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The hydrogen evolution reaction (HER) plays a pivotal role in sustainable hydrogen production and the
transition to a carbon-neutral energy future. Traditionally, HER catalyst design has focused on optimizing
as-synthesized structures such as composition, morphology, and electronic states, under the
assumption that these features remain static during operation. However, accumulating evidence reveals
that HER catalysts undergo profound reconstruction, including phase transformation, compositional
change, and atomic rearrangement, which fundamentally redefine the true active states. Neglecting this
dynamic evolution risks misidentifying catalytic sites, misinterpreting mechanisms, and misguiding design
strategies. In this Perspective, we advocate a reconstruction-centered framework for the HER. We
outline key reconstruction modes, argue that reconstruction is thermodynamically driven and shaped by

Received 30th October 2025, intrinsic and extrinsic factors, and emphasize that catalysts should be designed as precursors engineered
Accepted 3rd February 2026 to evolve in situ into their most active and durable forms. Finally, we advocate for stability assessments
DOI: 10.1039/d5ee06502j that capture steady-state reconstructed phases instead of transient initial states. Adopting this dynamic

viewpoint establishes a coherent foundation for mechanistic understanding and rational catalyst design,
rsc.li/ees paving the way toward predictive control of catalytic activity and long-term durability.

Broader context

The hydrogen evolution reaction (HER) is a cornerstone of sustainable hydrogen production and the global transition toward a carbon-neutral energy system.
Conventional catalyst design has long focused on static structural features such as composition, morphology, and electronic states, assuming that these
properties remain unchanged during operation. However, a growing body of evidence reveals that HER catalysts undergo extensive dynamic reconstruction
under electrochemical conditions, giving rise to the true active states that govern catalytic performance. Recognizing reconstruction as an intrinsic and
thermodynamically driven process prevents the misidentification of active sites, misinterpretation of mechanisms, and misdirection of design strategies,
thereby establishing a more coherent and predictive foundation for understanding the hydrogen evolution reaction.

Understanding and controlling reconstruction is therefore essential not only for mechanistic insight but also for ensuring the long-term reliability of catalysts
in industrial-scale electrolyzers operating at high current densities. Incorporating reconstruction into catalyst design carries profound implications across
multiple scales. At the mechanistic level, it challenges the static view of the HER and calls for frameworks that describe dynamically evolving active states under
realistic conditions. At the materials design level, catalysts should be conceived as precursors engineered to evolve into their most active and durable forms,
integrating reconstruction principles into synthesis and activation strategies. At the technological level, coupling operando diagnostics with controlled
synthesis and electrochemical protocols enables the deliberate tuning of reconstruction pathways, promoting activity, stability, and scalability. Looking ahead,
emerging concepts such as programmable reconstruction, using time-dependent potentials guided by artificial intelligence (AI)-driven feedback and physics-
informed modeling, promise to transform reconstruction from an uncontrolled response into a design variable. Embracing this dynamic perspective provides a
unifying framework linking fundamental mechanisms to practical hydrogen technologies, paving the way toward intelligent catalyst systems for the next
generation of sustainable energy conversion.

1. Introduction

The hydrogen evolution reaction (HER), as the cathodic half of
water electrolysis, lies at the heart of renewable hydrogen
“ Department of Materials Science and Engineering, National University of production.1 For decades, researchers have pursued better

bSmgapore, Singapore 117576, Singapore. E-mail: xbfu@nus.edu.sg catalysts by tuning the composition, morphology, Crystallinity,
College of Smart Materials and Future Energy, State Key Laboratory of Coatings d elect . tat £ thesized talvsts.2® Th

for Advanced Equipment, Fudan University, Shanghai 200438, China an .e e.c ror.uc. states or as-synthesize . catalys S'. e.se

¢ Centre for Hydrogen Innovations, National University of Singapore, Singapore studies lmPhCltly assumed that such static properties persist

117580, Singapore. E-mail: xbfu@nus.edu.sg during operation, and activity-structure relationships have

This journal is © The Royal Society of Chemistry 2026 Energy Environ. Sci., 2026, 19, 1497-1507 | 1497


https://orcid.org/0009-0007-0947-5036
https://orcid.org/0000-0001-5172-3354
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee06502j&domain=pdf&date_stamp=2026-02-10
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee06502j
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE019005

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 2026. Downloaded on 05/04/2026 4:40:15 .

(cc)

Perspective

therefore been built on the premise of structural immutability.
But are we truly studying the catalysts we design? When
the electrochemical environment persistently reshapes catalyst
surfaces, can mechanistic models based on static structures
remain valid? If catalytic activity and durability ultimately
emerge from the reconstructed states, does optimizing pre-
catalysts alone still hold meaning? These questions expose the
growing inadequacy of the traditional static paradigm.

Operandol/in situ and post-reaction characterizations consis-
tently reveal extensive structural evolution in HER catalysts,
ranging from phase transitions to compositional change, and
atomic rearrangement.®” The active state that drives hydrogen
production is often fundamentally different from the material
first introduced into the electrolyte. This recognition compels a
fundamental shift in perspective. Sole reliance on pre-operando
characterizations risks misidentifying the true active sites;
mechanistic models grounded in static snapshots may mislead;
and optimizing pre-catalyst structures alone may have limited
impact when their evolution is dominated by reconstruction.
We therefore call for HER research to explicitly acknowledge
reconstruction and to embrace a new paradigm centered on the
interplay between dynamic structures and catalytic performance.

In this perspective, we argue that reconstruction is an
intrinsic thermodynamically driven phenomenon, not an acci-
dental complication. We classify principal reconstruction
modes and analyze their determining factors, then propose a
reconstruction-driven framework as a new paradigm for HER
catalyst research, linking pre-catalyst structure to reconstruc-
tion pathways, and reconstructed active structure to HER
performance. This integrated understanding enables rational
design of pre-catalysts that evolve into optimal active phases
under operating conditions. We also emphasize that only long-
term testing captures the steady-state reconstructed structures
governing catalytic durability. Through this dynamic perspective,
reconstruction transforms from a mechanistic complication into
a powerful design principle, unveiling new strategies for advanced
HER catalyst development.

2. Can we continue to treat
reconstruction as peripheral rather
than central in HER catalysis?

For decades, mechanistic studies of the HER have rested on a
fundamental assumption: synthesized catalysts maintain their
structures during the reaction process. This view persisted
largely because conventional techniques struggled to resolve
the subtle, transient surface changes where the reaction actu-
ally proceeds. Within this static paradigm, catalytic activity is
directly attributed to pre-catalyst structures.'® As illustrated in
Fig. 1a, HER processes, from reactant adsorption and inter-
mediate formation to hydrogen evolution, are viewed as occur-
ring on structurally invariant catalyst surfaces. Consequently,
researchers have developed various descriptors for HER cata-
lyst design, including hydrogen adsorption free energy (AGy),
d-band center position,""™*® work function (&), hydrogen binding
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energy (HBE),"”"® and hydroxyl binding energy (OHBE),"**° all of
which presume structural stability during operation. However,
this understanding is increasingly challenged by experimental
evidence. Operando/in situ and post-reaction characterizations
reveal that HER catalysts rarely maintain their pristine states
under electrochemical conditions.®™ As shown in Fig. 1b, HER
is not merely an HER process but involves continuous catalyst
surface reconstruction. This means the true active species under
operating conditions often differs from the initial catalyst
structure.

These reconstruction phenomena can be broadly categorized
into three types, each representing different levels of structural
evolution. First, phase transformation (Fig. 1c) is defined as a
reconstruction process involving changes in crystallographic
structure under HER conditions. For example, MoS, exempli-
fies the semiconducting 2H to the metallic 1T conversion under
cathodic bias,”" while transition metal chalcogenides often
evolve from chalcogen-rich to chalcogen-poor phases, as in the
cubic NiSe, to hexagonal NiSe transformation.>* More broadly,
oxides, sulfides, phosphides, carbides, and borides typically
reduce to metallic or hydride states that function as the true
active phases.”®™> Earlier studies generally attributed HER
activity to metallic species generated under cathodic poten-
tials, exemplified by the transformation of Ni sulfides into
Ni metal.?>** More recent work has revealed that cathodic
bias can also induce the formation of metal hydroxides, with
systems such as CoF, and CoP converting into Co(OH), as the
operative HER phase.”®*? Second, Compositional change, as
illustrated in Fig. 1d, is defined as a reconstruction process
involving modification of elemental species and/or ratios while
preserving the parent crystal structure. This manifests as a
gradual evolution of chemical composition, typically driven
by selective dissolution or ion exchange. In multi-metallic
systems, electrochemically less stable elements preferentially
dissolve, creating thermodynamically more stable surface com-
positions. A representative example is the Mo element under-
going dynamic dissolution and redeposition on the catalyst
surface during HER.>**° For example, Du et al. reported that
NiMo alloys undergo an in situ transformation during the HER
process, where Mo dissolves as MoO4>~, re-adsorbs and poly-
merizes into Mo,0O,>~, and ultimately redeposits to enhance
catalytic activity.>® Similarly, Mo-doped NiP exhibits Mo dis-
solution and subsequent redeposition, forming new MoOj;
species on the Mo-NiP surface under HER conditions.*’
Third, atomic rearrangement, shown in Fig. le, is defined as
a reconstruction process involving spatial redistribution of
atoms without inducing compositional change. This occurs
at highly localized scales, typically resulting from surface or
subsurface atom migration under electric fields. Such rearran-
gement leads to crystalline facet reorganization, which in turn
generates surface defects, step edges, elemental segregation,
and in extreme cases, surface amorphization. A more extreme
case is single-atom catalysts, which are inherently unstable
under HER conditions and tend to migrate and aggregate
into clusters with lower surface energy. For example, Pt
and Ru single atoms have been shown to undergo such atom
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Fig. 1 HER models and classification of catalyst reconstruction. (a) Traditional HER model. (b) HER model considering catalyst reconstruction. (c) Phase
transformation-type reconstruction. (d) Compositional change-type reconstruction. (e) Atomic rearrangement—type reconstruction.

migration, evolving into cluster states during HER.*>*" These
three reconstruction types are ubiquitous under HER condi-
tions and often occur synergistically. For instance, Ding et al.
revealed that NiX (X = S or Se) catalysts first undergo a phase
transformation into NizX, under cathodic polarization. Subse-
quently, continuous leaching of surface anions (S or Se) and
their replacement by oxygen leads to the formation of NiO,
ultimately yielding a Ni;X,/NiO heterostructure catalyst.***?
Notably, the three types of reconstruction discussed above may
occur either in the bulk or at the surface. In practice, surface
phase transformation and surface compositional change often
represent the earliest manifestations of reconstruction under
electrochemical conditions, yet they are typically manifested
only as amorphous or atomic-scale layers at the surface
and therefore remain difficult to detect or unambiguously
characterize. By contrast, phase transformation or composi-
tional change occurring in the bulk is generally more readily
detectable by conventional structural or spectroscopic techni-
ques, such as X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS). Even after such bulk reconstruction has
taken place, the resulting observations remain inherently bulk-
averaged and do not necessarily reflect the true surface state. This
underscores the importance of incorporating surface-sensitive
characterization techniques, including X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS), to elucidate dynamic
surface reconstruction under electrochemical conditions.
Nevertheless, despite being the equally essential half-reaction
to the oxygen evolution reaction (OER) in water splitting, and

This journal is © The Royal Society of Chemistry 2026

although reconstruction has been reported in many HER systems,
systematic, predictive, and closed-loop control of reconstruction is
still an open challenge and opportunity. We call for increased
efforts to systematically unveil HER catalyst reconstruction: in the
short term, identifying and cataloging reconstruction types and
manifestations across different systems; in the long term, distil-
ling universally applicable reconstruction mechanisms from
extensive studies, establishing reliable dynamic structure-perfor-
mance relationships, and ultimately developing new paradigms
for HER catalyst design that harness reconstruction processes.

3. HER catalyst reconstruction:
accident of operation or inevitable
thermodynamic pathway?

The ubiquity of reconstruction in HER catalysts raises a funda-
mental question: Is reconstruction merely an operational per-
turbation or a thermodynamically inevitable evolution? From
an energetic perspective, catalyst surface reconstruction repre-
sents not random events but the system’s spontaneous pursuit
of lower free energy states under specific conditions. As illu-
strated in Fig. 2a, we propose a lifecycle model encompassing
catalyst reconstruction from synthesis through HER operation
to post-reaction states. Freshly as-prepared catalysts exposed to
ambient atmosphere inevitably undergo mild reconstruction
through oxidation or species adsorption from air, reducing
surface energy. Upon immersion in electrolyte at open circuit
potential (OCP), catalyst surfaces interact with the solution

Energy Environ. Sci., 2026,19, 1497-1507 | 1499
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Fig. 2 Thermodynamic origins and driving forces of catalyst reconstruction in HER. (a) Schematic illustration of the free-energy evolution throughout
the catalyst lifecycle, from synthesis to operation. (b) Catalyst reconstruction driven by pre-catalyst structure, electrolyte environment, and applied

potential.

environment through species adsorption or chemical corro-
sion, primarily from H" or OH™ interactions in HER, driving
further reconstruction and surface energy minimization. For
example, Ledendecker et al. show that non-noble materials
such as MoS,, NisP,, WC, and Co,P undergo significant metal
dissolution at open circuit, demonstrating their intrinsic
instability under OCP.** When cathodic bias initiates HER,
the system’s electrochemical potential shifts dramatically.
Surface atoms become activated and reorganize through
intense electrolyte interactions, forming higher energy excited
states that subsequently relax into metastable structures sus-
tainable under reaction conditions. Critically, the true catalyti-
cally active sites exist within these metastable configurations.
Upon bias removal, the system’s free energy changes again,
destabilizing these metastable states and driving structural
relaxation toward lower surface energy configurations compa-
tible with the new environment. Finally, when catalysts are
removed from the electrolyte, rinsed, and dried, these struc-
tures undergo further reconstruction through air exposure,
continuing their evolution toward thermodynamic minima.
This lifecycle model reveals that reconstruction pervades
every stage from catalyst synthesis through HER operation,
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naturally raising critical questions: What factors govern surface
reconstruction behavior and thus active site formation? Can we
identify universal principles to deliberately control reconstruc-
tion for optimal electrocatalytic performance? Understanding
this model proves essential for mastering surface reconstruc-
tion and advancing HER catalysis. Three interconnected factors
emerge as reconstruction drivers: pre-catalyst structure, elec-
trolyte environment, and applied potential. Pre-catalyst struc-
ture manifests through intrinsic atomic properties that dictate
responses to electrochemical stimuli (Fig. 2b). Even identical
elements exhibit divergent reconstruction behaviors depending
on initial atomic arrangements; crystalline facets, defect den-
sities, and coordination environments all influence trans-
formation pathways. For example, while cubic CoSe, remains
stable under HER operating conditions, P-doped CoSe, can be
induced to generate metallic Co° as the catalytically active
species.*® Electrolyte environment creates distinct reconstruc-
tion trajectories even for identical precursors under the same
potential (Fig. 2b). This arises from surface-specific adsorption
during HER, which modulates atomic properties and triggers
divergent restructuring. Leveraging this principle, surface
reconstruction can be indirectly controlled by tuning the pH,

This journal is © The Royal Society of Chemistry 2026
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introducing additives with tailored adsorption affinities, or
employing electrochemically inert species.*®™*® For example,
Sun et al examined the pH-dependent reconstruction of
C0y.5Wy.5Sx. Under neutral or alkaline conditions, the bulk
converted to CoO and the surface to CoO/Co(OH),, whereas
in acid, only the surface was reconstructed.*® Other studies
report that adding extra MoO,>~ to Mo-based HER catalysts,
such as MoSe, or Mo,Co0;0g, facilitates surface reconstruction
into active M0,0,>~ species.”’*® Beyond deliberate manipula-
tion of bulk electrolyte composition, the electrolyte environ-
ment itself exhibits pronounced dynamic evolution during the
HER, particularly within the localized interfacial region, which
may in turn influence catalyst restructuring pathways.’®"!
The sustained consumption of protons during HER inevitably
establishes local pH gradients.”>>* Such dynamically evolving
interfacial pH directly modulates surface protonation states,
adsorption energetics, and phase stability, thereby providing
thermodynamic driving forces for catalyst restructuring. Con-
sistent with this perspective, Bao et al. demonstrated that the
locally acidic interfacial environment generated under HER
conditions can induce the transformation of WO, into H,WO,,
establishing a direct link between pH dynamics and specific
restructuring pathways.>® The electrolyte conductivity during
HER is likewise not static. HER-induced concentration polar-
ization, particularly the nucleation, growth, and accumulation
of hydrogen bubbles, intermittently disrupts ionic conduction
pathways, elevates effective ohmic resistance, and redistributes
local current density and overpotential, thereby inducing diver-
gent catalyst restructuring trajectories.””> Concurrently, sus-
tained H, evolution exerts physical impingement that drives
morphological restructuring or even mechanical disintegra-
tion and detachment of catalysts.® Moreover, the sequential
processes of H, generation, dissolution, supersaturation, bub-
ble formation, and detachment give rise to variations in the
interfacial microenvironment, including local pH fluctuations,
mass transport limitations, and active site blockage. This
cascade of microenvironmental evolution collectively influ-
ences catalyst restructuring pathways.>® Although studies
directly correlating electrolyte dynamics with catalyst restruc-
turing pathways remain limited, particularly regarding the
effects of local conductivity variations and bubble evolution
on dynamic catalyst restructuring, these analyses collectively
underscore that electrolyte evolution and catalyst restructuring
constitute intrinsically coupled and inseparable processes
during prolonged HER operation. Applied potential serves as
the primary energetic driver, directly programming reconstruc-
tion pathways (Fig. 2b). It controls energy input across reaction
stages, determining initial excited states and sustainable meta-
stable configurations, ultimately dictating the reconstruction
direction. Notably, Gisbert-Gonzalez et al. revealed that applied
bias regulates surface hydrogen coverage, leading to systematic
evolution of the catalytic transition state. This finding suggests
that electrochemical potential provides a powerful lever
to control transition states and, in turn, direct catalyst recon-
struction pathways.>” For example, under HER conditions at
overpotentials below 500 mV, NiS, transforms into the active
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Ni;S, phase. Feng et al. demonstrated that higher overpoten-
tials produce a Ni/Ni;S, composite, dramatically boosting HER
activity.>®

Current efforts have revealed diverse reconstruction behav-
iors, yet predictive and programmable control over reconstruc-
tion remains insufficiently developed. We advocate for more
systematic investigations on how initial structures influence
reconstruction pathways, how electrolyte environment directs
transformation, and how potential protocols control evolution.

4. |If reconstruction redefines the
active state, can we trust short-term
stability tests?

In the preceding sections, we discussed whether HER catalysts
reconstruct and the driving forces behind this process, yet the
extent of reconstruction has received little attention. As illu-
strated in Fig. 3a, a central unresolved question is whether
reconstruction under HER conditions is confined to the sur-
face, penetrates into the subsurface, or ultimately transforms
the entire structure. The depth of reconstruction dictates the
spatial distribution and stability of active sites, making it a
critical determinant of both mechanism and design. However,
systematic studies of reconstruction extent in HER catalysts
remain scarce, leaving an important gap.

This gap is compounded by the dominance of short-term
stability tests, typically lasting only a few to several tens of
hours (Fig. 3b). While convenient, such protocols overlook the
ongoing structural evolution of catalysts. Early activity often
reflects transient states rather than the steady reconstructed
configurations that define durability. In fact, the most active or
stable phases may only emerge after extended reconstruction,
far beyond conventional testing windows. Catalysts that initi-
ally appear robust may later deactivate, while others with
modest initial activity may evolve into highly durable systems
(Fig. 3Db).

As shown in Fig. 3b, we argue that HER stability assessment
requires a paradigm shift. Long-term testing is indispensable to
capture the kinetics of reconstruction and the durability of the
reconstructed states. By combining extended operando charac-
terization with electrochemical measurements, researchers can
identify when reconstruction reaches completion and evaluate
whether the resulting phases sustain activity or drift toward
deactivation. Before assessing reconstruction depth, it is essen-
tial to establish whether the catalyst has reached a stable
reconstructed state. Operando or in situ spectroscopic techni-
ques, such as Raman spectroscopy, XAS, and XRD, enable real-
time tracking of structural and chemical-state evolution during
operation. The convergence of these spectroscopic signatures
under prolonged operating conditions provides a key criterion
for identifying reconstruction completion. Complementarily,
operando TOF-SIMS can monitor the dynamic evolution of
surface and near-surface species, offering additional insight into
whether reconstruction has reached a steady state. In parallel, the
stabilization of electrochemical parameters, including current

Energy Environ. Sci., 2026, 19, 1497-1507 | 1501
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(b) Correlation between HER activity, reconstruction state, and testing time during stability evaluation.

density evaluated by linear sweep voltammetry (LSV), cyclic vol-
tammetry (CV), or chronopotentiometry (CP), the Tafel slope
derived from polarization analysis, and impedance features
probed by electrochemical impedance spectroscopy (EIS), serves
as an electrochemical indicator of reconstruction completion.’
Once a steady reconstructed state is established, ex situ character-
ization can be employed to resolve the spatial depth of reconstruc-
tion. Surface-sensitive techniques, such as angle-resolved XPS and
depth-profiling methods (e.g., Ar" sputtering XPS and TOF-SIMS),
reveal compositional gradients from the surface to subsurface
regions, while cross-sectional transmission electron microscopy
(TEM) combined with electron energy loss spectroscopy (EELS)
mapping enables direct visualization of reconstructed domains.
For crystalline phase evolution, grazing-incidence XRD probes
near-surface structural changes, whereas conventional XRD
reflects bulk phase behavior, allowing surface and bulk recon-
struction to be distinguished.

Such an approach establishes a more rigorous definition of
stability, grounded in the intrinsic properties of reconstructed
catalysts rather than in transient behavior. Recognizing dur-
ability as inseparable from reconstruction, we call for long-term
stability testing to be established as a new standard for
HER catalysis, enabling the rational development of catalysts
capable of delivering sustained performance under realistic
operating conditions.

5. From static illusions to dynamic
realities: establishing a reconstruction-
driven paradigm for HER catalysts

The pervasive and thermodynamically driven nature of recon-
struction fundamentally challenges traditional HER research

1502 | Energy Environ. Sci., 2026, 19, 1497-1507

frameworks: so-called “static” catalysts are merely transition
states, while true catalytic identity is progressively established
through reconstruction under electrochemical conditions.
Ignoring this dynamic evolution leads to misidentification of
active sites, as true catalytic phases often emerge only during
operation; mechanistic model deviations, since kinetic features
(Tafel slopes, reaction orders) likely reflect reconstructed rather
than pristine states; and design inefficiencies, because optimiz-
ing pre-catalysts alone yields limited benefits when reconstruc-
tion dominates final identity. The key imperative going forward
is to harness structural evolution as a tool for performance
enhancement rather than treating it as an uncontrolled vari-
able. As shown in Fig. 4, we propose a research paradigm
that systematically correlates pre-catalyst structures, operando-
evolved active structures, and HER performance. This approach
comprises three integrated steps: (i) elucidating structure-
reconstruction relationships by mapping how the pre-catalyst
transforms under electrochemical conditions into their active
forms, and (ii) establishing structure-performance correlations
between reconstructed active phases and HER performance.
Building on these two research steps, (iii) pre-catalyst can be
rationally designed via composition and structure regulation
(e.g., doping, facet engineering, defect engineering, and hetero-
junction construction), in combination with operational para-
meters such as electrolyte composition (pH, ionic species) and
applied potential to steer reconstruction toward optimal cata-
Iytic configurations. This pre-catalyst structure-active struc-
ture-HER performance framework, detailed in the following
section, provides a comprehensive blueprint for advancing HER
catalyst development.

We begin with step (i), where the key objective is to resolve
the pre-catalyst structure and the active structure formed under
defined operational parameters such as electrolyte composition

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee06502j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 2026. Downloaded on 05/04/2026 4:40:15 .

(cc)

Energy & Environmental Science

Intrinsic structure adjustment )

» Composition
» Geometric structure
* Electronic structure 5

4

Pre-catalyst

Operational parameter control )

Electrolyte environment

Apllied potential

View Article Online

Perspective

Optimal configuration

Excellent HER performance

3 8 A
7 o
L °
3 /

Post-catalyst

¥

) (iii) X
Structure-reconstruction relationship Structure-performance relationship
(i) (ii)
Pre-catalyst structure Active structure HER performance
e Composition and structure
Composition
cv
TPD XPS SIMS ISS LEED AES e
-------------------------- SIMS SECM XRD XAS \
Ex-situ DEMS EC-TEM XAS In-situ CP
Structure & EC-STM b
EC-AFM
holGaical . o I L L L e e L L LD
morphological geometric electronic e T T st /
- curves
Ro T
TEM XRD
AFM XAS : EIS
STM Raman/IR ! Gutsy UFD
! Electrosorption
Fig. 4 Design paradigm of HER catalysts based on reconstruction. Step (i): structure—reconstruction relationship. Step (ii): structure—performance

relationship. Step (iii): directed reconstruction via intrinsic pre-catalyst structure factors and extrinsic operational parameters regulation toward excellent

HER performance.

(pH, ionic species) and applied potential, in order to establish
their structural relationship. Elucidating these structures
necessitates an integrated characterization strategy that com-
bines bulk and surface probes, with priority given to surface-
sensitive techniques, since catalytic function is ultimately
defined at the surface. A rigorous understanding of the pre-
catalyst requires comprehensive ex situ characterization. Surface-
sensitive probes such as temperature-programmed desorption
(TPD), XPS, SIMS, ion scattering spectroscopy (ISS), low-energy
electron diffraction (LEED), and Auger electron spectroscopy (AES)
resolve surface composition, while TEM, atomic force microscopy
(AFM), and scanning tunneling microscopy (STM) uncover mor-
phological structure. Complementarily, bulk-sensitive techniques,
including XRD and XAS, reveal long-range crystallinity and local
coordination geometric structure, with XPS and XAS jointly eluci-
dating electronic structure. For the active structure, operando or
in situ techniques are essential for tracking its dynamic evolution
under HER conditions. In situ TOF-SIMS and differential electro-
chemical mass spectrometry (DEMS) capture compositional
changes; scanning electrochemical microscopy (SECM), elec-
trochemical transmission electron microscopy (EC-TEM), elec-
trochemical scanning tunneling microscopy (EC-STM), and
electrochemical atomic force microscopy (EC-AFM) monitor
surface restructuring of morphological structure in real time;

This journal is © The Royal Society of Chemistry 2026

in situ XRD probes global phase transitions; and in situ XAS
simultaneously provides information on local geometric and
electronic structure under HER conditions. Integrating these
experimental insights with theoretical modeling enables the
mapping of explicit structure-reconstruction relationships,
bridging pre-catalyst attributes, operational environments,
and reconstructed configurations. The step (ii) of this paradigm
focuses on the structure-performance correlation of recon-
structed active phases. While delineating the transformation
pathways of pre-catalysts is essential, the ultimate objective is
to quantitatively link these reconstructed states to HER perfor-
mance metrics, including overpotential, Tafel slope, exchange
current density, and long-term stability. Establishing such
structure-activity relationships requires, beyond identifying
the operando active structure in step (i), direct probing of reaction
intermediates, including H,O*, H*, and OH* adsorption.
Operando techniques that can capture these intermediates,
such as Raman spectroscopy and infrared spectroscopy (IR),
are therefore indispensable. In addition, electrochemical probe
techniques such as CV, electrochemical stripping analysis
(ESA), underpotential deposition (UPD), electrosorption, and
EIS can provide complementary insights into surface states and
adsorbed intermediates under HER conditions, by revealing
changes in active site availability, adsorption behavior, and
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calculations, these approaches reveal the HER pathways
on reconstructed active surfaces and enable the rational deriva-
tion of structure-performance correlations and mechanistic
insights. Together, steps (i) and (ii) establish a unified
“pre-catalyst structure-reconstructed active structure-HER per-
formance” framework, turning reconstruction from an uncon-
trolled variable into a design tool. Building on this foundation,
step (iii) elevates the paradigm to a prescriptive strategy: a
reverse-engineering strategy identifies optimal reconstructed
states, then directs the design of pre-catalyst structures
(composition, geometric and electronic structure, etc.), electro-
lytes (pH, ionic species, etc.), and applied potentials to achieve it.
By treating operando reconstruction as a feature rather than a
limitation, this paradigm offers a pathway to simultaneously
maximize activity and durability.

6. Conclusion and outlook

In summary, this perspective calls for increased attention to the
dynamic reconstruction of HER catalysts. Future studies should
broaden the range of material systems, expand the catalog
of reconstruction types, and deepen understanding of how
pre-catalyst structure, electrolyte environment, and applied
potential govern reconstruction, enabling deliberate and direc-
tional control. Stability evaluations should be extended to
ensure catalysts reach their fully reconstructed state, reflecting
true durability. Ultimately, the research paradigm for HER
catalysis must shift from static catalysts toward dynamic,
reconstruction-driven catalysts, fostering a more accurate under-
standing of intrinsic activity and long-term stability.

While the reconstruction-driven paradigm offers a prescrip-
tive framework for HER catalyst design, its experimental valida-
tion is often constrained by limited access to specialized
operando spectroscopies. Techniques such as in situ Raman,
XPS, XAS, and IR typically require substantial capital invest-
ment, complex infrastructure, and sustained access to vacuum
or synchrotron facilities, which are resources not universally
available. This perspective therefore emphasizes complemen-
tary, broadly accessible operando electrochemical probes,
including CV, ESA, UPD, electrosorption, and EIS, that can
resolve surface site evolution, adsorption dynamics, and inter-
facial kinetic signatures without reliance on large-scale facil-
ities. These techniques require only standard instrumentation
available in most electrochemistry laboratories, namely a three-
electrode cell and a commercial potentiostat. Operando CV
tracks potential-resolved redox peak evolution to fingerprint
phase conversion or coordination changes during reconstruc-
tion. ESA quantifies reconstruction-induced variations in active
site availability by integrating stripping charges from oxidative
removal of adsorbed species. UPD, implemented in dilute
electrolytes (<5 mM trace metal ions) with slow-scan voltam-
metry, resolves facet- and site-selective adsorption energetics,
constraining phase persistence and interfacial stability.
Electrosorption under inert electrolytes and discrete potential

1504 | Energy Environ. Sci., 2026, 19, 1497-1507

View Article Online

Energy & Environmental Science

holds probes potential-dependent adsorption of non-complexing
spectator ions, capturing interfacial state transitions accompany-
ing reconstruction. Among various electrochemical characteriza-
tion techniques, EIS, as a non-invasive, frequency-resolved, and
readily implementable operando technique, has been extensively
employed to investigate the dynamic reconstruction of OER
catalysts.®>®” This methodology can be equally applicable to
HER catalysts. By analyzing the frequency-dependent impedance
response, EIS enables discrete extraction of charge transfer
kinetics (R.) in the high-frequency region, interfacial capacitance
characteristics (Cgq;) in the mid-frequency region, and mass trans-
port limitations coupled with bubble coverage effects in the low-
frequency region (Z,).*® The temporal or potential-dependent
evolution of these parameters serves as indirect yet highly sensi-
tive fingerprint signatures of catalyst surface reconstruction.
Mechanistically, a progressive decrease in R typically signifies
the formation of more active phases, while significant Cy, varia-
tions reflect the evolution of electrochemically active surface area
(ECSA), intimately associated with surface roughening, layer
exfoliation, or exposure of new active sites.® In the low-freq-
uency regime, the Z, response exhibits particular sensitivity to
bubble dynamics and local mass transfer heterogeneity, enabling
discrimination between intrinsically kinetic-limited and diffusion
or hydrodynamically dominated regimes.”” Recent HER studies
have unambiguously demonstrated the intrinsic correlation
between these EIS features and catalytic kinetics.”*”7* For
instance, operando EIS tracking of H-TaS, revealed progressive
reduction in R, and increased effective Cy, evidencing self-
optimizing morphological reconstruction through layer thinning
and basal plane activation that promotes HER kinetics.*

In addition, while fundamental understanding of HER
catalyst reconstruction has advanced considerably, translating
these insights into industrial electrolyzers operating at high
current densities (>500 mA cm™?) remains challenging.””””” In
practical electrolyzers, catalysts experience hydrodynamic and
electrochemical environments fundamentally different from
laboratory three-electrode cells. Local flow fields governed by
electrolyzer architecture, including serpentine and parallel
channels as well as flow by and flow through configurations
and channel geometry, directly influence mass transport, local
pH gradients, and interfacial electric fields.”® High-current-
density operation brings elevated local temperatures, intensi-
fied electric fields, and enhanced mass transport, while vigor-
ous bubble nucleation, growth, and detachment impose
periodic mechanical stresses and generate transient concen-
tration gradients.””®" As discussed, applied potential, electrolyte
environment, and pre-catalyst structure govern reconstruction
pathways; flow field design and bubble dynamics indirectly yet
profoundly influence these driving forces by modulating local
potential distribution and electrolyte environment (e.g., interfacial
pH and ionic concentration). However, direct investigations of the
effects of flow field design, bubble dynamics, and electrolyzer
architecture on catalyst reconstruction remain scarce. Existing
reconstruction studies are largely performed in simplified three-
electrode systems, while studies on flow fields and bubble behav-
ior mainly address mass transport and reaction kinetics. Bridging
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this gap by correlating electrolyzer environment, reconstruction
behavior, and catalytic performance will open new opportunities
for reconstruction-guided industrial catalyst design. First, engi-
neering flow fields and channel geometry to homogenize local
environments (potential, pH, ionic concentration) can minimize
reconstruction heterogeneity across electrodes. Second, the
design of reconstruction ready catalyst precursors that take
advantage of high current density conditions, such as elevated
temperatures, intensified fields, and enhanced mass transport,
enables their rapid evolution into reconstructed phases that
combine high activity with mechanical robustness.®*®* Third,
coupling reconstruction understanding with accelerated stress
tests mimicking industrial transients (load cycling, start-up/
shut-down) enables more predictive durability assessments.5>%
Incorporating hydrodynamic, thermal, and mechanical factors
into the reconstruction framework, future research can bridge
fundamental understanding and rational design, enabling HER
catalysts for sustained high-rate hydrogen production in real-
world electrolyzers.

Looking ahead, the next Frontier in HER catalysis lies in
actively controlling rather than passively observing catalyst
reconstruction. We envision a new paradigm, termed Program-
mable Reconstruction, that treats catalyst evolution as an
actively tunable process instead of an inevitable structural
response. Wu et al. showed that square-wave potentials rapidly
reconstruct oxide precursors into active metal/oxide heteroin-
terfaces with superior efficiency and scalability over constant
potential, validating a blueprint for Programmable Recons-
truction.’” The emerging concept of programmable electro-
chemical potentials offers a route to realize Programmable
Reconstruction by modulating atomic migration and interfacial
phase transformation pathways, encoding reconstruction
kinetics as a controllable design parameter.®® This is achieved
through potential waveform engineering in the time and fre-
quency domains, in line with the pulsed electrolysis framework
articulated by Casebolt and colleagues. Detailly, time-domain
potential pulses defined by amplitude, frequency, and duty
cycle periodically amplify interfacial electric fields, accelerating
atomic mobility and inducing defects at programmed densities.
Frequency-domain excitation using characteristic frequencies
and harmonics can be synchronized with intrinsic time scales
of surface atom rearrangement or metastable phase formation,
selectively activating reconstruction branches. When coupled
with artificial intelligence (AD)-driven operando diagnostics, such
as adaptive spectroscopic feedback and automated potential
modulation, real-time mapping and control of dynamic struc-
ture-function relationships will become feasible.®® Sheng et al.
demonstrate essential components of a closed-loop system by
establishing an autonomous electrochemical platform where real-
time signal streams inform Al-enabled state inference and actuate
adaptive potential control, indicating the practical potential of
closed-loop regulation for catalyst reconstruction.®® Furthermore,
physics-informed inverse modeling powered by machine learn-
ing (ML) can reconstruct free-energy landscapes from operando data,
revealing hidden metastable intermediates and predicting optimal
excitation patterns for targeted reconstruction. To operationalize
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this goal, Bayesian optimization-guided, ML-driven waveform
search provides a concrete, executable approach to efficiently
explore pulsed-potential spaces and iteratively refine adaptive
waveforms that align with inverse-inferred energetic and kinetic
targets, enabling practical Al-assisted training of HER catalyst
reconstruction pathways.”® Based on this analysis, we propose
an editable closed-loop workflow for HER catalyst reconstruc-
tion. (1) Acquire operando signals to track evolving interfaces.
(2) Use AI state inference to identify stages and update descrip-
tors. (3) Apply ML-based inverse modelling to map free energies
and predict target phases and excitation motifs. (4) Perform
automated waveform actuation in time/frequency domains.
(5) Refine waveforms via adaptive Al feedback to steer catalysts
toward desired reconstructed active phases under operating
conditions.®® By integrating these tools, reconstruction can
evolve from an intrinsic response into a programmable feature,
a data-driven, feedback-controlled paradigm for catalyst evolu-
tion. Ultimately, embracing programmable reconstruction will
enable the rational “training” of catalysts to self-organize into
thermodynamically favorable yet kinetically optimized active
states, paving the way toward intelligent catalyst systems for
scalable and durable hydrogen technologies.
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