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Accelerated hydrogen peroxide production in
sonicated emulsive water microdroplets using
short-chain alcohols as interfacial additives
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Water microdroplets generated through ultrasonication of water/oil systems spontaneously produce

hydrogen (H2) and hydrogen peroxide (H2O2) under ambient, catalyst-free conditions, offering a

potential route towards decentralized redox chemistry. However, product yields remain low and the

origins of interfacial reactivity and selectivity remain poorly understood. Here, we show that short-chain

alcohols provide a simple and powerful molecular handle to amplify the redox chemistry of sonicated

emulsive water microdroplets (SEWMs), enabling enhanced and controllable production of up to 60 mM

H2O2 and 2 mM H2 within 30 minutes of ultrasonication under catalyst-free conditions. Alcohol identity

and concentration strongly modulate SEWM size distributions, droplet populations, and redox activity,

with short-chain primary alcohols significantly enhancing reactivity whereas long-chain, substituted

alcohols suppress this effect. We further demonstrate that redox product selectivity can be tuned by

modifying the local gaseous environment, with oxygen-rich conditions favoring H2O2 production and

oxygen-free conditions promoting H2 evolution. We reveal how alcohols provide redox pathways to the

millimolar production of CO2, CO, and CH4, as well as various water-soluble, organic products,

including formic acid, acetic acid, and methanediol. Molecular dynamics simulations reveal that alcohols

modify the water/oil droplet interface, disrupting the interfacial hydrogen bonding networks and order

of the oil phase, thereby enhancing local electric fields and fluctuations in the local dipole orientations.

Collectively, these results establish alcohol-containing SEWMs as redox rich, tunable, catalyst-free

microreactors for on-demand redox chemistry.

Broader context
Making chemicals more sustainably requires processes that do not rely on precious catalysts, high temperatures, or centralized infrastructure. Water
microdroplets have recently emerged as unique reaction environments, capable of driving spontaneous redox chemistry under ambient, catalyst-free
conditions. However, tuning their reactivity, increasing their productivity, and understanding their selectivity are still open frontiers. In this work, we
demonstrate how short-chain alcohols can be used as interfacial additives in sonicated emulsive water microdroplets (SEWMs) to enhance their redox reactivity
towards producing two key chemicals for industry: hydrogen peroxide as a safe and clean oxidizing agent, and hydrogen as a crucial species for reduction
processes. Using SEWMs and our identified conditions, it is possible to generate high concentrations of these and other chemicals in a highly convenient
manner. To understand the physical underpinnings of our observations, we used advanced computational simulations to understand how alcohols re-structure
the water/oil interfaces, elucidating changes in the bonding of water molecules and how they enhance local electric fields. These findings establish molecular
additives such as alcohols as a versatile strategy for restructuring microdroplet interfaces while also establishing alcohol-containing SEWMs as potentially
deployable platforms for safe and inexpensive catalyst-free redox chemistry.

1. Introduction

Redox reagents produced from water and air, such as hydrogen
(H2) and hydrogen peroxide (H2O2), are a cornerstone for
renewability and decarbonization of the chemical industry.
H2O2 is an attractive oxidant that cleanly decomposes to water
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upon reaction.1,2 It is widely employed across industries,
including paper and pulp bleaching, textile processing, electro-
nics production, and chemical manufacturing, where it enables
selective oxidative transformations such as propylene to propy-
lene oxide and Baeyer–Villiger oxidation.1,3–8 Despite this ver-
satility, H2O2 is almost exclusively produced by the centralized,
large-scale anthraquinone autoxidation process: a multistep,
solvent-intensive route requiring large-scale extraction and
purification infrastructure.9–11 As a result, on-site H2O2 produc-
tion is impractical for many applications. In a complementary
role, H2 serves as a reducing agent critical to many significant
chemical processes, such as the Haber–Bosch process and a
broad class of catalytic hydrogenation reactions.12–15 Beyond its
chemical feedstock role, H2 is widely regarded as one of the
world’s most promising clean fuels.13–15 However, H2 is pre-
dominantly produced via the steam methane reformation, an
energy-intensive process involving elevated temperatures and
pressures.16,17 While H2 and H2O2 are still traditionally produced
via thermochemical, large-scale manufacturing processes, there
has been widespread interest in alternate methods of production,
ranging from electrolysis, electrocatalysis, photocatalysis, and bio-
inspired frameworks that seek to enable a more decentralized,
modular generation of these chemicals.15,18,19

A striking reaction involving the spontaneous production
of H2O2 and H2 is that which occurs within aqueous micro-
droplets.20–23 Recent work in our group on sonicated emulsive
water microdroplets (SEWMs) has shown the intrinsically
reductive nature of these systems involving redox between the
aqueous and oil phases to generate products in the absence of
added catalysts.23 SEWMs are formed by creating water–hexa-
decane emulsions via sonochemical excitation, displaying H2

evolution and H2O2 formation at mM concentrations, in the
latter case primarily originating from the reduction of dissolved
O2.23 Ultrasonication provides a unique approach to generating
reactive microdroplet environments by combining acoustic
cavitation with liquid–liquid emulsification. Ultrasonic excita-
tion of liquid systems produces transient cavitation bubbles
capable of generating extreme local temperatures and pres-
sures, leading to the formation of reactive radical species
including hydroxyl radicals and hydrogen atoms in aqueous-
based systems.24–26 In traditional bulk-phase sonochemical
systems, recombination of these species can lead to the for-
mation of H2O2 and H2, respectively, while cavitation-driven
chemistry can facilitate reactions occurring at nearby liquid–
liquid interfaces.24–27 Ultrasonication has been widely employed
for chemical degradation, interfacial redox-driven nanoparticle
synthesis, and oxidative transformations both in microdroplet
systems and traditional bulk-phase sonochemical systems.28–34

However, unlike conventional sonochemical systems, SEWMs
introduce an additional biphasic interface that can influence
chemical reactivity, alter reactant partitioning and activate
reagents at the water/oil interface. Recent studies including
our own have expanded the scope of ultrasonically generated
biphasic microdroplet systems, demonstrating H2O2 formation,
hydrocarbon and pollutant degradation, and radical polymeriza-
tion in water-in-oil microdroplets.23,35–39 While these studies

demonstrate the versatility of ultrasonically generated micro-
droplets, they have largely focused on establishing new reaction
platforms rather than understanding how molecular-level mod-
ification of the interface governs chemical reactivity.

Ours and other studies underscore the role of interface-
mediated oxygen activation at aqueous microdroplets, and
indeed these are emerging as systems providing a large range
of chemical transformations under mild, catalyst-free, ambient
conditions.23,40,41 Notably, aqueous microdroplets exhibit
enhanced chemical reactivity, enabling reaction accelerations
by several orders of magnitude and providing pathways una-
vailable in bulk-phase water.42–44 These enhancements are
widely attributed to their high interfacial area and the unique
properties of the microdroplet interface. For example, strong
electric fields probed experimentally and computationally have
been implicated in the production of reactive oxygen species
such as OH� from water.20,45–47 Additional interfacial phenom-
ena such as contact electrification, charge accumulation, and
enhanced molecular ordering have also been proposed to
contribute to microdroplet reactivity, helping modulate charge
transfer across water/air and water/oil interfaces.21,48,49 As a
result of their unusual reactivity and flexibility of generation
methods, microdroplets have had a rich variety of applications
including polymerization, redox transformations, and organic
synthesis.39,50–67

Existing efforts to tune aqueous microdroplet reactivity have
encompassed both external parameters, such as gaseous
environment, as well as internal parameters, such as pH and
ion modulation.54,68–71 However, less attention has been
devoted to molecular-level restructuring of the microdroplet
interface and its effects on reactivity. Prior work has explored
how introducing long-chain surfactants into oil–water systems
can drastically decrease the charge of microdroplets and reduce
overall microdroplet reactivity by disrupting the oil–water
interface.21 But the impact of small, water-miscible amphi-
philes that preferentially reside at the droplet interface while
not adversely affecting it remains underexplored.

Here, we utilize short-chain alcohols as a class of additives
to directly modulate the redox activity of sonicated emulsive
water microdroplets (SEWMs) by tailoring the microdroplet
interface, extending fundamental insight into microdroplet
interfacial chemistry and offering new handles for enhancing
redox reactivity and selectivity. Short-chain alcohols have been
utilized in the sonolysis-based generation of both H2O2 and H2

from single-phase systems (i.e., aqueous alcohol solutions), by
employing intense sonolysis through specialty equipment.72

In contrast, we have found that using the biphasic system
represented by SEWMs offers a much simpler approach, where
a low-cost, commercial ultrasonic bath is sufficient to generate
H2 and H2O2 in quantities that are not only straightforwardly
detectable, but also promising for the on-demand production
of these chemicals. Specifically, we show how primary alcohols
enhance SEWMs overall production towards H2O2 and H2

under various alcohol concentrations and ultrasonication
times. We additionally show how product selectivity can be
tailored by modulating the dissolved O2 content and how
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primary alcohols are key to enhancing microdroplet reactivity.
We characterize a variety of oil and alcohol oxidation products
and discuss the role that the complementary oxidative reaction
may play in the kinetic modulation of these systems. Finally, to
better understand the role of alcohol in these microdroplet
systems, we turn to molecular dynamics (MD) simulations to
better understand how alcohols modulate the water–oil inter-
face and tailor overall microdroplet reactivity.

2. Materials and methods
2.1 Chemicals and materials

Methanol (ACS grade, 499.8%) was purchased from Macron
Fine Chemicals. Ethanol (200 Proof) was purchased from Decon
Labs. 1-Propanol (98.5%), potassium iodide (499.0%), and
hydrogen peroxide (30%, ACS grade) were purchased from
Fisher Chemical. Isopropanol (99.5%) was purchased from
Honeywell Burdick and Johnson. 1-Butanol (99%) and tert-
butyl alcohol (99.0%) were purchased from Tokyo Chemical
Industry. 2-Butanol (99%) and hexadecane (99%) were pur-
chased from Thermo Scientific. Hydrochloric acid (37%) and
soluble starch were purchased from Sigma Aldrich. D2O
and 13C-labeled methanol-d4 (99%) were purchased from Cam-
bridge Isotope Laboratories. All aqueous solutions were made
using type 1 water (18.2 MW cm) obtained from a Milli-Q
purification system. Disposable glass scintillation vials were
purchased from VWR (#66022-128). Centrifugation was per-
formed using a VWR Galaxy 14D centrifuge. Catalase (bovine
liver) was purchased from Alkali Scientific. Phosphate-buffered
saline (pH 7.4) was purchased from Corning.

2.2 Preparation of microdroplet emulsions

SEWMs were generated with a Branson CPX1800H ultrasonic
water bath with an output power of 70 W and a frequency of
40 kHz. For all samples, a 1 : 10 mixture of aqueous phase to
hexadecane oil was prepared by mixing 200 mL of aqueous
solution with 2 mL of hexadecane. This mixture was prepared
in a 20 mL glass scintillation vial (VWR #66022-128) and
ultrasonicated in the bath filled to the operating level marked
by the model. All vials were closed with a screw-on septum cap
to ensure an airtight seal. Each vial was clamp suspended one
inch below the operating level and confined to the center of the
water bath using a custom, 3D-printed lid to ensure reprodu-
cible and proper ultrasonication (Fig. S1). For gas purged trials,
the vial was sealed with one square of parafilm, and a purging
needle was placed in the aqueous portion of the mixture to be
ultrasonicated. Each gas purged trial was purged for 10 minutes
and then promptly sealed with an additional square of parafilm
and sealed with a screw-on septum cap. The solution in the
ultrasonic water bath was replaced between every trial to ensure
the starting water bath temperature was the same.

Mechanical emulsions were investigated through stirring
and vortexing. The same aforementioned volumetric ratio and
volume was utilized. For stir trials, the mixture was prepared in
the same 20 mL glass scintillation vials with a magnetic stir bar,

and then stirred for 30 minutes with a IKA C-MAG HS 7 control
magnetic hotplate stirrer at 700 rpm. For vortex trials, the
mixtures were prepared in VWR centrifuge tubes, sealed with
parafilm, and then vortexed with a Thermo Scientific 120 V
Digital Vortex Mixer at 2000 rpm for 30 minutes.

2.3 Brightfield microscopy and image analysis of SEWMs

To image microdroplets, solutions were ultrasonicated for
5 minutes, and then immediately transferred to the microscope,
whereupon videos and images were captured. Imaging of the
microdroplet emulsions was performed in bright-field mode
using an inverted epifluorescence microscope (Olympus IX71)
equipped with a CMOS camera (Grasshopper 3, FLIR) and a 0.8
numerical aperture (NA) 40� objective lens (Olympus). Videos
and images were captured in 1920 � 1200 at 30 Hz. However, for
analysis, only 3.75 frames per second were processed using a
custom MATLAB script designed to identify and characterize
droplets. The workflow begins by adjusting the image intensity
and generating a secondary, Gaussian-smoothed image to sup-
press digitization noise. While this smoothed image is used to
detect candidate particles via selection of local maxima, the actual
sub-pixel localization is performed on the primary image using 2D
Gaussian fitting. The algorithm also employs Sobel edge detection
and mitigates pixelation effects by extracting particle subregions
and centering them using linear interpolation. Finally, the dataset
is refined through multiple filtering. Briefly, particles falling out-
side defined parameter thresholds and particles, whose separa-
tion from their nearest neighbors is below a threshold value, were
excluded.

2.4 Iodometric detection of H2O2

H2O2 was detected and quantified via a starch-based iodo-
metric assay utilizing a Shimadzu UV-1280 spectrophotometer.
5 mL of H2O2-containing aqueous solution was mixed with 1 mL
of 0.1 M HCl, 0.2 mL of 1 M KI, 0.2 mL of 0.5% (w/v) starch
solution, and 95 mL of type 1 water in a 2 mL quartz glass
cuvette. The solution was then stirred by pipetting the mixture
out and in two times. The solution changes from transparent to
purple, indicating the presence of H2O2. The absorption at
572 nm was recorded after 5 minutes of incubation and a
spectrum was obtained from 400–800 nm. To detect H2O2 in
ultrasonicated samples, the aqueous phase was first extracted
via centrifugation at 10k rpm for 5 minutes, and was then
added to the cuvette, following the aforementioned workflow.
Centrifugation was performed using a VWR Galaxy 14D cen-
trifuge. All H2O2 yields were quantified using a calibration
curve generated with this assay (Fig. S2). To ensure accurate
quantification of the highest performing SEWMs, oxygen
purged SEWMs were diluted 2� prior to analysis to ensure
their absorbances lay within the linear calibration range.
Additionally, known concentrations of H2O2 were spiked into
representative mixtures containing all reagents and major
products prior to analysis to validate assay performance
(Fig. S2). To confirm that the iodometric response originated
from H2O2, catalase quenching controls were performed.
Representative SEWMs samples (50 mL) were incubated with
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catalase (10 mL at 10 mg mL�1 at pH 7.4) for 10 minutes prior to
analysis (Fig. S3 and S4). The iodometric response decreased by
90% following catalase treatment, confirming that H2O2 was
the dominant contributor to the measured signal.

2.5 Detection of H2 via gas chromatography

Gas chromatography (GC) analysis was conducted using a
Thermo Fisher TRACE 1600 GC instrument equipped with a
TRACE 1610 permanent gas analyzer outfitted with two thermal
conductivity detectors (TCD). Two packed columns (Thermo
Fisher, 26017900, 5 Å molecular sieve (MS-5A), and a Thermo
Fisher, 26017800, porous polymer network (PP-N)) were
employed for the separation, following the plumbing scheme
denoted in Fig. S5. The inlet temperature and oven were
maintained at 80 1C. Both TCD detectors and filaments were
set to 200 1C and 300 1C, respectively. The L-TCD and R-TCD
were set to positive and negative polarities, respectively. Both
detectors had a reference flow of 1 mL min�1. The L-TCD
utilized He while the R-TCD utilized N2 as carrier gases.

Gaseous samples were manually injected into the perma-
nent gas analyzer, where the first channel (Aux L-TCD) serves
for the separation and detection of CO2, O2, N2, CH4, and CO
with He as the carrier. The second channel (Aux R-TCD) serves
for the separation and detection of H2 with N2 as the carrier.
For H2, CO2, CH4, and CO detection from sonicated samples,
5 mL of gaseous samples were extracted from the trapped
headspace of the sealed vials immediately following sonication
and subsequently injected into the TRACE 1600 GC using a
Hamilton gastight syringe (PN: 81520). All H2, CO2, CH4, and
CO yields were quantified using their respective calibration
curves and normalized by injection volume to calculate the
concentration of evolved gaseous species (Fig. S6–S9). Known
standards of H2 (Ar/H2, 97/3%) and CO2 (99.999%) were
purchased from SJ Smith. CH4 (99.9%) and CO (99%) were
purchased from Sigma-Aldrich.

2.6 Detection of oxidation products via NMR

All NMR measurements were conducted on a Bruker NEO
600 MHz NMR spectrometer, equipped with a 5 mm BBO
prodigy probe. For analysis of products in the distinct phases
after forming SEWMs, 500 mL of the aqueous phase was diluted
in 100 mL of D2O in NMR tubes for 1H and 13C NMR spectra.
1H NMR spectra for the aqueous phase were acquired with 256
scans, and 13C NMR spectra were acquired with 4096 scans. For
quantitative NMR (qNMR), 48.5 mM triphenylphosphate (TPP)
in CDCl3 was used as the external calibration compound.
To confirm spectral assignments, the aqueous extract was
spiked with known standards (10 mM each of acetic and formic
acid, 4 mM each of ethanol and methanol), and 1H NMR spectra
were recorded before and after spiking with 256 scans. All
aqueous 1H NMR spectra were obtained using a water suppres-
sion pulse sequence to enhance the signal to noise ratio.

2.7 Simulations of the water–oil microdroplet interface

2.7.1 System preparation. In each system for molecular
dynamics simulations, 3500 water molecules were simulated

to form a 3 nm droplet. Each system contains 2800 hexadecane
molecules to achieve a water : oil ratio of 1 : 10. Seven different
alcohol–water/oil systems were constructed: methanol (MeOH),
ethanol (EtOH), 1-propanol (PrOH), 1-butanol (BuOH), 2-butanol
(2-BuOH), isobutanol (i-BuOH), and tert-butanol (t-BuOH), as well
as an alcohol-free system used as a control model. For MeOH,
three concentrations were simulated (100 mM, 500 mM, and
1000 mM), using 7, 35, and 70 MeOH molecules, respectively.
For the other alcohol systems, 35 molecules were added to achieve
B500 mM concentration.

2.7.2 Molecular dynamics simulations. Molecular dynamics
simulations were performed with GROMACS 2024.673 package
with OPLS-AA force field74,75 and TIP4P water. Partial atomic
charges for the alcohol molecules were derived from ab initio
electrostatic potential fitting using the CHelpG scheme, as imple-
mented in Gaussian 16.76 An initial energy minimization was
performed to obtain the ground-state structure. The Nose–Hoover
thermostat was used to stabilize the system temperature at 300 K
with a time constant of 1 ps and the Parrinello–Rahman barostat
was used to maintain the pressure at 1 bar with a time constant of
10 ps (NPT). Three-dimensional periodic boundary condition
(PBC) was applied, and a spherical cut-off of 1.4 nm was used
for all van der Waals (vdW) interactions. The particle-mesh Ewald
(PME) with 1.4 nm cutoff for long-range electrostatic interactions
were used throughout the simulations. Each system was simu-
lated for 20 ns under the NPT conditions for production run with
a 2 fs timestep. The last 10 ns simulation data were used for
analysis with MDAnalysis package77 and in-house python scripts
(provided in Note S1).

2.7.3 Hydrogen bonding analysis. The number of water–
water hydrogen bonds was calculated using the gmx hbond-
legacy utility in GROMACS, employing a donor–acceptor dis-
tance cutoff of 0.35 nm and a hydrogen–donor–acceptor angle
cutoff of 301. For alcohol-containing systems, water molecules
were classified into near and far groups relative to alcohol
oxygen atoms with a cutoff of 0.5 nm, while in alcohol-free
droplets, interfacial waters were defined by proximity to oil
heavy atoms with a cutoff of 0.5 nm. Index groups for near, far,
or interfacial waters were generated from the trajectories, and
hydrogen bond lifetimes were averaged over 10 anchor frames
from the last 1000 trajectory frames.

The H-bond lifetime was quantified from the time autocor-
relation function of H-bond existence, C(t):

C tð Þ ¼ h 0ð Þh tð Þh i
h 0ð Þ2
D E

where h(t) = 1 if a given donor–acceptor pair is H-bonded at
time t, and 0 otherwise.

Two types of lifetimes were computed: (1) continuous life-
time, where bond must persist without interruption and (2)
intermittent lifetime, where bond may break and reform. The
effective lifetime t was then obtained by integrating the corre-
lation function:

t ¼
ð1
0

C tð Þdt
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where C(t) is the hydrogen-bond autocorrelation function eval-
uated at time t.

2.7.4 Hexadecane orientational order parameter. To quan-
tify the structural response of the oil phase adjacent to the
microdroplet interface, we computed an orientational order
parameter (S) for interfacial hexadecane molecules. Hexade-
cane was chosen as a representative long-chain hydrocarbon to
probe ordering and alignment effects induced by the presence
of the aqueous microdroplet and interfacial alcohols. Hexade-
cane molecules were first identified at the droplet interface
based on proximity to interfacial water molecules. A hexade-
cane molecule was classified as interfacial if any of its heavy
atoms lay within a cutoff distance Riface of interfacial water
oxygen atoms. The cutoff distance was chosen to capture
molecules in direct contact with the water–oil boundary while
excluding bulk oil molecules.

For each selected hexadecane molecule, a molecular orien-
tation vector u was defined along the principal molecular axis,
taken as the normalized vector connecting the terminal carbon
atoms of the alkyl chain. The orientational order parameter S
then was calculated relative to the local surface normal of the
droplet, defined as the outward radial vector from the droplet
center of mass to the molecular center of the hexadecane chain.
The order parameter was computed as:

S ¼ 1

2
3 cos2 y
� �

� 1
� �

where y is the angle between the hexadecane molecular axis u
and the surface normal, and h� � �i denotes averaging over all
interfacial hexadecane molecules and over the analyzed trajec-
tory frames.

Values of S = 1 correspond to perfect alignment of hexade-
cane chains normal to the droplet surface, and S = 0 indicates
isotropic orientational disorder. Time-resolved and ensemble-
averaged order parameters were evaluated over the last 10 ns of
the simulations for alcohol-containing and alcohol-free sys-
tems, as well as between hexadecane molecules in direct
contact with alcohol molecules and those further away from
the alcohol. An in-house python code (Note S1) was used to
evaluate the hexadecane order parameter in the water–oil
systems.

2.7.5 Water dipole orientation. For each water molecule,
the dipole vector (~m) was defined from the oxygen atom (OW) to
the midpoint of the two hydrogens (HW1, HW2). The local
surface normal r̂ was taken as the radial vector pointing from
the droplet center-of-mass (COM) to the oxygen position.

The orientational order parameter was computed as:

cos y ¼ ~m � r̂
~mk k r̂k k

where y is the angle between the dipole moment and the radial
direction. Histograms of cos y and time-averaged values were
used to assess whether dipoles preferentially point inward
(cos y o 0) or outward (cos{y} 4 0) at the droplet interface.
Distributions of cos y were constructed over the last 5 ns of the
trajectories to characterize dipole alignment relative to the

droplet interface. An in-house python code (Note S1) was used
to process the MD simulation trajectory for dipole orientation
calculations.

2.7.6 Electric field calculations. To quantify local electric
fields acting on water, additional rerun simulations were
performed with Coulomb-only forces. For the TIP4P model,
forces on the virtual charge site (MW) were assigned to the
corresponding oxygen. The instantaneous electric field vector,
-

E, at each interfacial water oxygen was obtained as:
-

E =
-

F/q

where
-

F is the force vector on the oxygen atom and q is the
effective charge of the TIP4P virtual site. The field was projected
along the local normal to obtain a scalar measure of the field:

Enormal =
-

E�r̂

Near vs. far waters were classified based on their distance to
alcohol oxygen atoms within a cutoff of 0.5 nm. Mean and
standard deviation of Enormal were computed over the last 5 ns
of trajectories. An in-house python code (Note S1) was used to
evaluate the electric field on the interfacial water molecules.

3. Results and discussion
3.1 Confirmation of SEWMs formation and reactivity towards
H2O2 and H2 production

First, we validated the generation of water microdroplets under
ultrasonication in the presence and absence of alcohol, speci-
fically looking at mixtures of 500 mM methanol, ethanol, or
1-propanol containing SEWMs in addition to alcohol-free
SEWMs. SEWMs were generated by mixing 1 to 10 volumetric
ratios of aqueous solution to hexadecane. To validate micro-
droplet formation under ultrasonication, bright-field micro-
scopy was used to characterize the average microdroplet
diameters (Fig. 1A). Alcohol-free SEWMs exhibited similar
size distributions compared to methanol-containing SEWMs
with average diameters of 3.0 � 0.9 mm and 3.1 � 1.4 mm,
respectively (Fig. 1B and C). These results suggest that methanol
does not significantly alter the microdroplet size under these
ultrasonication conditions. In contrast, methanol-containing
SEWMs generated about 2� more detectable microdroplets over
the same observation period. This suggests a difference in micro-
droplet formation ability and stability within the two different
biphasic systems. Notably, the number of water and methanol-
containing SEWMs drastically decreased over time, indicating
that the SEWMs were gradually coalescing to form a single phase.
Note that the total droplet counts in Fig. 1B and C represent the
cumulative sum of detections across all frames and do not
distinguish unique droplets between consecutive frames. Inter-
estingly, methanol-containing SEWMs were distinct amongst
all alcohol-containing SEWMs, generating significantly more
microdroplets and producing the smallest microdroplet diameter
sizes out of any of the alcohol-containing SEWMs (Fig. S10–S12).
In comparison to alcohol-free SEWMs, ethanol and 1-propanol
containing SEWMs generated fewer and larger microdroplets on
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average. These results suggest that alcohol identity may play a key
role in influencing droplet formation and affect the dynamic
population of SEWMs during ultrasonication.

After validating microdroplet formation, we probed the
reactivity towards H2O2 and H2 generation on 500 mM
alcohol-containing SEWMs. Ultrasonication was applied for
30 minutes and the yields for these products were analyzed.
H2O2 detection was carried out colorimetrically via a starch-
based iodometric assay resulting in the UV-vis spectra as seen
in Fig. 1D. Quantification was performed using a calibration
curve generated via the assay (Fig. S2). To confirm that the
iodometric signal originated from H2O2, catalase-quenching
controls were performed on representative SEWMs samples,
reducing the iodometric response by 90% (Fig. S3 and S4).
Using this validated assay, 500 mM methanol, ethanol, and 1-
propanol containing SEWMs all produced significantly greater
H2O2 quantities than alcohol-free SEWMs after 30 minutes of
ultrasonication, generating 23 � 1 mM, 22 � 2 mM, and 26 �
1 mM H2O2, respectively. Comparatively, alcohol-free SEWMs
only produced 17 � 2 mM H2O2 after 30 minutes of ultrasoni-
cation (Fig. S13). For the same trials, H2 generation in the

headspace was quantified using gas chromatography (GC).
As seen in Fig. 1E, alcohol-containing SEWMs also increased
the amount of H2 produced, with methanol, ethanol, and
1-propanol containing SEWMs generating 387 � 20 mM, 342 �
17 mM, and 219 � 28 mM H2, respectively, versus alcohol-free
SEWMs generating 264 � 46 mM H2 after 30 minutes of ultra-
sonication (Fig. S14). Notably, only methanol- and ethanol-
containing SEWMs yielded a drastic increase in both redox
probes. 1-Propanol containing SEWMs featured a difference in
redox probe selectivity, preferentially generating more H2O2

and less H2 in comparison to alcohol-free SEWMs. Interest-
ingly, enhanced redox activity did not correlate strictly with
smaller microdroplet sizes as has been suggested previously for
microdroplets at the water–air interface.42 Ethanol-containing
SEWMs produced fewer and larger microdroplets than alcohol-
free SEWMs, yet still exhibited increased yields of both redox
products, suggesting that droplet size alone does not govern
redox activity. Instead, the alcohol-dependent changes in
microdroplet population and their interfacial properties likely
contribute to the enhanced redox behavior observed in SEWMs.
For methanol-containing SEWMs, the increased number of

Fig. 1 Confirmation of SEWM formation and reactivity towards H2O2 and H2 generation. (A) Brightfield image (40� magnification) showing the
formation of water SEWMs after 5 minutes of ultrasonication. (B) Temporal evolution of detected droplets in each individual frame is plotted against time
(seconds). The legend displays the mean, median, and standard deviation (SD) of the droplet count across the duration of the recording of alcohol-free
SEWMs and (C) methanol (MeOH)-containing SEWMs. (D) UV-Vis spectra of the starch iodine system in the presence of the aqueous phase of SEWMs,
indicating H2O2 detection, after 30 min of ultrasonication; average of data shown in triplicate with shaded region indicating one standard deviation for
n = 3. (E) Gas chromatograms of the trapped headspace in SEWMs containers, showing the generation of hydrogen. All alcohol-containing SEWMs had
an initial concentration of 500 mM; average of data shown in triplicate with shaded region indicating one standard deviation for n = 3.
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microdroplets may contribute to their observed enhanced
reactivity by increasing the overall interfacial area. Collectively,
these results demonstrate that short-chain alcohols enhance
the redox activity of SEWMs. As an additional control, single-
phase aqueous systems ultrasonicated for 30 minutes in the
absence of oil (Fig. S15) led to the generation of minor amounts
of H2 and H2O2, at 100� less quantity than SEWMs, indicating
the essential role of the biphasic system in driving this redox
activity. To further distinguish SEWM-associated redox activity
from bulk sonochemical processes, additional control experi-
ments were performed using varied ultrasonication conditions
and alternative mechanical mixing methods. Reducing the
ultrasonication power from 100% to 70% resulted in compar-
able H2 and H2O2 production trends (Fig. S16 and S17),
suggesting that the observed enhancement is not solely depen-
dent on the applied ultrasonication power. Additionally, we
performed stirring and vortexing experiments to evaluate
whether simple mechanical mixing could generate comparable
redox activity. However, neither method produced observable
microdroplet formation or detectable quantities of H2 and
H2O2 (Fig. S16 and S17), demonstrating the necessity of ultra-
sonication to generate redox-active SEWMs.

3.2 Effects of ultrasonication time and alcohol concentration
on H2O2 and H2 production

To further understand the role alcohol plays in this system, we
investigated the time-dependent formation of H2O2 and H2 for
500 mM-containing alcohol SEWMs across 10-, 20-, and
30-minute ultrasonication time windows (Fig. 2 and S18).
At the shorter ultrasonication time of 10 minutes, there is no
significant difference in the yield of the redox probes between
alcohol-containing and alcohol-free SEWMs. However, when
ultrasonicated for 30 minutes, alcohol-containing SEWMs
consistently outperform alcohol-free SEWMs in H2O2 and H2

generation. From the time-dependent trials, product genera-
tion rates were able to be approximated (Fig. S19 and S20).
Alcohol-free SEWMs produced 0.41 mM min�1 H2O2 and
8.1 mM min�1 H2. In contrast, alcohol-containing SEWMs
displayed much higher rates of production with different

product selectivity depending on alcohol identity: methanol
produced H2 the fastest (H2O2 at 0.72 mM min�1 H2O2 and H2

at 13 mM min�1 H2), ethanol increased the formation rate of
both probes (0.66 mM min�1 H2O2 and 12 mM min�1 H2), and
1-propanol increased H2O2 generation but decreased the rate of
H2 generation (0.83 mM min�1 H2O2 and 6.6 mM min�1 H2).
In previous work, we had reported that interrupting ultrasoni-
cation led to a sudden decrease in the production of H2.23 Thus,
we performed additional post-sonication control experiments
where we monitored species production after interrupting and
resting the samples. These experiments revealed that H2O2

concentrations continued to increase slightly (B15%) after
ultrasonication ceased, whereas H2 concentrations remained
unchanged, indicating that continuous ultrasonication is
required for continued H2 formation but not for continued
H2O2 production (Fig. S21 and S22). These results are consis-
tent with what has been reported on microdroplets, implicating
a contribution from the evolution of the water/oil interface
within the microdroplet in addition to ultrasonically induced
cavitation.23,36–38 Notably, the degree of enhancement after
sonication ceased was dependent upon the SEWMs composi-
tion. Alcohol-containing SEWMs generated a greater amount of
H2O2 in comparison to alcohol-free SEWMs when allowed to
age for equal times. These observations suggest that alcohols
modify the redox chemistry of SEWMs even after ultrasonication
has ceased, allowing continued enhanced peroxide formation.

We also systematically investigated the effect of initial
alcohol concentration on the redox activity of the SEWMs.
The initial alcohol concentration was varied (100 mM, 500 mM,
and 1 M) across 30-minute ultrasonication times, and the
resulting H2O2 and H2 yields were quantified (Fig. 3 and S23).
For methanol- and ethanol-containing SEWMs, high initial
concentrations outperformed lower concentrations with 1 M
trials producing 29 � 1 and 26 � 1 mM H2O2, respectively,
whereas the corresponding 100 mM trials produced only 23 � 1
and 22 � 2 mM H2O2. In contrast, 1-propanol containing
SEWMs exhibited higher H2O2 yields with lower initial alcohol
concentrations. Specifically, 100 mM propanol trials produced
26 � 2 mM H2O2, whereas the corresponding 1 M trials

Fig. 2 The sonication time dependence of SEWMs reactivity. Hydrogen peroxide (blue) and hydrogen (red) yields from aqueous microdroplets
containing methanol, ethanol, and 1-propanol at a concentration of 500 mM compared to water. Microdroplets were ultrasonicated under ambient
atmosphere for 10, 20, and 30 minutes. Alcohol-containing microdroplets consistently enhance H2O2 production under increasing ultrasonication times
relative to water and boost H2 yields for methanol- and ethanol-containing SEWMs.
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produced only 17 � 1 mM H2O2. These overall trends are
mirrored in H2 generation (Fig. 3), where the shorter carbon
chain alcohols performed better at higher initial concentra-
tions whereas the longer chain alcohols performed better at
lower initial concentrations. Overall, 500 mM was a consis-
tently high-performing concentration of the three initial alco-
hol concentrations tested, with these SEWMs generating
significantly greater amounts of H2O2 and H2 versus alcohol-
free SEWMs.

3.3 Tuning H2O2 and H2 product selectivity by modifying the
gaseous environment

Prior work in our lab and in other groups has established that
ambient and dissolved oxygen serve as a major source of the
H2O2 formed in aqueous microdroplets via its (redox)
reduction.23,40,41 Accordingly, the selectivity of the redox pro-
duct can be tuned by modifying the local gaseous environment
during microdroplet formation. To determine whether alcohol-
containing SEWMs also enable tunable selectivity, we conducted
experiments under oxygen or argon gas purged conditions,
to preferentially promote H2O2 or H2 formation, respectively
(Fig. S24). As seen in Fig. 4, purging oxygen leads to the enhan-
ced production of H2O2. After 30 minutes of ultrasonication,

alcohol-free SEWMs generated 32 � 1 mM H2O2 under O2 purge
versus 17 � 2 mM H2O2 under ambient gas atmosphere. This
enhancement is even more pronounced for 500 mM alcohol-
containing SEWMs. Under oxygen purge, methanol, ethanol,
and propanol systems respectively produced 56 � 7, 42 � 9,
and 39 � 4 mM H2O2 compared to 23 � 1, 22 � 2, and 26 � 1
mM H2O2 under ambient gas conditions. For the highest
performer, methanol, this represented a B2� increase in
H2O2 yield. For the oxygen purged, alcohol-containing SEWMs,
a 2� dilution was performed prior to analysis to ensure accurate
H2O2 quantification.

In a similar manner, purging argon in enhances H2 production
while limiting H2O2 production. Under ambient conditions,
alcohol-free SEWMs and 500 mM methanol, ethanol, and
1-propanol containing SEWMs each produced 264 � 46, 387 �
20, 342 � 17, and 219 � 28 mM H2, respectively. When argon was
purged, they then respectively generated 758 � 15, 956 � 27,
887 � 35, and 670 � 80 mM H2, increasing their production up to
3� compared to ambient gas conditions. Importantly, alcohol-
containing SEWMs can outperform alcohol-free SEWMs under
every purge condition, indicating that microdroplet composition
enhances overall reactivity while enabling tuning of redox selec-
tivity via selection of the gaseous environment.

Fig. 3 The alcohol concentration dependence of SEWM reactivity. Hydrogen peroxide (blue) and hydrogen (red) yields from aqueous microdroplets
containing methanol, ethanol, and 1-propanol at concentrations of 100 mM, 500 mM, and 1 M compared to water. Microdroplets were ultrasonicated
under ambient atmosphere for 30 minutes. Alcohol-containing microdroplets consistently enhance H2O2 production and boost H2 yields at optimal
concentrations.

Fig. 4 The effects of environmental gas conditions on SEWM product selectivity (H2 vs. H2O2). Hydrogen peroxide (blue) and hydrogen (red) yields from
aqueous microdroplets (n = 3) containing methanol, ethanol, and 1-propanol at concentrations of 100 mM, 500 mM, and 1 M compared to water. Vials
were purged with oxygen or argon for 10 minutes prior to ultrasonication and then sealed for 30 minutes of ultrasonication. Oxygen purging enhances
H2O2 yields relative to ambient conditions, whereas argon purging dramatically enhances H2 generation while lowering H2O2 formation.
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3.4 The role of the alcohol structure in enhancing redox
product yield

To better understand the role of the structure of the alcohols in
microdroplet reactivity, we formed SEWMs containing second-
ary and tertiary alcohols. Herein we ultrasonicated a 1 : 10
mixture of 500 mM 1-propanol, 2-propanol, 1-butanol,
2-butanol, and tert-butyl alcohol to hexadecane and examined
the amount of H2O2 and H2 produced. The primary alcohols
consistently produced more H2O2 whereas the branched iso-
mers show suppressed product yields, generating similar
amounts to alcohol-free SEWMs (Fig. 5A). As seen, both primary
alcohols (1-propanol and 1-butanol) outperform their substi-
tuted isomers with regards to H2O2 production. 1-Propanol
containing SEWMs produce 26 � 1 mM H2O2 versus 2-propanol’s
production of 20 � 4 mM H2O2. Likewise, 1-butanol also outper-
forms its isomers, producing 20� 2 mM H2O2 versus 2-butanol and
tert-butyl alcohols’ production of 19 � 1 and 13.6 � 0.8 mM H2O2.
Likewise, similar trends emerge regarding H2 production (Fig. 5B
and Fig. S25). Additionally, a clear alcohol chain length dependence
emerges overall, with longer alcohol-containing SEWMs featuring a
significant decrease in their redox probe production in comparison
to shorter alcohols such as methanol and ethanol. A possible
explanation is that the microdroplet interface is more poorly
structured in the presence of longer, bulkier alcohols with their
inherently weaker hydrogen bonding, leading to a decrease in
reactivity compared to their primary counterparts. We explore the
role of hydrogen bonding in Section 3.6.

3.5 On the redox balance of alcohol-containing SEWMs

Notably, this study has so far focused on the production of
H2O2 and H2. While we understand that H2O2 primarily arises
from the oxygen reduction reaction occuring at the water–oil
interface,23 less is understood about the oxidation reactions
that must be taking place to redox balance this system. Prior
work in our lab has shown that when hexadecane is reused as

the oil component, the oxidation of hexadecane to hexadecanol
can be detected via 1H NMR, and thus, the reduction of oxygen
is balanced by the oxidation of hexadecane.23 These prior
observations suggest that the oxidation of hexadecane can also
be occuring to redox balance these alcohol-containing SEWMs.
However, in alcohol-containing SEWMs, additional oxidation
pathways may become available. To further probe these pro-
cesses, we characterized the various products that evolve during
the continuous generation of alcohol-containing SEWMs. Spe-
cifically, we characterized the gaseous and aqueous products
that were generated by alcohol-containing and alcohol-
free SEWMs under O2, ambient, or Ar gaseous environments
after 30 minutes of ultrasonication utilizing GC-TCD, 1H NMR,
13C NMR, and quantitative NMR (qNMR).

GC analysis revealed that ultrasonication of 500 mM
methanol-containing SEWMs under ambient atmosphere pro-
duces small molecule carbon-containing gaseous products,
evolving 0.12 mM CO2, 0.17 mM CH4, and 0.85 mM CO in
addition to enhancing H2 production relative to alcohol-free
SEWMs (Fig. 6A). Gaseous product identity was confirmed and
quantified by injecting known standards of CO2, CO, and CH4

(Fig. S6–S9). Notably, the product distribution of these perma-
nent gases can also be tuned by modulating the dissolved
oxygen content of the SEWMs environment, analogous to the
redox tuning observed for H2 and H2O2. By analyzing the
chromatogram’s peak areas corresponding to CO2, CH4, and
CO, quantitative yields were calculated. H2 is also included
throughout Fig. 6 as a reference to the previously discussed H2

results.
When methanol-containing SEWMs were ultrasonicated for

30 minutes following O2 purging, significantly greater amounts
of oxygenated gaseous products were observed (Fig. 6B), gen-
erating approximately 4.8� more CO2 (0.64 mM) and 3.4�
more CO (1.35 mM) relative to ambient atmosphere conditions.
Additionally, the yield of hydrogenated gaseous products
decreased for oxygen-loaded versus ambient atmosphere conditions,

Fig. 5 The alcohol structure dependence on enhancing SEWM reactivity. Primary alcohols are key to enhancing reactivity. (A) The UV-vis response of 30
minute ultrasonicated samples containing 500 mM of 1-propanol, 2-propanol, 1-butanol, 2-butanol, and tert-butyl alcohol versus water, showing a clear
substitution dependence for enhancing H2O2 yields. (B) Corresponding H2O2 (solid) and H2 (hashed) yields for each system. A strong trend is observed in
which primary alcohols significantly enhance H2O2 production, while more substituted alcohols approach yields comparable to alcohol-free SEWMs.
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generating 0.11 mM vs. 0.17 mM CH4, respectively. Similar to
tuning for H2 yield, ultrasonication of the same system following
argon purging resulted in a significant decrease in the yield of
oxygenated products and a substantial increase in the produc-
tion of CH4 (Fig. 6C). Methanol-containing SEWMs generated
trace amounts of CO2, 66% less CO (0.29 mM), and approxi-
mately 4� more CH4 (0.49 mM) relative to ambient atmosphere
conditions, showing the capacity of SEWMs systems to generate
hydrogenated products under favorable gaseous conditions.
These results suggest a concurrent pathway for the enhanced
generation of products via reductive pathways, such as H2O2

bolstered on an increased oxidation activity reflected in the
generation of CO and CO2.

In addition to analyzing the permanent gases evolved for
500 mM methanol-containing SEWMs, we systematically stu-
died the gaseous product distribution of 500 mM ethanol- and
1-propanol-containing SEWMs, as well as alcohol-free SEWMs
under O2, ambient, or argon gaseous environments after
30 minutes of ultrasonication. The full chromatograms and
product peaks are provided in the SI (Fig. S26 and S27). Across
all SEWM conditions, similar products were observed and their
quantified yields are provided in Table S1. Alcohol addition
enhanced the production of CO2, CO, and CH4 relative to
alcohol-free SEWMs, although the degree of enhancement
depended on both alcohol identity and dissolved gas composition.
For example, under O2, ethanol-containing SEWMs produced the
most products compared to alcohol-free SEWMs, whereas under
ambient and Ar conditions, methanol-containing SEWMs pro-
duced the highest yields (Fig. 6D–F). In general, a large increase

in the amount of oxygenated products (CO2 and CO) was observed
for all SEWMs systems under O2 (Fig. 6E), and a significant
decrease in oxygenated products was seen with all Ar purged
SEWMs systems (Fig. 6F).

As an additional control, we ultrasonicated single-phase
hexadecane in the absence of aqueous phase, as it has been
shown before that this process evolves carbon products.78 After
30 minutes of ultrasonication, almost identical amounts of
CO2, CO, and CH4 were evolved from the ultrasonication of
hexadecane compared to alcohol-free SEWMs as detected by
GC-TCD analysis (CO2: 0.11 vs. 0.11 mM, CO: 0.62 vs. 0.67 mM,
CH4: 0.08 vs. 0.12 mM; Fig. S28), indicating that hexadecane
oxidation contributes significantly to the observed gaseous
carbon product formation. However, the inclusion of alcohols
enhanced carbon product yields beyond this baseline, suggest-
ing that the presence of alcohols introduces additional oxida-
tion pathways and further highlights the ability of SEWMs to
function as tunable redox microenvironments.

In order to further investigate the role of oil and alcohol
oxidation in these systems, we characterized the ability of
SEWMs to induce the oxidation of both hexadecane and
short-chain alcohols to generate water-soluble, potentially
value-added products. We performed NMR measurements on
the aqueous phase obtained after ultrasonicating a 1 : 10 water :
hexadecane mixture for 30 minutes under ambient conditions.
Results from 1H NMR analysis showed the appearance of
numerous new signals (Fig. 7A). Upon structural analysis based
on the chemical shift values, integrations, and the splitting
pattern of each NMR peak, we identified several oxidation

Fig. 6 The GC-TCD analysis of headspace products from SEWMs after 30 minutes of ultrasonication. Samples were purged prior to ultrasonication with
(A) O2, (B) ambient atmosphere, and (C) Ar. In addition to H2, CO2, CH4 and CO are evolved. The selectivity of these products can be tuned by tailoring the
gaseous environment of the SEWMs. More oxygenated products such as CO2 and CO are produced when SEWMs are formed in the presence of O2 while
more hydrogenation products such as H2 and CH4 are formed when O2 is removed from the system. In (D)–(F), the qualitative yield for every gaseous
product is shown for 500 mM methanol, ethanol, and 1-propanol containing SEWMs in comparison to pure water SEWMs under the same purge
condiitons of (D) O2, (E) ambient atmosphere, (F) Ar.
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products: a triplet at 1.08 ppm and a corresponding quartet at
3.56 ppm corresponding to ethanol; a singlet at 1.98 ppm
corresponding to acetic acid; a singlet at 3.27 ppm corres-
ponding to methanol; a singlet at 4.95 ppm corresponding
to methanediol (hydrated form of formaldehyde); a singlet at
5.07 ppm corresponding to oxydimethanol; and, a singlet at
8.23 ppm corresponding to formic acid (Fig. 7A). Similarly, the
aqueous phase obtained by the ultrasonication of 500 mM
methanol-, ethanol-, and 1-propanol-containing SEWMs yielded
a 1H NMR spectrum (Fig. 7B, S29) featuring signals nearly
identical to those observed for the alcohol-free SEWMs system.
These assignments were corroborated by acquiring the 13C NMR
spectrum on the aqueous phase extracted after ultrasonicating
500 mM methanol-containing SEWMs (Fig. 7C). The spectrum
showed a singlet at 49.25 ppm for methanol, a singlet at
17.12 ppm and 57.8 ppm for ethanol, a singlet at 82.18 ppm
for methanediol, a singlet at 92.9 ppm for oxydimethanol,
a singlet at 167.81 ppm for formic acid, and a singlet at
20.85 ppm and 177.24 ppm for acetic acid. Structural assign-
ments were confirmed by spiking samples with known standards
of methanol, ethanol, formic acid, and acetic acid, which
resulted in a predictable increase in peak intensities (Fig. S30

and Tables S2–S5). Quantification of the identified peaks was
carried out by qNMR using triphenylphosphate (TPP, 48.5 mM in
CDCl3) as an external calibration standard. To better elucidate
the contributions of different oxidation pathways, reagent con-
sumption and product formation were analyzed on a common
molar basis using qNMR. Concentrations of remaining short-
chain alcohol reagents and major oxidation products, including
formic acid and acetic acid, are summarized in Fig. S31. These
results demonstrate that the oxidative pathway is not limited to
the primary production of hexadecanol as we have reported
previously;23 rather, it includes the formation of water-soluble
small organic molecules generated via oxidative pathways that
accumulate in the aqueous phase during ultrasonication,
followed by centrifugation.

A key challenge in interpreting these results is that both the
hexadecane oil phase and the short-chain alcohols can poten-
tially oxidize into identical small-molecule products. Indeed,
1H NMR spectra of the aqueous phase following the ultrasoni-
cation of alcohol-free (Fig. 7A) and alcohol-containing (metha-
nol, ethanol, and propanol; Fig. 7B, S29) SEWMs are visually
indistinguishable. To distinguish between these two oxida-
tive pathways and definitively identify the carbon source, we

Fig. 7 The NMR data identifying the various oxidation products in SEWMs systems after 30 minutes of ultrasonication. (A) The 1H NMR (600 MHz, H2O/
D2O) d 1.08 (t, J = 7.22 Hz, 3H, Ha), 1.98 (s, 3H, Hb), 3.27 (s, 3H, Hc), 3.56 (q, J = 7.18 Hz, 2H, Ha0), 4.95 (s, 4H, Hd), 5.07 (s, 4H, He), 8.23 (s, 1H, Hf) on the
aqueous phase of alcohol-free SEWMs. * represents residual hexadecane signals. (B) 1H NMR (600 MHz, H2O/D2O) d 1.08 (t, J = 7.22 Hz, 3H, Ha), 1.98
(s, 3H, Hb), 3.26 (s, 3H, Hc), 3.55 (q, J = 7.18 Hz, 2H, Ha0), 4.95 (s, 4H, Hd), 5.06 (s, 4H, He), 8.22 (s, 1H, Hf) on the aqueous phase of 500 mM methanol-
containing SEWMs reveals similar 1H NMR signals. Hydroxy protons corresponding to carboxylic acids, alcohols, and hydrogen peroxide are not
detectable due to fast proton exchange and the use of a water suppression pulse sequence. (C) The 13C NMR (151 MHz, H2O/D2O) d 17.12 (Ca), 20.85 (Cb),
49.25 (Cc), 57.8 (Ca0), 82.18 (Cd), 92.9 (Ce), 167.81 (Cf), 177.24 (Cb0) on the aqueous phase of a 1 : 10 500 mM methanol-containing SEWMs. (D) The 13C
NMR (151 MHz, H2O/D2O) d 16.14 (Ca), 21.1 (Cb), 48.17 (Cc), 57.8 (Ca0), 81.33 (Cd), 92.04 (Ce), 169.5 (Cf), 177.8 (Cb0) on the aqueous phase of 500 mM
methanol-13C,d4-containing SEWMs, which shows peak splitting for molecules where protons were replaced by deuterium. The inset details splitting
patterns typical of 13C–D interactions, confirming that a portion of the observed product is due to the oxidation of alcohol in the system, in addition to the
breakdown of hexadecane.
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conducted isotopic labeling experiments using 500 mM of
13CD3OD in a SEWM, ultrasonicated under identical conditions
(30 minutes, ambient gas environment), with the aqueous
phase characterized using 13C NMR. We observed distinct peak
splitting and dual-signature in the 13C NMR spectrum for
oxidation products-methanol, methanediol, oxydimethanol,
and formic acid (Fig. 7D). For instance, the formic acid signal
at 169.5 ppm appeared as a triplet ( JC–D B 30 Hz) due to spin-
coupling with the directly attached deuterium (I = 1). Notably, a
distinct singlet was observed immediately adjacent to this
triplet, representing the fraction of the same product derived
from the unlabeled hexadecane (Fig. S32). Interestingly, the
peak intensities for ethanol and acetic acid were significantly
lower than those of the other products, and they appeared as
singlets. This suggests that ethanol and acetic acid are primar-
ily the oxidation products of hexadecane, while methanediol,
oxydimethanol, and formic acid are produced by the oxidation
of both methanol and hexadecane. This unambiguously
confirms that the short-chain amphiphilic alcohols do not
merely facilitate the formation of H2O2 and H2 via reduction,
but actively participate in the oxidative half-reactions. This
enhanced oxidative flux likely drives the observed improvement
in the corresponding reduction kinetics, maintaining the system’s
overall redox balance. Overall, differences in product yields across
methanol, ethanol, and 1-propanol containing SEWMs may arise
from variations in the kinetics of alcohol oxidation, SEWMs
interfacial activity, or differing partitioning behavior. However,
methanol and ethanol acted as strong modifiers for all conditions,
significantly enhancing overall redox activity by producing
increased amounts of oxygenated and hydrogenated products,
in addition to enhancing H2O2 and H2 relative to alcohol-free
SEWMs. We now turn to exploring the possible molecular origins
for this improved reactivity.

3.6 Molecular dynamic simulations to help explain the
increased reactivity of alcohol containing SEWMs

Here, we are interested in elucidating the role of short-chain
alcohols as interfacial additives in aqueous microdroplets
within hexadecane. A first approach to explain the improved
reactivity of alcohol-containing SEWMs potentially lies with the
physicochemical properties of alcohol vs. water. Notably, the
dielectric constant of these short-chain alcohols (32.6–20.1) is
much smaller than water’s dielectric constant (78.4), perhaps
leading to a decrease in stability and a subsequent increase in
reactivity of reactive oxygen species known to be generated in
microdroplets such as OH� and HO2

�.23,45–47 At the same time,
short-chain alcohols have a much larger electronic polariz-
ability (3.29–6.82) than water (1.45), a property that describes
the ability of the electron cloud to distort in the presence of an
electric field, and therefore, which could enhance interfacial
charge separation and electron transfer, also implicated in
microdroplet reactivity.21,48,49

However, to better understand the role that the alcohols play
in modulating the energetics and structure of the microdroplet
water–oil interface, we turned to molecular dynamics (MD)
simulations of methanol-containing and alcohol-free droplets.

As shown in Fig. 8A, the MD simulations revealed that the
alcohols orient themselves at the interface of the droplet. To
better understand how the localized presence of alcohols near
the interface might affect the reactivity of the system, we
interrogated the structure of the hydrogen bonding network
of water molecules at the interface located near and far away
from alcohols using radial distribution functions (RDF). The
interfacial water–water hydrogen bonding (HB) in methanol-
containing systems is summarized in Fig. 8B. As seen, the
network is highly sensitive to the presence and concentration
of alcohol molecules at the interface. Our simulations indicated
that the number of HB for alcohol-free systems was 3.0, a
number that decreased across all methanol concentrations
studied. This reduction in the number of water–water HBs
suggests that methanol disrupts the local water–water HB net-
work by competing for hydrogen-bonding partners and thereby
weakens the cooperative hydrogen bond structure at the inter-
face. The degree of disruption is concentration dependent
(Fig. S33). At low concentrations of methanol, the average
interfacial water–water HB per water near methanol and far
away from methanol is 2.0 HB and 3.0 HB, respectively. Yet as
concentration increases, the number of HB per water far away
from methanol decreases, indicating a broader disruption to
the overall HB network at the interface. Notably, the hydrogen
bond concentration trend also follows the experimentally
observed increase in redox reactivity of methanol-containing
SEWMs, where higher concentrations of methanol in SEWMs
experience a greater reactivity and a greater overall disruption
of the interfacial water–water HB network. Such modulation of
the interfacial hydrogen bond structure is expected to influence
the reactivity of aqueous and alcohol-containing SEWMs, since
the availability and lifetime of hydrogen bonds can affect
proton transfer and radical stabilization pathways that are
critical for interfacial redox chemical processes, such as the
oxygen reduction reaction observed here.

We examined the hydrogen bond lifetimes to better capture
the dynamic nature of the interfacial hydrogen bonding
network. Our results (Fig. S34) show that interfacial water mole-
cules near alcohols consistently exhibit longer hydrogen bond
lifetimes compared to far water. This suggests that although
alcohol molecules disrupt the overall connectivity of the hydro-
gen bond network, they simultaneously stabilize the hydrogen
bonds that form within the alcohol solvation shell. Interest-
ingly, the effect is most pronounced for longer-chain primary
alcohols such as 1-butanol and 1-propanol, where near-water
hydrogen bond lifetimes are significantly extended relative to
far-water. This stabilization suggests that longer alkyl chains
promote a more persistent local hydrogen bonding environ-
ment, likely due to their stronger interfacial partitioning and
ability to anchor water molecules via their hydroxyl groups.
A similar trend is observed when comparing alcohols within the
butanol series. The order of stabilization (near alcohol) follows
1-butanol 4 2-butanol 4 t-butanol 4 i-butanol, suggesting
that primary butanol stabilizes interfacial hydrogen bonds
most effectively, while secondary and branched butanol show
progressively weaker effects. These differences can be attributed
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to steric hindrance and reduced hydrogen bond accessibility in
branched alcohols, which limit the efficiency of alcohol–water
interactions. Overall, these results suggest that longer primary
alcohols not only disrupt the water–water network, but also
increase dynamics and create longer-lived hydrogen bonds near
the interface, thereby extending the residence time of interfacial
water molecules. These effects provide a molecular-level expla-
nation for the experimentally observed increase in reactivity in
alcohol-containing SEWMs.

The orientation and alignment of the interfacial hexadecane
were also investigated in the presence and absence of alcohols.
The interfacial hexadecane results for 500 mM methanol-
containing and alcohol-free droplets are summarized in
Fig. 8C. An order parameter of 1 corresponds to the perfect
alignment of hexadecane chains normal to the droplet surface.
The order parameter of the interfacial hexadecane molecules in
alcohol-free droplets is much greater than that observed in
alcohol-containing ones. Additionally, hexadecane molecules
near interfacial alcohol molecules exhibit an even lower order
parameter regardless of alcohol concentration (Fig. S35). The
disruption of interfacial molecular ordering can enhance
microdroplet reactivity by increasing interfacial heterogeneity
and increasing the dynamics of the interface by decreasing
interfacial rigidity. Additionally, this disruption is expected
to weaken the hydrogen bonding network at the interface and

likely contributes to the decrease in the number of HBs
calculated in Fig. 8B.

The dipole orientation of interfacial water molecules
was also tracked throughout the MD simulations. As seen in
Fig. 8D, interfacial water molecules near methanol molecules
experience a much higher degree of dipole orientation fluctua-
tion relative to interfacial water molecules in the alcohol-free
droplet simulation. The decrease in order parameter and
increase in dipole orientation fluctuation should also influence
the local electric field that interfacial molecules experience. As
such, we utilized these MD simulations to calculate the local
electric field on individual interfacial water molecules (Fig. S36).
Interfacial water molecules near methanol experience increased
fluctuations and extremes in their local electric field, reaching up
to 1 V nm�1 greater electric fields relative to water molecules far
away from methanol and water molecules in methanol-free water
droplets. These increased dynamics have been implicated in
increasing water-in-oil microdroplet reactivity79 and could also help
explain why alcohol-containing SEWMs have increased reactivity.

4. Conclusion

In summary, short-chain, primary alcohols are demonstrated as
interfacial additives for SEWMs to enhance the production of

Fig. 8 Molecular dynamics simulations of alcohol-containing droplet systems and analyzed characteristics of the water–oil interface. (A) The
molecular dynamics simulation of 1000 mM MeOH in hexadecane (water: orange, MeOH: red, hexadecane: gray). (B) The calculated number of
water–water hydrogen bonds (W–W HB) per water molecule at the water–oil interface. Molecules are defined as interfacial if they are within 0.5 nm of
hexadecane. Interfacial water molecules are determined to be near and far from interfacial alcohol molecules if they are within 0.35 nm or further than
0.35 nm from the hydrogen of the alcohol molecules, respectively. (C) The calculated interfacial hexadecane order parameter, S. (D) The average
interfacial water molecule dipole orientation. A negative cos y represents a water molecule dipole orientation pointing inwards towards the aqueous
droplet.
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H2 and H2O2. Not only did SEWMs prepared with varying
concentrations of alcohols retain the H2 and H2O2 generation
ability of the previously reported alcohol-free system, but also
displayed distinct trends affecting the production of these
chemicals. Short-chain alcohols produced the highest yields
of H2O2 at high concentrations (B1 M) within SEWMs, while
long-chain alcohols did so at low concentrations (B100 mM).
Primary alcohol-containing SEWMs substantially increased the
yields of both H2O2 and H2 in comparison to alcohol-free and
substituted alcohol-containing SEWMs. Control of the local
gaseous environment further helped tune their redox selectiv-
ity. Under oxygenation, methanol-containing SEWMs produced
approximately 2� the amount of H2O2, while in the absence of
oxygen, they exhibited up to 3� the yield of H2, compared to
SEWMs operated in ambient conditions.

Complementary to the reducing conditions needed to pro-
duce H2O2, we firmly established oxidation reactions occurring
within both the oil and aqueous phases of these alcohol-
containing SEWMs. These reactions led to the formation of
the gaseous products in the headspace: CO2, CO, and CH4, and
the water-soluble, organic products in the extracted aqueous
phase: mainly formic acid, acetic acid, and methanediol.
Isotope labeling experiments confirmed that alcohols partici-
pated in a significant portion of the oxidation half reactions in
addition to the previously reported hexadecane oxidation.23

Complementary molecular dynamics simulations supported
these experimental findings, showing that alcohols reside at
the microdroplet interface, where they disrupt the local hydro-
gen bonding network, modify the structure and properties of
the interface, and likely lower energetic barriers for interfacial
redox processes. Collectively, these findings establish short-
chain alcohols as a versatile handle for restructuring micro-
droplet interfaces, providing new routes to control and enhance
microdroplet redox activity.

The simplicity of this catalyst-free system, combined with its
demonstrated redox tunability, highlights SEWMs as a poten-
tially deployable, on-demand platform for catalyst-free redox
chemistry. The ability to generate and tune product distribu-
tions up to B60 mM yields of H2O2 within 30 minutes using
only a commercial ultrasonic bath, aqueous and oil phases, and
ambient atmospheric conditions, provides an on-demand alter-
native to the solvent-intensive, thermochemical platforms con-
ventionally used for the generation of H2O2 (and possibly other
gases). While the present work demonstrates the successful use
of modified SEWMs to improve the generation of H2O2 as a
model compound, future scale-up studies could evaluate the
energy efficiency of SEWM-based processes relative to conven-
tional H2O2 and H2 production methods, or of any other value-
added products that could engage in redox reactivity. Ongoing
efforts are focused on utilizing the large quantities of H2O2 and
H2 produced as in situ chemical feedstocks for downstream,
value-added chemical transformations both in the presence
and absence of metal co-catalysts. More broadly, understanding
how molecular additives such as alcohols can tune microdro-
plet redox activity provides a framework for controlling micro-
droplet reactivity in SEWMs and other emerging microdroplet

systems at the air–water interface, enabling control of micro-
droplet interfacial structures and reaction pathways.
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