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Introduction

In recent years, there has been an acceleration of experimental
methods to probe the mechanisms of action that mediate het-

erogeneously catalyzed chemical reactions. These studies have
yielded a more vibrant picture of the dynamic structural com-

plexities that are found in such systems. It is now understood,

for example, that structure is a feature of heterogeneous cata-
lysts that is subject to change during the chemical transforma-

tions that occur under the high-temperature and pressure con-
ditions at which most catalytic processes operate. The funda-

mental features of such forms of dynamic, operation-specific

transformations are only now beginning to be understood.
This highlights an important opportunity for the development

of new methods of characterization applicable to the study of
heterogeneous catalysts.[1] “Restructuring” commonly refers to

the changes that occur in the bonding and composition of

a nanocatalyst, and operando-mediated transformations of this
type might result in changes in the bonding environments of

either near-surface atoms (most common), the catalyst cluster
shape, and perhaps most importantly the compositional motif

(for example, random alloy to core–shell) of individual metal
nanoparticles (NPs).[2] Notably, most heterogeneous catalysts—
and even the well-defined model systems used to study

them—are not single-phase/elementary composition solids,
but rather they are present as a system that comprises distri-
butions of size and composition. This structural heterogeneity
can be quite important to the chemistry that the catalytic

system supports. In this context, operando forms of restructur-
ing can either lead to or be accompanied by changes in the

overall properties of these ensembles, for example, size, shape,

and degree of crystalline order.[3] These changes are caused
either by: 1) interactions between the metal and the support

and/or 2) interactions that result from the catalytic reaction
itself, which include the formation, adsorption, desorption, and

decomposition of reactants, intermediates, and products. Dif-
ferent experimental techniques have been developed to probe

such aspects of heterogeneous catalytic processes, and signifi-

cant emphasis has been placed on experimental and theoreti-
cal methods that address the atomistic underpinnings of the

mechanisms of action. Even so, the ability to unify various
forms of measurement within a common description of

a mechanism remains limited. If we take as an example studies
of supported transition-metal nanoscale catalysts, TEM is able

In order to more deeply understand the mechanisms of cata-
lytic reactions, improved methods are needed to monitor

changes that occur in the electronic, structural, and chemical
properties of catalytic systems under the conditions in which
they work. We describe here a microreactor-based approach
that integrates the capabilities of advanced X-ray, electron, op-
tical, and gas-phase compositional analysis techniques under

operando conditions. For several exemplary catalytic systems,
we demonstrate how this approach enables the characteriza-

tion of three of the major factors that contribute to structure–
property correlations in heterogeneous catalysis. Specifically,
we describe how this approach can be used to better under-

stand the atomic structure and elemental composition of
nanocatalysts, the physiochemical properties of the support

and catalyst/support interfaces, and the gas- and surface-
phase chemistry that occurs under operando conditions. We

highlight the generality of the approach, as well as opportuni-
ties for future developments.

[a] Dr. S. Zhao, Prof. R. G. Nuzzo
Department of Chemistry, University of Illinois
Urbana, IL 61801 (USA)

[b] Dr. S. Zhao, Dr. D. N. Zakharov, Dr. E. A. Stach
Center for Functional Nanomaterials
Brookhaven National Laboratory
Upton, NY 11793 (USA)
E-mail : estach@bnl.gov

[c] Dr. Y. Li, Prof. A. I. Frenkel
Department of Physics, Yeshiva University
New York, NY 10016 (USA)
E-mail : anatoly.frenkel@yu.edu

[d] Dr. E. Stavitski, Dr. R. Tappero
Photon Sciences Division
Brookhaven National Laboratory
Upton, NY 11973 (USA)

[e] S. Crowley, Prof. M. J. Castaldi
Department of Chemical Engineering
City College of New York
New York, NY 10031 (USA)

ORCID(s) from the author(s) for this article is/are available on the WWW
under http://dx.doi.org/10.1002/cctc.201500688.

This publication is part of a Special Issue on “Advanced Microscopy and
Spectroscopy for Catalysis”. Once the full issue has been assembled,
a link to its Table of Contents will appear here.

ChemCatChem 2015, 7, 3683 – 3691 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3683

Full PapersDOI: 10.1002/cctc.201500688

http://orcid.org/0000-0002-3366-2153
http://orcid.org/0000-0002-3366-2153
http://orcid.org/0000-0002-3366-2153


to elucidate features related to the morphology, crystal struc-
ture and composition, and (in select elements) the nature of

the electronic structure of individual nanoparticles, as well as
to provide a statistical overview of the relative distribution of

NP size, composition and morphology.[4] X-ray absorption spec-
troscopy (XAS) describes both the electronic state of the nano-

particles (through the use of the X-ray absorption near-edge
structure analysis ; XANES) and the size, shape, and atomic ar-
rangements of an “average particle” (through analysis of the

extended X-ray absorption fine structure spectroscopy;
EXAFS).[5] Electron energy loss spectroscopy (EELS)[6] probes the
electronic structure and composition of both the metal NP and
the support, and thus can be used to probe metal–support in-

teractions in distinguishing and atomistically rationalized ways.
Raman spectroscopy[7] can provide information about the

chemical state and molecular vibrations that occur in oxide

supports and thus can probe transformations in the structure
of the support that can occur under reaction conditions. Final-

ly, IR spectroscopy, gas chromatography–mass spectrometry
(GC-MS), and residual gas analysis (RGA) can all be used to de-

scribe the gas-phase and surface species of reactants, inter-
mediates, and products during catalytic reactions.[8]

However, further progress can only be addressed through

the development of more accurate atomistic descriptions that
overcome the limitations of “ensemble-averaging” structural

methods and the requirements for measurement environments
that weakly, if at all, replicate those found in a real process en-

vironment. If we take EXAFS as an example, the picture of an
“average particle” that emerges from coordination-number

modeling[5, 9] may not represent an ensemble if the distribution

of particle sizes and/or compositions is broad[9f, 10] and/or if
strongly asymmetric bonds (which are typical for strained

nanoparticle surfaces because of intrinsic relaxation or bonding
interactions with adsorbates) are present.[11] Recent EXAFS ex-

periments with nanoscale metal catalysts (both mono- and bi-
metallic) have demonstrated the limitations of this approach in
documenting the nature of the structural and compositional

habits embedded in even the relatively simple ensembles
found within model systems.[10c, 11a] If the distribution of com-

position or size/shapes is broad, experimental artifacts can
cause an underestimation of the average particle size[11c] or
compositional motifs (for example, random alloy NPs can be
mistaken for core–shell NPs).[10b] In addition—and most impor-

tantly—catalytic materials are subject to reaction-driven forms
of transformation, in which the sizes and compositions of cata-
lytic NPs can change dynamically under reaction conditions.[12]

These properties of catalysts highlight the need to include
a method such as scanning transmission electron microscopy

(STEM)/TEM, which can provide useful statistical analysis of
particle size, shape, and composition as a means to describe

the ensemble attributes of the structure present in a catalytic

material, as well as the structural and compositional transfor-
mation that might occur during chemical reactions.[13]

The capabilities that such methods engender notwithstand-
ing, there remains a more fundamental impediment to the ad-

vancement of methods of characterization, namely, the static
nature of many experimental methods that offer capabilities to

probe the structure at atomic resolution. The techniques de-
scribed above are often performed ex situ and/or ex post-

facto, and thus provide information about the initial and/or
final stages of the reaction, and thus likely miss features crucial
to understand changes that may occur dynamically during the
catalytic cycle. The characteristics of operation at elevated tem-
peratures and pressures (conditions that are typical for many
reactions catalyzed heterogeneously used in the synthesis of

fuels and chemicals) as well as specific changes to the process

stream feeds can provide strong thermodynamic driving forces
that change the structure and composition of both the metal
NP catalysts and their supports and drive reactions along dis-
tinct chemical pathways.[3b, 14] Importantly, the intermediate

states of the catalysts, overlooked by static measurements,
may be the catalytically active ones or at least add to the un-

derstanding of the reaction sequence. For these reasons and

to understand reaction mechanisms in contexts that are explic-
itly relevant to operational conditions, it is imperative to follow

transformation kinetics both in real time and under operando
conditions. These points frame goals that stand as grand chal-

lenges that we need to address to foster progress in this im-
portant field of research: these factors drive the increasing em-

phasis given to so-called in situ and operando techniques in

studies of supported catalysts.[15] In the case of in situ charac-
terization, the exposure of the sample to more relevant physi-

cal conditions (such as at elevated temperatures or pressures)
are made in an effort to better mimic real process states.

These in situ techniques—although they help to elucidate
some features of important structure–property correlations—

miss an important element, namely, that of function. An under-

standing of structure is of course important, but it remains less
useful if not coupled in a clear way to how molecular constitu-

ents are transformed by the reactions that occur within the
system. Without the detection of the products of a catalytic re-

action, the relevance of the structural characterization, even if
performed in situ, to a mechanistic understanding of reaction

kinetics is unquestionably lost. During an operando characteri-

zation, the relevant characterization approach is applied while
the catalysts are held “under working conditions”, as validated

by measurements of the activity, selectivity, and/or stability of
the catalyst. Operando characterization is perhaps the most
ideal form of characterization of functional materials, not only
because it ensures that the measured parameters properly de-
scribe the system as it functions but also because it allows

direct links to be made between different experiments per-
formed under equivalent conditions.[16]

The importance of operando characterization is now broadly
accepted, and there have been significant developments in

the modes of experiments made in this regard. As examples,
techniques such as XAS,[17] XRD,[18] Raman spectroscopy,[19] UV/

Vis spectroscopy,[20] and IR spectroscopy[21] have all been uti-

lized within operando modes of characterization to study
working catalytic systems. These techniques benefit from the

low-scattering cross-sections of photons with matter, which
allow deep penetration into materials and simplify the types of

reactor designs that can be utilized for operando characteriza-
tion. Techniques such as TEM, X-ray photoelectron spectrosco-
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py (XPS), and scanning tunneling microscopy (STM) are more
challenging to perform under ambient or even harsh reaction

conditions because of the extremely limited travelling distance
of electrons through moderate-pressure or even low-vacuum

atmospheres. These techniques normally require high vacuum
or ultra-high vacuum (UHV) to function effectively. Although

differential pumping can provide locally increased pressure en-
vironments to the sample, this approach cannot close the so-

called the “pressure gap” entirely. It has not been possible,

even until very recently, to bridge this gap and fully reproduce
reactions within an integrated protocol that exploits all of

these important modes of experimental characterization.
As the natures of reactions catalyzed heterogeneously can

differ dramatically, there are different types of operando stud-
ies that have been developed for use within specific fields of
research such as electrochemistry,[22] catalysis,[23] and surface

science.[24] It has been generally accepted that multiple probes
are required to characterize complementary attributes of cata-

lytic systems, but implementations of this understanding
within experiments have varied from group to group.[23, 25] Re-

cently, Levin and Billinge proposed an approach in which avail-
able data and theoretical modeling results are optimized to

solve a general nanostructure problem.[26] For use within struc-

tural and mechanistic studies in catalysis, a limitation exists in
the data taken from different instruments often must be mea-

sured under a variety of physicochemical states (for example,
some ex situ, some in situ, and some operando conditions).

The correlation of such measurements is challenging because
they may probe completely different states of, and possibly

completely different forms of, materials systems. An alternative

approach of interest in our work is one that makes it possible
to perform all operando characterization methods across multi-

ple instrumental platforms while maintaining and/or manipu-
lating the sample under identical physicochemical states. Al-

though this approach addresses the limitation of that pro-
posed by Levin and Billinge, it suffers from a different problem:

techniques such as TEM, XPS, and STEM cannot be combined

with X-ray and other probes, which thereby limits the scope of
the problems that might be solved in this way.[23]

Recent development of micromachined, enclosed cell reac-
tors (microcells) has enabled operando TEM studies of catalytic

reactions in the ambient atmosphere. With reaction volumes
reduced to approximately 10¢5 mm3, which lead to much

lower transport resistance and rates of conversion and much
faster heat and mass transfer rates as a result, microcells offer
distinct advantages in catalytic reaction studies compared to

bulk reactors.[27] TEM investigations, now possible under at-
mospheric pressure because of the closed-cell approach and

thin window materials, can provide missing information about
the size, shape, and composition of the nanomaterials under

operando conditions[28] and hence, can be used as a unique

platform to combine operando characterization of the same
catalytic process analyzed by using different instruments under

identical reaction conditions. To illustrate this approach in our
previous work, we described the use of a microreactor for cor-

related studies of Pt catalysts during ethylene hydrogenation
by combined XAFS and TEM.[12]

Here we show, through representative examples, how we
used this microcell-enabled method of characterization to illu-

minate the two basic structure–property correlations that in-
volve heterogeneous catalysts. The essence of our method is il-

lustrated in Figure 1: the same reaction was studied at each fa-

cility (synchrotron, electron microscope, etc.) in the same mi-
croreactor, while we probed the reactivity simultaneously by

using an online residual gas analyzer. To this end, X-ray and IR
microspectroscopy experiments were conducted at the Nation-

al Synchrotron Light Source (NSLS) and STEM/EELS measure-
ments were performed at the Center for Functional Nanomate-

rials (CFN) both at Brookhaven National Laboratory. GC–MS

measurements were conducted at the City College of New
York (CCNY). The formation of reaction products was detected

at each facility and was used to correlate the data from each
instrument, as measured at the same stages of the reaction.

Ethylene hydrogenation (and as we show, the concomitant for-
mation of oligomers that are retained by and over time modify
the properties of the support) and CO oxidation were chosen

as exemplary catalytic reactions and processes for proof-of-
principle demonstrations of the integrated microreactor capa-

bilities of interest in this work. STEM, EELS, and XAS characteri-
zations were used to obtain structural and electronic informa-
tion pertaining to the catalyst and support. IR microspectrosco-
py and Raman spectroscopy were used to identify the surface
products of the catalysis and support properties, respectively.

GC–MS and RGA (MS) were used for detailed gas-phase analy-
sis. How the different experimental approaches described
above probe different portions of the catalytic system are
shown schematically in Figure 1, which highlights the versatili-
ty of this new approach.

Figure 1. Schematic of the microcell. The catalyst is confined between two
silicon nitride windows, and the reaction gases flow through the system to
interact with the confined catalyst at atmospheric pressure. We show how
the four different beams (electron, X-ray, IR, and laser) probe different parts
of the catalytic system.
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We present an overview of
the design of the microreactor

used to integrate this specific
multiplatform method of mea-

surement and the data it affords
using these individual tests. We

discuss extensions that can be
envisioned that would serve to

further its use within measure-

ments that exploit both the ad-
vanced and developing capabili-

ties of synchrotron sources.

Results and Discussion

In this section we present results

of exemplary experiments per-
formed in the microreactor,

grouped according to a particular
aspect of a catalytic system they

illuminate, namely, 1) the struc-
ture and electronic properties of

metal catalysts, 2) the nature of

the support, and 3) the catalytic
chemistry. Notably, as a result of

the extremely small window area of the microcell (50 Õ 50 mm),
we need to take advantage of microfocused X-ray and IR

beams for all XANES, EXAFS, and IR experiments.

Metal catalysts

In this section we present results concerning the chemical

state, structure, and statistical distribution of particle sizes of
supported Pt and Au catalysts by STEM, XANES, and EXAFS.

STEM

STEM analysis can provide accurate size information to study
the morphology and size distribution of metal NPs. Direct visu-

alization of the size, shape, and dispersion of the metal NPs
before a reaction is used commonly to describe the initial mor-

phology of the system following catalyst preparation, whereas
ex post-facto measurements are used commonly to observe

the cumulative changes that occur as a result of the reaction.

Additionally, by obtaining the data under operando conditions,
these electron microscopy (EM) images are able to give statisti-

cal information of how these NPs transform (sintering, ripen-
ing, and fragmentation) during the actual catalytic cycle. Com-

pared with techniques such as XAS, which often provide aver-
age particle information, STEM images provide local particle in-
formation, which can be critical because of the heterogeneity

frequently observed in NP systems.
STEM analysis of the particle size distribution and changes in

the mean particle sizes of Pt-SiO2 during the flow of H2 and
C2H4 at different volumetric ratios are shown in Figure 2.[12]

These STEM images were recorded at 1 atm pressure. Different
stages of the reaction identified in this experiment yield de-

tailed information on the size and shape of the Pt NPs that
change under the reaction conditions.[12] For example, after the

second H2 flow step is reached, following the first C2H4 hydro-
genation step, a significant number of dumbbell-shaped parti-

cles were observed, which strongly suggests that motion of

the particles on the substrate occurred and indicates the initial
stages of sintering (Figure 2 c). Interestingly, if the sample was

returned to C2H4-rich conditions (Figure 2 d), these larger ag-
glomerate particles were seen to fracture and form smaller

clusters again. A detailed discussion of the origins of these and
related phenomena can be found in our previous work.[12] For

the purpose of this report, we would like to emphasize the fol-

lowing points: it is possible to obtain a high-quality, statistical-
ly significant sample of particle size and shape throughout the
reaction sequence under all atmospheric pressures of reactive
streams. The fact that these observations can be made in sig-

nificantly rich hydrocarbon streams is both surprising and im-
portant. Hydrocarbons often lead to significant contamination

during EM imaging, yet we found that with appropriate con-
siderations of the dose and dose rate, it was possible to obtain
images with <1 nm resolution, even under atmospheric pres-

sures. Observations such as these demonstrate clearly the utili-
ty of the microcell approach for operando STEM imaging.

XANES

XANES can provide information regarding the electronic struc-
ture of metal catalysts. As we can analyze the features caused

by electronic transitions to empty bound states, XANES is
often used to determine both the chemical state and the

bonding characteristics of the metal. A comparison of Au L3-
edge XANES data measured from titania-supported Au NPs

Figure 2. STEM images that show Pt-SiO2 NPs during different reaction regimes, a) pure H2 ; b) H2/C2H4 = 3:1;
c) pure H2 ; d) H2/C2H4 = 1:3; e) pure H2 under 1 atm pressure; f) mean particle size under all five reaction regime
(only particles that do not touch each other were counted). All images were taken at room temperature after the
gas flow through the reactor stabilized (�2 h).[12] The electron dose rate was 600 e¢/æ2 s.
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and bulk Au foil is shown in Figure 3. The NP data were col-
lected in the microreactor under ambient conditions. The Au

NPs have an average size of 4 nm and show metallic XANES
features, very similar to bulk Au.

EXAFS

EXAFS is a local structure probe based on the analysis of the
oscillations of the X-ray absorption coefficient that extend to

approximately 1000–1500 eV above the absorption edge of an
X-ray-absorbing atom. This technique can provide structural in-

formation such as the distance between the neighboring

atoms, their coordination numbers, and bond length disorder,
as well as the changes in these quantities under different reac-

tion regimes. Fourier-transformed magnitudes of EXAFS data
collected from Au NPs supported on Al2O3 are shown in

Figure 4. The spectra were collected during the flow of a mix-
ture of CO and O2 (1:10 ratio) and in He before and after the

gas mixture flow. One can see irreversible changes in the in-

tensity of the peaks in the range of 2–3.4 æ that occurred
during the gas mixture flow, possibly because of changes in

the metal–metal coordination numbers and, hence, the irrever-
sible growth of Au NPs.

Quantitative data analysis (Table 1) confirmed this hypothe-
sis. Data were analyzed by conventional procedures by using

the IFEFFIT data analysis package and FEFF6 code.[29] Coordina-
tion numbers, correction to Au¢Au distances, and their disor-

ders were varied in the fits, together with the correction to the

photoelectron energy origin. The latter parameters were con-
strained to be the same for all three data sets to minimize the

correlation of the fitting parameters.
In summary, we have shown how both STEM and XAS can

be used to quantify the electronic and structural information
of metal catalysts during realistic in situ and operando condi-

tions. The representative data quality is good, which thus ena-

bles quantitative analysis of catalysts during reaction condi-
tions by these techniques.

Properties of catalytic supports

In this section we present results obtained by probing silica

and titania supports using EELS and Raman spectroscopy.

EELS

EELS is an electron analogue to XAS, whereby a magnetic

spectrometer is used to separate the electrons that have left
the sample according to the energy that they have lost during

inelastic interactions with atoms in the sample. Thus, it offers
insights into the electronic structure of the target supporting

materials in a manner that is analogous to XANES. In addition,
it is possible to perform nanometer-scale chemical mapping
using EELS (in either the STEM-EELS spectrum imaging mode
or through so-called energy-filtered imaging; EFTEM). Thus,
EELS can probe the composition and electronic structure of in-

dividual NPs, information that can be critical to understand the
fundamental chemistry of catalytic reactions. Additionally, the
catalytic properties of a system can depend greatly on the in-
terface between the metal and the support : EELS has the po-
tential to be able to observe electronic structure changes that
occur in the supporting materials during a reaction directly

and thus can describe such important effects as the interaction
between the metal and support. Here we show just one exam-
ple taken from the Si L-edge obtained under atmospheric pres-
sure in the microcell for the Pt-SiO2 sample. Importantly, the
microcell consists of two SiN windows, and thus any contribu-

tion to the Si L-edges necessarily consists of a signal from the
two membrane windows.

Figure 3. XANES spectra at Au L3-edge between microcell data for TiO2 sup-
ported Au NPs and bulk Au foil.

Table 1. Best fit results for Au¢Au coordination numbers (N), bond
lengths (R), and their disorder (s2) in Au-Al2O3 under different atmospher-
ic regimes obtained by EXAFS analysis of the data shown in Figure 4. The
last column shows the correction to the photoelectron energy origin
(DE0).

Conditions NAu¢Au RAu¢Au [æ] s2 [æ2] DE0 [eV]

He initial 7.3�0.9 2.846�0.008 0.0062�0.007 6.8�0.6
CO and O2

He final
8.9�1.1
8.9�1.0

2.867�0.006
2.867�0.006

0.0062�0.007
0.0062�0.007

6.8�0.6
6.8�0.6

Figure 4. Fourier transform magnitudes of Au L3-edge k2-weighted EXAFS
spectra measured in situ for Au-Al2O3 catalysts under flow of He and CO/O2

(1:10).
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Changes in the Si EELS spectra collected during the flow of
a 3:1 H2/C2H4 mixture over Pt/SiO2 catalysts in the ethylene hy-

drogenation experiment described in the previous section are
shown in Figure 5. In addition to the spectrum obtained with

the sample loaded in the cell, a spectrum obtained in a control

experiment without the sample is shown to subtract the effect
caused by the SiN windows. The two strong peaks at 108 and

115 eV are associated with Si¢O bonds[30] that exhibit a transfor-
mation in response to the reaction conditions.

Raman spectroscopy

Raman spectroscopy provides fingerprints of molecules and/or

crystal structures by probing their vibrational properties. Oper-

ando Raman spectroscopy was combined with XAS in the
same experiments to correlate changes in catalysts with

changes in support materials under the reaction conditi-
ons.[25a, 31] Raman spectroscopy can be used to determine the

crystalline phase of different catalytic supports.[32] A compari-
son of representative Raman spectra for pure TiO2 probed in
the microreactor and in a larger (quartz capillary) tube reactor

is shown in Figure 6. The positions of the Raman bands ob-
served in the spectra from both cells are in good agreement

with those expected for an anatase structure. The well-resolved
peak at ñ= 145 cm¢1 is assignable to the main anatase vibra-

tional mode. In addition, modes at ñ= 397 (B1g), 517 (A1g), and
638 cm¢1 (Eg) are seen in both spectra, which indicates that

the majority of the sample was present in the crystalline

form.[33]

The fact that both spectra show very similar features dem-

onstrates the feasibility to employ the microcell for Raman
measurements made both in situ and under operando condi-

tions.

Catalytic chemistry

In this section we present exemplary data on detection of gas-
phase and surface species formed during catalytic reactions.

Surface catalytic intermediate and product analysis

IR spectroscopy is a powerful technique to perform surface

analysis of adsorbates that can bind to both metals and sup-
ports. Operando IR spectroscopy can thus contribute vitally im-

portant data to understand the surface chemistry of a catalyst

in real time. Time-resolved synchrotron IR microspectroscopy
data obtained under the same conditions of the ethylene hy-

drogenation reaction experiment described above are present-
ed in Figure 7. These data were measured for the stoichiomet-

ric reaction conditions (H2/C2H4 = 1:1) as a function of time.
These results show the direct formation and retention on the

support of aliphatic hydrocarbon products formed during the
ethylene hydrogenation process through a competing, and

generally low yield, oligomerization pathway. The aliphatic spe-

ciation implied here is supported by the fact that the modes
that appear in the C¢H stretching region (the three peaks cen-

tered at ñ= 2958, 2918, and 2850 cm¢1) under operando reac-
tion conditions can be assigned directly to the C¢H stretching

frequencies of (linear) hydrocarbons. The significant growth of
the peaks at ñ= 2918 cm¢1 (asymmetric CH2 stretch) and ñ=

Figure 5. Operando EELS spectra of the Si L-edge under different reaction
regimes. The individual spectra show differences in the near-edge structure
that depend on the nature of the reactive environment.

Figure 6. Raman spectra of pure TiO2 (anatase) taken in microcell and con-
ventional tube reactor.

Figure 7. Time-resolved IR spectra collected during room-temperature ethyl-
ene hydrogenation over the Pt-SiO2 catalyst.
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2850 cm¢1 (symmetric CH2 stretch) indicates that heavier oligo-
mers are formed and accumulate on/within the support over

time.
By examining the IR spectra taken in the microcell, we were

able to detect subtle changes of the surface species that were
formed on the Pt catalyst and/or support. The experiment illus-

trates the potential of this method to measure surface species
(reactants, intermediates, and products) using the microcell.

Gas-phase catalytic product analysis

RGA and GC–MS can be used to identify and quantify gas-

phase products and thus help in studies of catalytic reaction

kinetics. Examples of their use are shown in Figures 8 and 9.

The gas chromatogram of ethane and ethylene elution during
ethylene hydrogenation over Pt-SiO2 under stoichiometric reac-

tion conditions (H2/C2H4 = 1:1) is shown in Figure 8. The ethane

and ethylene peaks were well separated. The irregular shape
of the ethylene peak was a result of the large amount of ethyl-

ene in the GC sample loop, yet it was still quantifiable. As
a result of the extremely small loading of the catalyst in the

microcell, ethane production was low, but still yielded a signifi-
cant signal-to-noise ratio. This demonstrates that GC–MS can

be utilized to measure gas-phase product formation directly
from the microcell output.

RGA data were taken from the output of the microcell under
the same conditions as used for the GC–MS experiment de-

scribed above. Ethane production increases under ideal, stoi-
chiometric reaction conditions (1:1 ratio of hydrogen to ethyl-

ene) compared to the baseline experiment in which pure eth-
ylene was fed into the cell (Figure 9).

Both the GC–MS and RGA results show unambiguous evi-

dence that catalytic ethylene conversion in the microcell can
be detected by analyzing the gas-phase composition down-

stream of the cell. Both techniques provide valuable insights
into the catalytic mechanism and kinetics of ethylene hydroge-
nation over the Pt-SiO2 catalyst.

The above data collected in several proof-of-principle experi-

ments demonstrate the ability of different techniques to probe

a catalytic system in the microreactor. In most cases, these
data were complemented by corresponding reaction data col-

lected online in parallel with catalyst characterization. Our
method, therefore, shows strong promise for combined, oper-

ando studies of catalytic reactions that circumvent the main
limitations of existing approaches (ex situ combinations of all

relevant methods[26] and in situ/operando combinations of

multiple techniques in the same experiment[23a]). As a result of
the improved heat and mass transfer and low conversion rates,

microreactor studies of reaction kinetics have unique advan-
tages over bulk reactors used in operando characterization.

With the further development and application of the micro-
reactor and new methods of its integration with multiple ex-

perimental facilities, it is envisioned that this approach will see

even broader utilization. Although all the results shown above
have been obtained from catalyzed chemical reactions that

occur at room temperature, recent developments in microcell
fabrication have led to the creation of systems that can ach-

ieve quite high temperatures.[34] Nanoscale TEM and STEM
imaging at temperatures as high as 800 8C have been ach-
ieved, and temperatures of 500 8C can be maintained in highly

aggressive environments for many hours before heating ele-
ment failure.

Additionally, there do not appear to be strong restrictions to
the use of microfabricated reactors in a variety of additional

experimental approaches relevant to the characterization of
NP catalysts. These include bulk probes such as XRD and X-ray

and electron-pair distribution function analysis, as well as fo-

cused, nanoprobe X-ray probes such as nanodiffraction and
transmission X-ray and scanning transmission X-ray imaging.

Importantly, quantitative stable gas-phase measurements can
be obtained by RGA and GC–MS to understand the catalytic

cycle fully. Furthermore, with the increasing development of
the approach, it is possible that X-ray photoelectron spectros-

copy may also be included in the characterization suite.[35]

Conclusion

The discussions above illustrate the scope and diversity of the

forms of data that can be measured in integrated form using
a common reactor microcell. Different types of microscopy

Figure 8. Gas chromatogram that shows the reactant (ethylene) and product
(ethane) for ethylene hydrogenation over Pt-SiO2.

Figure 9. RGA data comparison that shows the pressure of the reactant (eth-
ylene) and product (ethane) between H2/C2H4 = 1:1 and pure ethylene.
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(scanning transmission electron microscopy) and spectroscopy
(electron energy loss, X-ray absorption, IR, and Raman spec-

troscopy) were utilized to provide new insights into the nature
of the structure–property relationships that exist in prototypi-

cal catalytic reactions under operando conditions. In this work,
we selected ethylene hydrogenation and CO oxidation as ex-

emplary reactions and we used them to demonstrate the
unique qualities and inherent practicality of the integrated mi-

crocell methodology. This approach features a cell design that

specifically enables the features needed for combined studies
of this type and in ways that can be exploited for investiga-

tions of essentially any catalytic reaction under operando con-
ditions. The highlights presented above, if taken together with

our study reported recently on the mechanisms that operate
in the dynamic transformation of supported Pt nanocluster cat-
alysts during the ethylene hydrogenation reaction,[12] illustrate

an approach that could in principle be applied as a general
methodology within the broader field of operando research in

heterogeneous catalysis.

Experimental Section

Cell design

The microcell consists of two 50 Õ 50 mm SiN windows with
a 500 nm spacing in between connected to three capillary chan-
nels (inlet, outlet, and bypass). The catalyst was loaded between
the two windows and reactants were introduced into the cell by
using mass flow controllers (MFCs), and pressure controllers pro-
vided the desired pressure and steady flow rate. More details can
be found at http://hummingbirdscientific.com/products/gas-flow/.

Experiments with the microreactor

Experiments with the microreactor are summarized below. These
are grouped according to the experimental facility used. If appro-
priate, they are characterized as ex situ, in situ, or operando experi-
ments.

To study real-time reactivity, mixtures of various feed gases (H2 and
C2H4 or CO and O2) of variable compositions were flowed through
the reactor cell. The pressure in the flow microcell was slightly
above atmospheric pressure (1000 Torr).

Electron microscopy experiments were performed by using a Titan
80–300 environmental transmission electron microscope at the
Center for Functional Nanomaterials, Brookhaven National Labora-
tory. Annular dark-field scanning transmission electron microscopy
images were acquired at a constant image magnification of
640 000 times magnification operating at 300 keV.

The XANES and EXAFS measurements were performed at beamline
X27A, National Synchrotron Light Source (NSLS). The microcell was
mounted on the stage approximately 458 to the incident X-ray
beam, and the emitted fluorescence was detected from the down-
stream side of the cell by using a four-channel Vortex detector. All
XAFS spectra were recorded after the gases reached stable state.

The IR microspectroscopy experiments were performed by using
the N2-purged Thermo Nicolet Magna 860 Step-Scan FTIR and
Spectra Tech Continuum IR Microscope at the U2B beamline
(NSLS). The IR measurements were performed under a continuous
gas flow with 4 cm¢1 spatial resolution and 256 scans.

Raman spectra for all TiO2 films were collected by using a Bay Spec
spectrometer equipped with a 532 nm laser excitation. The spec-
trometer was calibrated using a silicon wafer to a wavenumber ac-
curacy of �1 cm¢1. A noncontact fiber-optic HT probe objective
was used for beam focusing and collection of scattered radiation.
Five spectra were accumulated with a 30 s exposure time. The re-
sulting total spectral recording time was 150 s. The laser output
power was 23 mW.

An on-line GC–MS system (Agilent 7890A GC equipped with 5975c
MS detector) equipped with a GS-GasPro column (Agilent 60 m Õ
0.32 mm) was used to analyze gas-phase compounds. He (UHP
grade) was used as carrier gas in constant flow mode. The oven
temperature was programmed from 40 to 150 8C at ramping rate
of 20 8C min¢1, held at 150 8C for 1 min, then ramped to 200 8C at
rate of 20 8C min¢1 and held for 3 min. The temperature of the
quad and source of MSD were 180 and 230 8C, respectively.

An RGA (SRS) was used to monitor the real-time mass production
for CO oxidation reactions. It was connected to the outlet of the
microcell for the experiments described above.
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