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True Performance Metrics
in Electrochemical Energy Storage

Y. Gogotsi' and P. Simon?

Exceptional performance claims for electrodes used in batteries and electrochemical capacitors
often fail to hold up when all device components are included.

dramatic expansion of research in the
area of electrochemical energy stor-
age (EES) during the past decade has
been driven by the demand for EES in hand-
held electronic devices, transportation, and
storage of renewable energy for the power
grid (1-3). However, the outstanding proper-
ties reported for new electrode materials may
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not necessarily be applicable to performance
of electrochemical capacitors (ECs). These
devices, also called supercapacitors or ultra-
capacitors (4), store charge with ions from
solution at charged porous electrodes. Unlike
batteries, which store large amounts of energy
but deliver it slowly, ECs can deliver energy
faster (develop high power), but only for a
short time. However, recent work has claimed
energy densities for ECs approaching (5) or
even exceeding that of batteries. We show
that even when some metrics seem to sup-
port these claims, actual device performance
may be rather mediocre. We will focus here
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A tale of two plots. One way to compare electrical energy storage devices is to use Ragone plots (10), which show both power
density (speed of charge and discharge) and energy density (storage capacity). These plots for the same electrochemical capaci-
tors are on a gravimetric (per weight) basis in (A) and on a volumetric basis in (B). The plots show that excellent properties of
carbon materials will not translate to medium- and large-scale devices if thin-film and/or low-density electrodes are used (10).

on ECs, but these considerations also apply to
lithium (Li)—ion batteries.

Typically, the performance of both bat-
teries and ECs is presented by using Ragone
plots (see the figure) that show the relation
between energy density (how far an electric
car can go on a single charge) and power den-
sity (how fast the car can go). A commercial
EC can harvest or release more energy than
a typical Li-ion battery can deliver on time
frames of less than 10 s, and it can be used
for an almost unlimited number of charge and
discharge cycles (4). A near-term application
will be storing energy for car starter motors to
allow engine shut-offs when stopped (6) and
harvesting braking energy.

Increasing the energy density of ECs usu-
ally comes at the cost of losses in cyclabil-
ity (5) or power, which are the most impor-
tant properties of ECs and without which they
become mediocre batteries. A major effort has
been directed toward increasing the energy
density of ECs by either increasing the capac-
itance of the material, C, or the operation
voltage window, V, or both, since the energy
stored is proportional to CV 2. Some recent
publications on graphene and nanotube-based
materials have used Ragone plots to argue that
supercapacitors can achieve the energy den-
sity of batteries. Those claims are summarized
in the gray area in the upper right corner of
panel A in the figure.

Reporting the energy and power densi-
ties per weight of active material alone on a
Ragone plot (panel A) may not give a realis-
tic picture of the performance that the assem-
bled device could reach because the weight of
the other device components also needs to be
taken into account. ECs are similar to Li-ion
batteries in that they contain current collec-
tors, electrolyte, separator, binder, connec-
tors, and packaging, in addition to carbon-
based electrodes. Because the carbon weight

accounts for about 30% of the total mass of
the packaged commercial EC, a factor of 3 to
4 is frequently used to extrapolate the energy
or power of the device from the performance
of the material. Thus, the energy density of 20
Wh/kg of carbon will translate to about 5 Wh/
kg of packaged cell.

However, this extrapolation is only valid
for electrodes with thicknesses and densities
similar to those of commercial electrodes (100
to 200 um or about 10 mg/cm? of carbon film).
An electrode of the same carbon material
that is 10 times thinner or lighter will reduce
energy density by three- to fourfold (from 5
down to 1.5 Wh/kg based on cell weight, see
panel A), with only a slight increase in power
density. Our ability to predict the performance
of a 200-um-thick electrode by testing a 1-ym
film (7) or a small amount of material in a cav-
ity microelectrode (8) is still very poor. Exper-
imental data show that there may be an addi-
tional drop in the capacitance by a factor of
2 to 3 when the thickness of the nanoporous
carbon electrode increases (7).

Much of this uncertainty stems from
reporting gravimetric, rather than volumet-
ric, energy and power densities of materials
and devices. Many nanomaterials, such as
nanotubes or graphene, have a low packing
density (<0.5 g/cm?®), which leads to empty
space in the electrode that will be flooded by
electrolyte, thereby increasing the weight of
the device without adding capacitance. An
extreme case would be the use of a carbon
aerogel with 90% porosity. The volumetric
energy of such an electrode will be 20% that
of a carbon electrode with just 50% porosity.

If we consider a low-density graphene
electrode (0.3 g/cm®) with an extremely high
gravimetric energy density of 85 Wh/kg (gray
area in panel A of the figure), its volumetric
density will be 25.5 Wh/liter for the electrode
and ~5 Wh/liter for the device (panel B),

material used in a micrometer-thin
film on a chip or a nanotube coat-
ing on a smart fabric is negligible.
These systems may show a very
high gravimetric power density
and discharge rates, but those characteristics
will not scale up linearly with the thickness
of the electrode (7), i.e., the devices cannot
be scaled up to power an electric car. Ragone
plots are only one measure of a device; they do
not show other important properties, such as
the device’s cycle lifetime, energy efficiency,
self-discharge, temperature range of opera-
tion, or cost. They may also provide mislead-
ing information for flow and semisolid batter-
ies (3, 9), where energy and power densities
are decoupled.

By presenting energy and power densities
in a consistent manner, we can facilitate intro-
duction of new materials and find solutions
for EES challenges the world faces. National
and international testing facilities should be
created for benchmarking electrodes and
devices similar to the facilities that exist for
benchmarking photovoltaics. Clear rules for
reporting the performance of new materials
for EES devices would help scientists who are
not experts in the field, as well as engineers,
investors, and the general public, who rely on
the data published by the scientists, to assess
competing claims.
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