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ABSTRACT
High-entropy alloys and ceramics have demonstrated promising applications in the past decade. Ultrafast heating and cooling can
kinetically trap immiscible elements into solid solutions, expanding the compositional space and optimizing the properties of high-
entropy materials. However, the extreme temperatures required by these non-equilibriummethods are incompatible with metal–
organic frameworks (MOFs). This work presents a flame aerosol strategy for synthesizing compositionally complex, entropically
stabilized MOFs, enabling new combinations of properties previously inaccessible in this class of materials. Using the HKUST
structure as a prototype, this methodology is extended to a wide array of both crystalline and amorphous MOFs, and then to a
10-element MOF that incorporates transition metals, rare-earth metals, alkaline-earth metals, p-block metals, and noble metals.
This strategy can be further applied to inorganic coordination polymers. This study reveals that kinetics and entropy collectively
drive structural short-range periodicity and configurational disorder in the framework, which in turn influence crystallinity, pore
architecture, defect density, homogeneity, and electrochemical properties. This work expands the compositional design space for
MOFs and offers new opportunities for their fundamental study and practical application.
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Introduction

umerous reports over the past decade have demonstrated the
otential of high-entropy alloys, high-entropy oxides, and related
ompositionally complex materials to achieve combinations
f properties that are otherwise inaccessible [1]. Such high-
ntropy materials incorporate five or more metallic elements
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at comparable compositions (5 to 35 at.%) within a single-
phase structure. Their unique performance arises from the
associated configurational entropy, which stabilizes phases that
might otherwise segregate and induces distinctive effects such
as sluggish diffusion, lattice distortion, and cocktail effects [2].
These emergent phenomena have enabled superior performance
across a wide range of applications compared to their unary or
lligence technologies or similar technologies.
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inary counterparts [3]. In contrast, metal–organic frameworks
MOFs) typically incorporate only one or two types of metal
enters, due in part to the kinetic and thermodynamic limita-
ions of conventional synthesis methods, especially approaches
sing solution-phase self-assembly under mild conditions that
ominate the field [4]. These methods favor highly crystalline
tructures but are poorly suited to incorporate multiple metals
ith disparate coordination preferences, hydrolysis behaviors,
nd redox properties. Although multivariate MOFs, that is, those
ontaining multiple metal or linker types, have emerged as a
ubfield, the multiple metals incorporated share the same pre-
erred coordination geometry rather than exhibiting substantial
ifferences in valence or chemical behavior [5]. Similarly, a
ew recent studies have introduced the “high-entropy” concept
nto MOF materials [6–8], in which the incorporated metals
sually exhibit an elementally disordered distribution within the
ramework. These high-entropy MOFs demonstrate promising
erformance enhancements in applications such as sodium stor-
ge [9], photocatalytic hydrogen evolution [10], and CO2 fixation
11].

owever, synthesis of high-entropy MOFs (and multivari-
te MOFs) has relied on conventional solvothermal meth-
ds, mechanochemical synthesis, or electrodeposition synthesis,
hich limits the metals incorporated to those with closely
atched ionic radii and chemical behavior [12–14]. Incorporating
lements with significantly different chemical behavior, such as
oble metals, into a MOF may greatly enhance its performance.
notable example is MOF-based single-atom catalysts [15]. The

ntegration of a noble metal into the MOF lattice or bound to a
econdary metallo-ligand introduces atomically dispersed active
ites, significantly enhancing catalytic performance. However,
ntroduction of such heteroatoms typically requires specific
oordination environments, ionic valence states, or post-synthetic
odifications [16], which greatly limit the concentration and
ariety of guest metals. Mixing of multiple heteroatoms of varied
ypes into a single-phaseMOF in flexible ratios has not previously
een achieved.

n alloy and ceramic solid solutionmaterials, thermodynamically
nfavorable mixing of elements of different chemical nature
as been addressed through rapid reaction kinetics. Several
xtreme, non-equilibrium synthesis methods, such as extreme-
emperature plasma [17], laser scanning ablation [18], and flash
oule heating [19], have been developed to combine thermody-
amically immiscible elements. These methods enable ultrafast
aterial formation within milliseconds or even nanoseconds,
roducing metastable (kinetically stabilized) materials. In such
ases, even when the formation of a homogeneous solid solution
s thermodynamically unfavorable, separation of these phases
ia diffusion is too slow compared to the rapid heating and
ooling timescales, effectively trapping the immiscible metals
n a single metastable phase [20]. Meanwhile, the increase in
onfigurational entropy associated with multiple components
urther promotes the uniform distribution of elements [21]. For
xample, the synergy of rapid reaction kinetics and configu-
ational entropy enabled the formation of high-entropy alloy
anoparticles composed of 15 immiscible elements [22]. Unfor-
unately, these extreme synthesis techniques are not suitable
or MOFs, as the ultrahigh reaction temperatures would rapidly
egrade organic linkers.
of 13
Therefore, a versatile methodology for incorporating a range of
diverse and dissimilar metals in a homogeneous high-entropy
MOF matrix is both a major challenge and a substantial oppor-
tunity. In the absence of such a general methodology, the roles of
kinetics and configurational entropy on compositionally complex
MOF structures remain unclear. Here, we report a general
method for creating compositionally complex (high-entropy)
MOFs, to address these challenges, based on a unique flame
aerosol process [23–25]. We have applied this approach to a
broad range of crystalline and amorphous MOFs, as well as
metal–inorganic frameworks. Furthermore, this non-equilibrium
flame aerosol process enables the integration of multiple ele-
ments, including typically immiscible species, into a single-phase
high-entropy MOF lattice. Based on the “cocktail effect” of high-
entropy materials, the synergistic interactions among elements
in multinary solid solutions often lead to properties that surpass
those of individual constituents and sometimes can even result
in unprecedented functionalities [26, 27]. Thus, this approach
greatly expands the accessible compositional space of high-
entropy MOFs and allows for systematic optimization of their
performance through flexible elemental selection across various
functional applications. Meanwhile, we show that rapid reaction
kinetics and configurational entropy induce substantial disorder
in the materials’ periodic arrangement and elemental distribu-
tion, impacting crystallinity, pore structure, defect density, and
electrochemical performance.

2 Results and Discussion

2.1 Aerosol Synthesis of High-Entropy MOFs

We produced high-entropy MOFs using a continuous, one-step
flame aerosol process, as described in detail in the Methods
section (Figures 1a, S1, Tables S1–S2). The liquid precursor
(comprising five or more metal salts, one organic linker, and a
mixed solvent) was continuously injected into the reactor, while
the MOF product was simultaneously collected downstream.
The high-entropy MOF was formed via rapid droplet-to-particle
conversion. Upon injection into the reactor, the precursor solu-
tion was shear-atomized into droplets with diameters of a few
micrometers by a high-velocity hot gas stream [28]. Rapid solvent
evaporation increased the concentration of reactants within the
droplets, facilitating the coordination between metal ions and
the organic linker. Evaporation occurred at the droplet surface,
generating a higher concentration of reactants at the surface
during the droplet-to-particle transition. Thus, the assembly of
metal ions and the ligand initiated at the droplet surface, followed
by inward growth, often leading to the formation of a hollow
nanoshell morphology [29].

Despite the high-temperature environment, the ultrafast droplet-
to-particle conversion (within a few milliseconds) [30] and
immediate quenching by a large nitrogen flow suppress thermal
degradation of the organic linkers, enabling successful MOF
formation. Unlike traditional solvothermal synthesis, which
occurs near thermodynamic equilibrium and over an extended
time, flame–aerosol synthesis is a far-from-equilibrium process
governed by rates of reaction and diffusion. The brief residence
time of a few milliseconds and the rapid quenching prevent side
reactions such as linker decomposition, and phase separation.
Advanced Materials, 2026
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FIGURE 1 High-entropy MOF formed through rapid reaction kinetics. (a) Schematic of high-entropy MOF produced in non-equilibrium flame
aerosol process; (b) FTIR spectra, (c) XRD pattern, (d) PDF from X-ray scattering, (e) N2 adsorption isotherm plot and Horvath–Kawazoe differential
pore volume plot, and (f) HAADF-STEM EDS elemental maps of a representative CuZnNiMgFe BTC high-entropy MOF.
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his enables the preservation of the coordination network and
he retention of MOF structural features even under high-
emperature (∼400◦C) conditions. Moreover, this process main-
ains the random, homogeneous, and disordered distribution of
etal ions from the precursor solution in the final MOF product.
he increase in configurational entropy in the multi-element
OF further promotes the uniform distribution of elements [31].
n the multi-element MOF, different metals occupy the same
etal node positions, and the connected oxygen anions create an
lmost indistinguishable nearest-neighbor environment, reduc-
ng the energy differences between different elements in the same
nvironment, collectively enhancing energetic degeneracy [32].

he CuZnNiMgFe BTC (BTC = 1,3,5-benzenetricarboxylate)
igh-entropy MOF produced as described above serves as a
rototypical example, which we characterized in detail. The
ormation of coordination bonds between metal ions and BTC
inkers was confirmed by Fourier transform infrared (FTIR)
pectroscopy (Figure 1b). New absorbance peaks at 1368 and
555 cm−1 were observed, corresponding to the symmetric and
symmetric stretching vibrations of the coordinated carboxyl
roups [33]. The BTC linker was detected by hydrogen nuclear
agnetic resonance (1H NMR) spectroscopy (Figure S2), and all
he metal ions were also detected in the X-ray photoelectron
pectrum (XPS) (Figure S3). Compared with the single-element
u BTC MOF, the Cu2+ XPS peaks of the high-entropy MOF
xhibit obvious deviations, reflecting the modulation of the local
lectronic environment by neighboring heterometallic centers,
onsistent with the well-mixed configuration of multiple metals
ithin the framework rather than isolatedCu sites (Figure S4) [14,
4]. The X-ray diffraction (XRD) pattern matched that of typical
KUST-1 structured Cu3(BTC)2 MOF, without any additional
eaks or evidence of secondary phases (Figure 1c). Moreover,
he detailed structure was probed by X-ray total scattering,
rom which we obtained the pair distribution function (PDF)
Figures 1d, S5). The short-range (1–6 Å) PDF pattern matched
hat of conventional Cu HKUST-1 MOF [35], for which the
nteratomic distances corresponded to the M2(CO2)4 secondary
uilding unit. However, the PDF signal at longer distance was
eak, indicating the reduced periodicity of the high-entropy
OF. N2 sorption analysis yielded a type ǀ isotherm, indicating
he microporous nature of the high-entropy MOF. Pore volume
as estimated by the Horvath–Kawazoe method, which gave
pore size distribution from 3 to 6 Å (Figure 1e). The BET
urface area was lower than that of conventional Cu HKUST-1.
ost importantly, high-angle annular dark-field scanning trans-
ission electron microscopy (HAADF-STEM) with elemental
apping by EDS (Figure 1f) confirmed the uniform elemental
istribution. To further investigate the microscopic dispersion of
he metals, aberration corrected scanning transmission electron
icroscopy (AC-STEM) was employed and the high-resolution
DS maps demonstrated the homogeneous distribution of all
he constituent elements at the atomic scale (Figure S6). Most
f the particles exhibited a hollow nanoshell morphology. The
anoshells were polydisperse in size with a geometric mean
iameter of 452 nm (Figure S7). DSC-TGA analysis confirmed
toichiometry close to that of typical Cu HKUST-1 (Figure S8),
33] and the FTIR of CuZnNiMgFe BTC high-entropy MOF at
higher synthesis temperature of 500◦C matched that of the
OF synthesized at 400 ◦C (Figure S9), demonstrating excellent
hermal stability and showing that the ultra-fast flame aerosol
of 13
process did not destroy the MOF structure, even when the
reaction temperature exceeds the MOF thermal decomposition
temperature. Together, these material characterization results
conclusively demonstrate the successful synthesis of a single-
phase, homogeneous high-entropy MOF.

2.2 Entropy-Engineered MOF Structural
Evolution

To explore the role of entropy in theMOF structure, we conducted
density functional theory (DFT) calculations to simulate HKUST
structures containing 1 to 5 metal elements, including Cu BTC,
binary CuZn BTC, ternary CuZnNi BTC, quaternary CuZnNiMg
BTC, and high-entropy CuZnNiMgFe BTC (Figure 2a). In the
multi-metal MOFs, Cu atoms in Cu BTCwere randomly replaced
with other metal atoms (Table S3) to generate the initial HKUST
structures, which were then optimized. DFT-optimized struc-
tures retained the overall HKUST crystal structure, but lattice
distortion and appreciable atomic displacement were observed
upon introduction of additional metal elements. Such structural
distortion is reflected by the reduced intensities of primary peaks
at 2θ = 6.7◦, 9.5◦, and 11.6◦ in the corresponding simulated XRD
patterns (Figure 2b). However, we note that DFT based geometry
optimization cannot fully capture the influence of kinetic factors
or the stabilizing role of configurational entropy under non-
equilibrium synthesis conditions, such as those present in flame
aerosol processing.

To gain deeper understanding of the role of configurational
entropy in the structure of multi-element MOFs under non-
equilibrium reaction conditions, we experimentally synthesized
unary to quaternary MOFs using the same elements, as well
as the high-entropy MOF shown in Figure 1. Inductively cou-
pled plasma (ICP) analysis showed their elemental composition
and the calculated configurational entropy (here, we adopt
the concept from alloy and ceramic solid solution materials,
Δ𝑆 = −𝑅

∑𝑛

𝑖=1𝑥𝑖ln𝑥𝑖 , calculating based on the number and ratios
of metal elements in the multi-element MOF assuming ideal
mixing) (Table S4). The configurational entropy of CuZnNiMgFe
BTC MOF is 1.55R, exceeding the 1.5R threshold commonly
defined for high-entropy materials [31]. Overall, the rapid aerosol
process, unlike equilibrium solvothermal methods, does not
provide enough reaction time for nucleation and growth of
MOF single crystals. Rapid solvent evaporation leads to multiple
nucleation sites within each droplet. As a result, the BTC MOFs
produced via this method exhibited a polycrystalline, hollow
microsphere morphology, homogeneous elemental distribution
with numerous tens-of-nanometer MOF nanocrystals packed
into a compact shell (Figures 2c, S10–S12). Experimental XRD
patterns and the normalized results exhibited primary peaks
at 2θ = 6.7◦, 9.5◦, and 11.6◦, which align with the positions
in the simulated XRD patterns, demonstrating the successful
preparation of single-phase MOFs with the HKUST-1 crystal
structure in all cases (Figures 2c and S13). However, unlike
the structures predicted by DFT calculations, these kinetically
stabilized MOFs presented significant differences in long-range
periodicity. The CuZnNiMgFe BTC high-entropy MOF showed
obviously lower crystallinity and smaller effective grain size than
others, as determined by the Scherrer equation applied to the
peak at 2θ ∼ 11.6◦ (Tables S5–S9). At short range, however, these
Advanced Materials, 2026
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FIGURE 2 Modulating MOF architectures through strategic manipulation of configurational entropy. (a) DFT-optimized MOF structures and (b)
corresponding simulated XRD patterns; Experimental (c) XRD patterns and representative TEM image, (d) PDF patterns, (e) specific surface areas, and
(f) Cu L-edge sXAS spectra of unary to quinary BTC MOFs.
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inetically stabilized BTC MOFs presented the same level
f ordering. Their PDF patterns all correspond to the same
2(CO2)4 cluster (Figures 2d, S5, and S14–S17). Therefore,

n kinetically stabilized multi-element MOFs, configurational
ntropy influences long-range periodicity without significantly
erturbing short-range order. Meanwhile, the simulated PDFs
erived from DFT show a first M─O peak at ∼2.0 Å, consistent
ith the experimental PDF results, confirming equivalent and
veraged metal–oxygen coordination in the high-entropy MOFs
Figure S18).

ariations in MOF crystallinity affected MOF porosity and the
oncentration of structural defects. The reduction in specific
urface area with increasing configurational entropy (Figures 2e
nd S19) is primarily attributed to the higher defect concentra-
ion in high-entropy MOFs. The increased structural disorder
nd defects partially collapse the internal microporous frame-
ork, thereby decreasing the specific surface area. Meanwhile,
andomly incorporating elements with different valences and
tomic radii into the same nominal metal node sites altered
he coordination environment and introduced point defects. The
ocal chemical state of Cu in MOFs was detected by soft-line
-ray absorption spectra (sXAS) in both the surface-sensitive
otal electron yield (TEY, < 5 nm) mode and the in-depth total
luorescence yield (TFY, >100 nm) mode (Figure 2f). The L3 edge
nd L2 edge correspond to Cu 2p3/2→3d3/23d5/2 and 2p1/2→3d3/2,
espectively. The spectra featured main absorption edges at
934 eV (L3) and ∼954 eV (L2) of Cu2+ ions, as well as pre-edges
t ∼938 eV (L3) and ∼958 eV (L2) of Cu+ ions [36]. The ratio
f Cu+/Cu2+ from sXAS spectra can reflect the concentration of
efect sites in HKUST-1 MOF. Gaussian fitting results for the Cu
-edge sXASpeaks in theTEYmode are shown inTable S12 and in
he TFY mode are shown in Table S13. The Cu+/Cu2+ ratio in the
uZnNiMgFe high-entropy BTC MOF was significantly higher
han others for both TEY and TFY modes, indicating a higher
efect density both on the surface and throughout the bulk of the
OF.

herefore, the high-entropy MOF exhibits a structure signif-
cantly different from unary and other multi-element MOFs,
ikely due to the incorporation of Fe ions. Unlike the other four
lements, which predominantly exhibit a +2 oxidation state, Fe
ommonly adopts both +2 and +3 states. These variations in
ominal oxidation state during coordination disrupt the long-
ange periodicity and generate additional defects. To verify this
ypothesis, we replaced Fe with another multivalent element Co
nd synthesized another high-entropy MOF CuZnNiMgCo BTC
Tables S3 and S10). The coordination between themetal ions and
he BTC linker (Figure S20), along with the homogeneous dis-
ribution of each element (Figure S21), confirmed the successful
ynthesis of the CuZnNiMgCo high-entropyMOF. In addition, to
urther investigate the impact of kinetics on MOF crystallization,
e synthesized a conventional Cu HKUST-1 MOF using an equi-
ibrium solvothermal method (Table S11). Similarly, the CuZn-
iMgCo BTC MOF also exhibited extremely low crystallinity,
ven lower than that of CuZnNiMgFe BTC. As a reference
ample, Cu HKUST-1 synthesized via a solvothermal method
nder equilibrium reaction conditions exhibited a large single-
rystal morphology, high crystallinity, and high BET surface area
Figures S22 and S23). Figure S24 summarizes the XRD patterns
f all BTCMOFs and their calculated crystallite sizes, confirming
of 13
that rapid non-equilibrium reaction can reduce the long-range
order of MOFs. Figures S25 and S26 show that the high-entropy
MOF crystallinity can be tuned by the elemental ratio and
types. Meanwhile, the four non-Cu single-metal components
synthesized by the flame aerosol process did not show a well-
crystallized HKUST structure (Figure S27). This proves that the
non-equilibrium flame aerosol process can integrate immiscible
elements into a single-phase high-entropyMOF and also explains
the primary role of Cu in stabilizing the HKUST structure. These
findings collectively demonstrate that configurational entropy,
in conjunction with fast non-equilibrium synthesis, drives the
formation of structurally disordered yet locally ordered high-
entropy MOFs with tunable crystallinity, porosity, and defect
densities.

2.3 Extending the Scope to Additional MOFs

To demonstrate the versatility of rapid reaction kinetics in inte-
grating multiple metals into MOFs, we extended this approach
to a diverse range of high-entropy MOFs by combining various
metal ions and organic linkers (Table 1). These five representative
systems span transition metals, lanthanides, and main-group
elements, coordinated with chemically distinct organic linkers,
highlighting the versatility and universality of high-entropy
MOF synthesis under rapid, non-equilibrium conditions. Their
chemical composition was confirmed by ICP analysis, and all
calculated configurational entropies exceeded 1.5R (Table S14).
FTIR spectra showed that new chemical bonds appeared in all
as-synthesized high-entropyMOFs, demonstrating the successful
coordination between metal ions and organic ligands (Figures
S28–32). Meanwhile, the organic linkers were detected by 1H
NMR (Figures S33–37), and all the constituent metal ions and
chemical states in each high-entropy MOF were also confirmed
by XPS spectroscopy (Figures S38–42). TGA analysis showed
their good thermal stability at temperatures over 300◦C (Figure
S43). Most of the high-entropy MOFs were microsphere particles
with hollow or solid morphology, and both SEM and TEM
elemental maps revealed the homogeneous distribution of all
the constituent elements in each high-entropy MOF without any
aggregation, demonstrating their high configurational disorder
(Figures S44–S53).

The XRD pattern of PrNdTbDyEr PDA high-entropy MOF
matched that of conventional lanthanide coordination polymers
Ln2(PDA)3 [37], with a calculated grain size of 23.9 nm based on
the XRD peak at 2θ = 8.3◦ (Figure S54, Table S15). However, as
discussed above, the rapid reaction kinetics and the increased
configurational entropy in multi-element MOFs significantly
reduce the long-range periodicity. This is not only applicable to
HKUST MOFs but represents a more general conclusion. The
reduction in the degree of order in the other four high-entropy
MOFs led to thembeing effectively amorphous (Figure S55). X-ray
total scattering was employed to further investigate the detailed
structure of high-entropy MOFs (Figures S56–60). No obvious
peaks were observed beyond distances of ∼10 Å in their PDF
patterns, indicating the absence of long-range periodicity in both
the crystalline and amorphous high-entropy MOFs. However,
distinct peaks corresponding to atomic pairs were observed
within a distance of 5 Å, associated with the basic building
blocks of theMOFs, confirming the presence of short-range order.
Advanced Materials, 2026
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n summary, compared to single-component, multivariate, and
morphous MOFs synthesized via equilibrium methods [37–43],
heseMOFs demonstrate the ability of non-equilibrium processes
o form polycrystalline and amorphous structures, as well as to
ntegrate metal ions with different oxidation states (Table 1).

.4 Designing Disorder in MOFs

he synergistic interaction between different metals in a con-
igurationally disordered MOF can significantly enhance its
erformance in applications such as catalysis. However, due to
he immiscibility of different metals in MOF solid solutions,
reviously reported multi-element or high-entropy MOFs have
mployed elements with similar physicochemical properties
hat form the same MOF structures individually [9–11]. For
xample, the 10-element MgCaSrBaMnFeCoNiZnCd MOF-74
an be synthesized by near-equilibrium solvothermal reaction
ecause the single-component MOFs of these elements share
he same di-valent metal state, M3O3(CO2)3 nodes, and MOF-74
rystal structure [39]. Otherwise, macroscopic phase separation
ould likely occur. This is commonly observed in MOF-based
ingle-atom catalysts, where noble metals often cannot be fully
ncorporated into the metal nodes and instead aggregate to form
etal nanoparticles on the MOF surface [16].

hermodynamically, the elemental immiscibility can be over-
ome by increasing configurational entropy. In the standard
xpression for Gibbs energy change of mixing, ΔG = ΔH -
∙ΔS [2], ΔH is the enthalpic penalty for solid solution forma-
ion, typically resulting from differences in crystal structures,
alence states, atomic radii, and electronegativities among the
omponents. In contrast, T∙ΔS represents the entropic driving
orce for solid solution formation. For example, if we consider
ntegrating the UiO-66 phase Zr BDC (solute) into an amorphous
ulti-element MOF solid solution (solvent), the phase transition
nthalpy (xZr BDC∙ΔGUiO-66→amorphous) represents an energy barrier
hat must be overcome. The use of a high-entropy solvent phase
elps to lower the overall Gibbs energy (ΔGamorphous

total) for
ormation of the solid solution by increasing the mixing entropy
−T∙ΔSmix) (Figure S61) [44]. Therefore, the high-entropy MOF
s solvent provides an entropic driving force to dissolve the
therwise immiscible phase. Compared to alloy or ceramic solid
olution materials, such phase transitions are often difficult to
bserve in MOFs because their transition temperatures typically
xceed their decomposition temperatures. An exception to this
s the ZIF family. Crystalline ZIF-4 transitions to an amorphous
tate upon heating, with the transformation occurring at a glass
ransition temperature of approximately 300◦C [45].

inetically, the above thermodynamic rules can be disrupted
hrough ultrafast material formation and quenching processes,
nabling higher solubility for non-isostructural components.
ur previous research demonstrated this point in metal oxide
aterials, such as incorporating up to 22 elements into a single-
hase fluorite structure [23, 25]. This study demonstrates that the
ame principle can also be extended to MOFs. In the “droplet-
o-particle” MOF formation process occurring on a millisecond
imescale, even when forming a single phase is thermodynami-
ally unfavorable, the immiscible elements do not have enough
ime to diffuse into separate phases. Instead, they are incorpo-
of 13
rated into a single metastable MOF structure. Subsequent N2
quenching preserves the structure formed at high temperature,
maintaining the high-entropy, high-enthalpy, and disordered
metastable state. This process enables the transformation of
randomly distributed metal ions in the liquid precursor solution
into solid MOF materials, preserving their high configurational
disorder, which provides a universal method for preparing high-
entropy MOFs with nearly any combination of elements and
ratios (Figure 3a).

To demonstrate the above inference, we selected the BDC-
NH2 linker and chose 10 different metals to synthesize a more
compositionally-complex high-entropy MOF. These elements
were sourced from different regions of the periodic table, includ-
ing noble metal, transition metal, p-block metal, alkaline earth
metal, and rare earth metal elements. These metal ions exhibit
varying valences and ionic radii, and as a result, adopt different
single-element MOF structures when coordinated with the BDC-
NH2 linker. In ZrHfLaCePrYMgAlNiPt BDC-NH2 high-entropy
MOF, ICP analysis revealed that these elements are present at
similar concentrations, with a high configurational entropy of
2.25R (Table S16). Meanwhile, the 10-metal high-entropy MOF
exhibited successful coordination between metal ions and the
organic linker (Figure S62 and S63), thermal stability (Figure S64),
amorphous structure (Figure S65), and short-range order (Figure
S66). TEM and SEM elemental maps revealed the homogeneous
distribution of all the constituent metals, indicating that all the
metals were incorporated into the MOF framework (Figures 3b,
S67, and S68). Furthermore, AC-STEM was employed for the
10-metal high-entropy MOF (Figure 3c), showing that isolated
atoms were clearly observed as randomly dispersed bright spots,
with no detectable aggregated metal nanoparticles or other forms
of agglomeration. High-resolution EDS maps demonstrated the
homogeneous distribution of all the constituent elements at the
atomic scale (Figure S69). This observation aligns with a previous
report that utilized entropic stabilization to disperse single-atom
active sites within a high-entropy oxide support [46].

The Pt─O bond is very weak and prone to breaking and forming
metallic Pt nanoparticles during synthesis [47]. However, no
metallic Pt or other separated phases were observed in the XPS
and XRD analysis (Figures S63 and S65). To further confirm
the dispersion of Pt atoms, hard-line X-ray absorption spec-
troscopy (hXAS) was performed to determine the coordination
environment of Pt in the high-entropy MOF. Pt L3-edge X-ray
absorption near edge structure (XANES) spectra were recorded
for the 10-metal high-entropy MOF, as well as PtO2 and Pt foil as
references (Figure 3d). The intense edge feature originated from
a 2p3/2→5d electron transition. The intensity of the Pt XANES
spectra is strongly correlated with oxidation state. The Fourier-
transform extended X-ray absorption fine structure (EXAFS)
spectra showed the Pt─O bond, which formed by the coordina-
tion of Pt ion with BDC-NH2 linker (Figure 3e). Compared to
the PtO2 reference, the Pt─O bond position exhibited a slight
shift due to differences in the local coordination environment and
electronic structure of Pt species between the MOF and oxide.
No pronounced Pt–Pt coordination shell characteristic ofmetallic
Pt clusters was evident in EXAFS. Similarly, the corresponding
wavelet transform (WT) showed a scattering signal centered at
5–7 Å−1 in k-space and 1.5–2.0 Å in R-space, closely resembling
PtO2, but distinct from the Pt–Pt coordination peak of Pt foil,
Advanced Materials, 2026
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FIGURE 3 Overcoming the immiscibility of elements through rapid reaction kinetics and maximization of configurational entropy. (a) Schematic
of combining immiscible elements in a single MOF phase; (b) HAADF-STEM elemental maps, (c) AC-STEM images of a representative 10-metal
ZrHfLaCePrYMgAlNiPt BDC-NH2 high-entropy MOF; (d) hardX-ray XANES spectra at the Pt L3-edge, (e) k2-weighted Fourier transform of Pt L3-edge
EXAFS spectra, and (f) the corresponding wavelet transform of Pt in the 10-metal MOF, Pt foil, and PtO2 references.
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hich appears around 10 Å−1 in k-space and ∼2.5 Å in R-
pace (Figure 3f). This indicates that Pt is coordinated with O
toms from the organic ligands, without formation of metallic Pt
lusters, demonstrating the homogeneous dispersion of Pt at the
tomic level. Quantitative EXAFS fitting (Table S17) yielded a Pt–
coordination number of 5.8± 0.4with an average bond distance
f 2.03 ± 0.01 Å, confirming a well-defined oxygen-coordinated
nvironment around Pt. A weak second-shell Pt–Pt contribution
CN = 1.6 ± 0.5) was detected, which was markedly lower than
dvanced Materials, 2026
those of PtO2 (CN = 8.5) and Pt foil (CN = 12), indicating the
absence of PtO2-like domains or metallic Pt clusters. The slightly
elongated Pt─O bond distance relative to PtO2 suggests a distinct
local coordination environment associated with incorporation of
Pt into the multimetallic MOF framework. Typically, achieving
a loading of single-atom active sites exceeding 2% is challenging
[48]. However, here we attained 9.7 mol.% of Pt single atoms
without aggregation (Table S16), demonstrating the significant
role of rapid reaction kinetics and configurational entropy in
9 of 13
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FIGURE 4 Kinetically and entropically stabilizedmetal-inorganic framework. (a) Structure of high-entropy PBA; (b) XRDpattern and (c)HAADF-
STEM EDS elemental maps of MgMnFeNiCu PBA; (d) CV curves of single-component and high-entropy PBA frameworks at a scan rate of 5 mV/s; (e)
Calculated specific capacitances at varied scan rates from 5 to 200 mV/s.
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romoting homogeneous elemental dispersion. The atomic-level
niform dispersion of metals such as Zr, Hf, La, Ce, Pr, Y, Mg,
l, Ni, and Pt within the high-entropy MOF aligns closely with
he characteristics of recently developed multi-metallic single-
tom catalysts [49, 50]. This provides new insights into the
esign of multi-element MOFs and their potential for application
n catalysis. This ability to tailor the elemental composition
f MOFs by incorporating dissimilar elements enables flexible,
pplication-oriented design of MOFs for specific reactions. For
xample, an amorphous high-entropy RuRhPdIrPtFe BDC-NH2
OF incorporating five Pt-group metals (PGMs) along with

ron (Ru:Rh:Pd:Ir:Pt:Fe = 2:2:2:2:2:90 molar ratio) (Figure S70)
as studied for proton exchange membrane water electrolysis
PEMWE) with low PGM loading [51–53]. This MOF showed
xcellent hydrogen evolution reaction (HER) activity (Figure S71)
nd 800 h stability in a membrane electrode assembly (MEA)
Figure S72).
0 of 13
2.5 Atomic 3D Elemental Distribution

Local chemical ordering in high-entropy materials sometimes
provides better performance than completely disordered solid
solutions [54]. High-resolution TEM can detect local elemental
ordering in alloy nanoparticles with a clear crystal lattice [55]
but may fail to capture it in MOFs. In contrast, atom probe
tomography (APT) provides sub-nanometer spatial resolution
and is among the most precise techniques for mapping ele-
ments [31, 56]. Here, two representative high-entropy MOFs,
crystalline CuZnNiMgFe BTC (Figure 1) and amorphous ZrHfLa-
CePrYMgAlNiPt BDC-NH2 (Figure 3), were fabricated into tips
by focused ion beam (FIB) milling for APT analysis (Figure
S73). For the APT 3D reconstructions, approximately 8 million
ions were collected for CuZnNiMgFe BTC, and 6 million ions
were collected for ZrHfLaCePrYMgAlNiPt BDC-NH2. In gen-
eral, all the detected elements in both MOFs demonstrated a
Advanced Materials, 2026
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omogeneous distribution, with no phase separation, elemental
egregation, or clustering [57] observed (Supplementary video
, 2, Figures S74 and S75). This is consistent with the results
btained from EDS mapping and XAS, demonstrating atomic-
evel homogeneity of the kinetically and entropically stabilized
OFs. Meanwhile, the nearest neighbor distribution (NND) of
i and Fe in CuZnNiMgFe BTC (Figure S74) and of Zr and
t in ZrHfLaCePrYMgAlNiPt BDC-NH2 (Figure S75) showed
oderate deviations from a random distribution, confirming the
resence of some degree of short-range ordering. This is consis-
ent with the short-range ordering observed in high-entropy alloy
54] and high-entropy ceramic [58] materials. In addition, the
onfigurational short-range ordering discussed here is different
rom the short-range periodicity mentioned earlier. Here, it refers
o the locally inhomogeneous distribution of elements within
he MOF solid solution, while the short-range crystalline order
efers to the reduction of crystallinity and grain size in the
olycrystalline/amorphous MOF structures.

.6 High-Entropy Metal–Inorganic Frameworks

inally, we extend the kinetic and entropic stabilization con-
ept to other frameworks, such as the inorganic coordina-
ion polymers known as Prussian blue analogues (PBA). This
lass of structures has broad applications in electrocatalysis,
echargeable batteries, and supercapacitors [59]. During the
on-equilibrium reaction process, the metal nodes in PBA
rameworks, linked to ferrocyanide groups, can be occupied
y a variety of metal ions (Figure 4a). Prototypical high-
ntropy MgMnFeNiCu and MnFeCoNiCu PBAs were produced,
ith their compositions measured by ICP analysis (Table S18).
TIR spectra confirmed the strong absorption band of the
─C≡N─Fe stretching vibration at 2080 cm−1 (Figure S76).
GA analysis confirmed the decomposition temperature of
00∼400◦C (Figure S77). XRD patterns revealed single-phase
ubic FCC structures with the Fm−3m space group of MgM-
FeNiCu PBA (Figure 4b, Table S19) and MnFeCoNiCu PBA
Figure S78, Table S20). Similar to the above MOF mate-
ials, rapid reaction kinetics and increased configurational
ntropy significantly reduced the crystallinity of PBAs. There-
ore, the produced PBAs exhibited a polycrystalline structure
omposed of numerous PBA nanoparticles, with a calculated
rain size of approximately 16 nm based on the XRD (220)
eaks, rather than conventional large single-crystalline par-
icles (Figure S79). Mesoporous voids were formed between
he nanoparticles (Figure S80). HAADF-STEM EDS maps
howed the homogeneous distribution of all the constituent
etals, confirming the high degree of configurational disorder
Figure 4c).

urthermore, the electrochemical behavior of the high-entropy
BAs, as well as the corresponding single-component PBAs, was
nvestigated by cyclic voltammetry (CV) in 1 M Na2SO4 at varied
can rates from 5 to 200 mV/s (Figures 4d and S81–S87). At each
can rate, the calculated specific capacitances of high-entropy
gMnFeNiCu PBA and MnFeCoNiCu PBA were higher than
hose of their single-component PBA counterparts (Figure 4e).
his highlights the potential of synergistic interactions among
ultiple elements within high-entropy frameworks to enhance
erformance.
dvanced Materials, 2026
3 Conclusions

This research establishes a versatile methodology to create a
diverse range of high-entropy MOFs and inorganic coordination
polymers. Rapid reaction kinetics and configurational entropy
allow the integration of various otherwise-immiscible metals,
including noblemetals, into a single-phaseMOF framework with
atomically uniform dispersion. Meanwhile, kinetics and entropy
play key roles in MOF structural parameters such as crystallinity,
defect density, pore structure, homogeneity, and electrochemical
performance, enabling flexible regulation of their fundamental
characteristics. Additionally, incorporating multiple elements
into single-phase coordination polymers in nearly arbitrary pro-
portions creates an almost limitless compositional space for new
materials. This offers a vast potential for leveraging artificial
intelligence (AI) to accelerate the development of novel mate-
rials [60]. Meanwhile, the one-step, continuous, and scalable
aerosol process adopted here is well-suited for high-throughput
production compared to batch operations under near-equilibrium
conditions [61], allowing rapid preparation of a large number of
samples simply by adjusting the reactant composition (Figure
S88). The resulting experimental data could be used to refine
and optimize deep learning models. Therefore, the technical
route developed here provides a new potential platform for
iterative improvement through machine learning and high-
throughput synthesis loops that would enable rapid screening
and development of multi-element MOFs for target applications.

4 Experimental Section

The experimental section including chemicals,materials syn-
thesis,materials characterizations, density functional the-
ory, and electrochemical measurements is provided in the
Supporting Information.
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