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3. Introduction  
 
Multifunctional materials capable of providing an energy storage coupled with a load bearing 

ability are attractive for applications in which reducing the overall mass and volume of 
equipment is important, such as unmanned or aerospace vehicles [1-4], tents and outdoor special 
clothing for turists going for long trips, professionals going to expiditions and solders going for 
missions. Flexible Li-ion batteries with load bearing abilities could be attractive candidates for 
these applications due to their high energy and power densities. As a first step towards 
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realization of such a battery design one needs to develop scalable synthesis routes to produce 
structural and flexible anodes and cathodes. 

Magnesium-lithium (Mg-Li), aluminum-lithium (Al-Li) and silicon-lithium (Si-Li) alloys are 
attractive lightweight materials for both structural aircraft components and Li-ion battery anodes. 
This multi-functionality may allow the airframe to serve as a power/energy source for a variety 
of applications, including hybrid engines for combat aerial vehicles.  

4. Goals for the project 
 Systematic studies of the effects of electrochemical parameters on Mg-, Al- and Si-

alloy microstructure  

 Fabrication of porous ultra-light high strength carbon-containing composite materials 
(Mg/C, Al/C, Si/C) with high energy / high power electrical energy storage capability  

5. Results and Discussion 
5.1.  Microstructure Modification   

Figure 1 Shows a typical XRD response from lithiating aluminum samples. By 
comparing to standard data collected we have shown the formation of AlLi crystalline 
phase which can be seen in Figure 2. 

 

 

Fig.1. X-ray diffraction experiments: changes in the Al sheet microstructure upon electrochemical alloying with Li 
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Fig.2. Crystal structure of perfect stoichiometric AlLi observed in XRD experiments. 

 

To determine the effects of increasing amount of lithiation on the grain size we used aluminum 
1030 sheet and made coin cells after annealing in air for 2 hrs at 500 C and polishing in the dry, 
argon filled glovebox. As seen in Figure 3 the aluminum grain size reduces instantaneously from 
the annealed condition (shown here as >500 nm) while the AlLi grain size approaches the same 
value of 50 nm. This order of magnitude reduction of grain size has a significant effect on the 
strength (Fig. 4) and hardness (Fig. 5) of the aluminum. 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 3. Changes in Al grain size upon electrochemical alloying of Al sheet with Li at room temperature. The grain size 
of the formed LiAl phase is also provided. 
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Fig.4. Yield Stress in Al and Mg alloys as a function of the grain size.   
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Fig.5. Hardness of Al before and after Li insertion and the resulting grain size reduction.   
 
 
 
5.2. Electrochemical Performance of C-Al Composite as Anodes for Li-ion Batteries  

Electrodes’ specific capacity determines the energy storage characteristics of Li-ion batteries. 
The high specific capacity of C-Al composite electrodes (Fig. 6) is beneficial for energy storage 
capabilities of the multifunctional material under study. 
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During the lifetime of a battery many parameters may affect the performance. In aluminum 
systems one of the greatest inhibitor of cycle stability is the large volume change which occurs 
during lithiation. This repeated volume change leads to an increased surface area by refining of 
the particles and the resulting loss of electrical paths within the electrode. The use of 
nanostructured electrodes is believed to be required for successful implementation of the Li-alloy 
anodes[5].  
 
 

   
 
Fig.6. Voltage profiles (left) and specific capacity of Al-C composite electrodes.  

 

5.3. Electrochemical Performance of C-Mg Composite as Anodes for Li-ion Batteries  

Initial attempts to lithiate (insert Li ions into) Mg powder was inhibited by the formation of a dense, 
ionically non-conducting native oxide layer. This problem was evident in our first charge discharge 
studies performed on magnesium powder electrodes prepared outside of the glovebox. These batteries 
seemed to show very low capacities (less than 40 mAh/g – compared to 300-360 mAh/g for graphite). In 
this case the native oxide film on the magnesium powder prevented the lithiation of the magnesium 
particles and forced the lithium ions into the PureBLACK particles (18 wt%) providing for a small 
amount of capacity. Thus the good cycle stability was due to PureBLACK only.  

However, by performing mechanochemical activation by ball-milling Mg and PureBLACK powder in 
a vacuum-seal container we successfully removed the native oxide in Mg and produced highly active 
composite electrode (Figure 7) with 2 times higher specific capacity than traditional graphite (Figs 8-11). 

We found that both salt and solvent in an electrolyte plays an important role in the capacity and 
stability of the Mg-C based anodes. For example, while in some electrolytes (Figures 8-10) Mg-C 
composites exhibit moderately high capacity (600-650 mAh/g) and good stability, in others (e.g. Figure 
11) Mg-C may initially exhibit higher capacity (up to 1100 mAh/g) but undergo very rapid degradation 
and show uncontrolled elechtrochemical reactions, as demonstrated by higher discharge capacities than 
charge capacities (Figure 11).   
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Fig. 7. SEM micrographs of a typical chemo-mechanically activated C-Mg composite electrode used in the studies 

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

586 mAh/g593 mAh/g655 mAh/g

613 mAh/g657 mAh/g

Insert LiInsert Li
Insert Li

V
o

lt
a

g
e

, V

1 M LiClO
4
 in EC/DEC/DMC (1:1:1 by vol)

Time, hour

 

Extration Li Extration Li Extration Li

1534 mAh/g

 

Fig. 8. A typical room-temperature charge-discharge profile of Mg-C composite anode for a Li-ion battery 
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Fig. 9. Room temperature charge and discharge capacity of the mechano-chemically activated Mg-C composite in 
1M LiPF6  EC/DEC/DMC electrolyte solution.  
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Fig.  10. Room temperature charge and discharge capacity of the mechano-chemically activated Mg-C composite in 
1M LiClO4  EC/DEC/DMC electrolyte solution.  
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Fig. 12. Room temperature charge and discharge capacity of the mechano-chemically activated Mg-C composite in 
1M LiPF6 in THF electrolyte solution.  

 

5.4. Li-ion insertion into Mg foils  

Very slow diffusion of Li was also observed in Mg sheet (Mg foils). Even when charging current was 
as low as 0.3 mA/cm2 the voltage immediately drops to below 0 V vs Li/Li+. The low discharge capacity 
can be seen in Figure 13. The oxide layer adheres very well to the foil and can accommodate the stresses 
generated due to lithiation. To circumvent this problem the oxide layer on Mg sheets was  mechanically 
removed in an Ar-filled glove box (Figure 14). This process was found to dramatically enhance 
electrochemical activity of the Mg and Mg alloy (ZA31) sheets, as evident from cyclic voltametry studies. 
Scans were done starting at open circuit potential and going to 0.01 V vs Li at scan rates of 0.5 mV/s, 0.1 
mV/s, and 0.02 mV/s, and temperatures of room temp, 40, 60 and 70 °C to study the possibility of 
repassivation as well as extraneous electrochemical reactions. The charge discharge studies discussed 
above were repeated with unpassivated magnesium at 0.3, 0.2, and 0.1 mA/cm2. As expected, higher 
temperatures increased the reaction kinetics for the 40 °C and 60 °C samples as seen by the increased 
peak heights, however the higher temperature also destabilized the solid electrolyte interphase (SEI) in 
the higher voltage potential region as seen by the large peaks above 1.5 V shown in Figure 15. The SEI 
stability was not observed to cause electrode degradation for 40 °C magnesium alloy (AZ31) electrodes as 
shown by the cycle stability in Figure 16. The two deintercalation peaks observed for the cyclic 
voltametry (Fig. 16) could be due to the presence of Al in the AZ31 alloy sheets (3 wt. %). Our prior 
research showed that the deintercalation peak of aluminum occurs at 0.47 V vs Li/Li+, suggesting that the 
intercalation of oxide free magnesium in carbonate solutions to occur at 0.2 V vs Li/Li+. With the oxide 
layer removed the magnesium batteries were finally able to be electrochemically active and charging was 
achieved.  

Constant voltage lithiation of powder and metallic electrodes was performed in order to provide 
control over what phases could form. In addition high temperature was used to speed up the lithiation 
process and then compared with room temperature performance to determine the advantages of modest 
temperature changes. Figure 17 shows the results of moderate voltages used to insert lithium into the 
magnesium electrodes. High capacities were achieved for the powder electrode (with in excess of 50 % of 
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the total theoretical lithiation could be attained at 70 °C). This high temperature (70 ºC) increases the 
lithiation capacity of the thin sheets (200 um) by over 4.3 times, as compared to room temperature 
studies.  

As current methods of removing oxide film rely on the uniformity of mechanical removal, and are 
subject to some degree of variability, electrochemical methods are also being pursued. Activating agents 
could be used with magnesium to form catalysis reagents and by employing these activating agents to the 
electrolyte the passivation tendencies of magnesium will be reduced. This will be even more important for 
powder electrodes where the high surface area can provide more opportunities for oxidation and complete 
removal of these films is much more difficult to ensure. Current activating agents include HgCl2, PbCl2, 
and InCl3.  

  
Fig. 13. Room temperature charge/discharge of Mg alloy (AZ31) having a native oxide layer at the current density of 
0.3 mA/cm2.  

 

 

Fig. 14. Mg alloy (AZ31) sheet before (left) and after (right) activation by mechanically removing the surface oxide 
film with a razor inside an argon glovebox. 
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Fig. 15. Cyclic voltammetry of magnesium sheet at 60 ºC at scan rates of 0.5 mV/s and 0.1 mV/s showing unstable 
SEI films above 1.5V as well as lithium intercalation at lower potentials. 

 

 

Fig. 16. Cyclic voltammetry of Mg alloy (AZ 31) sheet in Li-ion half cell tested at 40 C and 0.5 mV/s scan rate. Good 
cycle stability as well as deintercalation peaks for magnesium and aluminum at 0.2 and 0.47 V, respectively, are 
clearly visible.  
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Fig. 17. Effect of temperature on Li+ ion diffusion into Mg: constant voltage charge of Mg alloy (AZ31) foil (left) and 
Mg-C composite (Mg:C=3:1) powder (right) electrodes at 0.3 V and 0.1 V vs. Li/Li+ at room temperature (RT) and at 
70 ºC,  showing 3-5 times faster ion transport at elevated temperatures. 
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Fig. 18. Effect of temperature on Li+ ion diffusion from Li-Mg: constant voltage (1 V vs. Li/Li+) discharge of Mg-C 
composite (Mg:C=3:1) powder electrodes a at room temperature (RT) and at 70 ºC,  showing 3-5 times faster ion 
transport at elevated temperatures. 
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5.5. Multifunctional Si-CNT Composite Anodes  

 

The traditional technique to fabricate electrodes requires mixing of the active particles 
with carbon conductive additives and a polymer binder and then casting the mixture onto metal 
foil or mesh current collectors (Figure 19a). Due to point contact between the individual 
particles, electrical and thermal conductivities of such traditional electrodes are quite limited [6]. 
The tensile strength of the traditional electrodes is practically governed by the mechanical 
properties of the metail foil current collectors, because the particles in the electrode are bonded 
very weekly. Another disadvantage of the traditional electrodes is the significant weight of the 
metal current collectors, which further limits the gravimetric capacities of the battery cells. For 
example, while the commercial graphites exhibit capacities in the range of 300-360 mAh·g-1 and 
the weight of the binder and carbon additives is limited to only 10-15 wt. %, the effective 
capacities of Li-ion battery anodes is commonly less than 200 mAh·g-1 if all the materials 
including heavy Cu foil are taken into account. Indeed, the weight of the Cu foil accounts for 
over 35 % of the total weight.  If high capacity Li-alloying materials such as silicon (Si) are used 
to improve the gravimetric energy density of Li-ion batteries [7-20], then the relative weight of 
the Cu foil may account for up to 80 wt. %.  

 

 

 
Fig 19. Schematics of elementary Li-ion battery units for (a) traditional and (b) proposed architectures. In a traditional 
architecture the electrodes, composed of active powders (1), polymer binder (2) and conductive carbon additives, are 
cast on metal current collector foils. In a proposed architecture the CNT fabric (4) coated with active material layers 
(5) serves as lightweight multi-functional current collectors for both anodes and cathodes.   

 
 
Various approaches to fabricate structural electrodes to enhance the mechanical 

properties have been reported in the literature. Following traditional electrode fabrication 
techniques, a previous study combined LiCoO2 particles, carbon additives, and polymer binder 
into a slurry and measured a maximum tensile strength < 5 MPa, a value which may limit 
widespread applicability of this technique to provide structural support due to the low polymer 
binder strength and its low content.[2] Sintered composite particle-based electrodes 
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demonstrated increased strength (~90 MPa) however the capacity retention over 10 cycles was 
very poor with only 85 % of the theoretical capacity retained.[3] In addition, the sintered 
electrodes are not flexible, which may limit some of their multi-functional applications. 

  

 
 
Fig. 20. Microstructural characterization of the CNT fabric before and after Si coating: (a, b) SEM micrographs, (c) 
Raman spectra. 

 
 

Flexible electrodes comprised of graphene or carbon nanotubes (CNTs) offer excellent 
thermal, electrical, and mechanical properties.[21] Graphene paper electrodes have demonstrated 
very high tensile strength of up to 290 Mpa, however such  electrodes suffer from poor cycling 
ability, very low first cycle coulombic efficiency (CE) of ~12% and low reversible capacity of 
~55 mAh/g, metrics much lower than traditional graphite electrodes.[22-23] Insertion of 
electrolyte solvent molecules in between the individual graphene sheets and their decomposition 
may explain the observed rapid degradation. One may further expect that mechanical properties 
of such electrodes should also degrade dramatically after electrochemical cycling. Although 
tensile tests of individual multi-walled CNTs (MWCNTs) have previously shown tensile 
strengths > 11 GPa [24], this value is several orders of magnitude higher than the tensile 
strengths observed for nonwoven CNT fabrics and CNT-polymer composites.[25-28] Commonly 
reported methods of forming CNT fabrics or buckypapers rely on vacuum filtration of acid-
treated CNTs [28-29], impregnation with a polymer [27, 30], or the addition of surfactant [26] to 
form a fabric with limited size, typically less than a few inches in diameter. In these approaches, 
howerver, the ability to produce continuous rolls of the CNT fabric/paper with good mechanical 
strength is very limited. Furthermore, the insertion of electrolyte solvent molecules between the 
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individual CNTs will likely result in high irreversible capacity losses and low CE at the first 
cycle combined with a rapid degradation of such CNT electrodes if used as Li-ion battery 
anodes.  

Here we report a route to produce flexible anodes with significantly higher strength and 
specific capacity than state of the art. Acording to our approach we first produce a high-strength 
binder-free CNT–based electrically conductive nonwoven fabric and then coat it with a uniform 
layer of a high capacity material (Figure 19b), such as Si. Performing the deposition of active 
material on a pre-formed fabric shall allow one to maintain the high electrical and thermal 
conductivities of the composite because of the elimination of the highly resistive particle-to-
particle contacts.[6] In contrast to common CNT fabric assembly methods, we utilize a 
commercial-scale process through continuous chemical vapor deposition (CVD). This method 
allows for the scalable production of multifunctional structural materials of various geometries. 
Si coating is impermeable to solvent molecules and protects the individual CNT-CNT junctions 
from failure during cycling. Furthermore, by limiting the amount of inserted Li ions we 
prevented Li from intercalating CNTs, which otherwise would significantly degrade their 
strength. Indeed, in contrast to previously reported studies [26-28], we show high tensile strength 
of composite CNT-Si fabric after electrochemical cycling with ultimate tensile strengths (UTS) 
greater than 90 MPa achieved. The electrochemical performance of the CNT fabric electrodes 
demonstrated stability for more than 150 cycles.  

The as-produced large format, flexible CNT fabric consists of randomly oriented 
MWCNTs as observed via scanning electron microscopy (SEM, Figure 20 a). A conformal layer 
of nano-Si was deposited on individual CNTs throughout the fabric (Figure 19 b) via the thermal 
decomposition of SiH4. SEM images indicate a thin, uniform coating of ~30 nm thickness was 
deposited. Although the CNT fabric is relatively thin (~20 μm), the energy density and specific 
energy of the battery is not significantly compromised due to the incorporation of high capacity 
Si and the absence of a metal current collector. Raman spectroscopy was performed on the CNT 
fabric before and after Si coating (Figure 20 c). The initial CNT fabric exhibits two strong 
Raman peaks ~1320 cm-1 and ~1590 cm-1, corresponding to the D-band originating from 
disordered carbon and the G-band from graphitic carbon, respectively .[31-32] The low value of 
the ratio of the integrated intensities of the D and G bands, the IG/ID ratio, of 0.25, indicates a low 
defect density in the CNTs.[31-33] After Si coating, a broad Raman band ~480 cm-1 associated 
with hydrogenated amorphous Si emerges [34-35] and the IG/ID ratio significantly increases ~1.4, 
suggesting that Si preferentially deposits on the more disordered sites of the CNT fabric. Further, 
the free hydrogen produced as a SiH4 decomposition product can induce surface defects in 
CNTs, giving rise to higher intensity of the D band. 

 Electrochemical measurements of the CNT fabric-based electrodes were 
performed in both pouch and 2016-type coin cell configurations from 0.01 - 1 V Li/Li+ with a 
500 mAh·g-1 Li alloying limit against a metallic Li foil counter electrode (Figure 21). Stable 
performance at C/5 was achieved for > 150 cycles, suggesting good integrity of the composite 
anode. An average dealloying capacity of 494 mAh·g-1, when normalized by the total mass of 
CNT and Si, and an average coulombic efficiency (CE) ~98% was observed (Figure 21 a). This 
capacity is over 2.5 times higher than that of commercial electrodes based on graphite-binder 
mixtures deposited on Cu foils, indicating a good promis for the proposed technology.  

  Charge/discharge voltage profiles of the Si-coated CNT fabric (Figure 21 b) show 
transformations in the electrode during cycling. With increased cycling (> 75 cycles), lower 
overpotentials were observed, indicating an improvement in cycling kinetics. Similarly, cyclic 
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voltammetry (CV) was performed to further examine the potentials at which Li (de-)alloying 
occurs (Figure 20 c). A peak at 0.17 V and 0.67 V emerged during lithiation and delithiation, 
respectively. These values are consistent with previous nanoscale Si-based composite anodes and 
indicate a high degree of alloying with Si. CV does not show peaks corresponding to 
intercalation of Li into CNTs, which would degrade their mechanical properties and 
performance. 

 

 
 
Fig. 21. Electrochemical performance of Si-coated CNT fabric: (a)  
reversible de-alloying (Li extraction) capacity and Coulombic efficiency versus cycle number, (b) changes in the 
charge and discharge profiles with cycle number, (c) cyclic voltammograms.  
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Fig. 22. Mechanical characterization of the produced samples: (a) typical tensile tests on CNT fabric before and after 
annealing in Ar; (b) typical tensile tests on Si-coated CNT fabric before and after cycling; (c) comparison of the 
specific strength of the multifunctional Si-coated CNT fabric with that of other common materials. 

  
Uniaxial tensile test experiments were conducted on the CNT fabrics before and after battery 
cycling. The initial CNT fabric revealed very high maximum elongations of over 30 %   
and ultimate tensile strength (UTS) value in excess of 150 MPa, comparable to that of cast iron, 
copper and aluminum alloys [36] (Figure 22a) and up to 5 times higher than previously reported 
CNT sheets with [27-28] and without polymer [25-26] throughout. Due to the light weight of the 
fabricated composite fabrics, their specific tensile strength approaches that of structural steel.  
 As the Si deposition process subjects the electrodes to 500 oC it is important to study the 
heating process’s impact on the mechanical properties of CNT fabric. Annealing the fabric at 
500 oC in Ar for 1h reduces the maximum alongation to an average value of 6% and the UTS to 
~90 Mpa. Longer annealing time does not reduce the fabric mechanical properties any further. 
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500 ⁰C is not sufficiently high to change the CNT microstructure [37], but sufficient to  de-
functionalize CNTs. Removing the functional groups from the CNT surface leaves defects 
behind, which may reduce an axial strength of the individual tubes. [38] In addition, removing 
these functional groups reduces the Van der Waals interactions between the tubes, which lowers 
both the maximum alongation and the UTS of the CNT fabric.    
 

 
Fig. 23. SEM micrographs of the fracture surface of the Si-coated CNT fabric edge after tensile measurements 
performed before (a, b) and after (c, d) electrochemical testing. 
 

 
Si deposition onto the CNT fabric has little effect on the UTS, but decreases its maximum 

alongation. While selected Si-coated CNT samples demonstrated the UTS of up to 150 MPa and 
maximum alongation up to 0.8 %, the average values for the UTS and maximum alongations 
were ~ 100 Mpa and 0.5 %, respectively (Figure 22b). In the as-produced CNT fabric high 
maximum strain (Figure 22a) and the resultant high fracture toughness was achieved by the 
energy dissipation during continuous sliding of the Van der Waals bonded individual tubes 
relatively to each other. Due to the covalent nature of the atomic bonds in Si and its resultant 
brittle behavior, formation of continuous amorphous Si coating on the internal surface of the 
CNT fabric could be expected to significantly reduce its ductility. But the experimentally 
measured composite fabric ductility and the UTS (Figure 22b) was surprisingly relativly high. 
Indeed, the none-uniformities observed within amoprhous Si coatings (Figure 20b) and the pores 
within the Si-CNT fabric should act as pre-existing cracks, lowering both the ultimate strength 
and the maximum alongation achievable in such a composite. SEM studies of the fracture 
surface (Figure 23) revealed that the high UTS of the Si-CNT fabrics could be attributed to 
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realignment and the pull-out behavior of CNTs . The fracture edge of the Si-CNT fabric 
specimens has a clear transition from the randomly oriented CNT fabric to highly aligned CNTs 
(Figure 23 a, b). We expect that the degree of plastic deformation of the composite fabric could 
be greatly increased by using active materials having higher ductity than Si (such as Sn or  Mg). 
We further hypothesize that the reduction of the deposition temperature (Figure 22a) could favor 
achieving better mechanical properties.  

Despite volumetric changes of Si during insertion and extraction of Li [39-40], the 
mechanical properties of the Si-CNT fabric did not degrade significantly after cycling (Figure 
4b), demonstrating multi-functional properties of the synthesized fabric. Both the UTS and 
maximum elongation was reduced by only ~10%. The cycled Si-CNT fabric electrodes 
demonstrated similar pull-out behavior (Figure 23 c, d). The retention of the fabrics‘ mechanical 
properties could be explained by avoiding the Li insertion into the individual tubes ( Figure 21b, 
c).  

High values of the achieved UTS combined with the low density of Si and C favors the 
use of the multifunctional Si-CNT fabrics in applications, where high specific strength is 
essential. Indeed, the specific strength of the synthesized electrodes exceed that of both Cu and 
Al, conventional current collectors for anodes and cathodes, respectively (Figure 22c). It further 
exceeds the specific strength of multiple Al alloys, Ti, cast iron and even selected types of 
structural steel (Figure 22c).    

In summary, we fabricated CNT fabric coated with active (Li-ion hosting) materials for 
use as electrodes for multifunctional Li-ion batteries with high mechanical strength, flexibility 
and other positive attributes. The investigated example of Si-CNT fabric fabricated via vapor 
deposition routes demonstrated 2.5 times higher specific capacity than state of the art anodes, 
stable electrochemical performance for >150 cycles with the capability to retain over 90%  of its 
original strength after cycling. The light weight, good structural stability and high electrical and 
thermal conductivities of CNTs may allow CNT fabrics to serve as a platform for the generation 
of novel flexible batteries with enhanced properties and functionalities. We expect that future 
studies with other active material coatings and deposition methods may allow us to further 
optimize their performance and achieve even better mechanical and electrochemical properties of 
the flexible CNT-based electrodes and contribute to the development of high power, flexible and 
structural batteries. 
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