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ABSTRACT: What qualifies as transformative materials research? In this Viewpoint, we
use “transformative” to denote work that forces revision of underlying assumptions, enables
generalization across systems, or reveals regimes inaccessible to existing frameworks. The
term is widely invoked yet rarely defined with disciplinary precision. Perspectives spanning
nanomaterials chemistry, catalysis, soft and bioinspired interfaces, and functional materials
suggest that transformation occurs when new reaction mechanisms are uncovered, when
structure−property relationships are redefined, and when operation under realistic chemical
environments reveals fundamentally new governing mechanisms. Foundational insight,
developmental refinement, and industrial realization constitute an interdependent value
chain through which transformative discoveries mature into societal impact. Mistaking
progress within a single component for a fundamental shift risks blurring the line between
incremental refinement and genuine conceptual change. Transformation requires a
conceptual discontinuity in at least one stage of this value chain, most commonly through
foundational scientific insight, while the remaining stages enable its realization and broader impact. This Viewpoint argues that
transformative materials research is defined less by topic than by intellectual pursuit, chemical and structural rigor, and sustained
engagement with unexpected observations during mechanism discovery and eventual validation under realistic chemical
environments and at scale.

The term “transformative” is widely used to describe
advances in materials science, yet the criteria that

distinguish transformative discoveries from incremental
advances are seldom articulated. When Einstein formulated
general relativity, he did not anticipate satellite navigation.
Today, however, GPS systems require relativistic corrections to
atomic clock synchronization; without accounting for gravita-
tional time dilation and velocity-dependent effects, positional
errors would accumulate by kilometers per day. Conceptual
reframing of space−time, precision engineering of atomic
clocks, and large-scale satellite deployment were separated by
decades and disciplines yet together produced a technological
revolution with pervasive societal impact.

Like the evolution of GPS from the conceptual foundations
of general relativity, transformative advances in materials
science often begin with new scientific concepts, mature
through systematic refinements of materials and processing,
and ultimately achieve technological impact through reliable
implementation at scale. For example, the development of
lithium-ion batteries illustrates a similar trajectory. The
discovery of reversible lithium intercalation in layered materials
established the conceptual foundation for rechargeable lithium-
ion batteries. Subsequent advances in electrode chemistry,
electrolyte design, interface engineering, and cell architecture
progressively improved the energy density, safety, and cycle

life, culminating in technologies that have transformed portable
electronics and electrified transportation. This evolution
exemplifies how a transformative impact emerges through
radical conceptual advances, iterative refinements, and
engineering realizations over decades.1,2

A mechanistic advance becomes transformative when it
explains observations across multiple materials systems rather
than a single optimized composition. Translation into
technology requires that materials retain their functionality
during manufacturing and prolonged operation. The develop-
ment of solar cells provides a clear illustration of this
progression.3 Semiconductor junction theory, together with
foundational studies of light−matter interactions, established
the governing principles of photovoltaic conversion; decades of
materials engineering�defect control, surface passivation, and
compositional tuning�improved efficiency and durability; and
large-scale manufacturing ecosystems ultimately enabled global
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deployment. This progression underscores the distinction
between conceptual advance and sustained optimization. More
broadly, transformative materials research depends on the
interplay of three complementary components: foundational
insight, developmental refinement, and realization under
realistic conditions (Figure 1). These components should

not be viewed as equally transformative. Rather, they represent
successive stages of a broader innovation pathway in which
conceptual breakthroughs are translated into robust technol-
ogies through sustained refinement and realization. Advances
within a single component, while essential, should not be
equated with the conceptual shifts that redefine a field. The
challenge is to distinguish genuine conceptual shifts from rapid
activity within an existing framework.4 The areas discussed
below are intended as representative examples rather than an
exhaustive survey; they illustrate how similar criteria for
transformative impact apply across diverse domains of
materials research.

■ NANOMATERIALS AND CATALYSIS: MECHANISM
OVER METRICS

In nanomaterials and electrocatalysis, numerical benchmarks
often dominate the evaluation: lower overpotentials, higher
turnover frequencies, and improved selectivities. Improving
activity or selectivity is technologically important, but
improvements alone do not necessarily alter mechanistic
understanding.5,6

Improved catalytic performance becomes scientifically
transformative only when it reveals broadly applicable
principles governing adsorption energetics, electronic struc-
tures, or reaction pathways. Operando studies showed that

transition-metal oxide catalysts reconstruct during reaction.
This discovery transformed catalyst design because it
established that the active phase is often generated dynamically
rather than existing in the pristine material. Atomically precise
metal clusters reveal discrete electronic shell effects that
fundamentally alter the adsorption energetics. Strain-engi-
neered two-dimensional catalysts demonstrate tunable d-band
centers that control the reaction pathways. In each case,
performance reflects deeper electronic structure principles.

These examples illustrate that improved performance
becomes scientifically transformative only when it is linked
to broadly applicable novel principles such as electronic
structure, adsorption energetics, and reaction pathways.
Improved catalytic performance is valuable because it reveals
how adsorption energetics, band alignment, or electronic
structure governs reactivity.

■ INTERFACES, SCALE, AND OPERATIONAL
REALITY

Many material phenomena�including catalyst reconstruction,
solid-electrolyte interphase formation, and defect migration�
are observable only under operando conditions. Lithium-ion
electrodes form evolving solid−electrolyte interphases.7

Catalysts restructure under electrochemical bias. High-strength
alloys undergo microstructural evolution under cyclic load.
Oxide interfaces exhibit time-dependent defect migration.
These behaviors are governed by interfacial chemistry,
nonequilibrium processes, and dynamic restructuring under
reactive environments.4,7,8

Recognition of these operando processes has changed the
way batteries, catalysts, and structural alloys are designed and
evaluated. Interfacial chemistry studies enabled electrolyte
additive strategies that dramatically extended battery lifetime,7

and grain-boundary engineering prolonged turbine alloy
durability. Scale and stress frequently expose phenomena that
are invisible in idealized samples. More importantly, operation
under realistic conditions can alter the governing mechanisms
themselves, as seen in systems where behavior under real
operating environments departs fundamentally from that
inferred under idealized conditions. Any conceptual framework
that neglects these regimes provides only a partial description
of the material behavior.

■ DISORDER, SOFT INTERFACES, AND BIOLOGICAL
CONTROL

Soft bioinspired systems further challenge conventional
assumptions. Enzymatic metal centers achieve selectivity
through dynamic coordination environments and subtle
electronic tuning.9 Two-dimensional chiral assemblies and
responsive colloids exploit transient interfaces and reversible
bonding.10 Function arises not from rigid periodicity but from
controlled heterogeneity, dynamic bonding, and adaptive
chemical environments.

The discovery of quasicrystals demonstrated that long-range
order need not be periodic, forcing a revision of the
crystallographic doctrine.11 Similarly, treating disorder and
fluctuation as design parameters expands not only the
conceptual vocabulary but also the range of possibilities and
the canvas of materials science. These examples demonstrate
that heterogeneity and dynamic disorder can function as design
variables rather than as unavoidable imperfections.

Figure 1. Conceptual framework for transformative materials
research. Transformative advances emerge through the interplay of
conceptual change, developmental refinement, and realization under
realistic conditions and at scale. Diverse domains of materials
research�including catalysis, interfaces, disorder, and emergent
electronic phenomena�provide pathways to this process. Lasting
impact arises not from activity within any single domain but from the
development of generalizable understanding that reshapes how
materials are conceived, studied, and deployed.
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■ CONCEPTUAL ADVANCES: FROM ELECTRONIC
STRUCTURE TO REACTIVITY

Transformative advances often emerge when prevailing
descriptions of bonding, reactivity, or electronic structure fail
to account for the observed behavior.4,12 The prediction of
topological insulators reclassified insulating states using
symmetry-protected invariants rather than broken symmetry.13

Frameworks addressing strong electron correlations moved
beyond single-particle band pictures to describe Mott
transitions and collective phenomena inaccessible to conven-
tional theories.14 These developments constitute redefinitions
rather than incremental refinements.

Concepts such as Berry curvature and topological invariants
have reshaped our understanding of electronic transport.13

More broadly, such developments illustrate how new
descriptors of electronic structure can redefine observable
properties across material systems. Such theoretical frame-
works identify regimes in which existing models fail and
provide experimentally testable predictions. Their significance
extends beyond the original material because they provide
concepts that predict behavior across otherwise unrelated
systems. Their broader impact emerged only after experimental
realization confirmed the predicted electronic states.

■ EMERGENCE IN CORRELATED AND MAGNETIC
MATERIALS

Correlated materials provide experimental demonstrations of
these shifts. The observation of the topological Hall effect
demonstrated that noncoplanar spin textures can generate
measurable transport signatures that cannot be explained
within conventional band descriptions. Likewise, Weyl semi-
metals demonstrated that topological band crossings produce
chiral anomalies observable in magneto transport, importing
concepts from high-energy physics into solid-state systems.

Systematic compositional tuning improves performance
within an established framework, whereas discovering an
unexpected electronic response can require the revision of that
framework itself. Observation of a qualitatively new electronic
response that forces revision of the symmetry or topology
alters the conceptual framework governing the system.
Although theory has preceded experiments in many of the
examples cited above, unexpected experimental observations
have equally driven the development of new theoretical
frameworks throughout the history of materials science.14

■ STRENGTHENING THE TRANSFORMATIVE
TRAJECTORY

If transformation depends on conceptual reframing, refine-
ment, and realization, then its likelihood of success depends on
intellectual discipline. Sustained mismatch between theory and
experiment must be pursued rather than suppressed; persistent
anomalies often signal gaps in our understanding, providing a
portal for further progress into uncharted territories.
Mechanistic understanding should complement performance
benchmarks when evaluating scientific significance.5,6,15,16

Concepts often migrate across disciplines, as illustrated by
topology entering condensed matter physics, operando spec-
troscopy reshaping catalysis, and bioinspired materials bridging
chemistry and soft matter physics. Finally, many transformative
discoveries require decades of refinement before their broader
implications can be evident.

These conditions do not elevate one leg of the tripod above
another. They maintain coherence among conceptual advance,
refinement, and realization.

■ CONCLUSION
Transformative materials research reshapes understanding
across scales, with its significance evolving over time. It
reclassifies phases of matter,13 exposes hidden mecha-
nisms,5,6,15,16 or reveals behavior that emerges under realistic
chemical environments and reaction conditions.7,16 It integra-
tes conceptual advances with rigorous validation and
demonstrations under realistic operating conditions. Emerging
autonomous laboratories and machine-learning-assisted exper-
imentation can substantially extend this framework by enabling
rapid exploration of material space, hypothesis generation, and
integration of operando characterization with high-throughput
experimentation. Their transformative potential lies not only in
accelerating optimization but also in uncovering new
mechanisms, validating conceptual models under realistic
conditions, and revealing previously inaccessible material
regimes.

Like the evolution of GPS from general relativity or lithium-
ion batteries from intercalation chemistry, transformative
advances in materials science often emerge through long
trajectories that connect conceptual discovery, sustained
refinement, and technological realization. Preserving the
meaning of transformative requires disciplined distinction
between emergence and proliferation, mechanism and metrics,
and insight and iteration. Cultivating such intellectual habits
begins with education. Training that emphasizes mechanistic
reasoning, interdisciplinary thinking, and the confidence to
pursue unexpected observations can better prepare young
researchers to translate their foundational scientific under-
standing into transformative materials and technologies.

As the field expands, the character of transformative research
is ultimately determined by the questions being asked and the
rigor with which they are pursued. Questions that distinguish
transformative research include the following: Do mechanistic
models anticipate reactivity beyond established intuition? Does
chemistry prioritize mechanisms over metrics? Are anomalies
pursued? Are interfaces and disorder treated as being central to
the growth of the field? An increase in the number of studies or
reported materials does not by itself indicate conceptual
progress. Not every new composition or efficiency increment
marks a conceptual shift.

If the term transformative is to retain its force, it must be
reserved for work that alters how we think about emergence,
reactivity, disorder, and scale. Such work is rarer than
productivity metrics would suggest. It demands curiosity,
patience, and seriousness about mechanism. Transformation
ultimately depends not on the pace of publication but on the
willingness to question prevailing assumptions and develop
new mechanistic understanding.
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