Despite their clear importance in terrestrial ecosystems, there have been surprisingly few attempts to describe the
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“...to understand how terrestrial
ecosystems will shift in
response to human activities,
ecologists must learn which
soil organisms live where,
and what functions they serve...”
communities, conservation policies designed to protect the more visible aboveground plants and animals might fail to
adequately protect the biological diversity
hidden beneath our feet. To know how to
maximize crop production in agroecosystems, sequester more carbon in soil, or
to understand how terrestrial ecosystems
will shift in response to human activities,
ecologists must learn which soil organisms
live where, and what functions they serve
in their respective ecosystems. Otherwise,
we might not recognize what has been lost
before it is too late. j
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BATTERIES

How lithium dendrites form
in liquid batteries
Studies of interfacial reactions and mass transport may
allow safe use of lithium metal anodes
By Jie Xiao

C

onventional rechargeable lithium
(Li)–ion batteries generally use
graphite as the anode, where Li ions
are stored in the layered graphite.
However, the use of Li metal as the anode is now being reconsidered. These
next-generation battery technologies could
potentially double the cell energy of conventional Li-ion batteries (1). Rechargeable Li
metal batteries were commercialized more
than four decades ago but were in use only
briefly because of safety concerns (2). With
the advancements of electrolyte (3, 4), electrode architecture (5), and characterization
techniques (6) in recent years, a better fundamental understanding of the interfacial reactions during charging and discharging that
dictate cell performance has developed and
inspired a reevaluation of the use of Li metal
anodes in rechargeable batteries.
The main challenge of Li metal cells is that
during charging, the Li metal electrochemically plates in an irregular manner, forming spiky microstructures, like other metals
electroplated from solution, in the absence
of “levelers” or “brighteners.” Without these
added organic compounds, whose presence
results in a smoother, brighter metal surface,
the metals are always dendritic or powdery
(7). Metal dendrite formation is rooted in the
mass transport of the metal cations, which
are surrounded by solvent molecules and
must move from bulk electrolyte to the outer
limit of the electrical double layer near the
electrode, followed by electro-adsorption.
The solvated cations then shed the solvent
molecules and are reduced into adsorbed
atoms (adatoms) on the electrode surface.
These adatoms diffuse on the surface and become incorporated by the metal lattice.
Mass transfer of metal cations in the
electrolyte phase largely determines the
final morphologies of electroplated metals, even if this process is often ignored in
discussions of Li dendrite formation. Three
forms of mass transport affect the cations in
solution, namely diffusion, convection, and
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migration (see the figure). During electroreduction, the direction of cation diffusion
aligns with their electromigration pathway.
However, natural convection is unavoidable
and unpredictable even in a static electrochemical cell (one with no net flow) and
interferes with this process. Thus, some cations will move faster or slower than others,
which creates different concentration gradients near the electrode (see the figure, top).
Assuming that the electrochemical deposition rate of cations is not very fast and stays
the same throughout the entire electrode and
that there is no interface layer formed between electrode and liquid electrolyte, a very
slow movement of cations to the electrode
surface can make the concentration gradient even steeper because cations are not fully
replenished immediately after electroplating (see the figure, middle). Metal dendrites
propagate into bulk electrolyte where more
cations are available. The metal protrusion
also experiences higher current densities,
which self-accelerates the dendrite to grow.
If the cations move very fast in the electrolyte, the concentration gradient near the electrode is shallower (see the figure, bottom),
and the metal has no preferred growth direction. Relatively large particles without sharp
protrusion are usually formed when mass
transport is not a concern. Once an electroplated metal particle becomes sufficiently
large, it acts as a new current collector that
can grow its own dendrites on the surface (8).
The observation of randomly formed fibrous
Li extending out from a Li particle reflects the
different convection conditions within that
area during Li plating. When a high current
density is applied, electrochemical reduction
or the consumption rate of Li ions is largely
accelerated. Thus, the diffusion rate of Li ions
in the electrolyte becomes relatively slower
compared to their rate of being consumed.
Strong concentration gradients are easily established throughout the entire electrode, so
the metal deposition is usually highly inhomogeneous at high current densities.
Because Li metal reacts with the organic
solvent of the electrolyte, the decomposition products form solid-electrolyte interphase (SEI) layers, and the higher surface
areas of dendritic Li are even more reactive.
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profoundly alter earthworm populations (9).
Given the role of earthworms as ecosystem
engineers, changes in their diversity and
distributions clearly warrant further investigation. Phillips et al. provide a roadmap to
guide such investigations.
The new study also adds to ongoing efforts to document the diversity of other
soil organisms, including bacteria (10),
fungi (11), and nematodes (12). These
studies are fueled, in part, by the increasing recognition that soil biodiversity is of
under-recognized importance to human
and ecosystem health. For these reasons,
the Global Soil Biodiversity Initiative (13)
is leading international efforts to gather
the scientific knowledge needed to guide
and promote the conservation of soil biodiversity. Because soil communities are not
necessarily mirror images of aboveground
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