are then transferred to the plant®.

Mohr and colleagues’ observations raise
many questions. Theauthors considered other
interactionsintegral to the symbiosis, includ-
ing the bacterial metabolic reactions that fuel
nitrogen fixation, and mechanisms by which
the seagrass might regulate this process. These
include promoting the transport of oxygen
through plant roots to support the respira-
tory demands of the bacteriain the otherwise
oxygen-poor environment of the sediments
where seagrasses are usually rooted. How-
ever, the bacterium’s oxygen requirements
might need to be balanced by complemen-
tary adaptations to prevent inhibition of the
oxygen-sensitive nitrogenase enzymes that
areneeded for nitrogen fixation. The authors
also speculate about how this plant-bacte-
rial symbiosis evolved. The next challenge
will be to isolate and grow the bacterium for
more-detailed physiological study to investi-
gate the symbiosis further. On a larger scale,
analysing other broadly distributed tropical
and subtropical seagrasses, such as species
of Thalassia, Zostera and Syringodium, for the
presence of nitrogen-fixing partners would be
alogical next step.

Asisthe case for organismsin many marine
ecosystems, seagrasses are under severe
threat, and restoration efforts are under
way worldwide'™. Developing a fundamental
understanding of the underlying microbial
interactions that support seagrass growth will
surely help in these efforts.
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Electrocatalysis

Water molecules directed
tospeed up dissociation

Matthias M. Waegele

Atechnical feat reveals subtle changes in water structure that
canaccelerate hydrogen production at an electrode interface.
The catalytic process could be developed to help boost supply

of this clean fuel. See p.81

Electrocatalysis, which accelerates chemical
reactions driven by an electric potential at
asolid-liquid interface, could be a key con-
tributor to a sustainable global economy
becauseit can convertelectrical energy from
renewable power sources into green fuels
such as hydrogen gas'. On page 81, Wang and
colleagues®describe animportant advancein
the molecular understanding of how the rate
of anelectrocatalytic processis rooted in the
structure of water at the interface between a
solid electrode and an aqueous salt solution
(anelectrolyte). Their findings could help to
improve the reaction selectivity and energy
efficiency of electrocatalytic interfaces.
Many of the unique physical-chemical
properties of liquid water can be ascribed
to the network of weak attractive forces of
hydrogen bonding between molecules®.

a Water /Q /o\

~—Hydrogen
bonds
Pd-H
distance

Gold substrate

Water molecules at an interface formed by
liquid water and a gas, solid or another liquid
necessarily have fewer hydrogen-bonding
partners. Those within one or a few molecu-
lar layers from the interface therefore often
adopt different structural motifs (geometric
arrangements of molecules) from those in the
bulk liquid*>.

Spectroscopic techniques that probe the
stretching of bonds between oxygen and
hydrogen, or the vibrations of ‘bending’
water molecules, have contributed to our
understanding of the structure of interfacial
water>®. Analysis of these vibrations by infra-
red or Raman spectroscopy of interfacial water
reveals the strength of the hydrogen-bonding
network and the presence of specific struc-
tural motifs at the interface. Such experi-
ments are technically challenging because

Hydrogen
gas

Absorbed
hydrogen
atom

Pd-H
distance

Figure 1| Catalysis of water dissociation at a palladium electrode. Wang et al.’ studied the structure
(geometric arrangement) of water molecules at the surface of an electrode. a, At low concentrations of
dissolved sodiumions (Na*, not shown) and at relatively positive electrode potentials, a network of water
molecules connected by intermolecular hydrogen bonds surrounds the electrode, which comprises

alayer of palladium (Pd) atoms on a gold substrate. b, At higher concentrations of sodium ions and at
relatively negative electrode potentials, hydrated sodiumions (those with associated water molecules) are
electrostatically attracted to the electrode, narrowing the distance between Pd atoms and hydrogen atoms
inthe water molecules. This accelerates electron transfer between the electrode and the water molecules,
causing the water to dissociate into hydroxide ions and hydrogen atoms; the hydrogen atoms initially adsorb
to palladium atoms, and then combine to form hydrogen molecules (H,).
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they require sophisticated methods capable
of selectively probing only a few layers of
water at theinterface. Furthermore, the inter-
pretation of vibrational spectrais complicated
by coupling effects betweenvibrationsin the
water molecules themselves’.

Water molecules at electrolyte-electrode
interfaces undergo a reorientation when
the surface charge on the electrode changes
from positive to negative, or vice versa®’.
This reorientation is due to the interaction
of electric dipoles of the molecules with the
interfacial electric field that arises from the
electrode surface charge, whichis controlled
by the electrode potential. At high potentials,
positive or negative ions (cations or anions,
respectively) inthe electrolyte, whose charge
isopposite tothat ofthe net surface charge on
the electrode, concentrate in the vicinity of
theelectrode. Thisincreased concentration of
ionsis expected to affect the interfacial water
structure. However, under potentials at which
the electrocatalytic conversion of water to
hydrogen occurs, the formation of bubbles
of hydrogen gasinterferes with spectroscopic
measurements, making spectroscopy under
reaction conditions highly challenging.

Wang et al. have neatly circumvented
these difficulties by devising an innovative
experimental approach in conjunction with
Ramanspectroscopy. They used ametal elec-
trode comprising palladium atomstoactasa
catalyst that dissociates water into molecular
hydrogen (H,) and hydroxide (OH~; Fig.1). As
theelectrode potentialbecame more negative,
they found that the water structure gradually
shifted fromarelatively disordered toamore
ordered state.

The spectroscopic evidence indicates that
this transition could be due to weakening of
the hydrogen-bonding network, with aloss
of water molecules that originally had four
hydrogen-bonding partners and a concur-
rent gain of water molecules associated with
sodium cations (Na*) from the electrolyte;
suchwater molecules forma‘hydrationshell’
around theions. Hydrated sodium cations are
electrostatically attracted to the negatively
charged electrode surface and accumulate at
theinterface. Intriguingly, the authors found
that the population of interfacial water mol-
eculesin the hydration shell of sodiumions
tracks the rate of hydrogen formation across
different single-crystal surfaces of palladium.

Foramolecular picture of the more ordered
state of interfacial wateranditsroleintherate
of hydrogen formation, Wang et al. turned to
abinitiomolecular-dynamics modelling. They
found that water in the hydration shell of the
sodium ion can more closely approach the
electrode surface than can other water mol-
ecules. This manifests in a more pronounced
shift of the O-H stretching vibration of water
associated with a sodium ionwhen the elec-
trode potential decreases. Their theoretical
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modelling indicates that narrowing the
physical gap between the hydration shell and
the palladium surface aids electron transfer
from the electrode to the water, enhancing
the rate of water dissociation into molecular
hydrogen and hydroxideions.

The insights derived from this work are
relevant to other technologically useful
electrocatalytic processes that involve
water dissociation, such as the hydrogena-
tion of carbon dioxide to hydrocarbons or

“The authorshaveshown
that the structure of
interfacial water canbe
systematically tuned.”

of nitrogen gas to ammonia. In those reac-
tions, the dissociation of water needs to be
carefully controlled to achieve the desired
product selectivity. Wang et al. have shown
that the structure of interfacial water, and,
consequently, the dissociation of water, can
be systematically tuned by appropriate choice
of the electrode’s crystal facet and the elec-
trolyte’s cation concentration and identity.
Inevitably, some questions remain. For
example, how do the dynamics of interfacial
water change with decreasing potential? These

Mathematics

dynamics couldbe crucial in the formation of
hydrogenand inelectron transfer'®™, Investi-
gations are now required to study the extent
to which the dynamics of interfacial water at
electrocatalyticinterfaces canbealtered with
decreasing electrode potential.
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Al aidsintuitionin
mathematical discovery

Christian Stump

Machine-learning tools have been used to assist the part of
mathematical research that usually relies on human intuition
and creativity — leading to two fundamental results in
different areas of mathematics. See p.70

Mathematicians have been developing
theories by studying examples throughout
history. Forinstance, by lookingatacubeanda
pyramid, one might realize that the number of
vertices, edges and faces are related. A math-
ematicianrecognizes such a pattern, extends
it to more-general shapes, and then starts to
think about why this relationship might hold.
Parts of this processinvolve computations, for
which mathematical software has been use-
ful sinceitfirstbecameavailable inthe 1960s.
However, human creativity enables mathema-
ticians to instinctively understand where to
look for emerging patterns. On page 70, Davies
et al. now describe a way of using artificial

© 2021 Springer Nature Limited. All rights reserved.

intelligence (Al) techniques to help with the
creative core of the mathematical-research
process’.

The relationship between the properties of
convex polyhedra (3D shapes with flat faces,
straight edges and vertices that all point out-
wards) was found centuries ago, and the for-
mula describing this relationship is named
after the Swiss mathematician Leonhard Euler.
Regardless of the shape, the number of verti-
ces (V) minus the number of edges (F) plus the
number of faces (F)isequaltotwo: V-E+F=2
(Fig.1). Canyou arrive at this formula by stud-
ying afew examples of different shapes with a
pen and paper? In this case, it’s possible, but





