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Abstract

We demonstrate the fabrication of three-dimensional freestanding foams of hybrid graphene-
single-walled carbon nanotube nanomanufactured materials with reversible capacities of 2640
mAh/g at 0.186 A/g and 236 mAh/g at 27.9 A/g. The Li storage behavior of this material is
compared against other nanostructures in similar flexible foam platforms including graphene,
ultra-thin graphite, and single-walled carbon nanotubes (SWNTs), and we elucidate the
improved hybrid material performance due to the decoupling of lithium storage reaction
energetics dictated by the SWNTs from the total storage capacity of the hybrid material. This
work demonstrates a route to develop mechanically robust all-carbon electrodes with the
potential for reversible Li-ion storage capacity approaching silicon, power capability of the best

supercapacitors, and based on a material simultaneously usable as a charge collector and anode.
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L. Introduction

The prospect for next-generation lithium-ion batteries that can store substantially greater
amounts of energy than current Li-ion technology and charge in a matter of seconds, rather than
hours, is dictated by innovation in the electrode materials implemented into devices." Current
lithium-ion battery technology utilizes thin, micron-scale coatings of graphite as anode materials
enabling a maximum reversible capacity of 372 mAh/g. The prospect for improving this
performance with alternative materials has spurred a massive research thrust in recent years, with
Si materials receiving the most attention for their ultra-high bulk 4200 mAh/g maximum
capacity and ~ 3600 mAh/g capacity achievable at room temperature.s’  However, silicon
materials can often be limited to short cycle lifetimes attributed to solid electrolyte interphase
layer (SEI) growth that compromises performance and cyclability. In this regard, carbon
nanomaterials such as graphene or carbon nanotubes possess an inherent electrochemical

stability that yields favorable SEI layer formation," > "+ ®

even though the optimal capacity for
storage in these materials remains unknown. Numerous previous reports exist highlighting the
promise for graphene and single-walled carbon nanotubes as anodes in reversible Li-ion
batteries.”” 2 Most reports emphasize reversible capacities between 500-1200 mAh/g, with

reports of capacities reaching up to 1723 mAh/g.10 Graphene-based materials have also been

demonstrated to display exemplary rate capabilities of up to 235 mAh/g at rates of 25 A/ g.15

Whereas these results give extraordinary promise to nanostructured carbons as advanced
energy carriers, the origin of the high capacities obtained in these materials is not well
understood. Recent work emphasizes the role defects play in graphene to enable improved
capacities,m which is independently supported by studies where doping of the lattice has been

achieved with both N- or B- atoms to yield improve storage behavior."> Another possibility is
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the importance of the few-layered graphene interlayer spacing that can enable such capacities,
which may be modified in hybrid structures.'® Recent density functional theory calculations

have emphasized the capability of Li to cluster’" %

and diffuse rapidly across edges that appear
in thin graphene materials giving promise to high power storage.”> Nonetheless, there is no
current understanding of what physical mechanisms limit or aid in the storage capacity of
nanostructured carbons, leaving no identifiable capacity goal for these materials as viable energy
carriers. Furthermore, unlike bulk intercalation storage materials where the surface or solid
electrolyte interphase (SEI) region dictates chemical reaction pathways while the bulk material
properties dictate the total storage capacity, all characteristics for lithium storage in carbon

nanomaterials are dictated by surface properties — emphasizing the importance of controlling

these properties to make realizable electrode materials.

In this study, we develop pristine, defect-free hybrid graphene-SWNT freestanding
materials and find them to exhibit capacities approaching that of the best bulk materials (2640
mAh/g @ 0.186 A/g) with simultaneous excellent rate capability (236 mAh/g @ 27.6 A/g). To
assess the mechanism behind this excellent storage capability, we characterize these results in the
framework of three other identically prepared carbon materials: graphene foams, SWNT foams,
and ultra-thin graphite foams. We observe that the hybrid materials support greater lithium
storage capability due to a combination of the greater reactivity of the SWNTs combined with

the increased capacity of the graphene-SWNT combined hybrid material.
IL. Experimental Methods

Materials Fabrication
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To grow few-layered graphene and ultra-thick graphene materials on nickel foams, chemical
vapor deposition (CVD) processes using C,H,/H,/Ar air flow were utilized based on adaptation
from previous work.?* The multilayered graphene was grown by heating a quartz tube furnace to
850 °C at atmospheric pressure with Ar and H, flowing at 500 sccm and 100 sccm respectively,
annealing for 5 minutes, pulling vacuum to 15 Torr and introducing C,H, at 2 sccm, while
changing other gas flow rates to 250 sccm (Ar) and 50 sccm (H,). Following growth, the H, and
C,H, flows were halted and the furnace was cooled and sample removed. For the ultrathin
graphite material growth, the process was generally the same, except the C,H; was introduced at
550 °C (7 sccm) at atmospheric pressure, and then the temperature was ramped to 750 °C.
Additionally, the sample was supported by a ceramic sample boat to produce ultrathin graphite,
which enabled slower cooling rates and much thicker graphitic precipitates. For ultrathin
graphite foams, these materials were notably thick enough to maintain the exact replica of the
original Ni foam template. In all cases, growth substrates were 110 ppi foams obtained from
Winfay materials (China).

To form graphene-SWNT hybrid materials, we utilized electrophoretic deposition (EPD) of
SWNTs> 2 dispersed in n-methylpyrrolidone (NMP) suspensions27 to assemble a thin coating of
SWNT bundles uniformly on the surface of the graphene foam. The SWNTs (HiPCO, purified,
Unidym) were dispersed in NMP polar solvents with a 1 mg/mL SWNT concentration and
sonicated for 30 minutes prior to EPD coating. The EPD coating process was performed with a
stainless steel counterelectrode arranged 0.5 cm from the foam substrate, and deposition took
place at 40 V using a DC power supply. This route involves no use of surfactants and after
etching the Ni foam substrate in HCI, leaves a clean material free of surface contamination or

oxygen species that can lead to adverse SEI formation and irreversible capacities. In cases where
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we utilized (i) graphene or (if) SWNT foams, we (i) performed the same multilayered graphene
growth with no SWNT coating step, or (ii) utilized EPD to directly form coatings of clean NMP-
suspended SWNTs on the Ni foam without the CVD graphene growth. After material assembly,
we then dissolved away the Ni foam using a 1 M HCl bath for 48 hours, after which the samples
were rinsed in a water bath and dried under vacuum.
Battery Fabrication and Electrochemical Testing

Following the development of freestanding foam materials, coin cells were developed
where these materials were utilized as a negative electrode in a half-cell configuration. This
involved a standard 1 M LiPF¢ in ethylene carbonate/dimethyl carbonate electrolyte solution, a
Celgard battery separator, and a lithium metal foil cathode. Electrochemical testing was
performed using a Metrohm Autolab multichannel testing system, which included both cyclic
voltammetry and Galvanostatic testing.
III.  Results and Discussion

The general process for making hybrid graphene-SWNT foams starting from Ni foams,
CVD coating of graphene, and EPD coating of SWNTs is illustrated in Figure 1. After
dissolving the Ni foam template, we find these materials to be freestanding and capable of
flexure without damage (Fig. 1G). Scanning electron microscopy (SEM) images taken at low-
magnification emphasize the structural characteristics of the foam materials that resemble the
initial nickel foam from which they are derived (Figs. 1E-F). Shown in Figure 2A is a SEM
image of a freestanding hybrid graphene-SWNT foam emphasizing the thin, conformal nature of
the SWNT EPD coatings. Shown in Figs. 2B-C are representative high resolution transmission
electron microscope (HR-TEM) images of edges in few-layered graphene sheets in graphene-

SWNT hybrid materials emphasizing the low-defect and pristine graphene chemical structure.
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Fast Fourier Transform (FFT) analysis of these HR-TEM images yielded an interlayer spacing of
~ 0.34 nm for both the graphene-SWNT hybrid materials and the graphene foam materials
without the presence of SWNTs, with FFTs and interlayer maps for both materials in supporting
information. Previous work has emphasized a compromised interlayer spacing and defect
formation when combining graphene with CNTs.'® We do not observe such an effect, and
attribute this to the pristine materials utilized in our study and the lack of aggressive processing
methods, such as sonication, to prepare hybrid materials. We further performed Raman
spectroscopic characterization with 785 nm excitations of both the pristine graphene and
graphene-SWNT hybrid material. Evident from these spectra is a nearly indistinguishable D-
band (1309 cm'l) in the graphene material and an Ip/lg ratio (2616 cm'l) indicative of few-
layered graphene materials. Upon the deposition of SWNTs in the hybrid material, features
arising from the resonant coupling of SWNTs with laser excitations include a slight increase in
the D band, the emergence of low-frequency radial breathing modes, and a depression of the
Lp/Ig ratio (2578 cm™). The comparative Raman spectra from SWNTs and ultra-thin graphite
are included in the supporting information.

To assess the electrochemical performance of these materials as anodes for Li-ion
batteries, freestanding carbon nanomaterial foam half-cells were then subjected to Galvanostatic
charge-discharge testing at charging currents ranging from 0.186 A/g to 27.9 A/g (0.5C and 75C
respectively for a standard graphite anode) from 0 — 3.7 V (vs. Li/Li*). Shown in Figure 3A are
rate capability curves for Li storage in freestanding anode materials composed of graphene,
graphene-SWNT hybrids, SWNT, and ultrathin graphite. The ultrathin graphite material, which
is composed of 50-200 nanometers of graphite material in the same 3-D foam geometry, exhibits

performance characteristic of bulk 3-D graphite materials with a maximum observed capacity of
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332 mAh/g at a rate of C/4 and 260 mAh/g at a rate of C/2, consistent with the performance of a
bulk carbon anode in a Li-ion battery. Multilayered graphene and SWNT materials exhibit
capacities of 1076 and 1299 mAh/g at the same C/2 rate (0.186 A/g), and when combining these
materials into hybrid structures we observe reversible capacities of up to 2640 mAh/g at 0.186
A/g (over 1:1, Li:C), which remains 236 mAh/g at 27.9 A/g, respectively. To our knowledge,
this is both the highest rate capability and capacity measured for carbon nanomaterials, and the
freestanding, 3-D, conductive, and flexible nature of these materials enables the possibility for

their direct integration into packaged cells without additional metallization or use of binders.

As many high capacity anode materials are subject to rapid performance degradation, we
find these materials (hybrid graphene-CNT) to exhibit excellent cycling performance measured
over 300 charge-discharge cycles by performing 100 cycles on a single device at three different
rates (Fig. 3b). We observed no capacity fade over cycling studies, (0.74 A/g, 7.4 A/g, and 14.8
A/g), and even observe the capacity to slightly increase upon cycling, especially at slow charging
rates. This has been previously observed in CVD graphene materials and attributed to
continuous activation of graphene storage activity during cycling.m Our studies indicate ~ 2X
higher discharge capacity between the first and second cycles as indicated in other studies
(supporting information), but cycling appears to improve this storage capacity to a value
intermediate of these. Whereas a mechanistic understanding of this effect remains elusive, we
speculate the improvement upon cycling to represent an evolution of the SEI layer on sp2
hybridized carbon surfaces to compliment improved storage in contrast to the inhibitory effect
the SEI plays in other storage media. In this manner, this is particularly attributed to the sp
nature of the carbon in our devices and a characteristic of surface-based metal storage that is yet

to be completely understood. Another possibility we speculate could be cycling induced wetting
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of electrolyte into the torturous graphene-CNT material, as the high surface free-energy of an sp2
hybridized carbon material inhibits spontaneous wetting. Whereas this effect is most
pronounced at the slowest cycling rates, it occurs at all rates studied and was not found to
saturate in the course of our cycling experiments. Notably, the best measured reversible
capacities in Fig. 3A were obtained after device cycling, representing the potential for even

better performance from these hybrid materials.

To understand the electrochemical performance of hybrid graphene-SWNT materials as
Li-ion battery anodes, Galvanostatic charge-discharge curves (Figure 4) and corresponding
cyclic voltammetry (CV) curves (Figure 5) were analyzed for all materials studied. For
discharge curves at 0.186 A/g (labeled 0.19 A/g), we observe a low-voltage (< 0.5 V) plateau for
the three samples containing graphene or graphite (Fig. 4) with a corresponding low-voltage
peak in the CV scans taken at 0.5 mV/second rates (Fig. 5). This can be attributed to
intercalation of lithium into the subsurface layers of the multilayered graphene or graphite in a
manner reflecting LiCg bulk storage. At 0.186 A/g, the low-voltage plateau accounts for ~ 150
mAh/g charging capacity for ultra-thin graphite, and between 150-250 mAh/g capacity for the
graphene and graphene-SWNT hybrid materials — slightly greater due to the rapidly accessible
bulk layers in the multilayered graphene. In comparison, the SWNT foam exhibited no
observable signature of chemical storage in this low-voltage regime. This confirms that (i) the
enhanced performance in hybrid materials is not related to bulk intercalation of Li species, and

(i) pure SWNT materials exhibit no conventional bulk-like intercalation.

Electrochemical measurements at voltages from 1 — 3.7 V (vs. Li/Li") give key insight
into differentiating features in storage capacity between the different materials. Li-storage in

nanostructured carbons in this window has been previously associated with Faradaic charge
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transfer reactions between the electrolyte species and the edges or surface sites of the graphene
or SWNT materials. Density functional theory calculations have emphasized the mediation of
these Faradaic reactions through defect or sp3 carbon sites.”® Whereas ultra-thin graphite shows
little storage in this regime (Fig. 4B, 5B), the SWNT, graphene, and graphene-SWNT hybrid
foam materials are specifically distinguished in this regime by their storage capability with the
graphene-SWNT hybrid exhibiting superior Faradaic charge storage performance. For the
SWNT foams, a plateau (Fig. 4C) and bump (Fig. 5C) from 1-2.2 V (vs. Li/Li*) during charging
represents the primary Faradaic charge storage reaction. This is compared to graphene foams
that exhibit a small plateau between 1-2.2 V (Fig. 4A), with more contribution from Li storage at
higher voltages. For the hybrid graphene-SWNT material, both a greater plateau from 1-2.2 V is
observed compared to the SWNT foams, and more storage above 2.2 V is also observed (Figs.
4D, 5D). From this result, we infer that the SWNT materials enable a lower-energy chemical
pathway for LiPFs decomposition and corresponding Faradaic Li storage than graphene, with
charge capacity of the SWNTs dictated by the area under the peak in the positive CV scan in Fig.
5 (illustrated in Fig. 6A). In contrast, the graphene materials exhibit a less well-defined energy
regime for Li storage and significantly more Faradaic charge-transfer reactions at voltages above
2 V. Therefore, the electrochemical characteristics of SWNTs and graphene are complimentary
for Li storage, as SWNTs enable reactivity with the electrolyte to chemisorb Li species, and
graphene materials provide a surface topology capable of reaching high storage capacities (Fig.
6). Once the Li species are formed on the SWNT surface, they can rapidly diffuse to occupy
sites on the graphene material.”® Previous studies focused on chemical functionalization of
graphene surfaces have noted the extreme low reactivity of spz, flat, basal plane graphene in

comparison to defect sites, edges, and ripples in the graphene material. ! Compared to flat

10
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graphene, SWNTs exhibit greater reactivity in charge-transfer reactions due to their curvature-
induced higher surface free energy.32 Based on this, we propose here that the mechanism for the
enhanced storage in graphene-SWNT hybrid materials is the capability to use a hybrid system to
decouple electrolyte decomposition reaction energetics and surface storage capacity in an anode
material without compromising the low-defect sp2 characteristics of the surface carbons. This is
consistent with previous studies arguing the importance of defects for Li storage on graphenelo’ 20
since defect and edge sites in graphene can play a similar role as SWNTs (illustrated in Fig. 6A)
to facilitate Faradaic charge-transfer reactions. However, defects and edges in a graphene anode
are likely to require the forfeit of some irreversible capacity due to the strong binding between
chemical species and sp> carbons that isn’t present when utilizing low-defect sp> carbon hybrid
material. As a result, hybrid materials enable one to decouple the function of the individual
materials in an anode to engineer optimized storage without compromising the total reversible

storage capacity of the graphene material — the mechanism we propose to yield excellent storage

characteristics in our hybrid material.

Finally, the graphene-SWNT material also exhibits extraordinary rate capability at high
currents. At a cycling rate of 27.9 A/g, specific capacities are measured of 236 mAh/g. CV
scans at fast scan rates isolate this as surface Faradaic reactions (Fig. S4), and half-cell power
densities greater than 30 kW/kg are measured (Fig. S6) indicating power capability comparable
to the best supercapacitors. To emphasize the rate capability of this device, if a graphene
supercapacitor was achieved with a specific capacitance of 550 F/g (the highest achievable
value) at 27.9 A/g, its capacity at 1 V would be almost 1.5X smaller than the hybrid graphene-
SWNT device. Furthermore, a commercial cell utilizing this battery anode, if rated for a

maximum capacity of 2640 mAh/g, could reach full charge at 27.9 A/g in just over 5 minutes —

11
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perhaps similar to the length of time it takes to currently fill a fuel tank in a gas-powered
automobile. This is achieved by the nanoengineering of complimentary functions of carbon
nanostructures in hybrid materials into ultrahigh performance electrodes — a concept that we
anticipate to be broadly transferrable to other systems such as Li-air batteries, chemical and

biological sensors, electrochemical solar cells, and catalysis.

IV. Conclusions

We demonstrate the ability to utilize a hybrid graphene-SWNT freestanding material to enable
high capacity lithium storage approaching the most ideal bulk storage materials, but with a
tunable electrode-electrolyte surface reactivity based on the SWNTs in the hybrid material. This
enables us to achieve ultrahigh storage capacities in hybrid structures (2640 mAh/g, 0.186 A/g),
but also to maintain excellent rate performance (236 mAh/g, 27.6 A/g). Such a route to develop
hybrid assemblies of nanostructures that can decouple the surface electrode-electroyte reactivity
from the total electrode storage capacity gives credence to the realization of carbon
nanostructured materials as practical energy carriers for use in lithium-ion batteries. As we
demonstrate in this work, such materials give promise to a simultaneous 10X greater capacity
and over 10X faster charging rate than that which can be achieved with conventional battery

technology.
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Figure Captions

Figure 1. (A-D) Pictures of the materials formed during steps associated with the fabrication of
3-D freestanding hybrid graphene-SWNT foams starting from (A) nickel foam, (B) nickel foam
after CVD coating of graphene, (C) the graphene/nickel foam material after EPD of a thin layer
of SWNTs, and (D) the freestanding graphene-SWNT foam after dissolution of Ni in HCIL. (E-F)
SEM images of (E) nickel-foam supported graphene-SWNT hybrid materials, and (F)
freestanding graphene-SWNT hybrid materials. (G) Photograph showing the flexure of a foam

material at over a 90° angle, emphasizing the mechanical rigidity and flexibility of the material.

Figure 2. (A) SEM images of hybrid graphene-SWNT materials emphasizing the thin, pristine
coating of SWNTs, (B-C) TEM images isolating graphene materials in graphene-SWNT hybrid
structures. Interlayer spacing of ~0.34 nm was determined using FFT analysis (supporting
information), and (D) Raman spectroscopic characterization (532 nm) of 3-D graphene and

graphene-SWNT hybrid foam materials.

Figure 3. (A) Rate capability plot showing the specific capacity (mAh/g) as a function of the
Galvanostatic charge-discharge current in A/g for the four freestanding foam materials studied in
this work. (B) Cycle lifetime study of graphene-SWNT hybrid materials cycled at rates of 0.74,

7.4, and 14.9 A/g (corresponding to 2C, 10C, and 20C for graphite materials).

Figure 4. Galvanostatic charge-discharge measurements at cycling rates of 14.9, 1.49, and 0.19
A/g for (A) graphene foams (B) ultrathin graphite foams, (C) pristine SWNT foams, and (D)

hybrid graphene-SWNT foams.
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Figure 5. Cyclic voltammetry curves at scan rates of 0.5 mV/second for (A) graphene foams, (B)
ultrathin graphite foams, (C) pristine SWNT foams, and (D) hybrid graphene-SWNT foams. CV

curves at higher scan rates are included in the supporting information.

Figure 6. (A) Proposed conceptual energy diagrams of the chemical pathways for Li storage on
defect-free SWNT and graphene surfaces emphasizing the improved reactivity of SWNTs, and
(B) schematic illustrated the improve capacity of graphene-SWNT hybrids based on the process

illustrated in (A).
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Text: Freestanding, flexible graphene-SWNT foams give promise for Li-ion batteries due to

synergistic roles of these hybrid materials in Li storage.
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