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Grafted Metal Oxide/Polymer/Carbon
Nanostructures Exhibiting Fast Transport
Properties**

Huan Huang and Linda F. Nazar*

Rechargeable lithium batteries are a superior alternative
energy source for a variety of applications that demand
advanced energy-storage systems.['l However, accessing high
charge/discharge rates without losing capacity is one of the
biggest challenges, due to the often sluggish kinetics of Li* ion
transport in solid electrodes.’!’ Many otherwise suitable
intercalation materials do not meet the criterion of fast ion
and/or electron transport. In contrast to attempting to tailor a
single material, nanocomposites can provide an optimum way
of crafting desired characteristics for a target application.!
Here, we describe a new class of materials which were
prepared by the grafting of polymer electrolyte chains and
metal oxide layers onto the surface of electronically con-
ductive “graphite-like” carbon spheres. They exhibit an enhanced
electrochemical response at remarkably high rates and improved
electrochemical stability owing to their unique nanostructure.

A “nanostructure” containing two or more materials mixed
on a nanometer scale, ideally is a composite in which the sum
of the parts is greater than the whole. This concept, of
fundamental interest for many years, is widely applicable.[
Electrochemical applications include those involving V,0s5 a
widely studied cathode material that has kinetic limitations
both for ionic and electronic transport.’! Layered polymer/
metal oxide nanocomposites of xerogel — V,0sl% have shown
tenfold enhancement of the Li* diffusion coefficient, owing to
polymer “propping” of the host layers.” Layered nano-
composites of clays and polyethylene oxide produce highly
ionically conductive materials potentially suitable for solid
electrolyte applications.®] Another approach has been to
shorten the diffusion path. High surface area aerogel forms of
V,0;s display a high capacity under pseudo-equilibrium
conditions in thin films.’ V,O; prepared by electrodeposition
in the presence of surfactants displays a porous thin-wall
structure, also resulting in good behavior with a capacity of
220 mAhg™! at a fast rate.l'>!] Nonetheless, a potential
drawback with high surface area materials is poor volumetric
capacity, and the attendant increase in catalytically active
surface sites if the sites are not blocked, ultimately resulting in
electrolyte degradation. However, none of the above ap-
proaches gives rise to a readily prepared, nor stable electro-
chemical system, nor takes advantage of a chemically nano-
structured design.
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Here, we have prepared nanocomposites by chemically
wiring both polyelectrolytes and the active metal oxide
(V,0s) onto the surface of semigraphitic carbon black nano-
particles that serve as an electronically conductive core.
Although V,Ojs serves to illustrate the concept, the method is
also applicable to other materials. Importantly, as the
polymer-functionalized carbon is readily dispersed (“solu-
ble”) in polar solvents, the conductive particles can also be
used to impregnate the interstices of insulating or poorly
conductive high surface area materials with accessible micro-
pores.

Our procedure for coating active materials on polymer
electrolyte-grafted carbon black is illustrated in Scheme 1. We
chose acetylene black as the core carbon support, because of
its well-known electronic conductivity and small particle size

HNO,H,50,

+  HO-(CH,-CH,-0-)H
70-80°C, 12k

carbon black oxidized polyethylene glycol (PEG)
carbon black M - 600
O
]
(WA 3
50-60°C ehhds U
12h =0
& “OH
PEG-grafted carbon black
(C-PEG)
+
[
stir and dry
V0, s0l

Scheme 1. The process for coating V,05 xerogel on PEG-grafted carbon
black.

(average diameter ~44 nm). Polyethylene glycol (PEG) with
a molecular weight of 4600 (corresponding to a stretched
chain length of ~28 nm) was grafted onto carbon particles
that were surface-treated to produce carboxylic functional
groups to anchor the PEG chains.'> 3] The polyelectrolyte-
functionalized carbon or C-PEG was coated with an aqueous
dispersion of V,05 lamellae (“sol”),[" and dried at 140°C to
yield V,05/C-PEG.

The X-ray diffraction (XRD) pattern is representative of a
lamellar material with an interlayer distance of 12.8—13.2 A,
which is greater than the value of anhydrous V,Os (8.7 A).
The interlayer expansion of 4.1-4.5 A indicates the PEG is
intercalated between many of the V,Os sheets, as a single
layer in a stretched chain conformation, as seen in PEO/V,0O5
nanocomposites. The increased interlayer spacing favors the
Li* ion insertion process. IR spectroscopy suggests that the
intercalated PEG also shows some structural modifications
relative to PEG grafted on carbon (Figure 1). These small but
significant changes!® are due to steric interactions between
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Figure 1. FT-IR spectra of a) C-PEG; b) V,05/C-PEG nanoparticles. Band
assignments: (+) = PEG; (x) = V,0s; o=carbon.

the confined polymer and the framework and suggest subtle
conformational differences between the incorporated and
bulk forms of PEG. For electrochemical comparisons, V,05
was also coated from the sol directly onto the carbon black,
without functionalizing the surface with polyelectrolyte: these
materials are referred to as V,0;/C. All compositions were
determined by standard analysis methods.!'*!

Atomic force microscopy (AFM) images of the C-PEG and
V,0,/C-PEG reveal that almost complete dispersion of the
carbon particles can be achieved by grafting polyelectrolytes
on their surface (Figure?2). The image of V,0s/C-PEG
(Figure 2a) shows an grouping of well-separated gum-drop-
shaped particles on the mica surface with a mean diameter of
about 85 nm, consisting of the carbon core (~44 nm) with a
polyelectrolyte/metal oxide coating of about 40 nm. The
image of the C-PEG particles (Figure 2b) shows the particles
have a size similar to V,05/C-PEG, but with a different
appearance of sharp furrows that suggests polymer “feather-
ing” on the carbon surface. No distinct features are visible for
the oxidized, but unfunctionalized carbon particles cast on the
mica surface using the same procedure (Figure 2c¢).

The electrochemical response of the hybrid nanostructured
material over a wide range of current densities—measured by
standard electrochemical methods and after thorough drying
of the material—is greatly enhanced compared to that of a
standard xerogel composite electrode (Figure 3). All experi-
ments were performed under the same conditions with a
current density of 10 mA g~ and a voltage window of 3.8—
1.8 V versus Li. Data on the V,0;5 xerogel are comparable to
results previously reported. Whereas less than theoretical
capacity is observed for the xerogel (1.3Li/V,0s) and some
irreversibility (Figure 3a), for V,0s/C-PEG compositions
almost complete reversibility is achieved, along with signifi-
cantly reduced hysteresis and an almost doubled capacity
(2.25Li1/V,05 or 320mAhg!; Figure 3¢). These improve-
ments are attributed to a short diffusion distance for Li* and
an increase of electronic contact upon employing this hybrid
nanostructure. Note that better response vis a vis the xerogel
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Figure 2. AFM images of a) V,05/C-PEG nanoparticles on a mica surface;
b) C-PEG; c) acid-functionalized carbon particles.

is also seen for the V,0Oj5 directly coated on the carbon black
particle (V,05/C; Figure 3b), but it is not as significant as with
the polyelectrolyte present.

That there is rapid ion and electron transport in the hybrid
nanostructured material is confirmed by varying the applied
current (both for charging and discharging) to probe the
comparative kinetic response. The effect of current density on
working capacity on the three materials, up to current rates as
high as 2000 mA g~ (corresponding to a discharge rate of
14 C; that is, discharge or charge in 1/14 or 0.07 h) are
summarized in Table 1. The capacity of the V,05 xerogel

4000 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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Figure 3. The first discharge —charge sweep for a) V,05 xerogel, b) V,0s/
C, and c) V,0;/C-PEG. Potential range: 3.8—1.8 V.

Table 1. Specific capacities of V,0s, V,05/C, and V,0s/C-PEG at different
current densities.

Current V,0;5 xerogel V,04/C V,05/C-PEG
density specific [%]  specific [%]  specific [%]
[mAg™]  capacity capacity capacity
[mAhg] [mAhg™] [mAhg™]
10 159 100 242 100 318 100
20 143 90 237 98 314 99
50 118 76 219 91 299 94
100 95 60 205 85 289 91
200 62 39 191 79 278 88
500 30 19 159 66 248 78
1000 115 48 224 71
2000 191 60

decreased rapidly when a higher current was applied. At a
current of 10 mA g~!, the reversible capacity for the V,O;
xerogel was 160 mAhg!; increasing the current to
500 mA g~! (~3.5 C) curtailed the available capacity to only
about 30 mA hg~!, which is less than 20 % of the initial value
at the lower rate. This poor kinetic response is typical of a
combination of electronic and ionic factors that limit redox
accessibility under rapid rate conditions. Some improvement
in the kinetic response is seen with V,0s/C as a result of the
intimate contact of the oxide with the carbon. For the novel
nanostructured composite, however, the rate capability was
greatly improved. V,05/C-PEG sustained current densities as
high as 200 fold greater than the xerogel while maintaining an

0044-8249/01/11320-4000 $ 17.50+.50/0 Angew. Chem. 2001, 113, Nr. 20
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even higher capacity than the initial capacity of V,0; gel at a
low rate. At extremely high current densities of 1000 and
2000 mAg! (14 C), capacities of 225 and 190 mAhg},
respectively, were obtained for V,0s/C-PEG that correspond
to about 71% and 60% of the capacity at a low current
density. Based on its excellent kinetic response, this new
nanostructured composite is very suitable for high current/
power applications. This is summarized in the plot of specific
power versus specific energy (Figure 4). The curve for the

100000
10000 C
b
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1000
Py | Wke'!
100
10
1 . . ,
10 100 1000 10000

-1
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Figure 4. Power (P)-energy (E) plots of a) V,05 xerogel, b) V,0;/C, and
¢) V,04/C-PEG that illustrate the rate response.

xerogel levels off at high power, indicating that the available
energy becomes less. V,05/C-PEG exhibits much better high
power output capability. Even at 5000 Wkg=!, 70% of the
specific energy is still available.

The comparison in Figure 5 with the other composite
materials indicates that the hybrid nanostructured material
has not only substantially higher sustainable capacities, but
also better long-term stability. Note the almost complete

[ﬁ
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TR 240
O E 4 200
T A " ""'“3 160 T
[xLi]/[V,04] 1 ; . _ 120 %/mAhg"

o5k 80

1 40
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Figure 5. Capacity retention on cycling for a) V,0;5 xerogel, b) V,05/C, and
¢) V,05/C-PEG. Current density: 100 mA g~!; potential range: 3.8—-1.8 V.

reversibility does not lead to a drop in capacity in the initial
few cycles, whereas the other two materials display a-—
relatively common—initial decrease in capacity. This behav-
ior is usually ascribed to irreversible reaction of lithium with
surface defects, or entrapment in the structure, which clearly
does not occur in the nanostructure.

Angew. Chem. 2001, 113, Nr. 20
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The grafted nanostructured materials we report here can be
classified as fast transport materials on the basis of their
kinetic response to high current densities. It is likely that the
observed behavior is the result of the material being a
multiphase composite; thus all factors (facile Li* transport
owing to the polyelectrolyte component; electron transport
due to the wiring of the V,05 component to the conductive
carbon surface, and the short diffusive path length) contrib-
ute. The advantages of such nanostructured materials arising
from this combination are also synergistic: the mechanical
strength of this composite is reinforced by the polymer chains,
and the unique hybrid structure allows a contiguous V,Os
phase to bridge the gap between adjacent carbon particles,
thus suppressing detrimental grain boundary effects. Experi-
ments in progress will determine the relative contribution of
these factors to the overall properties.

Experimental Section

Carbon black was treated with concentrated HNO5/H,SO, (1:1 v/v) at 70—
80°C for 12 h, and then washed with deionized water, and dried at 80°C in
an oven before use. Dispersal of 20 mg of this acid-treated carbon black in
100 mL H,O gave a pH value of about 3.1, indicating that acidic groups
were formed on the carbon surface. Confirmation was provided by the
appearance of a new band in the IR spectrum at 1716 cm~!, characteristic of
the carboxylic group. The acid-oxidized carbon black was dispersed in
deionized water and mixed with PEG solution with the desired weight ratio
of carbon and polymer. The solution was heated and stirred at 50— 60 °C for
12 h, and dried to give PEG-grafted carbon black (C-PEG). C-PEG is
readily dispersed in water to form a completely stable non-settling
suspension. IR spectra of C-PEG revealed that the grafting process led
to broader bands of PEG compared to those of pure PEG, shifting the C=O
and C—O bands of carbon black from 1716 and 1588 to 1736 and 1557 cm™,
respectively, and producing a new band at 1643 cm~.

To form the V,0s coating, V,05 xerogel was dried to prepare free-standing
films (V,05-xH,0, x: 1.6—1.8 depending on humidity), that displayed a
typical lamellar structure with an interlayer distance d of 11.5 A. The exact
water content of the V,0;5 xerogel film was determined by thermal analysis;
the solid was then ground into powder and dissolved in water with the aid of
ultrasound to obtain a clear dark red V,0Ojs sol, which was then mixed with
well-dispersed C-PEG in different weight ratios.

Characterization: AFM was performed using a Digital Instruments Nano-
Scope Scanning Probe Microscope. Samples of C-PEG and V,05/C-PEG
for AFM were prepared by dispersing the material in methanol using
ultrasound for 10 min, and then depositing the suspension onto mica and
drying it at 60°C for 2 h.

Working electrodes were prepared from the nanocomposite, acetylene
black, and polyvinylidene fluoride (PVDF) with a weight ratio of 85%,
10%, and 5 %, respectively, as previously reported,’! with a loading of the
active material of 3—4 mg. After evaporation of the solvent, all the
electrodes were heated at 140°C for at least 2 h prior to cell assembly to
remove bound water. Swagelok-type cells were assembled in an argon-
filled glove box and studied uder galvanostatic condition between voltage
limits using a MacPile system. All potentials were controlled and recorded
relative to a Li metal electrode.
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Combined Effects of Metal and Ligand Capable
of Accepting a Proton or Hydrogen Bond
Catalyze Anti-Markovnikov Hydration of
Terminal Alkynes**

Douglas B. Grotjahn,* Christopher D. Incarvito, and
Arnold L. Rheingold

Metalloenzyme catalysts such as carboxypeptidase use the
cooperative effects of a metal ion and suitably placed organic
functional groups capable of proton transfer or hydrogen
bonding.['2 Using this cue from Nature, we are making
complexes of general structure A (Scheme 1) where L is a

ym— Ph,P
A
\\ Me—~N" N a  Me—n"dN
o) /N = —_— —_—
H™ \H’ \_>/
1/ 2
A :
€]
CF3S03 Il?u® 'I? ® CF3SO3
~ e u
CHaeN®/ NCCHy  M& - PhoP™ P ~ppp,
NCCHg 0 Me

2+3+H20—>\N’_

Scheme 1. Design (A) and synthesis of catalyst 4. a) nBuLi, THF, —78 to
—50°C, 3 h, then CIPPh,, warming to RT, 51 %; b) CDCl; or CH,Cl,, RT,
<2h,98%.

ligating atom and N is part of a heterocycle, particularly
imidazole. Our results clearly indicate that the combined
effects of a metal and a proton or hydrogen bond acceptor as
in A produce a binding pocket for a polar ligand. We report
herein on the anti-Markovnikov hydration of terminal
alkynes [Eq. (1)], which produces aldehydes, rather than the
isomeric ketones, with selectivities of up to 1000 to 1.
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