
Can Water Act as a Catalyst?
Richard N. Zare1

Water is usually regarded as a passive solvent and fire suppressant, yet aqueous microdroplets can display remarkable chemical
reactivity. This article asks whether water can act as a catalyst. After defining catalysts and explaining their importance in
industrial chemistry, it contrasts the relative inertness of bulk water with the unusual behavior of water at microscopic interfaces.
At curved droplet surfaces, incomplete solvation and charge separation can create strong electric fields that promote the
formation of highly reactive hydroxyl and hydrogen radicals. These species can drive oxidation and reduction reactions or
combine to form hydrogen peroxide and molecular hydrogen. Oppositely charged droplets can also produce microlightning
capable of initiating reactions in surrounding gases. Interfacial water therefore lowers effective energy barriers, opens new
reaction pathways, and enables chemistry under mild conditions. However, because water-derived species may be consumed
and reactivity depends on the interface, curvature, charge, and invested energy, water is not a classical catalyst. It is better
described as a quasi-catalyst. Controlling aqueous interfaces may open cleaner and more energy-efficient ways of making
chemical transformations.

Keywords: Aqueous Interfaces; Water Microdroplets; Interfacial Chemistry; Electric Fields; Hydroxyl Radicals; Charge
Separation; Microlightning; Green Chemistry.

Water (H2O, in which hydrogen is fully oxidized) seems
like one of the least reactive substances around us.
We drink it, cook with it, and use it to put out fires. Life
depends on its presence. Yet, when water is broken into
extremely small droplets, it can become surprisingly
active. Under the right conditions, these droplets can
accelerate chemical reactions and even produce tiny
electrical discharges called “microlightning.”

Does that make water a catalyst? The answer is
almost, but not quite.

A catalyst is a substance that speeds up a
chemical reaction without being permanently con-
sumed. It offers reacting molecules an easier route to
their products—rather like opening a tunnel through a
mountain instead of forcing travelers to climb over it. A
catalyst does not supply free energy or change the final
balance between reactants and products. It simply helps
the reaction proceed more rapidly. This description

agrees with the formal definition adopted by the
International Union of Pure and Applied Chemistry.

Catalysts are essential to industrial chemistry.
They allow factories to manufacture chemicals at lower
temperatures and pressures, thereby reducing energy
use and cost. Catalysts are involved in producing ferti-
lizers, fuels, plastics, medicines, and many other
materials. Without them, some reactions would be far
too slow, while others would require so much energy
that they would be impractical.

At first, water appears to be the opposite of a
catalyst. In a glass or a large tank, it usually acts as a
solvent: it dissolves other substances and absorbs heat.
Water puts out many fires because it takes up a great
deal of heat as it warms and evaporates. The resulting
steam can also help separate the fuel from the oxygen
needed to sustain the fire (Figure 1a).
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But a tiny water droplet is not simply a miniature
glass of water.

In a large body of water, most water molecules are
surrounded by other water molecules (Figure 1b). In a
microdroplet—one only a few millionths of a meter
across—a much larger fraction of the molecules is at or
near the surface. This surface is a special chemical
environment because its molecules are only partly
surrounded by water.

Water also undergoes autoionization: a very small
fraction of its molecules separates into positively
charged hydronium ions, commonly represented as Hþ,
and negatively charged hydroxide ions, OH�. At the
surface of a droplet, these two types of ions do not
interact in the same way with the material outside the
droplet, whether that material is air, oil, or an insoluble
solid. Their unequal behavior can help separate positive
and negative charges, creating a strong electric field
across the interface.

Measurements have found electric fields at
water-droplet interfaces on the order of one volt per
nanometer, or one billion volts per meter. Although such
a field is extremely strong, it acts across an extremely

short distance. These fields can help produce highly
reactive particles called radicals.

For example, a hydroxide ion can lose an electron
and become a hydroxyl radical:

OH� ! OH� þ e�

The dot indicates an unpaired electron. This makes the
hydroxyl radical far more reactive than an ordinary water
molecule. The released electron can also help convert
Hþ into a hydrogen radical, H�, which is likewise highly
reactive (Figure 1c). These radicals can oxidize or re-
duce substances dissolved in the droplet. They can also
combine with one another to form hydrogen peroxide or
molecular hydrogen:

OH� þ OH� ! H2O2
H� þ H� ! H2

Both products have been observed experimentally.
Droplet curvature is also important. Smaller

droplets are more strongly curved than larger ones, and
this curvature can strengthen the interfacial electric field
and increase chemical reactivity. Experiments have di-
rectly measured strong fields at aqueous interfaces,

Fig. 1. From bulk water to reactive microdroplets; the paradoxical behavior of water. (a) Water being used to extinguish a
fire, as water absorbs a large amount of heat, and steam from the sprayed water separates oxygen in the air from the fuel
undergoing combustion; (b) a glass of water showing the hydrogen-bonding network of bulk water, which is relatively inert;
(c) a water droplet that has on its surface a small amount of hydroxide anions (OH�) and hydrogen cations (Hþ) that are no
longer solvated by other water molecules in three dimensions at the surface and undergo charge transfer, producing highly
reactive radicals, the hydroxyl radical (OH�) and the hydrogen atom (H�). These radicals can go on to react with other
molecules dissolved in the water or with molecules in the hydrophobic medium contacting the water droplet, or they can
recombine to form hydrogen peroxide (H2O2), molecular hydrogen (H2), and water (H2O); and (d) water droplets of unequal
electric potentials give rise to microlightning that can set ablaze combustible gases that might surround the droplets.
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although scientists continue to investigate the precise
mechanisms responsible for the many unusual reactions
reported in water microdroplets.

Sprays introduce another remarkable effect.
Breaking electrically neutral water into droplets can
produce some droplets with positive charge and others
with negative charge. When oppositely charged droplets
approach one another, electrons may jump across the
gap. The result is a minute electrical discharge—
microlightning (Figure 1d).

Although far smaller than a lightning bolt in a
thunderstorm, microlightning can carry enough energy
to excite, break apart, or ionize nearby gas molecules,
thereby starting new chemical reactions. Experiments
reported in Science Advances have shown that micro-
lightning can drive reactions in gases surrounding
sprayed water droplets. Related discharges between
tiny bubbles have initiated the low-temperature oxida-
tion of methane, producing small blue flames.

This does not mean that an ordinary splash of
water will start a fire. Special microscopic conditions are
needed, along with a suitable combustible gas sur-
rounding the droplets or bubbles. Nevertheless, the
contrast is striking: bulk water can extinguish a fire
(Figure 1a), while tiny water interfaces can create the
reactive species or electrical discharges that initiate one
(Figure 1d).

Water at an interface therefore behaves in several
ways like a catalyst. It can lower effective energy bar-
riers, open new reaction pathways, and enable reac-
tions to occur rapidly at room temperature. But it fails an
important part of the strict definition. Some water

molecules or water-derived ions are converted into
radicals that go on to form other products. Moreover,
the unusual activity depends strongly on the surface,
curvature, and charge of the droplets, not simply on
water as a chemical substance. These contradictory
behaviors are summarized in Figure 2.

For these reasons, I suggest that interfacial water is
best described as a quasi-catalyst: it behaves much like
a catalyst but does not satisfy every part of the classical
definition. Bulk water may calm a fire, while microscopic
water interfaces can generate radicals, electrical dis-
charges, and unexpected chemical reactions.

This behavior is more than a scientific curiosity.
Aqueous interfacial reactions open a new way of doing
chemistry, one that uses tiny droplets, naturally
occurring electric fields, and ordinary water to drive
reactions under mild conditions, sometimes without
added catalysts or large amounts of external energy.
Energy is, of course, still conserved, and energy must
be supplied to break bulk water into droplets. Never-
theless, by learning to control droplet size, curvature,
charge, and surface conditions, chemists may discover
cleaner and more energy-efficient ways to manufacture
useful substances. The surface of water is therefore not
merely a boundary. It is a powerful and previously un-
derappreciated chemical environment whose possibili-
ties are only beginning to be understood and realized.
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Fig. 2. Arguments for and against interfacial water acting as a catalyst.
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