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ABSTRACT: Strong electric fields at air−water interfaces are widely invoked to explain accelerated interfacial chemistry, yet direct,
probe-free evidence under evaporation-free conditions has remained challenging. Here, we confine aqueous solutions and air within
∼50 nm-diameter multiwalled carbon nanotubes to stabilize nanoscale air−water interfaces for three-dimensional transmission
electron microscopy. Reconstructed multiphase structures reveal ∼10 nm gas domains separated from the nanotube walls by
ultrathin water films spanning molecular to nanometer thicknesses. Curvature analysis yields Laplace and disjoining pressure
distributions indicating a repulsive pressure of ∼10 MPa that prevents film collapse. This repulsion is consistent with an interfacial
electric field on the order of several volts per nanometer, primarily associated with oriented water dipoles and potentially enhanced
by the electric double layer. Consistent with this inferred field strength, the reduction of chloroauric acid (HAuCl4) to gold
nanoparticles occurs exclusively within ∼2 nm of the interface. These results provide evidence for intense, spatially confined electric
fields at air−water interfaces through the combined observations of strong non-Derjaguin−Landau−Verwey−Overbeek repulsive
pressures and localized interfacial Au reduction and establish their fundamental role in nanoscale interfacial chemistry across
chemical, environmental, and energy-relevant systems.

■ INTRODUCTION
There has been overwhelming evidence for the existence of
high electric fields (EFs) at interfaces of water with various
water−hydrophobic materials, such as water−air, water−oil,
and water−solid interfaces.1,2 Micron-sized water droplets that
are generated in air, or exist as water−oil emulsions, are
emerging as an intriguing platform that enables reaction
acceleration by several orders of magnitude compared to the
same reactions in bulk water, and new reaction pathways that
are distinct from those in the bulk.3−11 These unique chemical
reactivities in microdroplets are considered to be consequences
of the high EF at the water−hydrophobe interface,1 because an
EF could not only align polar chemicals,12 which increases the
pre-exponential factor in the Arrhenius equation, but also
lower the energy of the transition state and thus lower the
activation energy. Taken together, the reaction rate constant
can be increased by several orders of magnitude.13−15 Several
hypotheses have been proposed for the origin of the high EF.
The structured distribution of anions, such as OH− and
HCO3

−, and cations, such as H+ and Na+, results in electric
double layers (EDLs) at the interface, and a high EF exists
between the two oppositely charged layers.16,17 Another
scenario is that water molecules have an ordered orientation
at the interface; as a result, the large dipole moment caused by
aligned water molecules can generate a local electric field.18

These two scenarios can contribute together.
While a plethora of studies have taken advantage of this high

EF to catalyze chemical reactions,9,19,20 the measurement of
the EF remains challenging for existing experimental
techniques. Current methodologies often employ optical

spectroscopy and imaging methods,1 including fluorescence
imaging,21−24 vibrational Stark spectroscopy,24−26 Raman-
multivariate curve resolution (MCR) spectroscopy,27 vibra-
tional sum-frequency generation,28,29 and electrochromism.30

These techniques can generally be categorized into two types:
probe-based and probe-free. Even though all these methods
have successfully measured the EF to be in the range of ∼109
V/m, the probe-based methods will inevitably introduce
perturbations to the interfacial EF by the organic probes
used in fluorescence imaging or nanoparticles used in surface-
enhanced Raman spectroscopy (SERS). Especially for the
SERS method,25,26 the size of the nanoparticles for enhancing
the Raman signal could be larger than the length of the
interface where the EF exists. Thus, these potential problems
highlight the importance of probe-free measurements.27−29 In
addition, for the measurement of the water microdroplets
generated in air, rapid evaporation of the droplets alters the EF
caused by the curvature change,31,32 which might yield time-
averaged EF values. At the same time, the existence and
magnitude of anomalous electric fields at the air−water
interface remain subjects of active debate. For example, Shirley
and co-workers33 recently reported spectroscopic evidence
consistent with a relatively weak interfacial electric field. These
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differing interpretations highlight the limitations of existing
experimental approaches and underscore the need for
complementary methodologies capable of directly probing
air−water interfacial phenomena.1
In this study, by confining aqueous solutions and air bubbles

within multiwalled carbon nanotubes (MWCNTs), we present
a probe-free and evaporation-free approach based on three-
dimensional transmission electron microscopy (3D TEM),
which allows direct visualization of nanoconfined air−water
interfacial structures, quantitative determination of the
corresponding intermolecular forces from reconstructed inter-
face geometries, and inference of the associated interfacial
electric fields. We leverage the high-aspect-ratio nanotube
confinement and dominant intermolecular interactions to
suppress evaporation and stabilize the air−water interface.
3D visualization reveals distinct nanoscale air and water phases.
Analysis of the interface curvature yielded Laplace and
disjoining pressures, indicating a repulsive force of ∼ 10
MPa at the interface. The measured pressure is consistent with
highly ordered interfacial water structures and the existence of

local electric fields of several V/nm. Adding HAuCl4 to water
yielded Au nanoparticles at the nanoconfined air−water
interfaces, and such spontaneous metal-ion reduction phenom-
ena have recently attracted considerable attention.10,34−37

These results deepen our understanding of the key roles
played by the air−water interface in various fields, including
not only microdroplet chemistry, but also nanofluidics,38,39

water electrolysis,40 superthermal solar interfacial evapora-
tion,41,42 hydrovoltaic energy conversion,43 and carbon capture
and storage.44

■ RESULTS AND DISCUSSION

3D Morphology and Force Analysis of Nanoscale
Air−Water Interfaces

We used MWCNTs with inner diameters of several tens of
nanometers and lengths of about 10 μm. All experiments were
performed using ultrapure water with a resistivity of 18.2 MΩ·
cm and a total organic carbon (TOC) level below 5 ppb. After
being immersed in an aqueous NaCl solution (see Supporting

Figure 1. (A) Three-dimensional TEM observation of the air−water structure formed by an aqueous NaCl solution confined inside an MWCNT.
A tilt series was acquired at 1° increments for 3D reconstruction. (B) Magnified TEM view at 0° tilt of the region around the meniscus interface in
the NaCl aqueous solution. (C) Three-dimensional reconstruction of the meniscus and a colormap of the distance between the air−water interface
and the MWCNT inner wall (i.e., the water-film thickness). The colormap is overlaid on the air−water interface. (D) Schematic of the pressure
balance acting on the air−water interface. Assuming a constant internal pressure, the disjoining pressure distribution is obtained as the difference
between the reference inner pressure and the local Laplace pressure. (E) Disjoining pressure map on the meniscus interface. (F and G)
Relationship between the disjoining pressure and the water-film thickness in the red-circled region on the colormap shown in (E). (F) Comparison
of the experimental data with the electric double-layer (EDL) model. The red and blue lines represent the van der Waals and EDL contributions,
respectively, and the black line shows their sum. (G) Comparison of experimental data with the structural-force model. The red, orange, and black
lines represent the van der Waals contribution, structural-force contribution, and their sum, respectively. Scale bar: (A) 50 nm, (B) 50 nm.
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Information and Figure S1), a fraction of CNTs were filled
with the solution, exhibiting stable, curved menisci, i.e., air−
water interfaces in the TEM images (Figures 1A and 1B),
resulting from a balance of solid−water−air intermolecular
forces. Remarkably, these confined solutions persist even under
high vacuum. This stability arises because the CNTs have high
aspect ratios (length ≫ diameter) and small inner diameters
(tens of nm) comparable to the mean free path of air, making
them resist complete evacuation.
Because conventional 2D TEM imaging yields only

projected information and is therefore unsuitable for precise
quantitative measurements, we performed 3D TEM tomog-
raphy using a tilt series from − 60° to +60° with 1° increments
(Figure 1A). The air−water interface remained stable
throughout the TEM tomography. Figure 1C displays the
three-dimensional structure reconstructed from the acquired
tilt series, achieving a spatial resolution of approximately 0.2
nm�comparable to the size of a single water molecule. In the
figure, the distribution of the distance from the air−water
interface to the inner wall of the MWCNT, i.e., the water-film
thickness, is rendered as a colormap, revealing film thicknesses
that range from molecular dimensions up to about 10 nm.
Moreover, unlike the spherical menisci of bubbles observed in
bulk water, the curvature of the air−water interface under this
nanoconfinement exhibits a nonuniform, deformed morphol-
ogy due to the dominance of intermolecular forces over
Laplace pressure. We measured the three-dimensional
distribution of curvature across the air−water interface and
subsequently derived the corresponding Laplace pressure
distribution using the Young−Laplace equation:45

P
R R
1 1

Lap
1 2

= +
i

k

jjjjj
y

{

zzzzz (1)

where γ is the surface tension, taken as 72.0 mN/m after
accounting for the NaCl concentration,46,47 and R1 and R2
represent the principal radii of curvature of the air−water
interface. The three-dimensional Laplace pressure distribution
across the air−water interface is presented as contour plots in
Figure S2.
Next, by considering the force balance on the air−water

interface, three forces�the Laplace pressure, the gas-phase
internal pressure, and the disjoining pressure�should be
locally equilibrated,48 as schematically depicted in Figure 1D.
Denoting these quantities as PLap, Pinner, and Pdis, respectively,
the balance equation can be written as

P P Pdis inner Lap= (2)

where Pdis is the excess pressure in a thin water film compared
to bulk water, arising from the interactions between the two
opposing surfaces that confine the film. It can be positive
(repulsive, stabilizing the film) or negative (attractive,
promoting film collapse). Hence, a thin water film should
have a strong repulsive force that keeps it from collapsing. Pinner
on the air side is assumed to be uniform due to the steady state
of the bubble. Furthermore, in regions of the air−water
interface that are sufficiently distant from the inner wall or
from other nanobubbles, Pdis becomes negligible. In these
regions, the internal pressure is balanced exclusively by the
Laplace pressure, which allows Pinner to be determined as 18.22
MPa. Subsequently, the three-dimensional distribution of Pdis
can be obtained by applying the force-balance eq 2, which
accounts for the equilibrium among the three pressures. As

shown in Figure 1E, the three-dimensional contour plot of Pdis
at the air−water interface reveals extremely large repulsive
pressures, which increase as the water-film thickness decreases.
The relationship between the measured Pdis and water-film
thickness within the dashed-circle region marked in Figure 1E
is plotted in Figure 1F and Figure 1G as dots, indicating that
the repulsive pressure approaches approximately 18 MPa when
the water film is as thin as 2 nm.
Inference of the Interfacial Electric Field from Disjoining
Pressure Analysis

We next examine the origin of the exceptionally large repulsive
Pdis. The van der Waals force is first considered. Given that the
MWCNT diameter is considerably larger than the water-film
thickness, we approximate the air−water interface and the
MWCNT inner wall as two infinite parallel plates. The van der
Waals contribution PvdW is thus given by49

P A
D6vdW 3=

(3)

where A is the Hamaker constant (details provided in
Supporting Information), and D is the water-film thickness.
In air−water−solid systems where a thin water film exists
between the inner wall and the bubble, the van der Waals
interaction acts as a repulsive contribution to Pdis. Calculation
shows that PvdW remains on the order of 0.1 MPa and is
therefore negligibly small, which strongly suggests that there
are oppositely oriented electric fields at the air−water and the
water−solid interfaces that provide repulsive forces to keep the
ultrathin film from collapsing. Since the inner wall of the CNT
is hydrophobic, we assume that the electric field at the water−
hydrophobic solid interface is comparable to that at the air−
water interface.1,2

Similar to microdroplet chemistry,1,2 two potential contrib-
utors to the electric field are considered: the EDL16,17 and the
oriented water structures at the interface.18,27 Since existing
studies have not combined these two models, we place the
EDL term, PEDL, and the structured water term, Pstr, in two
separate equations, but here we do not rule out the possibility
that these two models can coexist:

P P Pdis vdW EDL= + (4)

P P Pdis vdW str= + (5)

In eq 4, the PEDL contribution can be approximated under
the constant surface charge condition because nanoscale
confinement restricts the configurational freedom of ions,
and is expressed as
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where ρ∞ is the bulk ion concentration, kB the Boltzmann
constant, T the temperature, z the ionic valence, e the
elementary charge, ψ1 and ψ2 the surface potentials of the two
interacting interfaces, and λD the Debye length (details
provided in Supporting Information).50 The surface potential
of the MWCNT inner wall was assumed to be − 30 mV.51,52

To estimate an upper bound of the EDL force, the surface
potential of the air−water interface was calculated using the
modified Grahame equation. Assuming a maximum surface
charge density of − 0.51 C/m2, obtained from a hexagonal
close-packing model of hydrated OH− ions, the resulting
surface potential was estimated to be −395 mV. (details
provided in Supporting Information). The resulting upper-
bound estimate of the EDL force is limited to the order of a
few MPa, indicating that the EDL contribution is not
dominant, but can partially contribute to the disjoining
pressure. Figure 1F shows that the sum of PEDL and PvdW is
much smaller than the measured values of Pdis, suggesting that
there must be other forces contributing to the repulsive force
in the water film.
Consequently, we consider the non-Derjaguin−Landau−

Verwey−Overbeek (DLVO) component in eq 5, i.e., Pstr, as
the major contributor to the repulsive force, and fit it using the
following expression:49,53−55

P P Dexpstr 0
str

=
i

k

jjjjj
y

{

zzzzz (7)

where P0 is the hypothetical pressure at zero separation and λstr
is the decay length. Fitting with eq 7 yields a decay length of
4.37 nm, indicating that the influence of aligned water
molecules on the disjoining pressure can extend to about 4
nm under this nanotube confinement environment. If all the
residual repulsive force other than the van der Waals force in
Pdis is from Pstr, the fitted structural-force contribution and the
corresponding total force are overlaid in Figure 1G. Previous
studies have suggested that the electric field of oriented water
molecules is from the “dangling OH” groups at the air−water
interface,18,27 and “dangling OH” groups were also detected at
water−graphene interfaces.56,57 Since the inner wall of CNT
can be viewed as a layer of wrapped graphene, a schematic
drawing showing the repulsion between the air−water interface
and water−graphene interface as a result of oppositely aligned
electric fields is exhibited in Figure 2. For clarity, although ions
may also be present near the interface, Figure 2 focuses on the
orientational ordering of interfacial water molecules, which is
proposed to be the primary contributor to the observed
disjoining pressure. The orientational ordering of dipolar
molecules at the interface has been experimentally demon-
strated through fluorescence measurements using polarized
excitation light.12

The above discussions show that Pstr makes a dominant
contribution to the high repulsive disjoining pressure. This
molecular alignment causes the orientational ordering of
interfacial dipole moments, generating an electric field on the
order of several V/nm according to previous studies.1,18,27 Our
calculation shows that two electric fields of several V/nm
separated by 2 nm can easily generate a repulsive force of
about 20 MPa (see Supporting Information for details).
Nevertheless, we cannot rule out the existence of an EDL. The
maximum EDL contribution estimated for this system,
assuming the highest possible surface charge density, yields
an interfacial electric field of approximately 0.7 V/nm,

suggesting that the EDL could also play an important role in
determining the interfacial electric field (see Supporting
Information for details). Overall, these results provide evidence
of the existence of an intense electric field on the order of
several V/nm at the air−water interface, consistent with
previous studies.1

Spontaneous Reduction of HAuCl4 at the Air−Water
Interfaces
Similar to microdroplet chemistry, if the electric field can reach
several V/nm at the air−water interface of the nanobubble, it is
supposed to be able to dissociate OH− into OH radicals and
electrons,9 and the resulting electrons can be exploited to
reduce transition metal ions into nanoparticles.10,34−36 To
further provide independent evidence for the presence of an
intense interfacial electric field through direct observation of a
reduction reaction, we introduced an aqueous chloroauric acid
(HAuCl4) solution into the MWCNTs. The sample prepara-
tion procedure resembles that used for the NaCl solution, with
the exception that ultrasonic dispersion was deliberately
avoided to eliminate any potential energy input from
cavitation.
A TEM image of the internal structure is shown in Figure

3A. The image confirms the formation of an air−water
configuration in which two air bubbles coexist. As revealed by
the magnified TEM image in Figure 3B, gold nanoparticles
with an average size of 2.7 nm formed exclusively in the
immediate vicinity of the air−water interface resulting from the
reduction of HAuCl4. Figure 3C presents a further magnified
view of the interfacial region; the measured lattice-fringe
spacing of the precipitated crystals is 2.35 Å, in good
agreement with the interplanar spacing of the Au(111)
plane, thereby confirming the formation of crystalline gold.
Notably, the observed reduction reaction is highly unlikely to
have been induced by the TEM electron beam. First, any
electron-beam irradiation prior to imaging was carefully
avoided, and Au nanoparticles were already present immedi-
ately upon initial imaging. Second, no formation of new Au
nanoparticles, nor any growth or displacement of existing
particles, was detected throughout the entire TEM observation
period. These observations indicate that the Au nanoparticles
formed prior to TEM imaging. This interfacial reaction is
highly repeatable. As shown in Figure S3, another MWCNT
sample with air−water−air interface also exhibits Au nano-

Figure 2. A schematic drawing showing the interfacial electric fields
arising from the orientational ordering of interfacial water molecules
as major contributors to the repulsive Pstr that stabilizes the ultrathin
water film.
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particles at the interfaces. Owing to its unfavorable positioning
on the TEM grid, this sample was not suitable for 3D
reconstruction.
Figures 3D and 3E present three-dimensional reconstruc-

tions of the two nanobubbles together with the surrounding
inner wall of the MWCNT and the gold nanoparticles.
Visualization from multiple viewing angles clearly demon-
strates that gold nanoparticles form dominantly in the
immediate vicinity of the air−water interface. Figures 3F and
3G show the statistical distributions of the gold nanoparticles
as a function of the distance from the air−water interface for
each bubble. The majority of nanoparticles is located within 2
nm of the interface, with the population decaying sharply�
approximately exponentially�at larger distances. This spatial
distribution provides a rough estimate of the decay length of
the air−water interfacial electric field, indicating an effective
range of approximately 2 nm. Note that the generated Au
nanoparticles can diffuse over a broader region. Therefore, the
actual extent of the strong electric field may be more confined
than the spatial range inferred from the nanoparticle
distribution.
Using the same methodology as for the NaCl solution

sample, we quantified the bubble sizes and curvatures,
evaluated the corresponding Laplace pressures, and ultimately
determined the spatial distribution of the disjoining pressure
acting on the two bubbles in the HAuCl4 solution. The
distributions of Laplace pressure and water-film thickness are

provided in Figures S2 and S4, respectively. Figures 4A and 4B
show the disjoining pressure distributions acting on the two

bubbles, overlaid with the locations of the generated Au
nanoparticles. Figures 4C and 4D present the relationship
between disjoining pressure and water-film thickness within
the dashed-circle regions in Figures 4A and 4B, respectively,
together with a decomposition of the disjoining pressure based
on the structural force model. Deviations between the model
and experimental results are expected, owing to the irregular
bubble geometry and the presence of Au nanoparticles at the
interface (details regarding the effects of Au nanoparticles are
provided in Supporting Information, Text and Figure S5).
Exceptionally strong repulsive disjoining pressures on the order
of ∼ 10 MPa are also observed. Decomposition of the
disjoining pressure reveals that the non-DLVO component�
namely the structural force�is dominant, providing evidence
of the aligned water molecules and the associated intense
electric field at the interfaces. Similar to the NaCl solution
case, the EDL contribution was calculated by assuming the
maximum possible surface charge density, corresponding to a
surface potential of −395 mV. Under the assumption of the
theoretical maximum surface charge density, the maximum
electric-field strength arising from the EDL is also estimated to
be ∼ 0.7 V/nm, indicating that the EDL may also contribute to
the interfacial electric field.
It should be noted that recent studies have reached different

conclusions regarding the relative roles of interfacial and bulk
processes in spontaneous metal-ion reduction. While Eatoo et
al. reported Au nanoparticle formation in both bulk solutions
and collected sprayed microdroplets,37 several subsequent
studies emphasized the importance of interfacial microdroplet
processes in the spontaneous formation of Au, Ag, Ni, and

Figure 3. (A) TEM image showing the overall air−water structure
formed by an aqueous HAuCl4 solution confined inside an MWCNT.
Two nanobubbles are observed. (B) Magnified TEM view of the
region around the air−water interface of Bubble 2. The formed gold
particles are preferentially enriched at the interface. (C) Magnified
view of an interfacial gold nanoparticle. The lattice-fringe spacing is
2.35 Å, which is consistent with the interplanar spacing of Au(111).
(D)(E) Three-dimensional reconstructions of (D) Bubble 1 and (E)
Bubble 2 together with the surrounding gold nanoparticles inside the
MWCNT. The translucent gray envelope represents the inner wall of
the MWCNT, the yellow volume denotes the air domain (with its
boundary corresponding to the air−water interface), and the small red
spheres indicate the formed Au nanoparticles. (F)(G) Distance
distributions from the interfacial gold nanoparticles to the air−water
interface. For both (F) Bubble 1 and (G) Bubble 2, the nanoparticles
are concentrated within approximately 2 nm of the interface. The
orange lines represent exponential fits, with decay lengths of (F) 1.78
nm and (G) 1.72 nm, respectively. Scale bar: (A), 100 nm. (B), 50
nm. (C), 5 nm.

Figure 4. (A)(B) Disjoining pressure maps of the air−water interface
for (A) Bubble 1 and (B) Bubble 2. Red spheres denote nucleated Au
nanoparticles, and the translucent gray envelope indicates the inner
wall of the MWCNT. (C, D) Relationship between the disjoining
pressure and the water-film thickness for the regions marked by the
red circles in (A) and (B), corresponding to (C) Bubble 1 and (D)
Bubble 2, respectively. The water-film thickness is defined as the
distance from the air−water interface to the inner wall of the
MWCNT. The red, orange, and black curves represent the van der
Waals contribution, structural-force contribution, and their sum,
respectively. The decay length of the structural force is fixed at 4.37
nm.
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metal alloy nanocrystals.34−36 These differing conclusions
highlight the ongoing debate regarding the underlying
mechanism. In contrast, our in situ TEM observations directly
visualize the nanoscale air−water interface and reveal a
pronounced localization of Au nanoparticles at the interface.
Together with the measured strong disjoining pressure, these
results support a key role of the air−water interface in initiating
Au reduction under nanoconfined conditions.

■ CONCLUSION
In this study, aqueous solutions confined within multiwalled
carbon nanotubes form stable nanobubbles that enable both
probe-free and evaporation-free three-dimensional electron
microscopic resolution of air−water interfacial geometry and
force distributions at nanometer scales. Ultrathin water films
separating the bubbles from the nanotube walls sustain large
repulsive disjoining pressures of ∼ 10 MPa. Decomposition of
this pressure reveals a dominant non-DLVO structural
contribution�beyond the classical Derjaguin−Landau−Ver-
wey−Overbeek (DLVO) framework that accounts for van der
Waals and electrostatic double-layer interactions, which arises
from ordered interfacial water and is consistent with electric
fields of several volts per nanometer. When HAuCl4 solutions
are similarly confined, crystalline Au nanoparticles nucleate
selectively at the air−water interface, providing independent
chemical evidence for intense, spatially localized interfacial
fields that originate primarily from oriented water molecules,
with possible additional contributions from electric double
layers. The spatial distribution of Au further indicates a field
decay length of ∼2 nm within the aqueous phase.
Together, these findings establish a quantitative nanoscale

linkage among disjoining pressure, interfacial water structuring,
and the emergence of extreme electric fields at air−water
interfaces. More broadly, they provide a physical framework for
electric-field-driven reactivity at water−hydrophobic contact
sites in both water microdroplets suspended in air and air
microbubbles immersed in water, thereby elucidating a
unifying mechanism that underlies a wide spectrum of
interfacial chemical phenomena.
Finally, it should be noted that the air−water interface

studied here is nanoconfined. Further studies are needed to
elucidate the effects of confinement, interfacial geometry, and
surface chemistry on the local electric field, and to establish
quantitative relationships between confined and unconfined
interfaces.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.6c08580.

Materials and methods; supporting text; experimental
setup, supplementary three-dimensional reconstruction
images, and TEM images (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Richard N. Zare − Department of Chemistry, Stanford
University, Stanford, California 94305, United States;
orcid.org/0000-0001-5266-4253; Email: rnz@

stanford.edu

Xinxing Zhang − College of Chemistry, State Key Laboratory
of Advanced Chemical Power Sources, Tianjin Key
Laboratory of Biosensing and Molecular Recognition,
Frontiers Science Centre for New Organic Matter, Nankai
University, Tianjin 300071, China; orcid.org/0000-
0001-5884-2727; Email: zhangxx@nankai.edu.cn

Qin-Yi Li − Department of Aeronautics and Astronautics,
Kyushu University, Fukuoka 819-0395, Japan; International
Institute for Carbon-Neutral Energy Research (WPI-
I2CNER), Kyushu University, Fukuoka 819-0395, Japan;
orcid.org/0000-0003-1388-7686; Email: qinyi.li@

aero.kyushu-u.ac.jp

Authors

Ryota Saito − Department of Aeronautics and Astronautics,
Kyushu University, Fukuoka 819-0395, Japan

Haruka Tsuruda − Department of Aeronautics and
Astronautics, Kyushu University, Fukuoka 819-0395, Japan

Chenghui Zhu − College of Chemistry, State Key Laboratory
of Advanced Chemical Power Sources, Tianjin Key
Laboratory of Biosensing and Molecular Recognition,
Frontiers Science Centre for New Organic Matter, Nankai
University, Tianjin 300071, China

Jianze Zhang − College of Chemistry, State Key Laboratory of
Advanced Chemical Power Sources, Tianjin Key Laboratory
of Biosensing and Molecular Recognition, Frontiers Science
Centre for New Organic Matter, Nankai University, Tianjin
300071, China

Xuehua Zhang − Department of Chemical and Materials
Engineering, University of Alberta, Edmonton, Alberta T6G
1H9, Canada; orcid.org/0000-0001-6093-5324

Koji Takahashi − Department of Aeronautics and
Astronautics, Kyushu University, Fukuoka 819-0395, Japan;
International Institute for Carbon-Neutral Energy Research
(WPI-I2CNER), Kyushu University, Fukuoka 819-0395,
Japan; orcid.org/0000-0002-3552-9292

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.6c08580

Author Contributions
#R.S. and H.T. contributed equally to this work.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
X.Z. acknowledges the Fundamental and Interdisciplinary
Disciplines Breakthrough Plan of the Ministry of Education of
China (JYB2025XDXM906), National Key R&D Program of
China (2023YFE0124200 and 2023YFA1507203), the Na-
tional Natural Science Foundation of China (22325402), the
Haihe Laboratory of Sustainable Chemical Transformations
(25HHWCSS00018), and the Frontiers Science Center for
New Organic Matter at Nankai University. Q.-Y.L. acknowl-
edges JST FOREST Program (Grant Number JPMJFR212M,
Japan), JSPS KAKENHI (Grant Nos. JP23K26053 and
JP24H00293), and the support provided by the Ultra-
microscopy Research Center at Kyushu University.

■ REFERENCES
(1) Chan, K. Y.; Zhuang, C.; Vuong, V. G.; Qian, N.; Gao, X.; Min,
W. Electric fields at hydrophobic water interfaces: spectroscopic

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.6c08580
J. Am. Chem. Soc. 2026, 148, 30689−30696

30694

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
a
c
s
a
t
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
8
/
2
9
/
3
0
6
8
9
/
6
6
3
4
3
9
7
8
/
j
a
c
s
.
6
c
0
8
5
8
0
.
p
d
f
 
b
y
 
S
T
A
N
F
O
R
D
 
U
N
I
V
 
u
s
e
r
 
o
n
 
0
1
 
A
u
g
u
s
t
 
2
0
2
6

https://pubs.acs.org/doi/10.1021/jacs.6c08580?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c08580/suppl_file/ja6c08580_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+N.+Zare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5266-4253
https://orcid.org/0000-0001-5266-4253
mailto:rnz@stanford.edu
mailto:rnz@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinxing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5884-2727
https://orcid.org/0000-0001-5884-2727
mailto:zhangxx@nankai.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qin-Yi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1388-7686
https://orcid.org/0000-0003-1388-7686
mailto:qinyi.li@aero.kyushu-u.ac.jp
mailto:qinyi.li@aero.kyushu-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryota+Saito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haruka+Tsuruda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenghui+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianze+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuehua+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6093-5324
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koji+Takahashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3552-9292
https://pubs.acs.org/doi/10.1021/jacs.6c08580?ref=pdf
https://doi.org/10.1039/D5CS00778J
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c08580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


evidence, physical origin, and implications on reactivity. Chem. Soc.
Rev. 2026, 55, 336−357.
(2) Chen, B.; Xia, Y.; He, R.; Sang, H.; Zhang, W.; Li, J.; Chen, L.;
Wang, P.; Guo, S.; Yin, Y.; Hu, L.; Song, M.; Liang, Y.; Wang, Y.;
Jiang, G.; Zare, R. N. Water-solid contact electrification causes
hydrogen peroxide production from hydroxyl radical recombination in
sprayed microdroplets. Proc. Natl. Acad. Sci. U. S. A. 2022, 119,
No. e2209056119.
(3) Lee, J. K.; Banerjee, S.; Nam, H. G.; Zare, R. N. Acceleration of
reaction in charged microdroplets. Q. Rev. Biophys. 2015, 48, 437−
444.
(4) Wei, Z.; Li, Y.; Cooks, R. G.; Yan, X. Accelerated reaction
kinetics in microdroplets: Overview and recent developments. Annu.
Rev. Phys. Chem. 2020, 71, 31−51.
(5) LaCour, R. A.; Heindel, J. P.; Zhao, R.; Head-Gordon, T. The
role of interfaces and charge for chemical reactivity in microdroplets.
J. Am. Chem. Soc. 2025, 147, 6299−6317.
(6) Jin, S.; Chen, H.; Yuan, X.; Xing, D.; Wang, R.; Zhao, L.; Zhang,
D.; Gong, C.; Zhu, C.; Gao, X.; Chen, Y.; Zhang, X. The spontaneous
electron-mediated redox processes on sprayed water microdroplets.
JACS Au 2023, 3, 1563−1571.
(7) Zhou, K.; Su, H.; Gao, J.; Li, H.; Liu, S.; Yi, X.; Zhang, Z.; Wang,
W. Deciphering the kinetics of spontaneous generation of H2O2 in
individual water microdroplets. J. Am. Chem. Soc. 2024, 146, 2445−
2451.
(8) Gong, K.; Ao, J.; Li, K.; Liu, L.; Liu, Y.; Xu, G.; Wang, T.; Cheng,
H.; Wang, Z.; Zhang, X.; Wei, H.; George, C.; Mellouki, A.;
Herrmann, H.; Wang, L.; Chen, J.; Ji, M.; Zhang, L.; Francisco, J. S.
Imaging of pH distribution inside individual microdroplet by
stimulated Raman microscopy. Proc. Natl. Acad. Sci. U. S. A. 2023,
120, No. e2219588120.
(9) Lee, J. K.; Walker, K. L.; Han, H. S.; Kang, J.; Prinz, F. B.;
Waymouth, R. M.; Nam, H. G.; Zare, R. N. Spontaneous generation
of hydrogen peroxide from aqueous microdroplets. Proc. Natl. Acad.
Sci. U. S. A. 2019, 116, 19294−19298.
(10) Lee, J. K.; Samanta, D.; Nam, H. G.; Zare, R. N. Spontaneous
formation of gold nanostructures in aqueous microdroplets. Nat.
Commun. 2018, 9, 1562.
(11) Lu, Q.; Sanogo, B.; Kumar, T.; Xu, B. B.; Zhang, X. Recent
advances in reactive microdroplets for clean water and energy. Adv.
Mater. 2025, 37, No. e09486.
(12) Zhou, Z.; Yan, X.; Lai, Y.-H.; Zare, R. N. Fluorescence
polarization anisotropy in microdroplets. J. Phys. Chem. Lett. 2018, 9,
2928−2932.
(13) Welborn, V. V.; Ruiz Pestana, L.; Head-Gordon, T.
Computational optimization of electric fields for better catalysis
design. Nat. Catal. 2018, 1, 649−655.
(14) Stuyver, T.; Danovich, D.; Joy, J.; Shaik, S. External electric
field effects on chemical structure and reactivity. WIREs Comput. Mol.
Sci. 2020, 10, No. e1438.
(15) Shaik, S.; Danovich, D.; Joy, J.; Wang, Z.; Stuyver, T. Electric-
field mediated chemistry: Uncovering and exploiting the potential of
(oriented) electric fields to exert chemical catalysis and reaction
control. J. Am. Chem. Soc. 2020, 142, 12551−12562.
(16) Chamberlayne, C. F.; Zare, R. N. Simple model for the electric
field and spatial distribution of ions in a microdroplet. J. Chem. Phys.
2020, 152, 184702.
(17) Gray-Weale, A.; Beattie, J. K. An explanation for the charge on
water’s surface. Phys. Chem. Chem. Phys. 2009, 11, 10994−11005.
(18) Hao, H.; Leven, I.; Head-Gordon, T. Can electric fields drive
chemistry for an aqueous microdroplet? Nat. Commun. 2022, 13, 280.
(19) Zhu, C.; Pham, L. N.; Yuan, X.; Ouyang, H.; Coote, M. L.;
Zhang, X. High electric fields on water microdroplets catalyze
spontaneous and fast reactions in halogen-bond complexes. J. Am.
Chem. Soc. 2023, 145, 21207−21212.
(20) Zhang, D.; Yuan, X.; Gong, C.; Zhang, X. High electric field on
water microdroplets catalyzes spontaneous and ultrafast oxidative C-
H/N-H cross-coupling. J. Am. Chem. Soc. 2022, 144, 16184−16190.

(21) Cao, X.; Yang, S.-Y.; Xiao, Q.-B.; Liu, X.-W. Real-time
visualization of interfacial electric field dynamics in microdroplets. J.
Am. Chem. Soc. 2025, 147, 47489−47497.
(22) Lhee, S.; Lee, J. K.; Kang, J.; Kato, S.; Kim, S.; Zare, R. N.;
Nam, H. G. Spatial localization of charged molecules by salt ions in
oil-confined water microdroplets. Sci. Adv. 2020, 6, No. eaba0181.
(23) Xiong, H.; Lee, J. K.; Zare, R. N.; Min, W. Strong concentration
enhancement of molecules at the interface of aqueous microdroplets.
J. Phys. Chem. B 2020, 124, 9938−9944.
(24) Xiong, H.; Lee, J. K.; Zare, R. N.; Min, W. Strong electric field
observed at the interface of aqueous microdroplets. J. Phys. Chem. Lett.
2020, 11, 7423−7428.
(25) Liu, Y.; Ge, Q.; Wang, T.; Zhang, R.; Li, K.; Gong, K.; Xie, L.;
Wang, W.; Wang, L.; You, W.; Ruan, X.; Shi, Z.; Han, J.; Wang, R.;
Fu, H.; Chen, J.; Chan, C. K.; Zhang, L. Strong electric field force at
the air/water interface drives fast sulfate production in the
atmosphere. Chem 2024, 10, 330−351.
(26) Ge, Q.; Liu, Y.; You, W.; Li, Y.; Wang, W.; Yang, L.; Xie, L.; Li,
K.; Wang, L.; Ma, M.; Wang, R.; Wang, J.; Huang, T.; Wang, T.;
Ruan, X.; Ji, M.; Zhang, L. Substantially improved efficiency and
selectivity of carbon dioxide reduction by superior hydrated electron
in microdroplet. Sci. Adv. 2025, 11, No. eadx5714.
(27) Shi, L.; LaCour, R. A.; Qian, N.; Heindel, J. P.; Lang, X.; Zhao,
R.; Head-Gordon, T.; Min, W. Water structure and electric fields at
the interface of oil droplets. Nature 2025, 640, 87−93.
(28) Pullanchery, S.; Kulik, S.; Rehl, B.; Hassanali, A.; Roke, S.
Charge transfer across C-H···O hydrogen bonds stabilizes oil droplets
in water. Science 2021, 374, 1366−1370.
(29) Poli, E.; Jong, K. H.; Hassanali, A. Charge transfer as a
ubiquitous mechanism in determining the negative charge at
hydrophobic interfaces. Nat. Commun. 2020, 11, 901.
(30) Mandala Kol, A.; Herriman, T.; Salmon, W. C.; DiLabio, G. A.;
Jackson, M. N. Blue shift in electrochromic dye emission indicates
distinct electrostatic environment at air-water interfaces. J. Am. Chem.
Soc. 2026, 148, 11359−11369.
(31) Xia, Y.; Gao, X.; Li, J.; Zare, R. N.; Chen, B.; Zhang, X. Droplet-
on-demand mass spectrometry reveals curvature-dependent interfacial
reactivity in aqueous microdroplets. Proc. Natl. Acad. Sci. U. S. A.
2025, 122, No. e2519491122.
(32) Lee, K.; Mehrgardi, M. A.; Zare, R. N. Interfacial curvature, not
simply size, controls spontaneous hydrogen peroxide formation in
water microdroplets. J. Am. Chem. Soc. 2025, 147, 33240−33247.
(33) Shirley, J. C.; Ng, Z. X.; Chiang, K.-Y.; Nagata, Y.; Litman, Y.;
Hazrah, A. S.; Bonn, M. Reevaluating anomalous electric fields at the
air-water interface: A surface-specific spectroscopic survey. J. Am.
Chem. Soc. 2025, 147, 46163−46173.
(34) Bose, S.; Zare, R. N. Electric field-driven interfacial reduction of
metal ions in microdroplets: gold, silver, and nickel. Chem. Sci. 2025,
16, 15455−15461.
(35) Yuan, G.; Wang, J.; Cao, Y.; Jin, Z.; Hao, F.; Liu, K.; Li, Y.;
Schulz, H.-M.; Gluyas, J.; Zare, R. N. Oil-water interfaces drive gold
precipitation via microdroplet chemistry in thermal geological
systems. Proc. Natl. Acad. Sci. U. S. A. 2025, 122, No. e2508673122.
(36) Zhang, J.; Zhu, C.; Zhang, X. Formation of ultrasmall noble
metal alloy nanocrystals in microdroplets. J. Am. Chem. Soc. 2026,
148, 4722−4728.
(37) Eatoo, M. A.; Wehbe, N.; Kharbatia, N.; Guo, X.; Mishra, H.
Why do some metal ions spontaneously form nanoparticles in water
microdroplets? Disentangling the contributions of the air-water
interface and bulk redox chemistry. Chem. Sci. 2025, 16, 1115−1125.
(38) Lohse, D.; Zhang, X. Surface nanobubbles and nanodroplets.
Rev. Mod. Phys. 2015, 87, 981−1035.
(39) Wang, R.; Souilamas, M.; Esfandiar, A.; Fabregas, R.; Benaglia,
S.; Nevison-Andrews, H.; Yang, Q.; Normansell, J.; Ares, P.; Ferrari,
G.; Principi, A.; Geim, A. K.; Fumagalli, L. In-plane dielectric constant
and conductivity of confined water. Nature 2025, 646, 606−610.
(40) Guo, J.; Zheng, Y.; Hu, Z.; Zheng, C.; Mao, J.; Du, K.; Jaroniec,
M.; Qiao, S.-Z.; Ling, T. Direct seawater electrolysis by adjusting the

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.6c08580
J. Am. Chem. Soc. 2026, 148, 30689−30696

30695

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
a
c
s
a
t
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
8
/
2
9
/
3
0
6
8
9
/
6
6
3
4
3
9
7
8
/
j
a
c
s
.
6
c
0
8
5
8
0
.
p
d
f
 
b
y
 
S
T
A
N
F
O
R
D
 
U
N
I
V
 
u
s
e
r
 
o
n
 
0
1
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1039/D5CS00778J
https://doi.org/10.1073/pnas.2209056119
https://doi.org/10.1073/pnas.2209056119
https://doi.org/10.1073/pnas.2209056119
https://doi.org/10.1017/S0033583515000086
https://doi.org/10.1017/S0033583515000086
https://doi.org/10.1146/annurev-physchem-121319-110654
https://doi.org/10.1146/annurev-physchem-121319-110654
https://doi.org/10.1021/jacs.4c15493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c15493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.3c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.3c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c09864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c09864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2219588120
https://doi.org/10.1073/pnas.2219588120
https://doi.org/10.1073/pnas.1911883116
https://doi.org/10.1073/pnas.1911883116
https://doi.org/10.1038/s41467-018-04023-z
https://doi.org/10.1038/s41467-018-04023-z
https://doi.org/10.1002/adma.202509486
https://doi.org/10.1002/adma.202509486
https://doi.org/10.1021/acs.jpclett.8b01129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-018-0109-2
https://doi.org/10.1038/s41929-018-0109-2
https://doi.org/10.1002/wcms.1438
https://doi.org/10.1002/wcms.1438
https://doi.org/10.1021/jacs.0c05128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0006550
https://doi.org/10.1063/5.0006550
https://doi.org/10.1039/b901806a
https://doi.org/10.1039/b901806a
https://doi.org/10.1038/s41467-021-27941-x
https://doi.org/10.1038/s41467-021-27941-x
https://doi.org/10.1021/jacs.3c08818?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c08818?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c07385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c16258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c16258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aba0181
https://doi.org/10.1126/sciadv.aba0181
https://doi.org/10.1021/acs.jpcb.0c07718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c07718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2023.09.019
https://doi.org/10.1016/j.chempr.2023.09.019
https://doi.org/10.1016/j.chempr.2023.09.019
https://doi.org/10.1126/sciadv.adx5714
https://doi.org/10.1126/sciadv.adx5714
https://doi.org/10.1126/sciadv.adx5714
https://doi.org/10.1038/s41586-025-08702-y
https://doi.org/10.1038/s41586-025-08702-y
https://doi.org/10.1126/science.abj3007
https://doi.org/10.1126/science.abj3007
https://doi.org/10.1038/s41467-020-14659-5
https://doi.org/10.1038/s41467-020-14659-5
https://doi.org/10.1038/s41467-020-14659-5
https://doi.org/10.1021/jacs.6c01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6c01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2519491122
https://doi.org/10.1073/pnas.2519491122
https://doi.org/10.1073/pnas.2519491122
https://doi.org/10.1021/jacs.5c11575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c11575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c11575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c14541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c14541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5SC04995D
https://doi.org/10.1039/D5SC04995D
https://doi.org/10.1073/pnas.2508673122
https://doi.org/10.1073/pnas.2508673122
https://doi.org/10.1073/pnas.2508673122
https://doi.org/10.1021/jacs.5c22086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c22086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4SC03217A
https://doi.org/10.1039/D4SC03217A
https://doi.org/10.1039/D4SC03217A
https://doi.org/10.1103/RevModPhys.87.981
https://doi.org/10.1038/s41586-025-09558-y
https://doi.org/10.1038/s41586-025-09558-y
https://doi.org/10.1038/s41560-023-01195-x
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c08580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


local reaction environment of a catalyst. Nat. Energy 2023, 8, 264−
272.
(41) Zhang, J. H.; Mittapally, R.; Lv, G.; Chen, G. Superthermal
solar interfacial evaporation is not due to reduced latent heat of water.
Energy Environ. Sci. 2025, 18, 1707−1721.
(42) Lv, G.; Tu, Y.; Zhang, J. H.; Chen, G. Photomolecular effect:
Visible light interaction with air-water interface. Proc. Natl. Acad. Sci.
U. S. A. 2024, 121, No. e2320844121.
(43) Zhang, Z.; Li, X.; Yin, J.; Xu, Y.; Fei, W.; Xue, M.; Wang, Q.;
Zhou, J.; Guo, W. Emerging hydrovoltaic technology. Nat. Nano-
technol. 2018, 13, 1109−1119.
(44) Niu, J.; Pan, Z.; Zhang, K. Nanoconfined water in carbon
capture and storage. Academia Nano: Science, Materials, Technology
2026, 3 (1), DOI: 10.20935/AcadNano8073.
(45) Gennes, P.-G.; Brochard-Wyart, F.; Quéré, D. Capillarity and
Wetting Phenomena, 1st ed.; Springer New York, 2004.
(46) Wang, X.; Chen, C.; Binder, K.; Kuhn, U.; Pöschl, U.; Su, H.;
Cheng, Y. Molecular dynamics simulation of the surface tension of
aqueous sodium chloride: from dilute to highly supersaturated
solutions and molten salt. Atmos. Chem. Phys. 2018, 18, 17077−
17086.
(47) Cooper, J. R. Proceedings of the international association for
the properties of water and steam. International Association for the
Properties of Water and Steam, IAPWS, 1993.
(48) Chan, D. Y. C.; Klaseboer, E.; Manica, R. Theory of non-
equilibrium force measurements involving deformable drops and
bubbles. Adv. Colloid Interface Sci. 2011, 165, 70−90.
(49) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.;
Academic Press: San Diego, 2011.
(50) Gregory, J. Interaction of unequal double layers at constant
charge. J. Colloid Interface Sci. 1975, 51, 44−51.
(51) Manilo, M.; Lebovka, N.; Bárány, S. Electrokinetic study of
impact of laponite platelets on stabilization of carbon nanotubes in
aqueous suspensions. Mater. Sci. Eng. 2015, 40, 96−104.
(52) Zeinabad, H. A.; Zarrabian, A.; Saboury, A. A.; Alizadeh, A. M.;
Falahati, M. Interaction of single and multi wall carbon nanotubes
with the biological systems: tau protein and PC12 cells as targets. Sci.
Rep. 2016, 6, 26508.
(53) Schlaich, A.; Daldrop, J. O.; Kowalik, B.; Kanduc,̌ M.; Schneck,
E.; Netz, R. R. Water structuring induces nonuniversal hydration
repulsion between polar surfaces: Quantitative comparison between
molecular simulations, theory, and experiments. Langmuir 2024, 40,
7896−7906.
(54) Parsegian, V. A.; Zemb, T. Hydration forces: Observations,
explanations, expectations, questions. Curr. Opin. Colloid Interface Sci.
2011, 16, 618−624.
(55) Kan, Y.; Yang, Q.; Zhang, X.; Zhang, Y. Effect of hofmeister
anions on interfacial properties of mica surface in concentrated
aqueous solution. Coatings 2020, 10, 872.
(56) Wang, Y.; Tang, F.; Yu, X.; Ohto, T.; Nagata, Y.; Bonn, M.
Heterodyne-detected sum-frequency generation vibrational spectros-
copy reveals aqueous molecular structure at the suspended graphene/
water interface. Angew. Chem., Int. Ed. 2024, 63, No. e202319503.
(57) Xu, Y.; Ma, Y.-B.; Gu, F.; Yang, S.-S.; Tian, C.-S. Structure
evolution at the gate-tunable suspended graphene-water interface.
Nature 2023, 621, 506−510.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.6c08580
J. Am. Chem. Soc. 2026, 148, 30689−30696

30696

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
a
c
s
a
t
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
8
/
2
9
/
3
0
6
8
9
/
6
6
3
4
3
9
7
8
/
j
a
c
s
.
6
c
0
8
5
8
0
.
p
d
f
 
b
y
 
S
T
A
N
F
O
R
D
 
U
N
I
V
 
u
s
e
r
 
o
n
 
0
1
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1038/s41560-023-01195-x
https://doi.org/10.1039/D4EE05591H
https://doi.org/10.1039/D4EE05591H
https://doi.org/10.1073/pnas.2320844121
https://doi.org/10.1073/pnas.2320844121
https://doi.org/10.1038/s41565-018-0228-6
https://doi.org/10.20935/AcadNano8073
https://doi.org/10.20935/AcadNano8073
https://doi.org/10.20935/AcadNano8073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-18-17077-2018
https://doi.org/10.5194/acp-18-17077-2018
https://doi.org/10.5194/acp-18-17077-2018
https://doi.org/10.1016/j.cis.2010.12.001
https://doi.org/10.1016/j.cis.2010.12.001
https://doi.org/10.1016/j.cis.2010.12.001
https://doi.org/10.1016/0021-9797(75)90081-8
https://doi.org/10.1016/0021-9797(75)90081-8
https://doi.org/10.1038/srep26508
https://doi.org/10.1038/srep26508
https://doi.org/10.1021/acs.langmuir.3c03656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c03656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c03656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cocis.2011.06.010
https://doi.org/10.1016/j.cocis.2011.06.010
https://doi.org/10.3390/coatings10090872
https://doi.org/10.3390/coatings10090872
https://doi.org/10.3390/coatings10090872
https://doi.org/10.1002/anie.202319503
https://doi.org/10.1002/anie.202319503
https://doi.org/10.1002/anie.202319503
https://doi.org/10.1038/s41586-023-06374-0
https://doi.org/10.1038/s41586-023-06374-0
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c08580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

