but will positidentified beamlines for rapid transition arjgeaation at
the NSLS II. Our group is committed to work witletfacility to develop an effective plan for thiarsition.

5. Facility infrastructureat NSLS-11

We anticipate the need of a minimum of 4 labora®radjacent to the beamlines for performing the
experiments of moderate-pressure XPS, XRD and XAH® laboratories will be used for the storage and
assembly of equipment and for the assembly of sesnflhey should be equipped with standard fume $émd
the manipulation of chemicals and toxic gases. [Eberatories should have access to electricity exyand
pressured air supply, and have lab-approved equipfoe safe handling of nanomaterials (e.g., hoamuls glove
boxes should have HEPA filters). The size of eatlodatory should be at a minimum the equivaler#s®5 sq.
feet. Capabilities for preparation, handling arahsfer of intrinsically reactive and air- and moistsensitive
samples to reactor, without contamination shoulgro®ided.

A set offices and a multimedia-equipped conferenoen facility should be available to facilitate aanalysis
and multi-technique collaboration during the onnagpiexperiments. Some experiments may require adoess
large-scale computer facilities that could be aldé at BNL or elsewhere



