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Anewerainoperando

M Check for updates

The 2025 Materials Research Society
(MRS) Fall Meeting highlighted the
latest developments at the frontiers
of materials research. This report
focuses on multimodal operando/
insitumethods employed to probe
dynamic evolution of catalysts under
far-from-equilibrium operating
conditions —akey challengein
advancing catalyst development.

atalysis is central to building a

sustainable and environmentally

responsible future. The rational

designof heterogeneous catalysts

with high activity and long-term
durability is essential to accelerate the
global transition toward a carbon-neutral
energy landscape, which in turn requires
a fundamental understanding of reaction
mechanisms and active site structures. How-
ever, catalysts undergo profound morpho-
logical and chemical transformation under
far-from-equilibrium operating conditions
(for example, strongly reducing/oxidiz-
ing electrochemical potentials), leading to
substantial discrepancies between pristine
pre-catalysts and the true active phases that
emerge during operation. This inherently
dynamic nature of catalyst structure and
activity requires multimodal operando char-
acterization approaches capable of directly
monitoring catalysts during performance

Pristine
pre-catalysts

Free energy

cycles to bridge the knowledge gap of their
working principles in practical operating
conditions. The 2025 edition of the MRS Fall
Meeting, as usual, returned to Boston’s Hynes
Convention Center whereit captured arapidly
growing and interdisciplinary community in
developing operando methodologies to push
the frontiers of fundamental understanding
and applications of catalysts. Across three
representative heterogeneous catalysis sym-
posiaincluding but not limited to electrocata-
lysts, thermal catalysts, and photocatalysts,
numerous presentations highlighted recent
advancesindevelopments and applications of
operando analytic techniques including opti-
cal microscopy, electron microscopy, vibra-
tional spectroscopy and synchrotron-based
X-ray methods, as well as theirintegration with
cutting-edge machinelearning and data min-
ing methods, paving the way for broad imple-
mentation of operando methodsin chemistry
and energy material communities.

Operando electrocatalysis

Minhua Shao (Hong Kong University of Sci-
ence and Technology) investigated dynamic
molecular behaviours on catalysts surfaces
using in situ surface-enhanced infrared
absorption spectroscopy (SEIRAS). Anthony
Shoji Hall (University of Pennsylvania) dis-
cussed the critical role of interfacial water
structures, probed by in situ shell-isolated
nanoparticle-enhanced Raman spectroscopy
(SHINERS), in promoting electrochemical C-C
coupling, where disordered water structures
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effectively enhance the selectivity of CO
reduction toward multi-carbon products’.
Peidong Yang (UC Berkeley) and Miquel Salm-
eron (Lawrence Berkeley National Laboratory)
reported the potential-dependent adsorbate
detachment mechanism from Ag nanoparti-
cles, tracked by in situ infrared nanospec-
troscopy (nano-FTIR) and surface-enhanced
Raman spectroscopy (SERS), and subsequent
formation of an electrocatalytic microenvi-
ronment that enables efficient CO,-to-CO
conversion by creating a confined localized
field near the nanoparticle surface”. Haotian
Wang (Rice University) presented the bicar-
bonate salt formation mechanism duringthe
CO,reductionreaction (CO,RR) inmembrane
electrode assembly (MEA) electrolyzers. Insitu
optical microscopy and Raman spectroscopy
reveal that carbonateions withinliquid drop-
lets transforminto bicarbonate ions driven by
CO, flowasthe droplet migrates from the cata-
lyst/membraneinterface towards the backside
of the gas diffusion electrode’. These in situ
insights informed their research to demon-
strate suppression of salt formation by flow-
ing CO, gas into an acidic bubbler, leading to
>1,000-hour stability in MEA operation.
Other studies highlighted the promise
of in situ/operando electron microscopy
and X-ray spectroscopy to probe structural
evolution in nanomaterials under operat-
ing conditions. Beatriz Roldan Cuenya and
See Wee Chee (Fritz Haber Institute) dis-
cussed potential-dependent kinetics of
the Cu,0-to-Cu reduction during nitrate
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reductionreaction by tracking time-resolved
structural changes in Cu,0 nanocubes and
quantified oxidation states of these chang-
ing catalysts, monitored by multimodal
operando electrochemical liquid-cell trans-
mission electron microscopy (EC-TEM) and
electrochemical liquid-cell transmission
X-ray microscopy (EC-TXM), respectively*.
Tyler Mefford (UC Santa Barbara) also
employed EC-TXM to obtain space-resolved
maps of Mn oxidation states of a-K,MnO,
nanorod under oxygen reduction reaction
and oxygen evolution reaction conditions
in alkaline media. Haimei Zheng (Lawrence
Berkeley National Laboratory) presented
their advanced EC-TEM method achieving
atomic resolution to directly monitor the
dynamics of Cu catalysts during the CO,RR,
revealing liquid-like amorphous interphase
with mediating surface reconstruction’. Yao
Yang (Cornell University) developed an oper-
ando electrochemical liquid-cell scanning
TEM (EC-STEM) method that has the poten-
tial to probe catalyst (de)activation across a
wide temperature range from -50 to 300 °C.
Electrochemical four-dimensional STEM
(4D-STEM), assisted by machine learning,
shows the potential to reveal the complex
structure of beam-sensitive energy materi-
als during operating conditions®. Joe Pat-
terson (UC Irvine) discussed an influence
of fresh electrolyte supply through a flow
system on electrochemical reaction kinet-
ics. Vasiliki Tileli (EPFL) presented advanced
electrochemical liquid-phase SEM (EC-SEM)
employing free-standing graphene as both
liquid-cellmembrane and electrode material
toimprove the spatial resolution and expand
the stability of the potential window’. Hugo
Pérez (DENSsolutions) exhibited a gas-cell
TEM holder that enables concurrent heating
and biasing control, allowing for operando
investigation of solid oxide fuel cells operating
under 600-800 °C.

Operando thermocatalysis

Wenjie Zang (University of Rochester) dis-
cussed distinct migration behaviours of Pt sin-
gle atoms on TiO, substrates under reducing
environment, moving from substrate surfaces
to substrate-substrate interfaces under 760
torr of 5% H,/Ar atmosphere at 450 °C, tracked
by in situ gas-cell TEM, which causes attenu-
ated CO adsorption on the Pt single atom
sites®. Alexandre Foucher (Oak Ridge National
Laboratory) reported a multimodal gas-cell
TEM approach integrated with electron
energy-loss spectroscopy (EELS) and 4D-STEM
to investigate zeolite-based nanocatalysts,

revealing migration of Al during calcination
and changes in crystallinity of Cuand Znunder
H, or O, environments. Eric Stach (University
of Pennsylvania) introduced multiple exam-
ples studying structural evolution in diverse
nanocatalysts under various reaction condi-
tions through in situ gas-cell TEM. Addition-
ally, he showcased an ultra-high-pressure
gas-cell TEM holder ensuring a STEM image
resolution of 1-2nm from 0 to 27.5 bar, bridg-
ingthe pressure gap between laboratory stud-
ies (1-2bar) and industrial conditions (10-100
bar) (ref. 9). Vinayak Dravid (Northwestern
University) presented an advanced gas-cell
TEM approach integrated with ultrathin SiN,
window to effectively reduce electron scatter-
ing through the window, resulting inimproved
imaging resolution and spectral signal.

Miaofang Chi (Oak Ridge National Labora-
tory) employed in situ environmental TEM
(ETEM) to investigate sintering mechanisms
of Pt/Al,O,under controlled gas environments
such as vacuum, H,, O,, and H,-O, mixture,
unravelling that the mixed environment
significantly accelerated the sintering rate
with a previously unobserved caterpillar-like
translational migration of Pt nanoparticles'.
Wei-Chang David Yang (NIST) discussed how
structural changes and local chemical envi-
ronments affect CO, capture and conversion
in amine-functionalized mesoporous silica
at the nanoscale, probed by ETEM coupled
with EELS and Raman spectroscopy. Frances
Ross (MIT) introduced a secondary imaging
mode in ETEM to obtain three-dimensional
(3D) surface-sensitive topology, bridging the
information gap between two-dimensional
STEM projectiondata and real-time structural
evolutionin3D space under gaseous environ-
ments'. Stig Helveg (Technical University
of Denmark) reported an ETEM approach
exhibiting ~-50 pm of resolution at pressures
up to1mbar, whichis achieved by adopting a
specialized TEM pumping system, minimized
e-beam penetration depths through gas lay-
ers,ahigh-brightness field emission gun, dual
aberration correction, and a direct electron
detection camera. Judith Yang (Brookhaven
National Laboratory) presented a machine
learning workflow integrated with ETEM
experiments, enabling image denoising and
automatic feature extraction, which accel-
erates interpretation of vast and complex
time-resolved ETEM datasets®.

Other presentations illustrated the prom-
ise of operando X-ray diffraction analysis for
fundamental understanding of catalytic active
sitereconstruction. Michael Toney (University
of Colorado Boulder) used multimodal X-ray

scattering and imaging to track the forma-
tion of nanoscale Zn clusters in aqueous Zn
batteries. David Simonne (MIT) reported a
multiscale operando diffraction approach
combining operando surface X-ray diffrac-
tion (SXRD), Bragg coherent diffractionimag-
ing (BCDI), and crystal truncation rod (CTR)
analysis to elucidate the structural evolution
of Pt nanoparticles supported on a-Al,O; dur-
ing NH; oxidation.

Operando photocatalysis

Jennifer Dionne (Stanford University) dis-
cussed photocatalytic NH; production
mechanisms from the AuRu bimetallic nano-
catalysts. In situ diffuse reflective infrared
Fourier transform spectroscopic (DRIFTS)
unravelled thatlightillumination accelerates
the hydrogenation of N,, enhancing NH; cov-
erage while suppressing partially hydrogen-
ated NH, species, overcoming the potential
limiting factor in thermal catalytic reactions
in which NH; is decomposed at higher tem-
peratures”. Additionally, optically coupled
gas-cell TEM revealed that their structure
underwent dynamic atomic rearrangement
under the presence of both gas and light
illumination, including surface faceting and
core-shell structure formation. Harry Atwa-
ter (Caltech) reported operando mapping of
local pHin Au/p-GaN electrodes during photo-
electrochemical water splittingand CO,RR by
employing fluorescent confocal microscopy
combined with pH sensitive fluorescent dyes.

Operando-freezing approach for
beam-sensitive materials

There were multiple presentations exhibiting
cryogenictechniques forbeam-sensitive mate-
rials analysis with minimum beam-induced
damage. Yi Cui (Stanford University) intro-
duced the decade long development of mul-
timodal EM characterizations for advancing
next-generation batteries, specifically high-
lighting cryogenic electron microscopy
(cryo-EM) and X-ray photoelectron spectros-
copy (cryo-XPS)™. While these techniques are
highly applicable tobeam-sensitive catalysts,
their applications have mostly been limited
to post-reaction materials. At this meeting,
operando-freezing approaches were reported
where energy materials under operating con-
ditions are rapidly plunged into cryogenic
temperatures to kinetically trap their active
structures. They rapidly frozea TEM grid con-
taining mixed-halide perovskites under light
illumination, preserving transient photoex-
cited ion distributions within the materials,
which revealed the photo-induced iodine
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migration from grain boundaries to centres
and subsequent development of anisotropic
strain. Yuzhang Li (UCLA) developed an elec-
trified cryo-EM (eCryo-EM) technique that
enableselectrical biasing toa TEM grid, which
is rapidly frozen to explore non-equilibrium
states during battery operation®. Collective
snapshots of the operating materials at con-
trolled time intervals quantified early-stage
solid electrolyte interphase growth kinetics.
Such operando-freezing approaches hold sig-
nificant promise for elucidating atomic-scale
dynamic processes of beam-sensitive catalysts
under operating conditions, and bridge the
knowledge gap between ex situ atomic-scale
cryo-TEM and in situ/operando nm-scale
time-resolved liquid-cell TEM.

The futureis operando

The development of operando charac-
terization techniques will be crucial for the
advancement of catalysis science across
diverse fields including electro-, thermo-,

and photocatalysis. We anticipate that, with
continuous technical advances such as those
presented at the MRS Fall Meeting, multimodal
operando methods willbecomeindispensable
for understanding dynamic catalytic mecha-
nisms for the broad chemistry and energy
materials communities.
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