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ABSTRACT: Sonicated emulsive water microdroplets (SEWMs) accelerate and enable a variety of catalyst-free chemical 
transformations. However, significant unanswered questions remain regarding the chemical intermediates they form and 
their possible redox origin. In this study, we identified dissolved O2 as the primary originator of reactive oxygen species (ROS) 
such as OH• and H2O2. We uncovered the role of dissolved O2 redox by using a combination of microelectrochemical methods 
to detect H2O2, isotopic methods to identify the source of H2O2, and a combination of electron spin resonance and the DMPO 
spin trap to detect radicals such as OH•.  Notably, we found that H2O2 production is correlated with O2 content via a reduction 
pathway enabled by a sufficiently large reducing power that can additionally generate H2 and even perform Pb electroless 
deposition on Au and Cu metal substrates. Building on our findings, continuous O2 bubbling of SEWMs showed accumulation 
of H2O2 up to ~88 mM in the aqueous phase within one hour of sonication, demonstrating the scale-up promise of this method. 
Distinct to sonochemistry of a single phase, this study advances our understanding of the confluence of redox and chemical 
reaction mechanisms within SEWMs as a biphasic system. This insight paves the way for improving their reaction kinetics, 
yield, and selectivity, positioning these attractive redox microreactors as alternatives to traditional electrolyzers.  

In recent years, water microdroplets have received significant 
attention as chemical microreactors that enable or accelerate a 
wide range of reactions, including redox transformations.1-3 

Microdroplet generation has been explored through versatile 
methods such as spray ionization, aerosols, and emulsions, and 
have been used in various applications, including catalysis, 
polymerization, and (electro)synthesis.4-18 Despite these 
promising applications, the redox mechanisms underlying the 
formation of key intermediates within them, such as reactive 
oxygen species (ROS), are yet to be established.  

In particular, redox reactions in sonicated emulsive water 
microdroplets (SEWMs) have been proposed to arise from 
oxidative chemistries facilitated by electric fields detected at 
the oil/water interface of microdroplets, as shown by using 
stimulated Raman excited fluorescence.19 These 
measurements revealed a strong electric field of the order of 
107 V/cm at a water-hexadecane oil interface.19 Strong electric 
fields in SEWMs could help generate ROS like OH• and H₂O₂ by 
providing a driving force to spontaneously carry out redox 
transformation.20 Recent studies have also suggested similar 
mechanisms in related droplet systems by detecting OH• and 
H₂O₂ in electrospray-ionized water microdroplets.11,21-24 Most 
studies, however, suggest that ROS form via water homolysis 
(reaction 1), producing OH• and H•, followed by OH• 

dimerizing to form H₂O₂ (reaction 2). Additionally, it has been 
suggested that redox in SEWMs is mediated by radicals, with 
OH• and H• acting as oxidizing and reducing agents, 
respectively.19,25 However, in addition to H₂O as the source of 
ROS (reactions 3-5)26 the oxidation of the oil at the interface 
could also contribute to redox.27  

H2O ⇌ OH• + H•   Reaction 1 

OH•  + OH•  ⇌ H2O2  Reaction 2 

2H2O ⇌ H2O2 + 2H+ + 2e-  Reaction 3 

H2O ⇌ OH• + H+ + e- Reaction 4 

2H2O ⇌ O2 + 4H+ + 4e-  Reaction 5 

While reactions 1-5 consider water oxidation as the source of 
ROS, our experience with the electrolysis of O2 via the 2e 
oxygen reduction reaction (2e ORR, reaction 6) encouraged us 
to explore an alternative pathway based on exploring the 
overlooked reducing power of SEWMs. Such reducing power 
could result from transferrable electrons and/or H• prompted 
by interactions between the oil and water upon sonication, thus 
reducing dissolved O₂, and transforming H₂O2 into OH• 
(reaction 7, or the reverse of reaction 2) within the SEWMs.  

O2 + 2H+ + 2e- ⇌ H2O2  Reaction 6 

H2O2 + H+ + e- ⇌ H2O + OH•  Reaction 7 

To validate our proposal, we investigated the generation of 
H₂O₂, OH•, and H₂ by SEWMs under different degrees of 
oxygenation, always in the absence of any catalyst. We 
employed a Pt-ultramicroelectrode (Pt-UME) to detect H₂O₂ 
and H₂, while employing radical trapping and electron spin 
resonance (ESR) spectroscopy to identify OH•. We 
demonstrated that dissolved O2 predominantly governs H2O2 
production, with its excess leading to significant accumulations 
of H2O2. Additionally, we demonstrated electroless Pb²⁺ 
deposition on Au and Cu substrates using these SEWMs, 
suggesting that electron mediation is possible within them. 

For generating SEWMs we used ultrasonication via a Bransonic 
M1800H ultrasonic bath with an output power of 70 W at a 
frequency of 40 kHz (Supplementary Note S1 discusses 
associated details). Immiscible mixtures of water and 
hexadecane oil in a 1:10 volume ratio were sonicated to form a 
transient emulsion for varying durations. Optical microscopy 
images of the sonicated systems showed a distribution of water 
microdroplet sizes from 1 to 20 µm (Figure 1A). 



 

 

Figure 1: Electrochemical detection of H2O2 generated by 
SEWMs. (A) Optical image of the SEWMs. (B) Schematic 
representation of the experimental setup for H₂O₂ detection in 
the sonicated water phase, using a 12.5 µm Pt-UME biased at 
1.1 V vs. Ag/AgCl (3M KCl). (C) Chronoamperogram showing 
H₂O₂ generation at various sonication times, with a 12.5 µm Pt-
UME at 1.1 V vs. Ag/AgCl (3M KCl). (D) Kinetic analysis of H₂O₂ 
production across different sonication times. (E) 
Chronoamperograms obtained with a Pt-UME at 1.1 V vs. 
Ag/AgCl (3M KCl) under ambient, argon, and oxygen-saturated 
conditions. All the electrochemical measurements were 
performed with 0.1 M KNO₃ added after sonication (4x 
dilution). 

First, under ambient conditions where the oil/water mixture 
was at equilibrium with the atmosphere, we detected the 
generation of H2O2 within SEWMs. H2O2 detection was carried 
out by employing a Pt-UME as an amperometric probe biased 
at 1.1 V vs Ag/AgCl/3 M KCl and placed in the sonicated water 
phase extracted by centrifugation (Supplementary Note S2), 
resulting in a steady state current as shown in Figure 1B and 
1C.28 The recorded chronoamperograms in the extracted water 
phase show an oxidative current that increased with sonication 
time (Figure 1C and 1D), exhibiting a fairly linear trend. The 
current measured at 30 min (-3.8 nA) corresponds to an 
estimated H2O2 concentration ≈ 8 mM in the extracted water 
phase (Figure S2D). The H2O2 was also confirmed through a 
positive iodometric test (Supplementary Note S3).  

To validate our hypothesis that H2O2 is mediated through O₂ 
reduction within the SEWMs, we sonicated a 1:10 water-oil 
mixture for 30 minutes under both argon-saturated (de-
oxygenated) and oxygen-saturated conditions (Figure 1E) and 
measured the resulting H₂O₂ current. Critically, we observed a 
significantly higher steady-state current in the presence of 
oxygen (-4.6 nA) compared to the negligible current under 
deaerated conditions (-0.2 nA), indicating that H₂O₂ generation 
strongly depends on the presence of O₂. This finding was also 
confirmed using isotope-labelling mass spectrometry 
measurements using 4-carboxyphenylboronic acid dissolved in 
H₂¹⁸O as a probe to investigate the source of H₂O₂ 
(Supplementary Note S4). The formation of the 4-
carboxyphenol derivative, with an observed m/z of 139 in 
H₂¹⁸O compared to m/z of 137 expected for unlabelled water 
or environmental O2 would indicate water as the source of 
H₂O₂ (reactions 1-4).29 The mass spectra of the sonicated 1:1 
H₂¹⁸O-oil mixture in ambient conditions and in the presence of 
1.5 mM 4-carboxyphenylboronic acid showed only the m/z 
peak at 137, indicating only the presence of unlabelled 4-
carboxyphenol (Figure S7B and B). This confirms that H₂O₂ 
originates from O₂ reduction rather than H₂¹⁸O oxidation 
(Figure S7 A). Additionally, the absence of the m/z peak at 137 

under argon conditions (Figure S7 B) further supports that O₂ 
reduction is a critical reaction enhancing H₂O₂ generation 
within SEWMs during ultrasonication.  

The mechanistic insight gained through the experiments above 
encouraged us to demonstrate the production of H2O2 at higher 
concentrations. Since H2O2 is water-miscible and non-volatile, 
we reasoned that continuously oxygenating a SEWM would 
allow H2O2 to accumulate in the reactive mixture. Indeed, 
sonication for 1h yielded an aqueous phase with up to ~88 mM 
(confirmed via electrochemical, colorimetric, and vibrational 
spectroscopy30 methods, Figures S3, S4 and S6). These 
experiments highlight the simplicity of the SEWM approach in 
producing H2O2 at higher concentrations. 

The observation that dissolved O2 redox produces H₂O₂ 
prompts the question about the origin of OH• in SEWMs. To 
explore the origin of these ROS, we ultrasonicated a 1:1 mixture 
of 100 mM aqueous 3,4-dihydro-2,3-dimethyl-2H-pyrrole 1-
oxide (DMPO) and hexadecane oil for 30 minutes, under 
ambient and deaerated solutions. DMPO was used as a spin 
trap to capture and stabilize any formed radicals to be detected 
through ESR spectroscopy of the water phase (Supplementary 
Note S5) (Figure 2A).31, 32 The ESR spectra of the sonicated 
water phase from a glass container under ambient conditions 
(Figure 2B) exhibited distinct paramagnetic splitting features 
with a 1:2:2:1 integration ratio and hyperfine coupling 
constants of αN = 14.9 G and αβH = 14.88 G, confirming the 
formation of [DMPO−OH] adducts and the production of OH•. 
Spectral deconvolution also revealed a weak signal with 1:1:1 
integration ratio which may originate from the dimerization of 
DMPO-OH (αN = 14.45 G), seen as triplet in which no αN is 
observed due to the absence of hydrogen at the β-position of 
DMPO in the dimer.33 Importantly, the deconvolution also 
revealed an oxygen-centered radical trapped by DMPO. The 
[DMPO−OR] species (where R represents an alkyl radical) 
exhibited a 1:1:1:1:1:1 profile, with hyperfine coupling 
constants of αN = 14.58 G and αβH = 11.08 G, closely matching 
the reported values for DMPO−OR species (αN = 14.51 G and αβH 
= 10.71 G).32  A similar sextuplet pattern has also been ascribed 
to a DMPO-R species in a microdroplet experiment.21 Such 
radicals could result from the degradation of hexadecane.27 To 
further validate this, the NMR of the sonicated hexadecane oil 
showed the formation of an alcohol (likely hexadecanol), as 
probed by both 1H and 13C NMR (Figure S10). Overall, these 
experiments suggest that O2 reduction to H2O2 is likely 
facilitated by reducing intermediates (H•) or electron transfer 
reactions mediated through oil oxidation in the emulsion. 

 



 

Figure 2: ESR analysis of the sonicated water phase to 
investigate the source of OH• radicals. (A) Schematic 
illustrating the interaction between OH• radicals and DMPO as 
a spin trap. (B) ESR spectra of the sonicated water phase with 
DMPO under ambient conditions and (C) argon conditions. 

Furthermore, a similar ESR profile for an SEWMs performed in 
a plastic container (Figure S9A) instead of glass suggests that 
vial material has minimal impact on OH• generation, thus 
emphasizing the catalyst-free nature of these experiments. 
Interestingly, the ESR spectra of ultrasonicated 100 mM 
aqueous DMPO without hexadecane oil did not exhibit any 
paramagnetic signals (Figure S9), confirming that no radicals 
were generated. Based on these observations, it can be inferred 
that the liquid biphasic nature of the SEWMs created by the 
hydrophobic hexadecane oil is critical to form OH• radicals and 
to enable redox, creating pathways that are distinct to those 
known for the sonochemistry of single phases.34 

We now turn to the exploration of OH• radical formation in 
SEWMs in the absence of oxygen. In this case, the resulting ESR 
spectra from the sonicated water phase (Figure 2C) also 
displayed a splitting feature with a 1:2:2:1 integration ratio, 
indicating OH• formation.  However, the signal intensity was 
one order of magnitude smaller than that under ambient 
conditions. This aligns with the minimal H₂O₂ detection under 
argon-saturated conditions, confirming that O₂ reduction 
significantly contributes to OH• formation. Given that H₂O₂ is 
generally believed to form from the dimerization of two OH• 
radicals (reaction 2), we also tested the possibility of 
supressing its formation by adding excess DMPO (250 mM) to 
a mixture of water and hexadecane oil (1:10 volume ratio). If 
H₂O₂ is primarily formed from the combination of OH• radicals, 
its concentration is expected to decrease due to DMPO 
scavenging the generated radicals. Because the DMPO-OH 
adduct is redox active,31 colorimetric H₂O₂ tests were 
conducted (Figure S11), showing similar concentrations of 
peroxide in mixtures with and without DMPO. This suggests 
that H₂O₂ likely forms through O₂ reduction rather than radical 
combination. These experiments helped confirm that O2 is the 
source of both H2O2 and OH•, possibly as a result of reaction 7 
or the reverse of reaction 2 where homolysis of H2O2 could be 
caused by sonication.   

 

Figure 3: Detection and quantification of H₂ generated by 
SEWMs. (A) GC–TCD chromatograms illustrating H₂ 
production during sonication of hexadecane and water. 
Injection sample volume was 300 μL and Ar was used as the 
carrier gas. Baseline correction was applied before plotting, 
and peaks corresponding to H₂, O₂, and N₂ are labeled. The 
inset zooms in on the H₂ peak, the integrated area of which 

corresponds to  1.5 nmol of H₂ in 300 μL (see Fig. S12 in the SI). 
(B) Schematic illustrating the setup for H₂ detection using a 
headspace approach. (C) Schematic of the experimental setup 
for H₂ detection in the sonicated water phase, using a 12.5 µm 
Pt-UME biased at 0.1 V vs. Ag/AgCl (3M KCl). (D) 
Chronoamperograms recorded during sonication with a 12.5 
µm Pt-UME biased at 0.1 V vs. Ag/AgCl (3M KCl). 

Finally, we tested the reducing power of the species generated 
by the SEWMs. First, we detected H₂ using a headspace 
approach with gas chromatography equipped with a thermal 
conductivity detector (GC–TCD). Figure 3A shows the 
recorded chromatograms, confirming formation of H₂ with a 
concentration of 5 nmol per mL of headspace after sonication 
of a 1:10 mixture of water and hexadecane oil for 15 min. 
Additionally, we demonstrated H₂ formation using a simple, 
qualitative, and affordable electrochemical approach adaptable 
for H₂ detection, as illustrated in Figure 3B. In this setup, a 1:10 
mixture of water and hexadecane oil was sonicated in one vial, 
while the headspace gases were directed into a second vial 
serving as both a collector and an electrochemical cell. A Pt-
UME was used as the H₂ amperometric detector (Figure S2A), 
held at 0.1 V vs. Ag/AgCl/3 M KCl to facilitate H₂ oxidation, as 
depicted in Figure 3C.28 During sonication, a distinct anodic 
current was recorded at the Pt-UME, indicating H₂ formation 
by SEWMs (Figure 3D). In contrast, when sonication was 
stopped, only a background cathodic current was observed, 
likely due to O₂ reduction at the Pt-UME. H2 could be generated 
within SEWMs via mechanisms involving the formation of H• 
from hexadecane oil degradation (radical mediation, Reaction 
8) or via the hydrogen evolution reaction (electron transfer 
mediation, Reaction 9) involving protons in the aqueous 
solution. Further studies are required to ascertain the origin of 
H2, but our results conclusively show its generation.  

H• + H•     ⇌ H2   Reaction 8 

2H+ + 2e- ⇌ H2   Reaction 9 

We further tested the ability of SEWMs to perform electroless 
deposition on a metal substrate. Herein, we ultrasonicated a 
1:10 mixture of 1 mM aqueous Pb(NO3)2 and hexadecane in the 
presence of an Au wire (50 μm diameter, 1 cm length)  inserted 
in the sonicated container. We then performed ex-situ 
SEM/EDX to characterize the changes on the Au surface 
(Figure 4A, Supplementary note S8). It is evident from these 
images that islands of Pb have been deposited on the Au wire. 
This observation underscores that Pb2+ ions, with a standard 
reduction potential of -0.126 V vs. SHE, are reduced in SEWMs 
during sonication (Figure 4B) without any external potential. 
A similar behaviour was also observed on a Cu metal surface 
(Figure S13). This reducing power is certainly sufficient to 
produce H2 and to reduce O2 to H2O2 (reaction 6 with formal 
reduction potential ~0.29 V vs. SHE at pH 7), thus validating 
our results. These findings, combined with the ESR and 
electrochemical measurements, underscore the ability of the 
microdroplets to function as redox microreactors. 



 

 

Figure 4: Electroless deposition of Pb²⁺ SEWMs. (A) SEM and 
EDX images of Pb deposited on a 50 µm Au wire via SEWMs. (B) 
Schematic illustrating the collision mechanism involved in the 
electroless deposition of Pb²⁺ on Au using SEWMs. 

In this communication, we established the reductive character 
of SEWMs and identified the origin of key redox and chemical 
intermediates using (electro)chemical analysis and electron 
spin resonance. In contrast to the view that oxidative chemistry 
drives the production of OH• and H₂O₂, we demonstrate that it 
is the reduction of dissolved O₂ which controls their 
generation, facilitated by the reducing power of SEWMs. This 
was further confirmed by the increased formation of H₂O₂ 
(accumulated up to ~88 mM in the aqueous phase) by simply 
procuring a constant supply of O₂ in SEWMs. Furthermore, the 
reducing power of the SEWMs was validated through the 
detection of H₂ and the electroless deposition of Pb²⁺ onto a 
metal surface. While our findings suggest the reduction of O₂ to 
H₂O₂, the generation of H2, and metal electrodeposition within 
SEWMs, the precise mechanism underlying the generation of 
this reducing power, including the potential involvement of 
radicals and/or electrons is yet to be elucidated.  
                       SEWMs operate catalyst-free and without 
the need for an external voltage source, but the redox 
mechanistic insight gained here opens new opportunities at 
improving their performance for the 2e ORR and other 
reactions, using concepts of electrocatalysis which may not 
seem evident at first.35, 36 Distinct to the sole contributions of 
sonochemistry or emulsion electrochemistry,34, 37 our group is 
currently engaged in enhancing the reactivity, selectivity, and 
yields of (electro)chemical reactions using SEWMs as unique, 
catalyst-free redox microreactors. 

ASSOCIATED CONTENT  

Additional experimental details, materials and methods used; 
preparation of microdroplet emulsion (Supplementary note 
S1);  electrochemical detection of H2 and H2O2(Supplementary 
note S2); Iodometric detection of H2O2 (Supplementary note 
S3); Mass Spectrometry measurements (Supplementary note 
S4); Electron Spin Resonance (ESR) spectroscopy 
(Supplementary note S5); Nuclear Magnetic Resonance (NMR) 
measurements (Supplementary note S6); Gas chromatography 
(GC) thermal conductivity detector (TCD) analysis 
(Supplementary note S7); SEM and EDX of Pb electrodeposited 
on Au and Cu substrates (Supplementary note S8). This 
material is available free of charge via the Internet at 
http://pubs.acs.org. 
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