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ABSTRACT: We report that microlightning generated between oppositely charged = Water =

microdroplets during the spraying of pure water surrounded by alkane vapor can initiate
catalyst-free alkane dehydrogenation under ambient conditions. When cyclohexane (CsH,;,)
vapor is introduced into the water spray, a series of dehydrogenated products including
cyclohexenyl (C¢Hy"), cyclohexadienyl (C¢H,"), and phenyl (C¢H;") cations are detected

Water droplet

1
microlightning -

by high-resolution mass spectrometry. Control experiments establish that both water and GG 2
molecular oxygen are essential for this transformation to occur. The capture of alkyl radical + -

intermediates by mass spectrometry suggests that the dehydrogenation proceeds through

microlightning-induced radical pathways. Furthermore, the reaction can be scaled up,
achieving alkene formation rates of up to 12 mM h™' as quantified by gas chromatography. Beyond cyclohexane, similar
dehydrogenation is also observed for other aliphatic substrates. These findings demonstrate a catalyst-free and sustainable method

for alkane dehydrogenation under ambient conditions.

KEYWORDS: dehydrogenation, microlightning, gas—water interface, water droplets, cyclohexane

lkane dehydrogenation represents a fundamental trans-

formation in chemical synthesis, providing direct access
to alkenes that serve as key intermediates to produce fuels,
polymers, and value-added chemicals.'"”® For example,
representative market prices for olefin products are typically
several-fold higher than those of the corresponding light alkane
feedstocks.! However, the activation of strong, nonpolar
C(sp®)-H bonds in alkanes remains challenging owing to
their high bond dissociation energies and low reactivity.
Catalyst-based alkane dehydrogenation has been well estab-
lished as an efficient strategy for converting alkanes into
alkenes.”™” Beyond catalytic approaches, plasma-assisted
dehydrogenation has emerged as an alternative strategy,
where energetic electrons and reactive species generated in
plasma environments enable C—H bond activation under
comparatively mild conditions.'’~"> These studies highlight
the potential of nonthermal, plasma-like processes for alkane
dehydrogenation.

In parallel, increasing attention has been focused on the
unique physical and chemical behavior of gas—liquid and other
heterogeneous water interfaces, which can differ strikingly from
that of bulk water."”~>* One possible explanation is that
contact electrification and strong interfacial electric fields at the
interface promote the generation of highly reactive transient
species, including radicals, electrons, and reactive oxygen
species.”””’ Recent studies have further shown that the
atomization of water into microdroplets can lead to charge
separation and electrical discharges between oppositely
charged droplets, and thus to a localized, plasma-like
environment, which can excite, dissociate, and ionize
surrounding gases.”* "> This phenomenon, referred to as
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water droplet microlightning, represents an interesting
mechanism of interfacial electrification-driven reactivity.
Distinct from traditional electrospray or plasma, water droplet
microlightning is an electrical discharge driven by contact
electrification during atomization without the need for external
voltage or electrodes. Related discharge phenomena have also
been reported at liquid—solid—gas triple-phase interfaces,
highlighting the generality of such electrification effects across
heterogeneous systems.™

In this study, we explore whether microlightning generated
during the spraying of pure water microdroplets can be utilized
to achieve activation of C—H bond in relatively inert alkanes.
Unlike conventional plasma systems, water droplet micro-
lightning arises without external electrodes or applied voltages
and exists only locally within the microdroplet spray. We
reasoned that such a plasma-like environment, rich in energetic
electrons and short-lived radicals, could enable alkane
dehydrogenation under ambient conditions. By introducing
alkane vapors into the microlightning region, we demonstrate
catalyst-free alkane dehydrogenation leading to the formation
of unsaturated hydrocarbons. This approach provides a
catalyst-free and green method for alkane dehydrogenation
under ambient conditions.

Received: February 11, 2026
Revised: ~ March 30, 2026
Accepted: March 31, 2026

https://doi.org/10.1021/acssuschemeng.6c01846
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyi+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinheng+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lecheng+Lyu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+N.+Zare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yifan+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.6c01846&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c01846?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c01846?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c01846?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c01846?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c01846?fig=tgr1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Figure 1 illustrates the experimental setup for alkane
dehydrogenation induced by water droplet microlightning.
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Figure 1. Experimental setup of alkane dehydrogenation by water
droplet microlightning.

Pure water was pneumatically sprayed into a sealed chamber to
generate microdroplets which were chemically analyzed by
mounting the spray source in front of a mass spectrometer.
During the spraying process, charge separation among the
microdroplets leads to microlightning events within the
chamber. The occurrence of discharge events in this systern
has been previously characterized by a high-speed camera.”®
Alkane vapors were introduced into the chamber by free
evaporation of the liquid substrates, allowing the gaseous

alkanes to interact with the microlightning region generated by
the water spray. The reaction products formed in the gas phase
were directly analyzed by mass spectrometry (MS) without any
post-treatment. Experimental details are shown in Supple-
mentary Note 1.

Using this setup, we first investigated microlightning-
induced dehydrogenation of cyclohexane. Figure 2A schemati-
cally illustrates the dehydrogenation of cyclohexane (C4Hj,)
driven by water droplet microlightning to form the unsaturated
hydrocarbon products, cyclohexene (C4Hj,), 1,3-cyclohexa-
diene (C¢Hy), and benzene (C¢Hg). Prior to mass spectro-
metric analysis, the chamber was evacuated to remove residual
air. Upon introduction of the nebulizing gas, the gas
atmosphere inside the chamber was defined by the selected
nebulizing gas. When cyclohexane vapor was introduced into
the reaction chamber and water was nebulized by O,, the
radical cations of cyclohexane (C¢H,," at m/z 84.0934) and
cyclohexyl (C¢H,,* at m/z 83.0856) were detected by high-
resolution MS (Figure 2B). These peaks arise from the
reactant (cyclohexane) shown in Figure 2A. In addition,
cyclohexenyl cation (C4H," at m/z 81.0700), cyclohexadienyl
cation (C¢H," at m/z 79.0532), and phenyl cation (C¢H;* at
m/z 77.0376) were also observed when spraying water
microdroplets by O, into cyclohexane vapor, which indicates
the dehydrogenation of cyclohexane. In contrast, when N, was
used as the nebulizing gas, signals corresponding to
dehydrogenated products were not detected, and the spectrum
was dominated by cyclohexyl-related ions (Figure 2C). These
results suggest that molecular oxygen is essential for micro-
lightning-driven dehydrogenation. Quantitative analysis of the
relative intensity ratio of C4Hy" to C4H,;," under different
nebulizing gases further confirms the critical role of oxygen. As
shown in Figure 2D, dehydrogenation was almost not observed
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Figure 2. In situ mass spectrometric detection of cyclohexane dehydrogenation induced by water droplet microlightning. (A) Reaction scheme.
Mass spectrum when spraying water microdroplets to cyclohexane vapor nebulized by (B) O, and (C) N,, respectively. Intensity ratio of C4H," at
m/z 81.0700 to C¢H,," at m/z 83.0856 when using (D) different nebulizing gases, (E) different gas-saturated water, (F) different air-saturated
solvents, and (G) different voltage applied to the sprayer. Error bars represent one standard deviation calculated from three independent

measurements, n = 3.
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under N, conditions, while both air and O, support efficient
product formation. However, when water was presaturated
with O, or air, dehydrogenation was also observed even when
N, was employed as the nebulizing gas (Figure 2E). Notably,
neither the cations of the reactant nor the dehydrogenation
products were observed when spraying water droplets
containing dissolved cyclohexane (Figure S1), supporting
that the dominant ionization and dehydrogenation events
occur in the gas-phase region between microdroplets—that is,
the region where microlightning occurs.

Figure 2F shows the production formation when spraying
different air-saturated solvents to cyclohexane vapor. Com-
pared to acetonitrile (ACN), ethanol (EtOH), and methanol
(MeOH) droplets, spraying water microdroplets results in
significantly stronger dehydrogenation signals. This difference
is likely related to the unique charge separation and
microlightning behavior of water droplets during atomization,
which appears to be absent or significantly weaker for the
organic solvents examined. The influence of an externally
applied sprayer voltage on product formation was investigated,
showing that higher voltages promote alkane dehydrogenation
(Figure 2G). However, to reduce energy consumption and
isolate the contribution from water droplet microlightning, all
other experiments were conducted without applying external
voltage.

It is well established that alkane dehydrogenation under
plasma conditions involves radical pathways.'> Because
microlightning generated from water microdroplets exhibits
strong similarities to conventional plasma environments, we
carried out the following studies to explore the mechanism of
microlightning-induced dehydrogenation. 2,2,6,6-tetramethyl-
piperidine 1-oxyl (TEMPO), which is a radical scavenger, was
dissolved in water (100 M) and sprayed to cyclohexane
vapor. As shown in Figure 3, several ion signals corresponding
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Figure 3. Mass spectrum when spraying TEMPO-contained water
into cyclohexane vapor.

to TEMPO-derived adducts were detected by high-resolution
MS. The signal at m/z 174.1468 is assigned to [TEMPO+-
OH]*, while the peak at m/z 190.141S corresponds to
[TEMPO+-OOH]* adduct. Moreover, the peak at m/z
236.1977 is attributed to the adduct of TEMPO and
cyclohexadienyl radical. The detection of these short-lived
radical intermediates by MS supports the involvement of
radical pathways in microlightning-induced alkane dehydro-
genation.

In this system, water microdroplets function as a physical
medium and energy transducer to facilitate C—H bond
activation rather than acting as a traditional chemical catalyst.
Furthermore, positive nanoelectrospray ionization (nESI)
experiments demonstrate that positively charged droplets can
also initiate alkane dehydrogenation (Figure S2), which is

likely driven by the high interfacial electric field at the droplet
surface.”® The generation of such fields is consistent with
iontronic principles involving collective ionic asymmetry
during droplet deformation.®

To evaluate whether microlightning-induced alkane dehy-
drogenation can proceed beyond transient events and lead to
sustained product accumulation, we performed scale-up
experiments under continuous spraying conditions. One ml
cyclohexane and 10 mL water were added into a sealed glass
vial, followed by gas exchange to establish the desired
atmosphere. An atomizer was used to generate water
microdroplets containing cyclohexane (Figure S3). In Figure
4A, the black line represents the ultraviolet—visible (UV—Vis)
spectrum of the homogeneous emulsion without nebulizing.
The red line and blue line represent the UV—vis spectrum of
organic layer that was collected from the homogeneous
emulsion after 2-h nebulization and a standard mixture of
cyclohexene, cyclohexadiene, and benzene (volume ratio
1:1:1) (Figure S4). The red line shows the emergence of
distinct absorption features in the 230—270 nm region. These
features are absent prior to spraying and closely resemble those
of the standard mixture, indicating the accumulation of
unsaturated hydrocarbon products during the reaction.

Gas chromatography (GC) analysis further confirms the
formation of these dehydrogenation products. After S h of
continuous nebulizing, chromatograms obtained under both
air and O, nebulization exhibit peaks corresponding to
cyclohexene, cyclohexadiene, and benzene, with retention
times matching those of standards (Figure 4B). The
identification of GC peaks is shown in Figure S5. As
demonstrated in Figure 4C, quantitative analysis of product
concentrations as a function of nebulizing time reveals a near-
linear increase over the S h reaction period under atmospheric
conditions. Cyclohexene accumulates at a rate of 9.35 mM h™%,
while cyclohexadiene and benzene form at rates of 0.54 and
0.62 mM h7!, respectively. Calibration curves of the
quantification of these three products are shown in Figures,
S6—S8. Under O, nebulization, the formation rates increase to
12.65 mM h™" for cyclohexene, 0.70 mM h™" for cyclo-
hexadiene, and 1.30 mM h™"' for benzene (Figure 4D).
Compared to air, the higher oxygen concentration enhances
both the reaction rate and extent, accelerating the dehydrogen-
ation process and increasing the relative abundance of
benzene. The detailed influence of oxygen concentration on
the reaction performance warrants further investigation. The
linearity of the quantitative results obtained under O,
nebulization is slightly poorer than that observed under air.
This deviation is likely owing to minor fluctuations in the
oxygen concentration inside the spray chamber, which may
arise from imperfect sealing of the chamber. These results
demonstrate that microlightning-induced alkane dehydrogen-
ation can be sustained over extended time scales, leading to
continuous accumulation of dehydrogenated products.

In addition, the H, in the gas phase was identified and
quantified after reaction by GC. The formation rate of H, was
1.08 ymol/h (Figure S9), accounting for approximately one-
tenth of the total dehydrogenation. This suggests a dual-
pathway mechanism: a primary oxidative pathway that
generates H,O, and a nonoxidative pathway that releases H,.
No overoxidation or cracking products, including CO, C,H,,
and C;Hg, were detected after reaction.

This system exhibits high conversion efliciency for alkane
dehydrogenation. To demonstrate this, 4 uL (37.08 pmol) of
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Figure 4. Scale up cyclohexane dehydrogenation induced by water droplet microlightning. (A) UV—vis spectra of cyclohexane-contained water
collected before spraying, after 2 h of continuous spraying, and a reference mixture. (B) GC analysis of products formed after S h of continuous
spraying when nebulized by air and O,, together with chromatograms of standards for comparison. (C) Time-dependent accumulation of
cyclohexene, cyclohexadiene, and benzene during continuous spraying when air is used as the nebulizing gas. (D) Time-dependent accumulation of
cyclohexene, cyclohexadiene, and benzene during continuous spraying when O, is used as the nebulizing gas. Error bars represent one standard

deviation calculated from three independent measurements, n = 3.

cyclohexane in 10 mL of H,O was nebulized for 5 h. The
majority of the precursor was converted to a mixture of
cyclohexene (18.10 pymol) and benzene (16.31 umol). The
total yield of dehydrogenated products reached 93%,
confirming the high efficiency of the process for treating a
fixed amount of alkane precursor.

These scale-up results underscore the potential of water
droplet microlightning as a sustainable platform for industrial
alkene production. We estimate the energy cost for this
transformation to be approximately 7076 MJ/mol, which is
comparable to reported values (500—5000 MJ/mol) for
established plasma-assisted dehydrogenation schemes.'” Nota-
bly, while standard plasma systems typically require high-
voltage power supplies and noble gases such as argon, our
approach achieves similar performance using only water and a
low-cost (~$1) atomizer. It should be emphasized that these
preliminary results were obtained without dedicated optimiza-
tion of the energy cost or product yield. Further refinements of
the spray parameters and chamber geometry are expected to
significantly enhance the overall efficiency of this catalyst-free
process.

To examine the generality of microlightning-induced alkane
dehydrogenation, a series of linear, cyclic, and functionalized
aliphatic substrates were also investigated (Figure S). When
spraying microdroplets to n-hexane vapor in the sealed
chamber, mass spectrometric analysis revealed the formation
of dehydrogenated products corresponding to mono- and

diunsaturated C6 species. As shown in Figure SA, the peaks of
CeH,,* at m/z 83.0843 and C4H,y* at m/z 81.0688 represent
hexene and hexadiene, respectively. Tandem mass spectrum of
the peak at m/z 83.0843 confirms the position of the formed C
= C double bond (Figure S10). Similar dehydrogenation
behavior was also observed for n-pentane, which yields C;H,"
at m/z 69.0689 and C;H," at m/z 67.0534 corresponding to
unsaturated CS products. For cyclopentane, the mass spectrum
shows signals attributable to cyclopentenyl cation (CsH," at
m/z 67.0532) and cyclopentene radical cation (CsHg" at m/z
68.0611) when spraying water microdroplets to cyclopentane
vapor (Figure SC). Notably, no cyclopentadienyl cation
(CsHs") was detected during cyclopentane dehydrogenation.
This absence may be related to the inherent instability of the
cyclopentadienyl cation,*® which is expected to be antiaromatic
and therefore highly unfavorable. The scope of microlightning-
induced dehydrogenation further extends to functionalized
aliphatic substrates. When 2-cyclohexyl-ethylamine was used as
the substrate, dehydrogenated products were also detected by
the observation of CgH,N™ at m/z 124.1103 and CgH,(N™ at
m/z 126.1261. More examples of alkane dehydrogenation
induced by water droplet microlightning are shown in Figures
S11—-S13. These results demonstrate that microlightning-
induced alkane dehydrogenation is a general transformation
that can occur across a wide range of alkanes.

In summary, we show that microlightning generated during
the spraying of water microdroplets can initiate catalyst-free
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Figure 5. Water droplet microlightning-induced dehydrogenation of other alkane substrates. (A—D) Mass spectrum when spraying water
microdroplets to n-hexane, n-pentane, cyclopentane, and 2-cyclohexyl-ethylamine, respectively.

alkane dehydrogenation under ambient conditions. A range of
linear, cyclic, and functionalized aliphatic substrates undergo
stepwise hydrogen removal, leading to the formation of
unsaturated hydrocarbons that can be detected by MS. The
reaction efficiency is strongly influenced by the presence of O,,
either in the gas phase or dissolved in water. Like conventional
plasma-assisted dehydrogenation, microlightning-induced al-
kane dehydrogenation is likely to proceed through radical
pathways, as several key radical intermediates were captured by
MS. Additionally, the transformation can be scaled up to an
alkene formation rate of 12 mM h™! when using cyclohexane as
the reagent. Given that representative market prices for olefin
products are much higher than those of the corresponding light
alkane feedstocks, the development of microdroplet chemistry
as a strategy for alkane-to-alkene conversion represents an
important industrial opportunity that operates without
catalysts, without coke production, and under ambient
conditions. This proof-of-concept establishes a foundation for
future engineering optimization to achieve the throughput
necessary for commercial-scale applications.
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