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Abstract:

A cathode active surface includes a conductive framework of tangled nanofibers with lumps of
amorphous carbon-sulfur distributed within them. The amorphous carbon-sulfur lumps are of carbon
bonded to sulfur via carbon-sulfur chemical bonds and to the nanofibers via chemical bonds. The
strength of the chemical bonds secures sulfur atoms within electrode to suppress the formation of
undesirable polysulfides when in contact with an electrolyte. The tangled nanofibers bind the
amorphous carbon-sulfur lumps and enhance thermal and electrical conductivities.
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SULFURIZED-CARBON CATHODE WITH
CONDUCTIVE CARBON FRAMEWORK

BACKGROUND

[0001] An electric battery includes one or more electric cells. Each cell includes a positive
electrode (cathode) and a negative electrode (anode) physically separated by an ion conductor
(electrolyte). When a cell is discharged to power an external circuit, the anode supplies
negative charge carriers (electrons) to the cathode via the external circuit and positive charge
carriers {cations) to the cathode via the internal electrolyte. During charging, an external
power source drives electrons from the cathode to the anode and the resultant charge
imbalance pulls cations from the cathode to the anode via the electrolyte.

[0002] Lithium-ion (Li-ion) batteries store charge in the anode as Li cations (aka Li ions).
Li-ion batteries are rechargeable and ubiquitous in mobile communications devices and
electric vehicles due to their high energy density, a lack of memory effect, and low self-
discharge rate. Lithium-metal batteries store charge in the anode as lithium metal, which is
superior to Li ions due to a higher theoretical specific capacity, lower electrochemical
potential, and lower density. Unlortunately, rechargeable lithium-metal batteries have yel Lo
be commercialized, mainly due to the growth of electrically conductive lithium dendrites that
can extend from anode to cathode providing a destructive and potentially dangerous internal
short. Also troubling, lithium metal produces side reactions with the electrolyte that consume
both and increase cell impedance. Both dendrites and lithium side reactions reduce cell life
below levels that are commercially viable for important markets.

[0003] Cathodes in most popular lithium-based baltleries include cobalt, manganese, and
nickel, all of which are mined at considerable financial and environmental cost. Also
important, these materials are not distributed evenly across the globe, leading to fears of
scarcity, supply disruptions, and concomitant political and economic instabilities. Cobalt is
particularly troublesome because supply is located predominantly in the conflict-torn
Democratic Republic of Congo and supply is dominated by a small number of companies.
There is therefore a strong demand for battery components that reduce or eliminate the needs

for cobalt and nickel.
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BRIEF DESCRIPTION OF THE FIGURES

[0004] The present invention is illustrated by way of example, and not by way of limitation,
in the figures of the accompanying drawings and in which like references refer to similar
elements and in which:

[0005] Figure 1 is a SEM image at 80,000x magnification of an active surface of an
electrode 100, a cathode for use in an energy-storge device.

[0006] Figure 2 is a SEM image of the active surface of electrode 100 at 1,000x
magnification.

[0007] Figure 3 is an SEM image of electrode 100 in cross section at 4,000x magnification.
[0008] Figure 4 is a flowchart depicting a method 400 of forming electrode 100 to make e.g.
a cathode for an energy-storage device.

[0009] Figure S depicts carbon nanotubes 500 at 40,000x magnification.

[0010] TFigure 6A depicts a thermogravimetric (TG) plot 600 and differential scanning
calorimetric (DSC) plot 605 of the precursor mixture from step 405 of Figure 4.

[0011] Figure 6B depicts the Raman spectrum of the precursor mixture from step 405 of
Figure 4.

[0012] Figure 7A depicts a TG plot 700 and DSC plot 705 of the output from step 435 of
Figure 4, the active cathode layer 300 in accordance with the embodiment of Figure 3.
[0013] Figure 7B is a Raman spectrum of a conductive framework of sulfurized carbon
showing carbon sulfur (C-S) peaks, sulfur (S) peaks, D, G, and 2D peaks.

[0014] Figure 8A plots the cycling performance (charge/discharge) of an electrode in
accordance with one embodiment.

[0015] Figure 8B plots the rate performance (charge/discharge) of an electrode (a half cell)
in accordance with another embodiment.

[0016] Figure 9 depicts an energy-storage device 900, an electrochemical cell, with a
cathode 905 and anode 910 separated by an electrolyte 915 and optional separator (not
shown) of e.g. a porous polymer.

[0017] Figurc 10 is a scanning clectron microscope (SEM) image of anode 910 in cross

section.
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[0018] Figure 11 is a SEM image of anode 910 at a level of magnification that resolves
individual CNTs 1100 and a root area 1105 where the CNTs of layer 930 connect to
interfacial layer 940.

[0019] Figure 12 is a flowchart 1200 illustrating a method of making anode 910 in
accordance with one embodiment.

[0020] Figure 13 is an SEM image of the active portion of a CNT carpet 1300 grown using
a tungsten filament power of 30 W and exposure time of 30 seconds, followed by a CNT
growth time of 10 minutes.

[0021] Figure 14 is a Raman spectrum of a carbon nanotube carpet showing RBM, D, G,
and 2D modes at about 200 cm™, 250 cm™, 480 cm!, and 2700 cm™.

[0022] Figure 15 is a plot 1500 of charge/discharge curves showing electrochemical plating
and stripping of Li-metal over and between carbon nanotubes at a current density of about 1
mA/cm? or a rate of about 0.5 C.

[0023] Figure 16 is a plot 1600 of a cycling experiment showing stable cycling of a Li-
metal plated carbon nanotube carpet at a capacity of about 2 mAh/cm?, a current density of
about 1 mA/cm? or a rate of about 0.5 C.

[0024] Figure 17 is an SEM image of a side-view of an active electrode surface 1700 with
multiple layers of CNT carpets 1705 on top of one another.

[0025] Figure 18 includes two SEM images 1805 and 1810 of the active portion of a CNT
carpet grown using a tungsten filament power of 50 W and exposure time of 30 seconds,
followed by a CNT growth time of 10 minutes.

[0026] Figure 19 depicts a system 1900 for forming anode 910 of Figure 9 following a
process similar to that detailed above in connection with Figure 12.

[0027] Figure 20 depicts a stable, high-capacity, rechuargeable energy storage cell 2000.
[0028] Figure 21 shows three cross sections of cell 2000 of Figure 20 in various states of
charge and discharge.

[0029] Figure 22 shows three cross sections of a cell 2200 like cell 2000 of Figure 20 with

like-identificed clements being the same or similar.
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[0030] Figure 23 depicts a rechargeable energy storage cell 2300 that is similar to storage

cell 2000 of Figure 20 with like-identified elements being the same or similar.

DETAILED DESCRIPTION

[0031] Figure 1 is a SEM image at 80,000x magnification of an active surface of an
electrode 100, a cathode for use in an energy-storge device. The active surface of electrode
100 exchanges lithium ions with an electrolyte (not shown). Electrode 100 includes a
conductive framework of tangled nanofibers 105, carbon nanotubes in this example, with
lumps 110 of amorphous carbon—sulfur distributed within the tangled nanofibers. The
amorphous carbon-sulfur lumps 110 are of carbon bonded to sultur via carbon-sulfur
chemical bonds and (o nanofibers 105 via chemical bonds. The strength of the chemical
bonds secures sulfur atoms within electrode 100, and thus suppresses the formation of
undesirable polysulfides that would otherwise reduce cell life. Tangled nanofibers 105 bind
the active materials within electrode 100 while enhancing thermal and electrical
conductivities of the active layer.

[0032] Figure 2 is a SEM image ol the active surlace ol electrode 100 at 1,000x
magnification. Lumps 110 of various sizes are visible at this level of magnification, but the
carbon nanotubes of the conductive network are too thin to resolve. Carbon nanotubes (tubes
of carbon with diameters measured in nanometers) are of particularly high tensile strength
and exhibit excellent thermal and electrical properties. Nanofibers of different sizes and types
can be used in other embodiments. For example, the tangled nanofibers can include one or a
combination of nanotubes, nanoribbons, graphene, carbon fibers, aluminum nanofibers, and
nickel nanofibers.

[0033] Figure 3 is an SEM image of electrode 100 in cross section at 4,000x magnification.
An active layer 300 of lumps 110 distributed within a conductive network of nanofibers
(Figure 1) is physically and electrically connected to an aluminum substrate 305 that serves
as a current collector when electrode 100 is incorporated into e.g. a capacitor or
electrochemical cell. Active layer 300 is about 50 pm thick, and substrate 305 about 20 um,
though this example is not limiting. Active layer 300 can be relatively dense, advantageously

reducing electrolyte volume and thus cell volume. Some embodiments have cell cathode
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active material with a density of 0.4-1.2 g/cm?, a porosity of 20-70%, and a pore volume of
0.2-1.8 cm?/g.

[0034] Lumps 110 include sulfur that is reacted with and chemically bonded to the
conductive network of nanofibers. Lumps 110 also include amorphous carbon with both sp2
and sp3 hybridized carbon atoms and are, like the sulfur, chemically bonded to the
conductive network of nanofibers. The ratio of sp2 carbon atoms to sp3 carbon atoms is 50-
90 at. % sp3 carbon atoms to 10-50 at. %, the sp2 indicative of aromatic rings. The chemical
bonds securing lumps 110 to nanofibers 105 are predominantly covalent bonds. The resultant
material is largely a sulfurized amorphous carbon that is tightly bonded to the conductive
framework of tangled nanotibers, though some embodiments include as much as 20 wt% free
sulfur, which is to say sulfur that is not chemically bonded to carbon either directly or via an
intermediate atom or atoms (e.g., via one or more sulfur atoms, at least one of which is
bonded to carbon).

[0035] The chemical stability of the active layer 300 suppresses polysulfide formation and
thus allows for relatively high sulfur levels and concomitant lithium storage. In some
embodiments, for example, active layer 300 includes between 30 and 80 wt% sulfur. Active
layer 300 can have low levels of oxygen, e.g. less than 10 wt%, which reduces the risks
associated with thermal runaway. A polymer used in the formation of active layer 300
contributes hydrogen, in one example at a concentration of between five and twenty atomic
percent of the active layer.

[0036] Lumps 110 are largely of amorphous carbon-sulfur with sp2 aromatic carbon
clusters having an average maximum dimension of less than 20 nm dispersed within a matrix
of sp3 carbon atoms. Dopants, like nitrogen and oxygen, can be added to improve
conductivity and wettability for electrolyte or solvents. The amorphous carbon-sulfur can
include one or a combination of monocyclic or heterocyclic aromatic rings, and the
heterocyclic rings can include at least one of oxygen, nitrogen, and sulfur.

[0037] Figure 4 is a flowchart depicting a method 400 of forming electrode 100 to make e.g.
a cathodc for an cnergy-storage device. First, at step 405, nanofibers arec mixed with powders

of sulfur and a polymer with a molecular weight of between 100,000 Dalton and 1,000,000
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Dalton. In this example, carbon nanotubes 500 (Figure 5) are mixed with a powder of
poly(acrylonitrile-co-vinyl acid), or PAN, with an average molecular weight of 150,000
Dalton, and a powder of sulfur at a mass ratio of 1.5 wt%:16.4 wt%:82.1 wt%, respectively.
This mixing can be done in a polyethylene container containing zirconia beads using a
planetary mixer at 600 rpm for 10 min, then at 1,500 rpm for 10 min, yielding a
fused/agglomerated powder. Carbon nanotubes 500 are e.g. 500 nm to 10 pm long and five to
one-hundred nanometers in diameter. In some embodiments, the sulfur is admixed in vapor
form rather than as a powder.

[0038] Next, in step 410, the agglomerated powder from step 405 is crosslinked and
hardened, for example by further mixing at 1,500 rpm for at least ten additional minutes.
Crosslinking refers to the formation of crosslinks, bonds that interlink polymer chains.
Crosslinks can be covalent or ionic bonds. Step 410 heats the mixture to induce the
crosslinking of the precursor, the heat reaching a temperature of between 40°C and 90°C. The
carbon nanotubes act as crosslinking, hardening agents. The crosslinked polymer chains and
tangled nanofibers create a conductive carbon framework, or scaffold, that maintains the
physical integrity of the crosslinked, hardened mixture during subsequent heating. The
mixture from step 410 is removed and broken into chunks or pellets. The chunks or pellets
from step 410 are ground using e.g. a mortar and pestle (step 415).

[0039] The precursor mix made with tangled carbon nanotubes was much harder and more
abrasion resistant than one without the carbon nanotubes, which suggests that the carbon
nanotubes play a role in producing hardened and rigid material by providing a rigid
framework that supports lumps 110. The fused, hardened properties of the precursor mix
from step 415 indicate that the transformation was not mere branching of the polymer chains
but is also accompanied by crosslinking of the polymer chains aided by the sullur and healt,
thus restricting mobility of the chains during the subsequent high-temperature treatment.
[0040] Next, in step 420, the ground, agglomerated powder mixture is transferred to a
furnace that is evacuated of air, filled with an inert gas (e.g. argon or nitrogen) and heated at a
recaction temperaturc of 450°C for 6 hours undcr the incrt gas in a quartz tubce using a split-

tube furnace. This heat treatment, above the glass-transition temperature and below the
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decomposition temperature of the PAN polymer, pyrolyzes the PAN to chemically bond
carbon from the PAN to the nanofibers and the sulfur, thus forming amorphous carbon-sulfur
chemically bonded to the nanofibers. The heating additionally drives off constituent hydrogen
and nitrogen, though some hydrogen and nitrogen can remain after the process. Steps 405
through 420 can be carried out absent some or all of the nanotubes to make sulfurized-carbon
granules. Carbon nanomaterials or additional carbon nanomaterials of the same or a different
type (e.g., ribbons versus tubes of the same or different lengths) can then be incorporated
with the sulfurized-carbon granules via mixing and heating. The material is then cooled for
e.g. 1 hours with the aid of a fan (step 425).

[0041] Cooled material from step 425 was characterized with thermogravimetric-mass
spectroscopy (TG-MS) analysis and a significant mass loss of about 65 wt% was observed
upon heating from room temperature to 1,000°C, the residual 35 wt% consisting primarily of
carbon. The lost mass was primarily sulfur, and also included nitrogen, oxygen, and hydrogen
that had been bonded to the conductive framework with sulfurized carbon. The sulfur content
prior to heating was determined to be about 40 wt% of the cooled material from step 425.
[0042] The material from cooling step 425 is mixed with a powdered carbon (e.g. acetylene
black), a binder, and an organic solvent or water to form a slurry (step 430). The sulfur in the
material from step 4235 is strongly bonded to carbon. The resultant chemical stability allows
the material to be combined with inexpensive and environmentally friendly water without
producing significant levels of poisonous, corrosive, and flammable hydrogen sulfide. For
example, in one experiment using water to form a slurry, a detector with a detection limit of
0.4 ppm failed to detect hydrogen sulfide. The resistance to hydrogen-sulfide formation is
due to the strong bonding between the sulfur and carbon.

[0043] The slurry can contain one or more water-soluble binders, e.g. polyacrylic acid,
carboxymethylcellulose, or styrene butadiene rubber. The binder and carbon additive can
compose from e.g. 2 to 30 wt% of the solid mass. The slurry is spread over a conductor (e.g.
an aluminum foil) and dried (step 435) by e.g. freeze drying and/or heating in dry air. The
dricd cathodc layer is compressced c¢.g. by passing the foil between rollers. In an ecmbodiment

in which the dried slurry and underlying foil are together about 100 microns, the compression
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reduces cathode-layer thickness to between 50 and 90 microns, depending on the mass
loading, with little impact on the foil. Mass loading of sulfurized-carbon cathodes can be e.g.
2 to 10 mg/cm?, with a final sulfur content of e.g. from 30 to 80 wt%.

[0044] “Dry-electrode” embodiments omit steps 430 and 435. Rather than adding a liquid to
form a slurry, the material from step 425 can be compressed into a dry film over a current
collector or can be compressed into a dry film before application to the current collector. The
drying step can thus be omitted. The cathode with the dried, compressed layer from step 435
or a dry-electrode process can be incorporated into a lithium-metal cell. During discharge,
lithium metal oxidized at the anode releases lithium ions through the electrolyte to the
cathode. An optional lithiation process (step 440) may be used. Lithium ions sourced from,
e.g., lithium foil can be electrochemically intercalated into or plated onto a carbon anode
layer prior to cell assembly, for example. Other methods of lithiation are detailed below.
Cathodes rom method 400 are compaltible with other types of anodes, including those that
incorporate porous carbon and silicon to store active metals (e.g., Li, Mg, Al, Na, and K) and
their ions.

[0045] Returning to Figure 4, the sulfur content of active layer 300 was varied by tuning the
reaction temperature of heating step 420 between 300°C and 600°C. At temperatures lower
than 450°C, the mass loss upon heating during TG-MS analysis was greater than about 65
wit%. At temperatures above 450°C, the mass loss upon heating during TG-MS analysis is
lower than about 65 wt%. Below 300°C and above 600°C, the lithium storage capacity of the
electrode made from the material was lower than obtained from materials produced between
300°C and 600°C.

[0046] The size of lumps 110 and the conductivity of active layer 300 can be varied. In a
synthesis similar o the method of Figure 4, the mixed precursor material was heated o
between 100°C and 250°C to crosslink the precursor material. The crosslinked material was
heated again, this time to between 300°C and 500°C to generate sulfurized carbon; and yet
again to between 500°C and 600°C to promote further carbonization and/or graphitization,

which incrcascs the size of graphitic domains in the sulfurized carbon. Larger graphitic
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domains increase the ratio of sp2 to sp3 carbon, which increases the ratio of aromatic sp2 to
sp3.

[0047] The material of step 420 includes graphitic domains or clustered aromatic carbon
rings in the sulfurized carbon. The size of the domains or clusters can be increased for
improved electrical conductivity. In one embodiment, for example, the domains or clusters
were enlarged by subjecting the material to heat treatments up to a temperature of at least
600°C for a period between one microsecond and one minute. The rapid heat treatment was
induced by preheating the reactor to a temperature of at least 600°C and moving the
sulfurized carbon from a cold zone to the hot zone. These heat treatments also increase the
ratio of sp2 to sp3 carbon and reduce hydrogen content. Heat treatment above 600°C for
more than an hour leads to a significant decrease in lithium storage capacity of the material.
[0048] The foregoing method of making an electrode is not limiting. Other discrete or
continuous processes can also be used. In one embodiment, [or example, the discrete process
of Figure 4 is adapted to a continuous roll-to-roll process in which the active material is
formed on one or both sides of a roll of aluminum foil.

[0049] Figure 6A depicts a thermogravimetric (TG) plot 600 and differential scanning
calorimetric (DSC) plot 605 of the precursor mixture from step 405 of Figure 4. Without
crosslinking, the material rapidly loses sulfur above about 300°C.

[0050] Figure 6B depicts the Raman spectrum of the precursor mixture from step 405 of
Figure 4. Raman shifts below about 500 cm™ indicate the presence of elemental sulfur.
[0051] Figure 7A depicts a TG plot 700 and DSC plot 705 of the output from step 435 of
Figure 4, the active cathode layer 300 in accordance with the embodiment of Figure 3. With
crosslinking and the subsequent heat treatment, the material retains sulfur far beyond the
300°C of the precursor [rom step 450. In one example, 94.4% ol the sullur was retained up o
450°C. This demonstrates a chemical stability that prevents active cathode layers of this
material from readily decomposing into polysulfides that escape into the electrolyte.

[0052] Figure 7B is a Raman spectrum of a conductive framework of sulfurized carbon
showing carbon sulfur (C-S) pcaks, sulfur (S) pcaks, D, G, and 2D pcaks. The C-S pecaks arc

indicative of carbon-sulfur chemical bonds, due to bonding of sulfur to amorphous carbon
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and the carbon nanotubes of the conductive framework of sulfurized carbon. The S peaks are
indicative of sulfur-sulfur chemical bonds in a sulfur chain attached to the carbon. Thus,
some of the sulfur atoms are bonded to only sulfur atoms (S-S) and some are bonded to both
sulfur and carbon atoms (C-S-S). The D, G, and 2D modes include contributions from the
5 amorphous carbon and carbon nanotubes in the conductive framework of sulfurized carbon.

The D mode, originating from the presence of six-membered rings, is activated by the
presence of defects. The G mode confirms the sp2 carbon structure of the carbon nanotubes.
The 2D mode, an overtone of the D mode, indicates the presence of six-membered rings and
its shape provides structural and electronic structure about the conductive framework of

10  sulfurized carbon. Because the 2D mode is quite noticeable relative to other peaks, it
indicates the presence of clustered aromatic rings that provide conductivity in the conductive
framework with sulfurized carbon. The broadness of the 2D peak confirms the amorphous
carbon in the sulfurized carbon whereby sp2 carbon atoms are organized as clusters of six-
membered rings that constitute a short-range order (on the order of several nanometers)

15 before defects such as sp3 carbon, non-carbon atoms, five-membered rings, and/or seven-
membered rings, are encountered.
[0053] Figure 8A plots the cycling performance (charge/discharge) of an electrode in
accordance with one embodiment. In this example, the electrode material includes sulfurized
carbon (active material within a sulfurized framework), carbon black (conductive additive),

20 and polyacrylic acid (PAA binder), at a ratio of 95:5:5, coated from an aqueous (water) slurry
on carbon-coated aluminum foil. In one embodiment, the carbon-coated aluminum comprises
an aluminum foil 16 um thick with both sides coated with a 1 um layer of carbon of an areal
density of 0.5 g/m?2. The carbon protects the aluminum from corrosion caused by the
[uorinated electrolyte. It also promoles adhesion between the current collector and the

25  cathode material. The gravimetric capacity (mAh/g) of the electrode is based on the mass of
the active material. The mass of the electrode material is 5 mg/cm? and the areal capacity at
0.2C is about 2.4 mAh/ cm?.
[0054] Figurc 8B plots the rate performance (charge/discharge) of an clectrode (a half cell)

in accordance with another embodiment. The x axis represents charge cycles and the y axis

10
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the gravimetric capacity of the sulfurized carbon. In this example the active electrode
material includes a conductive framework with sulfurized carbon, carbon black (a conductive
additive), and a polyvinylidene difluoride (PVDF) binder at a ratio of 95:5:5. This
composition was coated from an N-methylprrolidone (NMP) slurry on carbon-coated
aluminum foil that will serve as current collector. The mass of the electrode material is 4.5
mg/cm? and the areal capacity at 0.2C is about 2.2 mAh cm™. These data show that the
gravimetric capacity of the half cell at 0.2C recovers after repeated charge and discharge
cycles at 2C.

[0055] Figure 9 depicts an energy-storage device 900, an electrochemical cell, with a
cathode 905 and anode 910 separated by an electrolyte 915 and optional separator (not
shown) of e.g. a porous polymer. Cathode 905 and anode 910 are each engineered to store
relatively large quantities of lithium. Cathode 905 stores lithium in an active layer 920 that
includes a conductive framework of sullurized carbon, as detailed above, over a cathode
current collector 925 of e.g. aluminum. Anode 910 stores lithium metal within and between
carbon nanotubes (CNTs) of an anode active layer 930. The CNTs are grown from and
secured to a copper current collector 935 using an interfacial layer 940 that includes a catalyst
for CNT growth.

[0056] Electrolyte 915 can be liquid or solid. As a liquid, electrolyte 915 canbe e.g. 4 M
lithium bis(fluorosulfonyl)imide with a porous separator of e.g. 5 um polyethylene. A solid
electrolyte can be used to separate anode from cathode, in which case one or both active
layers 920 and 930 can incorporate a liquid, paste, or jell electrolyte that facilitates ion flow
between the solid electrolyte and the active materials. The electrolytes on either side of the
solid electrolyte can be the same or different, depending on what best suits the anode and
cathode aclive malterials. Solid, or “solid-state,” electrolytes can be inorganic (e.g. Lithium
phosphorous oxynitride (LTPON), Lithium thiophosphate, or Lithium nitride) or polymer (e.g.
polyethylene oxide).

[0057] Lithium-sulfur cathodes can lose sulfur when elemental sulfur reacts with the lithium
ions in the clectrolyte to form soluble lithium polysulfides, which arc shuttled between the

cathode and anode. In this deleterious process, sometimes referred to as the shuttle effect,
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lithiated polysulfides shuttle sulfur from the active cathode material through the electrolyte to
plate onto the anode layer during charging. The shuttle effect both reduces storage capacity
and increases internal resistance. Based on information and belief, and without being limited
to theory, an active cathode layer 920 initially lacks or substantially lacks elemental sulfur.
When device 900 is first discharged, the sulfurized carbon is reduced by lithium to form
lithium sulfides. Components of electrolyte 915 also reduce within and between carbon-sulfur
lumps 110 to form an SEI matrix that extends through cathode active layer 920. The SEI
matrix traps the polysulfides but is an ion conductor. During charging, the SEI matrix retains
the sulfur and allows lithium ions to escape back through electrolyte 915 to cathode active
layer 910. The SEI matrix continues to retain the sulfur over subsequent charge/discharge
cycling.

[0058] Lithium in anode active layer 930 ionizes to produce lithium ions and electrons
during cell discharge. The electrons power an external load 945, passing [rom anode 910 (o
cathode 905 via current collectors 925 and 935 and the load. Simultaneously, the lithium
cations (Li") pass from anode 910 to cathode 905 via electrolyte 915. Li cations trom the
electrolyte reduce sulfur within cathode active layer 920 and form lithium sulfide. Charging
reverses this process by stripping lithium cations and electrons from cathode active layer 920
and returning them to anode active layer 930 where they electroplate the CNTs to form a
layer of lithium metal over and between the CNTs.

[0059] The capacity of anode 910 is a function of the quantity of lithium metal that can be
stored in active layer 930, while the electrical impedance is a function of the ease with which
charge carriers—Li cations and electrons—can enter and leave. For storage, the CNT carpet
has a massive areal density, on the order of hundreds or thousands of square meters per gram,
that is available for Li plating, yielding lithium storage capacities (Li mass/CNT mass) of
hundreds or thousands of wt%. As for ion impedance, the CNTs extend generally in parallel
from interfacial layer 940 so the paths in and out of layer 930 are relatively short and straight.
The electron paths are also of low impedance. CNTs are excellent conductors, as are the

copper and copper alloys of current collector 935 and interfacial laycr 940. The interfaces
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between the layers of anode 910 are low-resistance, ohmic contacts that allow charge to flow
easily in both directions.

[0060] Current collector 935 is or includes a base layer predominantly of copper. In one
embodiment, current collector 935 is an 8 um copper foil that is 99.9% pure. Interfacial layer
940, formed during the manufacture of anode 910, is of a copper alloy with precipitate
particles that catalyze and anchor the CNTs of anode active layer 930. Interfacial layer 940
can include other elements, such as oxygen, that may or may not catalyze CNT growth. The
oxygen may come from native or grown surface copper oxide. The other elements may
include metals, such as Ag, Ni, Cr, Al, Fe, Zn. The other elements may come from
unintentional native or manufacturing trace impurities or they may be intentionally
introduced. The other elements may or may not catalyze CNT growth. In cne embodiment,
the other elements are less than 20 wt. % of the copper surface. Based on information and
beliel, the CNTs have root structures that extend out of interlacial layer 940 [rom the catalyst
precipitate particles and establish strong connections with beneficially low thermal and
electrical impedance supported by metallic and covalent bonds.

[0061] Figure 10 is a scanning electron microscope (SEM) image of anode 910 in cross
section. Interfacial layer 940 between current collector 935 and the active anode layer 930 is
difficult to see. The gray area above the CNT carpet of active layer 930 is empty space but
would be filled with electrolyte in an assembled cell. The term “active” refers to the material
in contact with the electrolyte that exchanges lithium ions.

[0062] Figure 11 is a SEM image of anode 910 at a level of magnification that resolves
individual CNTs 1100 and a root area 1105 where the CNTs of layer 930 connect to
interfacial layer 940.

[0063] Figure 12 is a [lowchart 1200 illustrating a method of making anode 910 in
accordance with one embodiment. First, an iron layer about 5Snm thick is deposited on a 25
um copper foil via e.g. e-beam evaporation from an iron target at a pressure of about 5 x 10¢
mBar (step 1205). Later in the process, as detailed below, the iron from step 1205 is
incorporated into the underlying copper to form precipitatc CNT nucleation cites. Iron layers

less than 1 nm thick do not, for this recipe, include enough iron to produce the desired
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quantity and density of nucleation cites. The thickness of the iron layer is between three and
fifteen nanometers in this recipe. CNT catalysts other than iron, such as nickel, can be use
with or instead of iron. In this context, a CNT catalyst is any material that catalyzes CNT
growth.

[0064] Next, an aluminum oxide layer about three nanometers thick was deposited over the
iron layer via e-beam evaporation from an aluminum oxide target at a pressure of about 1.6 x
10™* mBar (step 1210). The aluminum oxide layer protects and constrains the CNT growth so
that the CNTs grow in parallel from the interfacial layer. Aluminum oxide layers much below
three nanometers fail to support adequate CNT growth in this example.

[0065] In some embodiments, the catalyst and buffer layers are deposited by one or more of
e-beam evaporation, sputtering, thermal evaporation, atomic layer deposition, molecular
beam epitaxy, electrodeposition, solution-phase deposition, nanoparticle deposition.

[0066] Instep 1215, the copper [oil with catalyst and protective layers is inserted into a
load-lock chamber of a three-chamber tubular reactor and the reactor is prepared for CNT
growth. The reactor (not shown) includes a loading chamber, a cold zone, and a hot (growth)
zone. The load-lock chamber, with its own pumping and venting systems, is separated from
the cold and hot zones of the reactor by a gate valve, while the cold zone is between the load
lock chamber and the hot zone. The hot zone is the part of the reactor directly under the
furnace, while the cold zone is outside of the furnace. Both hot and cold zones can share the
same pumping system. The hot zone is pre-heated to 750°C under a mass flow rate of 4 sccm
acetylene, 200 sccm hydrogen, and 200 sccm hydrogen bubbled through a water cylinder to
give a precursor mixture of a CNT source gas with a total pressure of about 10 Torr. The
coated Cu foil substrate is introduced to and evacuated in the load-lock chamber using a
vacuum pump down (o a pressure below 0.1 Torr.

[0067] The gas precursor mixture is activated (step 1220) using a heated tungsten filament
located in the hot zone, which is Joule heated to a temperature of about 2000 °C by a supply
of about 30 W of electrical power from a power supply (step 1220). Then the gate valve is
opened and the substrate transported into the hot zone of the reactor via the cold zonc. The

tungsten filament produces a characteristic amber glow, indicating activation of an ambient
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gas mixture of acetylene, hydrogen, and water into various hydrocarbon, hydrogen, oxygen,
and hydroxyl radicals and neutral fragments, such as atomic hydrogen, acetylene radical.
After about 30 seconds of introducing the substrate to the hot zone, the tungsten filament is
powered off. During the 30 seconds of exposure, the substrate interacts with the thermal
energy and activated chemical species generated by the heated tungsten filament.

[0068] In step 1220, during the exposure of the substrate to the activated gas precursor, the
heat from the tungsten filament further increases the temperature of the substrate above
750°C for e.g. 30 seconds. This thermal treatiment diffuses the iron into the copper to create a
copper-iron interfacial layer. The iron dissolving in the underlying copper eventually
saturates the copper and forms precipitate CNT nucleation cites. Thus, the substrate generated
after the exposure of step 1220 includes copper from the initial foil overlayed with a copper-
iron interface, an iron catalyst layer, and a buffer layer of aluminum oxide at the surface. The
interfacial layer is between aboult live and twenty nanomelers, though these layers are not
sharply divided; rather, the interfacial concentration of iron is relatively high—e.g. the
material predominantly of iron—and decreases into the bulk of the copper.

[0069] Next, in step 1225, the tungsten filament heater is turned off and the CNTs grown
using a carbon source gas (e.g. acetylene) and for a time that depends on the desired
properties of the CNT carpet, ten minutes for a CNT carpet with a height of about 20 pm and
an areal mass of about 0.1-0.3 mg/cm?. The areal mass can be decreased below about 0.1-0.3
mg/cm? or increased above 0.1-0.3 mg/cm® by decreasing or increasing, respectively, the
catalyst thickness, CNT growth time, total pressure, and/or carbon source concentration or
partial pressure. In this example, the source gases are the same for both steps 1220 and 1225.
During CNT growth, the continuous copper-iron interface atop the predominantly copper
substrate predominantly immobilizes the surface iron at the base of the carbon nanotube
carpet, while some of the aluminum oxide buffer layer may be present at the interface or
lifted with the top of the carbon nanotube carpet as the CNTs grow from the interfacial layer
nucleated and catalyzed by the iron precipitates. Some of the iron may also be lifted with the

grown carbon nanotubc carpet. The anode structure is then removed from the hot zone to the
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cold zone to rapidly cool e.g. with the aid of a fan (step 1230). In an optional step 1235,
lithium metal can be deposited or plated onto the CNT layer.

[0070] Some embodiments employ a catalyst layer of iron (e.g. 5 nm) on copper without a
buffer layer of e.g. aluminum oxide. In one such embodiment, the iron layer is overlayed with
iron oxide (e.g. 3 nm), the latter taking the place of aluminum oxide. In another embodiment,
iron (e.g. 5 nm) is covered with aluminum oxide (e.g. 3 nm). In yet another embodiment, iron
and iron-oxide layer (e.g. 5 nm) are covered with aluminum oxide (e.g2. 3 nm). Some further
embodiments layer iron oxide (e.g. 5 nm) directly over the copper.

[0071] In step 1225, CNT length can be increased by increasing process time, pressure, Oor
both. The morphology of the CNT carpet can be controlled by adjusting the electrical power
applied to the tungsten filament during the alloy formation/nucleation step 1220. The density
of the CNT carpet can be controlled by adjusting the duration of exposure of the substrate to
the heated tungsten filament. Other growth parameters being equal, increasing the exposure
time from 30 seconds to one minute decreased the CNT carpet density.

[0072] In another embodiment of the CNT growth process, the tungsten filament treatment
described above is omitted when the catalyzed copper foil is inserted into the hot zone of the
reactor at 750 °C. Even without the tungsten filament treatment, diffusion of the iron into the
copper occurs to create a copper-iron interfacial layer. The iron dissolving in the underlying
copper eventually saturates the copper and forms precipitate CNT nucleation cites. Thus, the
substrate generated after the thermal exposure includes copper from the initial foil overlayed
with a copper-iron interface, an iron catalyst layer, and a buffer layer of aluminum oxide at
the surface. The interfacial layer is between about five and twenty nanometers, though these
layers are not sharply divided; rather, the interfacial concentration of iron is relatively high—
e.g. the material predominantly of iron—aund decreases into the bulk of the copper.

[0073] TIn other embodiments of the CNT growth process, the growth temperature is
between 550 °C and 700 °C. In another embodiment of the process, the copper is catalyzed
on both sides for dual-sided growth of CNT. The catalyzed copper can be suspended in the

rcactor, without sitting on a platform and only hcld at the cdges, thus facilitating
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simultaneous growth of CNT on both sides of the copper. A tension or force can be applied at
the edges of the copper to move it through the reactor.

[0074] In another embodiment, the catalyzed copper is vertically oriented in the reactor,
facilitating simultaneous growth of CNT on both sides of the copper.

[0075] The foregoing method of making an electrode is not limiting. Other discrete or
continuous processes can also be used. In one embodiment, for example, the discrete process
of Figure 12 is adapted to a roll-to-roll process in which the active material is formed on one
or both sides of rolled metal (e.g. copper) foil.

[0076] Figure 13 is an SEM image of the active portion of a CNT carpet 1300 grown using
a tungsten filament power of 30 W and exposure time of 30 seconds, followed by a CNT
growth time of 10 minutes.

[0077] Figure 14 is a Raman spectrum of a carbon nanotube carpet showing RBM, D, G,
and 2D modes at about 200 cm™, 250 cm™, 480 cm™!, and 2700 cm™!. The RBM (radial
breathing mode) is indicative of single-walled carbon nanotubes. D mode, originating from
the presence of six-membered rings, is activated by the presence of defects. G mode confirms
the sp2 carbon structure of the carbon nanotubes. The 2D mode, an overtone of the D mode,
indicates the presence of six-membered rings and well-developed electronic structure and
conductivity of the carbon nanotubes.

[0078] Figure 15 is a plot 1500 of charge/discharge curves showing electrochemical plating
and stripping of Li-metal over and between carbon nanotubes at a current density of about 1
mA/cm? or a rate of about 0.5 C. The electrode area is about 2 cm?. The test subject, a CNT
carpet grown on copper in the manner described above, was placed inside a standard 2032
coin cell with a Li metal chip as a counter and reference electrode, a 5 pm polyethylene
separator, and a 4 M lithium bis([luorosulfonyl)imide electrolyte.

[0079] Figure 16 is a plot 1600 of a cycling experiment showing stable cycling of a Li-
metal plated carbon nanotube carpet at a capacity of about 2 mAh/cm?, a current density of
about 1 mA/cm? or a rate of about 0.5 C. The electrode area is about 2 cm?.

[0080] Figurc 17 is an SEM imagc of a side-view of an active clectrode surface 1700 with

multiple layers of CNT carpets 1705 on top of one another. Surface 1700 was grown with a
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tungsten filament power of 50 W over an exposure time of 30 seconds followed by a CNT
growth time of 10 minutes.

[0081] Figure 18 includes two SEM images 1805 and 1810 of the active portion of a CNT
carpet grown using a tungsten filament power of 50 W and exposure time of 30 seconds,
followed by a CNT growth time of 10 minutes. Images 1805 and 1810 are of the same
material but taken at different levels of magnification.

[0082] Figure 19 depicts a system 1900 for forming anode 910 of Figure 9 following a
process similar to that detailed above in connection with Figure 12. An E-beam evaporator
1905 running at 10kW is used to successively deposit first iron then alumina, each at a vapor
pressure of less than 10 Torr, on a copper foil. The resulting substrate is moved to a
reactor/furnace 1910, a tube that is 2.54 cm in diameter, to undergo a chemical-vapor-
deposition (CVD) process at 750°C.

[0083] A heated pipe 1915, heated to 100°C, preheats reactants for reactor/furmace 1910. In
this example, the reactants are acetylene at 4 sccm at 0.5 Torr, hydrogen at 200 sccm and 4.4
Torr, and a combination of hydrogen and water at 200 sccm and 2.9 Torr. Reactor/furnace
1910 includes a loading chamber, a cold zone, and a hot (growth) zone. The load-lock
chamber, with its own pumping and venting systems, is separated from the cold and hot
zones of the reactor by a gate valve, while the cold zone is between the load lock chamber
and the hot zone. The hot zone is the part of the reactor directly under the furnace, while the
cold zone is outside of the furnace, and both hot and cold zones share the same pumping
system.

[0084] The hot zone is pre-heated to 750°C under a mass flow rate of 4 sccm acetylene, 200
sccm hydrogen, and 200 scem hydrogen bubbled through a water cylinder to give a total
pressure of about eight to ten Torr. A copper [0il coated with catalyst and buller layers is
introduced into reactor/furnace 1910 and evacuated in the load lock chamber using a vacuum
pump 1920 down to a pressure below 0.1 Torr. A tungsten filament in the hot zone is Joule
heated to a temperature of about 2,000°C by a supply of about 30 W. The tungsten filament
activates the ambient gas mixture of acctylenc, hydrogen, and water into various

hydrocarbon, hydrogen, oxygen, and hydroxyl radicals and neutral fragments, such as atomic
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hydrogen, acetylene radical. The foil substrate is moved to the hot zone while the filament is
powered.
[0085] The tungsten filament is powered off after about 30 seconds of introducing the
substrate to the hot zone. During the 30 seconds of exposure, the substrate interacts with the
thermal energy and activated chemical species generated by the heated tungsten filament. The
heat from the tungsten filament further increases the temperature of the substrate above
750°C. This thermal treatment diffuses the iron into the copper to create a copper-iron
interfacial layer. The iron dissolving in the underlying copper eventually saturates the copper
and forms precipitate CNT nucleation cites. Next, in the same zone but with the tungsten
filament powered down, a CNT carpet is grown from the interfacial layer. The resultant
anode 910, unspent reactants, and reaction byproducts are conveyed to a cooling tube 1925.
Vacuum pump 1920 removes the unspent reactants and reaction byproducts (collectively the
“ellluent) and returns them o heated pipe 1915 for recycling. The cooled anode 910 is then
removed from the system.
[0086] Anodes of the type detailed above can be used with sulfur-based cathodes.
Conventional lithium-sulfur batteries are notable for their high specific energy but suffer
relatively short cycle lives that have limited adoption. Cells in accordance with some
embodiments combine a high-capacity anode with a highly stable sulfurized-carbon cathode.
[0087] Many variations and modifications of the structures, methods, and materials
disclosed herein are possible and are within the scope of the invention. For example, the CNT
material employed as the active portion of an anode in an electrochemical cell could also be
used in other high-surface-area applications, such as VANTABLACK coatings or other
electrodes for electrochemical cells or capacitors.
[0088] The CNT carpets and methods for growing them provide for material, electrodes,
energy-storage devices, and methods according to any of the following numbered clauses:
1. An electrode comprising:

a base layer predominantly of copper at a first concentration.

an interfacial laycer on the basc laycr, the interfacial laycr including copper at a

second concentration and a carbon-nanotube catalyst; and
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carbon nanotubes from the interfacial layer.
2. The electrode of clause 1, wherein the interfacial layer comprises an alloy of the

copper at the second concentration and iron.

3. The electrode of clause 2, wherein the carbon-nanotube catalyst includes precipitates
of the iron.

4. The electrode of clause 3, wherein the carbon nanotubes extend from the precipitates
of the iron.

5. The electrode of clause 1, wherein the second concentration is lower than the first
concentration

6. The electrode of clause 1, the intertfacial layer including a catalyst layer opposite the
base layer.

7. The electrode of clause 6, wherein the catalyst layer is predominantly of a metal other

than copper.
8. The electrode of clause 7, wherein the metal other than copper comprises iron.
9. The electrode of clause 1, wherein the interfacial layer is of a thickness between three

and twenty nanometers.

10. The electrode of clause 1, the carbon nanotubes further comprising a second metal.
11. The electrode of clause 10, wherein the second metal comprises aluminum.
12. The electrode of clause 10, wherein the second metal is of a concentration in the

carbon nanotubes that varies in proportion to a distance from the interfacial layer.
14. The electrode of clause 1, wherein the carbon-nanotube catalyst is of a metal with an

interfacial concentration in the interfacial layer and a lower concentration in the base layer.

15. The electrode of clause 1, wherein the interfacial layer is in ohmic contact with the
base layer.
16. The electrode of clause 4, wherein the interfacial layer is in ohmic contact with the

carbon nanotubes.
17. The electrode of clause 1, wherein most of the carbon nanotubes are bonded to the
interfacial layer by at least one metallic bond.

18. The electrode of clause 1, further comprising a substrate supporting the base layer
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opposite the interfacial layer.
19. The electrode of clause 1, wherein the copper surface includes a native or grown
copper oxide layer.
20. The electrode of clause 1, wherein the copper surface comprises other elements
constituting less than 20 wt. % of the copper surface.
21. A method of forming nanotubes on an electrode comprising a base layer
predominantly of copper, a catalyst layer of a nanotube catalyst on the base layer, and a
protective layer over the catalyst layer, the method comprising:
exposing the protective layer to a nanotube source gas;
heating the electrode, the heating producing an interfacial layer on the base
layer, the interfacial layer comprising an alloy of the copper and the nanotube
catalyst; and
growing the nanotubes between the interfacial layer and the protective layer.
22. The method of clause 21, the nanotubes lifting the protective layer from the interfacial
layer in consequence of the growing.
23. The method of clause 21, further comprising obtaining the electrode by forming the

catalyst layer over the base layer and forming the protective layer over the catalyst layer.

24. The method of clause 21, wherein the catalyst layer comprises iron.

25. The method of clause 21, wherein the protective layer comprises an oxide of
aluminum.

26. The method of clause 21, further comprising absorbing the protective layer into the

nanotubes during the growing.

27. The method of clause 21, wherein the nanotube are carbon nanotubes.

[0089] Figure 20 depicts a stable, high-capacity, rechargeable energy storage cell 2000
similar to cell 900 of Figure 9, with like-identified elements can be the same or similar. A
metal anode 2005 (a first electrode) is matched with a sulfur-based cathode 2010 (a second
electrode). The electrodes are separated by an electrolyte 2015 with a 2017 of, e.g., a porous
polymer. Anodc 2005 includces a current collector 2020 of, c.g., copper physically and

electrically connected to an anode layer 2025 of porous carbon saturated with an organic
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liquid electrolyte 2015. In one embodiment, anode layer 2025 comprises a carbon-nanotube
(CNT) carpet. Suitable methods of forming a cathode layer of CNTs are detailed above.
Cathode 2010 includes a current collector 2030 of, e.g., aluminum physically and electrically
connected to a porous cathode layer 2035 that can be saturated with electrolyte 2015. An
5  alkali-metal layer 2037 (e.g. of lithium) in electrolyte 2015 and between electrodes 2005 and

2010, on either or both sides of the separator 2017, is in contact with the external surface of at
least one of porous layers 2025 and 2035 but is initially separated from the internal surfaces
(in the pores or interstices) of both porous layers. The lithium metal of layer 2037 is ionized
and moved between anode 2005 and cathode 2010 when cell 2000 is charged and discharged.

10 [0090] Cathode layer 2035 is a nanoporous carbon-sultfur composite, a mixture of porous
carbon and sulfur. The porous carbon collectively forms a matrix that improves thermal and
electrical conductivity, traps harmful polysulfides that would otherwise migrate away from
the cathode 2010 and accommodates expansion and contraction that accompanies the
addition and depletion of lithium. Detailed treatments of cathode materials suitable for

15  cathode layer 2035 are detailed above.
[0091] The structure of the carbon or graphene scaffolding facilitates lithium-ion transport
while trapping polysulfides. This structure is fashioned without admixed lithium metal that
might otherwise interfere with the formation of that structure. The absence of lithium at the
cathode is compatible with lithium-metal anodes. The absence of lithium is not compatible

20 with anode 2005, however, a carpet of carbon nanotubes that is initially formed devoid of
lithium.
[0092] Lithium layer 2037 can be a continuous or perforated lithium foil, the metal of which
becomes the active material in cell 2000. The mass of layer 2037 is selected such that both
cathode layer 2035 and anode layer 2025 have the capacity Lo store the entire amount,

25  between twenty and forty microns thick in one non-porous embodiment. Because essentially
all the lithium is employed, cell 2000 exhibits improved specific capacity and energy density
relative to conventional lithium-ion anodes in which the amount of lithium is generally lower

than the amount of carbon that storcs the lithium ions.
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[0093] Figure 21 shows three cross sections of cell 2000 of Figure 20 in various states of
charge and discharge. Beginning with the uppermost example, labeled 2000, the active
material within cells 2000 exists primarily in lithium layer 2037, with some lithium ions
dissolved in the electrolyte (the separator is not shown). While within a discrete layer for ease
of illustration, electrolyte 2015 can occupy the empty spaces within porous anode and
cathode layers 2025 and 2035. Both sides of lithium layer 2037 may thus be in contact with
electrolyte 2015. The cathode side of lithium layer 2037 is in physical and electrical contact
with cathode layer 2035 and is physically and electrically separated from layer 2025. In other
examples, lithium layer 2037 may be in contact with either anode layer 2025 or cathode layer
2035 with only one lithium surface exposed to the electrolyte. During electrolyte injection,
some electrolyte may find its way into whichever porous layer is in contact with lithium layer
2037. Embodiments in which layer 2037 is e.g. granular or otherwise porous facilitate
wetting of the underlying layer.

[0094] The middle example of cell 2000 is labeled 2000C, the “C” for charging. A power
supply 2100 draws electrons from cathede 2010 and consequent lithium ions from anode
layer 2037 as the lithium metal is oxidized. In a process called “electrostripping,” layer 2037
is depleted as the material migrates as lithium ion through the separator and electrolyte 2015
to coat the interior surfaces of anode layer 2025, which is labeled 2025Li to note this
modification. Though not shown, lithium layer 2037 essentially disappears when the
constituent metal is depleted. Though not shown, a passivating SEI forms on CNT surfaces of
layer 2025L from decomposition products of the electrolyte. The SEI passes lithium ions,
blocks electrons, and prevents further electrolyte decomposition. In the depicted embodiment,
anode layer 2025Li supports essentially all the lithium from layer 2037 as a coating of
metallic lithium within and between carbon nanotubes. Cell 2000C is thus [ully charged.
Experiment has shown that pre-wetting the porous layer adjacent lithium layer 2037 is not
necessary, as the electrolyte is drawn into porous surfaces either during electrolyte injection
or lithium-layer depletion.

[0095] The lowermost cxample of ccll 2000 is labeled 2000D, the “D” for discharging. A

load 2105, represented as a resistor, allows electrons from anode 2005 to migrate toward
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cathode 2010 as lithium ions from anode layer 2025Li concomitantly migrate toward cathode
2010 to take up residence within the porous cathode layer to form lithium sulfides. The
lithiated cathode layer is labeled 2035Li to note this modification. The ratio of lithium in
anode layer 2025Li to the total lithium in anode and cathode layers 2025 and 2035 essentially
determines the state of charge, the higher the ratio the higher the state of charge. Layer 2037
does not reform during subsequent charge and discharge cycles. A coating of lithium metal
reversibly forms within the porous anode layer 2025 (e.g., between CNTs).

[0096] In one embodiment, anodes and cathodes are separately fabricated into electrode
sheets as detailed in the above-reference patent applications. These sheets are then cut into
desired shapes to form anodes 2005 and cathodes 2010. A sheet of separator material and
lithium foil are likewise cut to desired shapes to form a separator and lithium layer 2037. Cell
2000 is assembled from these materials and filled with electrolyte. Lithiation then proceeds
by electrostripping/electrodeposition to charge cells 2000 as illustrated by cell 2000C. In
another embodiment, lithium layer 2037 is initially deposited, on either the anode or the
cathode, by e.g. physical vapor deposition. Thermal evaporation of lithium, for example, can
be used to produce a lithium layer with good adhesion to the target surface.

[0097] Figure 22 shows three cross sections of a cell 2200 like cell 2000 of Figure 20 with
like-identified elements being the same or similar. The main difference is that cell 2200
includes a lithium layer 2205 (e.g. lithium foil) on the anode side of electrolyte 2015. As in
the example of Figure 21, cell 2200 is shown in various states of charge and discharge.
Beginning with the uppermeost example, labeled 2200, the active material within cell 2200
exists primarily in lithium layer 2205, with some lithium ions dissolved in the electrolyte on
either side of layer 2205. The anode side of lithium layer 2205 is in physical and electrical
contact with anode layer 2025 und is physically and electrically separated [rom cathode layer
2035. In some embodiments the lithium of layer 2205 can be divided in two, e.g. one layer on
either side of the separator. For example, electrolyte injected into a cell can carry lithium
particles that form layers of the metal on both sides of the separator.

[0098] Thc middle cxample shows ccll 2200D discharging though a load 2105. Elcctrons

and lithium ions migrate from anode layer 2025 to populate the interstices of porous cathode
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layer 2035Li. The lowermost example shows cells 2200C charging responsive to a power
supply 2100 that draws electrons from cathode 2010 and consequent lithium ions from
cathode layer 2035Li. Cathode layer 2035Li is depleted as the material migrates to the
interior surfaces of anode layer 2025Li, thus forming a coating of metallic lithium within and
between carbon nanotubes. Cell 2000C is thus fully charged. Layer 2205 does not reform
during subsequent discharge cycles. Cell 2200 can be assembled in the manner detailed above
in connection with Figure 21, the difference being placement of lithium foil 2205 and starting
with a discharge (cell 2200D) rather than a charge.

[0099] Figure 23 depicts a rechargeable energy storage cell 2300 that is similar to storage
cell 2000 of Figure 20 with like-identified elements being the same or similar. This
embodiment is lithiated with a layer 2305 sandwiched between cathode active layer 2035 and
cathode current collector 2030. When cell 2300 is thus assembled, porous cathode layer 2035
allows electrolyte 2015 (o create an ion path [rom lithium layer 2305 to CNT layer 2025.
When cell 2300 is first charged, the lithium metal of layer 2305 is ionized and moved to CNT
layer 2025. Cathode layer 2035 absorbs the lithium metal during subsequent discharges to
that lithium layer is or is largely absent in normal use.

[00100] Lithium layer 2305 is shown on only one side of cathode current collector 2030 but
can be on both sides and can be applied to either or both sides as a discrete film or films. In a
continuous process, for example, a perforated 20 um lithium foil is applied to both sides of
the aluminum current collector by roller and pressure. In other embodiments, the lithium
layer or layers can be formed on the current collector. In one embodiment, for example,
lithium layer 2305 is electrodeposited to a thickness of 20 um in an electrolyte comprising a
lithium salt dissolved in an organic solvent, e.g. 4 M lithium bis(fluorosulfonyl)imide. In one
embodimend, the deposition is carried out al a current density of about 0.4 mA c¢m™ for about
10 hours, producing deposited lithium passivated by solid electrolyte interphase comprising
decomposition products of the electrolyte.

[00101] The metallization steps and cells provide for energy-storage devices and methods
according to any of the following numbcred clauses:

1. An energy-storage device comprising:
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an anode having an anode current collector and a porous anode layer

having an anode external surface and anode internal surfaces;

a cathode having a cathode current collector and a porous cathode layer having

a cathode external surface and cathode internal surfaces;
electrolyte between the anode and the cathode; and
an alkali-metal layer in contact with the electrolyte and between the anode and
the cathode.

2. The device of clause 1, the electrolyte extending through at least one of the porous
anode layer and the porous cathode layer.
3. The device of clause 1, wherein the alkali-metal layer is disposed in the cathode
between the porous cathode layer and the cathode current collector.
4. The device of clause 1, wherein the alkali-metal layer consists essentially of lithium.
5. The device ol clause 1, [urther comprising a separator in the electrolyte and between
anode and the cathode.
6. The device of clause 5, wherein the alkali-metal layer is disposed between the
separator and one of the porous anode layer and the porous cathode layer.
7. The device of clause 6, wherein the alkali-metal layer is separated from the cathode
external surface and the anode external surface.
8. The device of clause 7, further comprising a bonding layer between the alkali-metal
layer and one of the cathode external surface and the anode external surface .
9. The device of clause 5, wherein the separator is disposed between the alkali-metal
layer and one of the porous anode layer and the porous cathode layer.
10. The device of clause 9, further comprising a second alkali-metal layer, wherein the
separator is disposed between the second alkali-metal layer and the other one of the porous
anode layer and the porous cathode layer.
11. The device of clause 1, wherein the alkali-metal layer comprises at least one of
metallic particles, wires, and rods.
12. The device of clause 1, wherein the porous ancodce layer comprises carbon.

13. The device of clause 12, wherein the porous anode layer comprises carbon
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nanomaterials.
[00102] The foregoing discussion focuses on electrochemical cells that employ lithium ions
as charge carriers. Other alkali metals (e.g. sodium and potassium) can also be used.
Moreover, while the lithium layers are continuous films in the foregoing examples, metal

5 layers can be introduced as e.g. perforated sheets, screens, or loose or agglomerated particles,
wires, or rods that assemble into a layer during device assembly. A slurry of metal particles
and electrolyte can be used in lieu of or with the electrolyte.
[00103] Variations of these embodiments will be obvious to those of ordinary skill in the art.
Therefore, the spirit and scope of the appended claims should not be limited to the foregoing

10  description. Only those claims specifically reciting “means for” or “step for” should be

construed in the manner required under the sixth paragraph of 35 U.S.C. §112.
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CLAIMS

What is claimed is:
1. An electrode comprising:
a conductive framework of tangled nanofibers; and

amorphous carbon-sulfur distributed within the tangled nanofibers, the amorphous carbon-
sulfur including carbon bonded to sulfur via carbon-sulfur chemical bonds and to the nanofibers

via chemical bonds.

2. The electrode of claim 1, wherein the conductive framework and the amorphous carbon-

sulfur comprise less than 10 wt% oxygen.

3. The electrode of claim 1, wherein the conductive framework and the amorphous carbon-

sulfur comprise more than 30 wt% sulfur.

4. The electrode of claim 1, wherein the conductive framework and the amorphous carbon-

sulfur comprise about 40 wt% sulfur.

5. The electrode of claim 1 wherein the conductive framework and the amorphous carbon-

sulfur comprise between 30 wt% and 80 wt% sulfur.

6. The electrode of claim 1, wherein the amorphous carbon-sulfur includes sp2 carbon atoms
and sp3 carbon atoms, and wherein the ratio of sp2 carbon atoms to sp3 carbon atoms is 50-90%

sp3 carbon atoms to 10-50%.

7. The electrode of claim 6, wherein the amorphous carbon-sulfur includes hydrogen, and

wherein the hydrogen is 5-20% by number of elements.

8. The electrode of claim 1, wherein the amorphous carbon-sulfur contains sp2 aromatic
carbon clusters having an average maximum dimension of less than 20 nm dispersed within a

matrix of sp3 carbon atoms.

9. The electrode of claim 1, at least one of the conductive framework and amorphous carbon-

sulfur comprising a dopant.

10.  The electrode of claim 1, further comprising sulfur bonded to an atom other than carbon.
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11.  The electrode of claim 1, further comprising free sulfur not bonded to the carbon, the free

sulfur less than 20 wt% of a total of the sulfur bonded to the carbon and the free sulfur.
12.  The electrode of claim 1, the amorphous carbon-sulfur comprising aromatic rings.
13.  The electrode of claim 12, wherein the aromatic rings include monocyclic rings.
14, The electrode of claim 12, wherein the aromatic rings include heterocyclic rings.

15. The electrode of claim 14, wherein the heterocyclic rings comprise at least one of oxygen,

nitrogen, and sulfur.

16.  The electrode of claim 1, wherein the tangled nanofibers include at least one of nanotubes,

nanoribbons, graphene, and carbon fibers.

17. The electrode of claim 16, wherein the amorphous carbon-sulfur is bonded to the

nanofibers predominantly via covalent bonds.

18. The electrode of claim 16, wherein the tangled nanofibers include at least one of aluminum

nanofibers and nickel nanofibers.
19. A method comprising:

mixing nanofibers with sulfur and a polymer to produce a mixture of nanofibers, sulfur,

and the polymer; and

heating the mixture of nanofibers, sulfur, and the polymer to pyrolyze the polymer and
chemically bond carbon from the pyrolyzed polymer to the nanofibers and the sulfur.

20. The method of claim 19, further comprising crosslinking the polymer chains with the

nanofibers to form an agglomerated powder mixture before the heating.

21.  The method of claim 20, wherein heating the mixture of nanofibers, sulfur, and the polymer
to pyrolyze the polymer brings the mixture above a glass-transition temperature of the mixture,
and wherein the crosslinking comprises bringing the mixture of nanofibers, sulfur, and the polymer

to a lower temperature below the glass-transition temperature of the mixture.
22.  The method of claim 19, wherein the sulfur is mixed as a vapor.
23.  An electrode comprising:

a base layer predominantly of copper at a first concentration;
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an interfacial layer on the base layer, the interfacial layer including copper at a
second concentration and a carbon-nanotube catalyst; and
carbon nanotubes from the interfacial layer.

24.  The electrode of claim 23, wherein the interfacial layer comprises an alloy of the copper at

the second concentration and iron.

25. The electrode of claim 24, wherein the carbon-nanotube catalyst includes precipitates of

the iron.

26.  The electrode of claim 25, wherein the carbon nanotubes extend from the precipitates of

the iron.

27. The electrode of claim 23, wherein the second concentration is lower than the first

concentration.

28. The electrode of claim 23, the interfacial layer including a catalyst layer opposite the base

layer.

29.  Theelectrode of claim 28, wherein the catalyst layer is predominantly of a metal other than
copper.

30.  The electrode of claim 29, wherein the metal other than copper comprises iron.

31.  The electrode of claim 23, wherein the interfacial layer is of a thickness between three and
twenty nanometers.

32 The electrode of claim 23, the carbon nanotubes further comprising a second metal.
33.  The electrode of claim 32, wherein the second metal comprises aluminum.

34, The electrode of claim 32, wherein the second metal is of a concentration in the carbon

nanotubes that varies in proportion to a distance from the interfacial layer.

35. The electrode of claim 23, wherein the carbon-nanotube catalyst is of a metal with an

interfacial concentration in the interfacial layer and a lower concentration in the base layer.

36.  The electrode of claim 23, wherein the interfacial layer is in ohmic contact with the base

layer.
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37.  The electrode of claim 26, wherein the interfacial layer is in ohmic contact with the carbon

nanotubes.

38. The clectrode of claim 23, wherein most of the carbon nanotubes are bonded to the

interfacial layer by at least one metallic bond.

39.  Theelectrode of claim 23, further comprising a substrate supporting the base layer opposite

the interfacial layer.

40.  The electrode of claim 23, wherein the copper surface includes a native or grown copper

oxide layer.

41.  The electrode of claim 23, wherein the copper surface comprises other elements

constituting less than 20 wt. % of the copper surface.

42. A method of forming nanotubes on an electrode comprising a base layer predominantly of
copper, a catalyst layer of a nanotube catalyst on the base layer, and a protective layer over the

catalyst layer, the method comprising:
exposing the protective layer to a nanotube source gas;
heating the electrode, the heating producing an interfacial layer on the base
layer, the interfacial layer comprising an alloy of the copper and the nanotube catalyst; and
growing the nanotubes between the interfacial layer and the protective layer.

43.  The method of claim 42, the nanotubes lifting the protective layer from the interfacial layer

in consequence of the growing,

44,  The method of claim 42, further comprising obtaining the electrode by forming the catalyst

layer over the base layer and forming the protective layer over the catalyst layer.
45,  The method of claim 42, wherein the catalyst layer comprises iron,
46.  The method of claim 42, wherein the protective layer comprises an oxide of aluminum.

47.  The method of claim 42, further comprising absorbing the protective layer into the

nanotubes during the growing.

48. The method of claim 42, wherein the nanotube are carbon nanotubes.
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49.  An energy-storage device comprising:

an anode having an anode current collector and a porous anode layer having an

anode external surface and anode internal surfaces;

a cathode having a cathode current collector and a porous cathode layer having a

cathode external surface and cathode internal surfaces;
electrolyte between the anode and the cathode; and

an alkali-metal layer in contact with the electrolyte and between the anode and the

cathode.

50.  The device of claim 49, the electrolyte extending through at least one of the porous anode

layer and the porous cathode layer.

51.  The device of claim 49, wherein the alkali-metal layer is disposed in the cathode between

the porous cathode layer and the cathode current collector.

52.  The device of claim 49, wherein the alkali-metal layer consists essentially of lithium.

53.  Thedevice of claim 49, further comprising a separator in the electrolyte and between anode
and the cathode.

54.  The device of claim 53, wherein the alkali-metal layer is disposed between the separator

and one of the porous anode layer and the porous cathode layer.

55. The device of claim 54, wherein the alkali-metal layer is separated from the cathode

external surface and the anode external surface.

56.  The device of claim 55, further comprising a bonding layer between the alkali-metal layer

and one of the cathode external surface and the anode external surface.

57.  The device of claim 53, wherein the separator is disposed between the alkali-metal layer

and one of the porous anode layer and the porous cathode layer.

58.  The device of claim 57, further comprising a second alkali-metal layer, wherein the
separator is disposed between the second alkali-metal layer and the other one of the porous anode

layer and the porous cathode layer.
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59.  The device of claim 49, wherein the alkali-metal layer comprises at least one of metallic

particles, wires, and rods.
60.  The device of claim 49, wherein the porous anode layer comprises carbon.

61.  The device of claim 60, wherein the porous anode layer comprises carbon nanomaterials.
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