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h i g h l i g h t s

� Studied the effects of graphene and Si modifications in the battery performance.
� High rate cycles are possible with a good balance of graphene sheet size and disorder.
� Graphene with high pyridinic N resulted in both higher capacity and rate capability.
� PAN-based coating approach resulted in N-doped C coating on Si.
� Si with N-containing coating showed overall capacity retention and rate performance.
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a b s t r a c t

The effects of graphene and C coating modifications on electrochemical performance of silicon nano-
particle (SiNP)/graphene composite anode were investigated. Graphene with varying sheet sizes (238,
160 and 113 nm) were used as an anode material where a cycling performance dependence on the sheet
size (edge sites and sheet disorder) was observed. Temperature-dependent N doping of graphene
resulted in graphene with N (5.97% w/w) presenting three binding configurations: 72.1% pyridinic N,
22.4% pyrrolic N and 5.5% graphitic N. The nitrided graphene displayed improved cycling capacity and
minimized performance decay, principally due to the pyridinic N. Galvanostatic cycling using increasing
current density rates (500e2500 mA g�1) of SiNP composites with C coating/deposition showed im-
provements in both capacity retention and rate performance. A polyacrylonitrile (PAN)-based coating
scheme was used to produce a N-containing (2.20%) C coating which displayed the best high perfor-
mance improvements, attributable to the minimization of direct solid-electrolyte interphase (SEI) for-
mation and improvement in the conduction path. Optimization of the methods to achieve the best
modification characteristics might enable performance improvements that maximize the capabilities of
the materials.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The promise of greatly increased anode specific capacity for
lithium ion batteries (LIBs), by as much as ten-fold through the
substitution of Si (theoretical capacity of 3572 mAh g�1 [1]) for
graphite (theoretical capacity of 372 mAh g�1 [2]), has tremen-
dously influenced the direction of secondary battery research.

Likewise, Si’s abundance and mature infrastructure further drive
this cause. With Si, a high capacity Li alloying reaction produces a
Li-rich phase (Li15Si4) compared with the intercalation reaction
with graphite (LiC6). However, the increased accommodation of Liþ

during chargeedischarge cycles induces large volume variations (as
much as 370%) and stress on the bulk anode matrix that ultimately
leads to failure. In view of this hindrance, different strategies have
been pursued to mitigate this effect including: amorphous thin
films [3e6], nanowires [7e9], nanotubes [10], and porous mor-
phologies [11e13]. Despite these advances, capacity degradation
during cycling is still problematic, suggesting electrode fracturing

* Corresponding author. Tel.: þ1 313 577 3805; fax: þ1 313 577 8171.
E-mail address: sng@wayne.edu (K.Y. Simon Ng).

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour

0378-7753/$ e see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jpowsour.2013.07.100

Journal of Power Sources 246 (2014) 335e345

mailto:sng@wayne.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2013.07.100&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.07.100
http://dx.doi.org/10.1016/j.jpowsour.2013.07.100
http://dx.doi.org/10.1016/j.jpowsour.2013.07.100


and delamination that leads to eventual electrical contact losses.
The most promising recent advances have employed Si nano-sized
particles coupled with carbonaceous material [14e22] as a form of
support; however, this configuration is not without challenges.

Graphene is such a carbonaceous material that has great po-
tential as a support. Its highly organized sp2-bonded C atoms pro-
vide outstanding mechanical and electrical properties compared
with other known materials [23,24]. It has the potential to assist in
the electron conductivity in composite anodes while providing a
matrix for the SiNPs. Lately, graphene has been widely used as an
anode material that demonstrates capacities even higher than
those of current state-of-the-art graphite. Such performance was
achieved through the use of disordered graphene (containing im-
perfections) where Li can be hosted on both sides of the sheets
[25,26]. However, increasing the level of disorder also increases the
number of edge sites which promote side reactions leading to large
irreversible capacity losses. These sites have been proven to be
more electrochemically active than the basal plane sites, leading to
more electrolyte decomposition [27]. This causes severe break-
down of commercially available electrolyte (e.g., LiPF6 in organic
solvents), forming an unstable non-conducting SEI [14,28]. Nitro-
gen has a stronger electronegativity compared with carbon; its lone
pair electrons form conjugated bonds with the graphene p-system,
hence it has been widely studied as a dopant to modify graphene’s
electronic and chemical properties [29,30]. Nitrogen doping of
graphene anode materials has resulted in reversible capacities
much higher than graphite [28,31]. While it shows much promise,
it has not yet been explored in standalone graphene anode
materials.

Nano-sized Si particles benefit from having high surface area,
which provides more sites for Li alloying to improve electrode ca-
pacity (and rate capability). However this attribute also gives rise to
intensive side reactions with the electrolyte (especially LiPF6 spe-
cies) as reported by Aurbach et al. [32]. These side reactions are the
primary source of SEI, which irreversibly consumes Li during for-
mation and ultimately contributes to cell capacity fading. In order
to address this, a predominant approach has been used to apply a C-
based material to act as a passivation layer. This technique has been
used in thin films [33] and clustered particles [15e17]. All have
shown varying levels of improvement by minimizing side reactions
with the electrolyte; yet it is still a challenge to achieve high cycle
life. Employing a N-containing C coating on the SiNP [34,35] to
further improve the electrochemical kinetics can potentially sur-
pass plain C coated Si. Since the Li-rich alloying reactions are still
the governing reactions with Si-based anode materials, full miti-
gation of the cycling volume expansion is very difficult to accom-
plish. Even though SiNPs have increased fracture toughness [36],
volume variations are still considerable. Even for particles within
the nanometer range, volume expansion (much worse fracturing)
of particles due to cycling could lead to successive cycles of SEI
rupture and reformation that will lead to further irreversible loss of
Li (and capacity). To address these issues, the objective of this work
is to explore modification schemes for the components of SiNP/

graphene composite anode in order to improve the cycling per-
formance. The effect of graphene sheet size variation and the effects
of nitriding level of standalone graphene anodes at varying tem-
peratures on the chargeedischarge performance of the resulting
anode were investigated. The SiNP was subjected to C-based
coating that is targeted to protect the particles from direct exposure
to the electrolyte while improving the conduction network. This
modification may potentially avoid the unstable cycle of SEI for-
mation/reformation as the SiNPs are expected to expand. Further-
more, a novel N-containing coating using carbonized PAN was used
as a coating material for highly dispersed SiNP. These modifications
were coupled with an improved surfactant-assisted particle
dispersion procedure that can create a well dispersed particle (and
modified particles) within a graphene matrix. Overall, the resulting
improvements in cycling performance brought by these modifica-
tions may contribute to the further advancement of SiNP-based
composite anode design.

2. Experimental

2.1. Graphene modifications

2.1.1. Graphene anode synthesis
Three sources of graphite (Table 1): graphite A (Dixon Micro-

fyne, Ashbury, NJ), B (230U grade, Asbury Carbons, Asbury NJ) and C
(2299 grade, Asbury Carbons) with varying flake sizes were used as
the graphene precursor to make graphite oxide via a two-stage
Hummers’ method according to Kovtyukhova et al. [37]. In a se-
ries of steps, the graphites were first pre-oxidized and then sub-
jected to strong oxidizing agents to produce the respective graphite
oxides. After the Hummers’ method proper, graphite oxide sus-
pensions of about 6 mg mL�1 were stored in amber bottles at room
temperature.

In order to create the graphene anode material, 6 mL of the
graphite oxide suspensions were probe sonicated (Misonix, Ultra-
sonic Cell Disruptor, Farmingdale, NY, 100W, 22.5 kHz) for 2 h. This
step exfoliates the expanded structure of graphite oxide to form the
graphene oxide (GO) platelets. All sonics-based steps were per-
formed at room temperature and were closely monitored to
minimize temperature increase. The samples were then vacuume

filtered (setup: Millipore 47 mm all-glass vacuum filter holder-
funnel and flask; filter: 0.2 mm pore, Whatman Anodisc) forming
solid GO papers. The resulting structures were then air-dried
overnight followed by thermal reduction. The reduction was done
in a tube furnace (Series 3429, Applied Test Systems Inc., Butler, PA)
using 10% H2 in Ar at 100 mL min�1 and 700 �C for 1 h, fromwhich
graphene A, B and C were obtained.

2.1.2. Graphene anode nitriding
After the GO paper was dried overnight, GO Awas then nitrided

inside a tube furnace. Two temperatures (800 and 950 �C for 2 h)
were used with an NH3 (anhydrous, Cryogenic Gases, Detroit, MI)
atmosphere to reduce and, at the same time, to incorporate N on

Table 1
DLS sheet size and BET surface area measurements for the three different graphite sources and the resulting graphenes.

Sample Graphite Graphite oxide GO Resulting graphene (powder) Graphene anode (film)

Source Description Surface
area (BET)

Sheet
size (DLS)

Sheet
size (DLS)

Surface
area (BET)

Surface
area (BET)

A Dixon Microfyne 44 mm Graphite Flakes 3.07 m2 g�1 1266 � 33 nm 238 � 2 nm 172 m2 g�1 25.1 m2 g�1

B Asbury 230U 15 mm Graphite Flakes 5.28 m2 g�1 542 � 14 nm 160 � 4 nm 380 m2 g�1 48.3 m2 g�1

C Asbury 2299 0.25e5 mm
nano-Graphite powder

342 m2 g�1 209 � 3 nm 113 � 3 nm 419 m2 g�1 58.2 m2 g�1
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