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Abstract A hybrid anode system for lithium (Li) ion

battery applications based on pulsed laser deposited sili-

con films on chemical vapor deposited multilayer graph-

ene (MLG) layers on a nickel foam substrate was

electrochemically characterized. The as-grown material

was directly fabricated into an anode without a binder,

and tested in a half-cell configuration. There is evidence

of the participation of both the multilayer graphene and

the Si in the transport of Li ions. Even when cycled under

stressful voltage limits that accelerate degradation, the

MLG–Si films displayed higher stability than Si-only

anodes, especially at higher cycling rates. Unlike the Si

cells that display capacity fade even within the first few

cycles, the MLG–Si cells show a very narrow spread in

capacity, indicative of the role of the graphene layers in

improving adhesion of the Si and acting as a compliant

buffer for its volume expansion. Stable average specific

capacities of *1,200 mAh/g per total weight of

MLG ? Si, over 80 cycles at C/5 rate, were obtained for

the MLG–Si anode. Pre- and post-cycling characterization

of the anode materials revealed the differences between

the two systems.

1 Introduction

There is tremendous emphasis on the improvement of

electrode materials for lithium (Li) ion batteries to meet

the requirements of both high cycle life and storage

capacity. Continued interest had been directed toward

silicon (Si) owing to its highest known capacity of

3,579 mAh/g [1] and addressing and overcoming the

tremendous volume expansion in Si during Li insertion

and extraction [2–5]. Approaches include the use of sili-

con thin films [6–12], nano and microwires [13–18],

nanotubes [19], and nanoparticles [20–25]. Near theoret-

ical specific capacities of [ 3000 mAh/g were measured

by the use of Si nanowires [15]. There is also a great deal

of interest in combining silicon with different forms of

carbon and this includes recent investigations on mixed

graphene–silicon layers for improved capacity. The tech-

niques reported include filtered liquid-phase exfoliated

graphene films and coated with plasma-assisted chemical

vapor deposition (PECVD) amorphous Si [26], electro-

phoretic deposition of graphene on Cu foil with RF-

sputtered amorphous Si [27], exfoliated graphite coated

with both Si and C [28], and graphene-encapsulated Si

nanoparticles on graphene foam [29]. Typical capacities

reported by the above techniques, range from 1,000 to

2,000 mAh/g, depending upon the cycling rates and nor-

malization factors.

In previous work we have reported on the growth and

material characterization of pulsed laser deposited (PLD)

Si on multilayer graphene (MLG) [30]. This work aims at

understanding the electrochemical performance of MLG-

PLD Si anodes. The substrate is nickel foam that has

generated recent interest as a current collector, offers a

porous and rough surface, as well as a large surface area

[31, 32] in comparison to thin metal foils. There have only

been a few reports on PLD films as anode materials and

these have described thin Si films on Cu substrates [11, 12].

Here, we present a detailed electrochemical comparison of

the MLG-PLD Si anode system with a PLD Si-only anode,

which includes cyclic voltammetry, galvanostatic cycling
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at different rates and different Si thickness, and the effects

of cycling voltage limits, all of which show evidence of the

participation of MLG and its benefits. To the best of our

knowledge, there are no prior reports on the detailed

electrochemistry of the MLG-PLD Si system.

2 Experimental

Multilayer graphene was grown on Ni foam substrates

(Goodfellow; 95 % pure, 1.6 mm thick, 95 % porosity,

and 450 kg/m3 bulk density) using the decomposition of

methanol at 1,050 �C, in a flow of pure Ar gas, without

H2 [33]. Field emission scanning electron microscopy

(FESEM) images of the foam [30] revealed its structure

which consists of hollow struts that are *100 lm wide

with a wall thickness that varies from 10 to 20 lm.

Details of the deposition process have been described in

detail in an earlier work [33]. Following the growth of

graphene, pulsed laser deposition was used to deposit Si

on the MLG-coated Ni foam [30]. In brief, ablations were

conducted at room temperature, in high vacuum at a

pressure \1 9 10-7 torr, using focused KrF laser radia-

tion at 248 nm, at 20 Hz, and with a typical fluence of

15–16 J/cm2. The estimated rate of deposition was

0.04 lg/laser pulse. Deposition times were varied to attain

different weights of Si. TEM cross section revealed an

average Si thickness of 550 nm/mg of Si deposited. The

foam was weighed both before and after MLG and Si

depositions. For the MLG–Si anodes, the specific capacity

was calculated both per weight of Si and per combined

weight of MLG and Si.

For establishing the number of graphene layers on the Ni

substrate, as well as the thickness and crystallinity of the Si

films, a cross-sectional sample was prepared for transmis-

sion electron microscopy (TEM) by conventional focused

ion beam (FIB) lift-out methods [33, 34]. High-resolution

TEM was conducted in a Hitachi H9000-NAR TEM at

300 keV.

Raman spectra were measured using a Renishaw inVia

Micro Raman Spectrometer operating at 514 nm laser

excitation (laser power was 0.8–0.9 mW).

Anodes were fabricated directly from the PLD MLG–Si

on Ni and the PLD Si on Ni without using any binder and

used in a 2032 coin cell. The anodes were tested by cycling

the electrode in a half-cell configuration versus Li metal

using 1 M LiPF6 in 1:1 ethylene carbonate/diethyl car-

bonate (EC/DEC) electrolyte. Galvanostatic cycling and

cyclic voltammetry were performed using Keithley 2400

Source Meters and an Arbin BT2000 cycler. After cycling,

cells were discharged before opening, and the anodes were

rinsed in DEC and vacuum dried prior to post-cycling

characterization.

3 Results and discussion

3.1 Microscopy and Raman Spectroscopy

Following MLG deposition on the foam, contrast can be

observed in the FESEM image (Fig. 1a), and the surface

changes markedly following the addition of PLD Si on top

of the MLG (Fig. 1b). Small scattered and isolated par-

ticulates or nodules can be seen on the PLD Si and these

are due to ejection of molten droplets of Si created by the

ablation process that re-solidify upon arrival on the sub-

strate surface.

In Fig. 1c, a crystalline Si (c-Si) nodule embedded in the

amorphous Si (a-Si) is imaged by cross-sectional TEM.

The crystallinity is evident from diffraction contrast and

was confirmed with a selected area diffraction (SAED)

pattern (Fig. 1d). The image shows the overall thickness of

the amorphous Si film layer was *100 nm in this sample;

however, the isolated particulates of crystalline Si were in

the order of 400–500 nm. Also seen in the image is the

diffraction contrast of the graphene layer beneath the

amorphous Si layer. From a high-resolution TEM cross

section, reported elsewhere [30], the graphene thickness

was measured at 23 nm, which corresponds to *68 layers.

The average graphitic layer spacing was measured at

0.338 nm (from fast Fourier Transforms) after calibration

to Ni(111) at 0.204 nm.

The growth of multilayer graphene films with very low

disorder was confirmed, as indicated by the D band at

1,360 cm-1 in the Raman spectrum (Fig. 2a). The Si films

were a combination of crystalline and amorphous. The

crystallinity was very specific to particulates ejected from

the ablated target that were co-deposited with the growing

film. Raman spectra taken at different spatial locations

(Fig. 2b) showed a 1:1 correspondence between the pre-

sence of particulates and increasing intensity of the peak at

520 cm-1 due to crystalline Si. The broad peak centered

around 480 cm-1 was characteristic of amorphous Si

present as the primary component and represented by

smooth areas of the Si film.

3.2 Electrochemical measurements

3.2.1 Cyclic voltammetry

Cyclic voltammetry was performed in the range

0.01–3.0 V at a scan rate of 25 lV/s. It must be noted that

voltammetry was conducted following galvanostatic mea-

surements for a few cycles each at C/10, C/5, and C/2

hence these peaks are not representative of the first cycle.

Figures 3 a–d shows the voltammograms of Ni foam,

MLG–Ni, PLD Si–Ni, and PLD MLG–Si–Ni, respectively.

Cycled MLG–Ni (Fig. 3b) showed a distinct intercalation

136 G. Radhakrishnan et al.

123



peak at 0.059 V and a small shoulder at 0.085 V, which are

characteristic of the intercalation Stages I and II of Li into

graphite [35], and corresponding deintercalation peaks at

0.089 and 0.123 V. PLD Si shows intercalation peaks at

0.212 and 0.068 V and deintercalation peaks at 0.297 and

0.459 V (Fig. 3c). The peak at 0.212 V is due to high-

voltage lithiation of a-Si [6] while the peak appearing at

0.068 V may be a combination of the low-voltage peak due

to a-Si at 0.100 V and the crystallization of the Li15Si4

phase at 0.030 V [1, 2, 4]. Delithiation peaks at 0.297 and

0.459 V can be attributed to the low-voltage and high-

voltage delithiation plateaus of a-Si, respectively [4]. For

the PLD MLG–Si anode (Fig. 3d), cyclic voltammetry

shows peaks that are characteristic of Si, as well as small

but well-defined peaks due to the graphene layers (0.090

and 0.139 V). In addition, a lithiation peak at 0.210 V is

observed, due to a-Si. Another peak B0.02 V is also

measured, whose assignment is not certain. Expanded plots

Fig. 2 Raman spectra of as-deposited MLG on Ni foam (a) and PLD silicon on MLG at different locations (b)

Fig. 1 FESEM images of Ni foam after MLG deposition (a), and

after PLD Si growth on MLG (b). Cross-sectional TEM image of an

isolated crystalline Si nodule located on top of an amorphous Si layer

(c). It should be noted that at locations away from nodules the Si is

amorphous. Diffraction contrast from graphene is seen below the

amorphous Si. SAED pattern of the c-Si, as indicated by arrow is

shown to the right (d)
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for MLG–Si in the range 0.01–1.0 V are shown in the

following Fig. 4.

Cyclic voltammetry on the MLG–Si anode was also

conducted as a function of Si weight in the combination.

Figure 4 shows that the increase in the lithiation and de-

lithiation peak intensities of Si clearly follows the increase

in Si layer thickness/weight. Lithiation and delithiation

potentials are indicated for the outermost curve; however,

small shifts in peak positions are observed in the three

curves. It is also observed that the Si is the dominant

electrochemical participant relative to MLG as seen from

their relative peak heights. The MLG delithiation peaks at

0.101 and 0.141 V are clearly resolved at the lower Si

weights, but unresolvable at the highest Si weight of

0.60 mg. In addition to lithiation peaks at 0.214 and

0.090 V, this curve also shows an additional peak at

0.026 V, which is likely due to the crystallization of the

Li15Si4 phase [1, 2, 4]. This differs from findings with PLD

Si films on Cu where no evidence for the Li15Si4 phase

below 0.05 V was observed [12].

3.2.2 Galvanostatic Cycling

Galvanostatic charge and discharge cycles were per-

formed to test the capacity and cyclic stability of the cells

between 0.01 and 3.0 V, at different rates (C/10 to C/1.5).

Fig. 3 Cyclic voltammograms performed on Ni foam (a), MLG on Ni foam (b), PLD Si on Ni foam (c), and PLD Si on MLG on Ni foam (d)

Fig. 4 Cyclic voltammograms performed on MLG–Si anodes with

varying weights of PLD Si, highlighting the range from 0.01 to 1.0 V

138 G. Radhakrishnan et al.

123



These voltage limits present a more stressful condition

than the more typically used range, 0.05–1.0 V, and

therefore provided an accelerated test condition. The

lower voltage limit also allowed us to investigate the

effects of both the crystalline and amorphous components

of Si. Some of the cells were also subjected to 100 cycles

at C/2 or C/1.5.

Shown in Fig. 5 is a comparison of the first five cycles

of Si cells with different weights, with and without MLG,

cycled at C/10 rate. Note that in all cases, the specific

capacity of the Si anodes is calculated using the weight

of Si, while that of the MLG–Si anodes is calculated

using the combined weight of MLG and Si. This results

in a lower ‘‘specific’’ capacity for the MLG–Si system. If

Fig. 5 Cycling performances at C/10 rate for anodes with different

Si weights. Left column (a, b, c) shows data for MLG–Si anodes and

right column (d, e, f) shows data for Si-only anodes. The specific

capacity of the MLG–Si anode was calculated using the combined

weight of Si plus MLG
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Table 1 1st cycle specific capacities at different C rates: MLG–Si and Si anodes

Cycling rate Wt. of MLG–Si (mg) Specific capacity of MLG–Si anode (mAh/g) Wt. of Si (mg) Specific capacity

of Si anode (mAh/g)

All at 0.01–3.0 V MLG (mg) Si (mg) Per MLG ? Si weight Per Si weight Per Si weight

C/10 0.20 0.20 1,588 3,176 0.23 2,444

0.25 0.33 1,490 2,620 0.35 3,380

0.15 0.46 2,223 2,948

0.98 1,472

C/5 0.25 0.33 1,403 2,466 0.35 2,882

C/3 0.14 0.18 1,524 2,709 0.12 1,921

C/2 0.25 0.33 1,111 1,953 0.35 2,218

For the MLG–Si anodes specific capacities with respect to combined MLG ? Si weights as well as by only the Si weight are listed

Fig. 6 Cycling performance at C/5, C/3, and C/2 rates; PLD MLG–Si (a–c) and PLD Si (d–f). The specific capacity of the MLG–Si anode was

calculated using the combined weight of Si plus MLG

140 G. Radhakrishnan et al.

123



calculated only using the weight of Si, the MLG–Si

specific capacities are comparable to those of the Si

anodes. These values are listed in Table 1. It is clearly

observed that the MLG–Si cells (Fig. 5a–c) show a very

tight spread in capacity, while the Si-only cells (Fig. 5d–

f) show capacity fade. As the Si weight is increased in

the range 0.2–0.4 mg, cell capacity initially increases

(Fig. 5d, e). However, we found that increasing the Si by

nearly a factor of five (Fig. 5f) is detrimental to the

capacity and the capacity fade becomes very significant.

Even the MLG–Si cells (Fig. 5c) start to show some fade

when the Si exceeds 0.4 mg, although this fade is still

small compared to the Si-only cells. At higher cycling

rates, capacity fade becomes more evident in both sys-

tems as shown in Fig. 6, but the Si-only cells show

significantly more fading (Fig. 6d–f) than the MLG–Si

cells (Fig. 6a–c).

A comparison of cycling performance of two Si cells

with and without MLG, in the range 0.01–3.0 V, is

shown below (Fig. 7a). The cells comprised a Si cell

with 0.33 mg Si, and an MLG–Si cell with 0.15 mg

MLG and 0.46 mg Si. They were initially cycled for five

cycles each at C/10, C/5, and C/2, and then cycled at

C/1.5 for 100 cycles. Although neither cell performed

very well under these cycling conditions of high rate and

cycling to 0.01 V, performance of the MLG–Si cell was

significantly better than the Si cell with very stable

capacity for the first 30 of 100 cycles at C/1.5. In con-

trast, the Si-only cell showed a continuous decline after

an initial increase over the first five cycles. After 45

cycles, the MLG–Si anodes still showed 87 % of its

starting capacity at C/1.5, but the Si anode had degraded

to 70 %. At the end of 100 cycles, the capacity of the Si

cell was reduced to 22 % of its initial capacity at C/1.5

of 1,638 mAh/g and that of the MLG–Si anode was

reduced to 38 % of its initial capacity of 1,321 mAh/g at

C/1.5.

Cyclic voltammetry at the rate of 25 lV/s was per-

formed both before and after 100 cycles at C/1.5 on the

MLG–Si and Si cells described above (Fig. 7b, c). It

Fig. 7 Comparison of cycling performance curves of MLG–Si and

Si at different rates (a). The specific capacity of the MLG-Si anode

was calculated using the combined weight of Si plus MLG. Cyclic

voltammograms of MLG–Si (b) and PLD Si (c) anodes, pre- and post-

100 cycles at C/1.5
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was observed that after cycling, intercalation and dein-

tercalation peaks from Si had decreased in intensity but

were clearly measurable (post-cycling deintercalation

peaks at 0.288 and 0.460 V) in the MLG–Si anodes

(Fig. 7a). In addition, distinct graphitic deintercalation

peaks (0.091 and 0.139 V) were still clearly observed

from MLG. In contrast, the Si peaks in the bare Si anodes

had decreased very substantially (Fig. 7b). These results

are consistent with measured loss of capacity in both

systems, and a more significant one with the Si-only

anode.

Results for cycling at 0.01–3.0 V clearly show that

MLG does help to reduce capacity fading. In addition, the

initial specific capacity is quite good. Even when cycled at

high rates such as C/1.5, the MLG–Si retained 87 % of its

initial capacity for 45 cycles, but thereafter showed deg-

radation under these conditions. To investigate ways of

extending stable cycle life, which is desired for many

Fig. 8 Comparison of specific capacity as a function of number of

cycles for MLG–Si and Si under different testing voltages. The cells

in (a) were cycled initially at C/10, C/5, and C/2 at 0.01–3.0 V, and

thereafter at C/5 at 0.05–1.0 V. The cells in (b) were cycled at C/10

and C/5 both at 0.05–1.0 V. The specific capacity of the MLG-Si

anode was calculated using the combined weight of Si plus MLG

Table 2 1st cycle specific capacities of MLG–Si and Si anodes at

different cycling and test voltage conditions corresponding to plots in

Figs. 7a, 8a, b, respectively. For the MLG–Si anodes specific

capacities with respect to combined MLG ? Si weights as well as

only the Si weight are listed. 1st and last cycle (hyphenated) specific

capacities are listed for the extended cycling with corresponding

capacity retention in parentheses

Cycling voltage C rate Specific capacity of MLG–Si anode Specific capacity of Si anode

Per MLG ? Si weight Per Si weight Per Si weight

Condition I MLG 0.15 mg, Si 0.46 mg Si 0.33 mg

0.01–3.0 V C/10 2,223 2,948 2,621

0.01–3.0 V C/5 1,938 2,571 2,454

0.01–3.0 V C/2 1,647 2,185 2,060

0.01–3.0 V C/1.5

45 cycles 1,321–1,148 (86.9 %) 1,752–1,523 (86.9 %) 1,638–1,145 (69.9 %)

100 cycles 1,321–495 (37.5 %) 1,751–657 (37.5 %) 1,638–364 (22.2 %)

Condition II MLG 0.25 mg, Si 0.33 mg Si 0.35 mg

0.01–3.0 V C/10 1,490 2,620 3,380

0.01–3.0 V C/5 1,403 2,466 2,882

0.01–3.0 V C/2 1,119 1,953 2,218

0.05–1.0 V C/5

45 cycles 1,082–809 (74.8 %) 1,901–1,422 (74.8 %) 1,626–915 (56.3 %)

Condition III MLG 0.24 mg, Si 0.23 mg Si 0.19 mg

0.05–1.0 V C/10 1,300 2,656 2,892

0.05–1.0 V C/5

80 cycles 1,239–1,036 (83.6 %) 2,533–2,117 (83.6 %) 2,595–1,532 (59.0 %)
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applications, the effect of cycling conditions on different

cells was compared by varying the voltage ranges. Shown

below are two examples of pairs of cells with each pair

having equivalent weights of Si, with and without MLG

(Fig. 8).

The first pair of cells (Fig. 8a) comprised an MLG–

Si system of 0.25 and 0.33 mg, respectively, and a Si-

only cell with 0.35 mg of Si. This set was subjected to

ten conditioning cycles initially at a low rate of C/14 at

0.01–3.0 V, followed by six cycles each at C/10, C/5,

and C/2 also at 0.01–3.0 V, followed by additional

cycling at C/5 at 0.05–1.0 V. After 45 cycles at C/5

(0.05–1.0 V), the Si cell had dropped to 56 % of its

starting capacity of 1,626 mAh/g. In contrast, at the end

of 45 cycles the MLG–Si cell had only dropped to

75 % of its initial capacity of 1,082 mAh/g. However,

since these cells had already been subjected to

0.01–3.0 V for several cycles, the effects of subse-

quently reducing the voltage limits are measurable but

not as effective as limiting the voltages from the start,

as described below.

The second set of cells that were selected (Fig. 8b)

comprised an MLG–Si system of 0.24 and 0.23 mg,

respectively, and a Si-only cell with 0.19 mg of Si.

These cells were cycled exclusively in the range

0.05–1.0 V, for five cycles at C/10, followed by cycling

at C/5. In this case, it took 80 cycles for the Si cell to

drop to 59 % of its starting capacity of 2,595 mAh/g at

C/5. The MLG–Si cell on the other hand was at 84 % of

its starting capacity of 1,239 mAh/g upon completion of

80 cycles. Hence, cycling under reduced voltage limits

from the start offers a significant improvement in cycle

life.

The cycling specific capacities for the Si and MLG–Si

anodes tested under different C rates and testing voltages

are summarized in Table 2. The specific capacity is also a

function of the amount of Si in the sample. As pointed out

earlier, higher Si weights yield higher capacities initially,

but they degrade faster.

Select charge–discharge cycles corresponding to the 45

cycles shown in Fig. 8a are compared for the MLG–Si

(Fig. 9a) and the Si-only (Fig. 9b) and clearly reveal the

Fig. 9 Selected charge–discharge cycles from 45 cycles at C/5 at

0.05–1.0 V of MLG–Si anodes (a) and Si-only anodes (b). These

cycles followed an initial set of cycles at a low rate, followed by

cycling at C/10, C./5, and C/2, all conducted at 0.01–3.0 V. Selected

charge–discharge cycles from 80 cycles at C/5 at 0.05–1.0 V without

any prior cycling at 0.01–3.0 V of MLG–Si anodes (c) and Si-only

anodes (d). The specific capacity of the MLG-Si anodes was

calculated using the combined weight of Si plus MLG
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capacity fade of the Si-only cell. Figure 9c, d shows

comparisons of select charge–discharge cycles corre-

sponding to 80 cycles shown in Fig. 8b. As can be seen,

there is a striking difference between the capacity fade of

the MLG–Si (Fig. 9c) and the Si-only (Fig. 9d) cells over

80 cycles. In all cases, the effect of MLG in reducing

capacity fade is clearly demonstrated.

These results clearly demonstrate that the MLG–Si

system displayed superior performance compared to Si-

only cells when subjected to the same cycling conditions.

Incorporating MLG with the Si measurably reduces

capacity fade and extends cycle life even when cycling at a

voltage range above 0.05 V to avoid the crystallization of

Li15Si4 [1, 2, 4].

3.2.3 Post-cycling microscopy and Raman spectroscopy

Post-cycling FESEM images of the MLG–Si and Si-only

anodes described in Fig. 8a, with corresponding charge–

discharge curves in Fig. 9a, b show a significant difference

between the surfaces of the two systems (Fig. 10). The

cells were opened following a total of 73 cycles under

different rates as described in the previous section. The

concentrations of Si and Ni are mapped here with energy

dispersive spectroscopy (EDS) with the Si map shown in

green and the Ni map in red. Although cracks and some

delamination are observed in the MLG–Si anodes, the

material appears to be still intact as seen by the overall

coverage of Si on the surface (Fig. 10a). In contrast, severe

delamination is observed in the Si-only anodes as con-

firmed by EDS (Fig. 10b).

We infer that the MLG provides improved adhesion of

the Si, can itself act as a conductive platform, and also

acts as a buffer for the high-volume expansion of the Si.

Bare Si on the other hand can lose electrical contact to

the current collector upon cracking resulting in capacity

fade, followed by complete loss of capacity from

delamination.

In areas that showed the presence of Si, high levels of C,

O, and F were also detected by EDS. These are most likely

Fig. 10 Post-cycling FESEM images with EDS overlays following a total of 73 cycles under different rates as described in the text; MLG–Si

(a) and Si-only (b). Green areas correspond to the presence of Si (as detected by EDS) and red areas correspond to the exposed Ni substrate
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due to species generated during cycling reactions involving

the electrolyte (LiPF6) and the solvents (EC, DEC), how-

ever, the exact identification of the specific chemical spe-

cies is not yet established for this system.

In the as-deposited samples, deposition of Si over the

MLG masked the Raman signal from MLG. However, after

cycling, at locations where the Si had thinned or delami-

nated, a spectrum of the underlying MLG was measurable.

The resulting Raman spectrum (Fig. 11a) was still repre-

sentative of graphite, but indicated increased disorder in

the D band of the post-cycled MLG relative to the as-

deposited MLG (Fig. 2a), as a result of intercalation and

deintercalation of Li between graphene layers during

cycling. Raman spectra of a post-cycled PLD MLG–Si

anode show only amorphous Si (Fig. 11b) at all probed

locations, indicating a conversion of crystalline Si into

amorphous Si as a result of cycling.

Further optimization of the MLG-PLD Si films for

improved electrochemical performance is underway. Sub-

strate preparation with etching or plasma treatments could

further improve adhesion of the Si films and post-treatment

of the Si films could potentially reduce film stress. The

PLD process can be optimized through other selections of

laser wavelength and background gas/pressure. Further-

more, the ratios of the MLG and Si can be fine-tuned for

optimum performance.

4 Conclusions

An anode system fabricated from pulsed laser deposited

Si on CVD-grown graphene layers (*23 nm) on porous

Ni foam substrates was electrochemically characterized

and compared with Si-only anodes. TEM and Raman

spectra showed that the Si films were a mixture of

amorphous and crystalline Si. Cyclic voltammograms

showed the participation of MLG in the intercalation and

deintercalation of Li, however, it can be seen that Si is the

dominant electrochemical component. Galvanostatic

cycling clearly shows that the MLG–Si anodes show less

capacity fade during cycling than Si-only anodes. FESEM

images and EDS analyses following 73 cycles reveal

severe delamination of Si in the Si-only anodes. After

cycling, Raman spectra reveal only amorphous Si signa-

tures with no evidence of crystalline Si. Even under

extreme cycling conditions (0.01–3.0 V; C/2), the MLG–

Si anodes show better cycle life and capacity. It was

shown that cycling life can be extended by a combination

of using MLG and cycling only between 0.05 and 1.0 V.

Under these conditions, stable average specific capacities

of *1,200 mAh/g per total weight of MLG ? Si, over 80

cycles at C/5 rate, were obtained for the MLG-PLD Si

anode. Detailed cycling characterization shows substan-

tially improved stability for the MLG–Si anodes, under all

conditions and in all stages. The combination of growth

techniques and film layers described here offers the

potential for an alternative route for addressing volume

expansion problems of Si anodes. MLG appears to

increase adhesion and provides a conductive and com-

pliant buffer against volume expansion of the brittle Si,

thereby stabilizing the system.
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