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a b s t r a c t

Exfoliated graphite (G) nanoplatelet was modified with hexadecyltrimethylammonium bromide (C16TAB)
and was constructed as multilayer films by electrostatic self-assembly. A [poly(sodium styrenesulfonate)/
graphite]n (PSS/G)n multilayer film was self-assembled by alternate adsorption of polyanionic PSS and
cationic graphite nanoplatelets G. An uniform deposition process was detected by UV–vis absorption
spectra. The (PSS/G)n multilayer film exhibits an excellent electrical conductivity in the range of
50–200 S cm�1, when bilayer number (n) exceeds a threshold value four, the conductivity of the
multilayer film increases dramatically. Cyclic voltammogram measurement reveals that the (PSS/G)n film
with more bilayer has small charge-transfer resistance and high electrocatalytic activity.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The layer-by-layer (LbL) self-assembly of ultrathin multilayer
films from oppositive charged polyelectrolytes and lamellar inor-
ganic particles is a facile, inexpensive and versatile route to
multifunctional nano-scaled structures and materials [1–3].
Desired multilayer films have success with sequential LbL con-
structed onto solid substrates by self-assembly technology.
Importantly, unlike the many other methods, self-assembly tech-
nique permits the control of the thickness of each layer in the
nanometer range [4].

The introduction of inorganic components in multilayer offers
optical, electronic, magnetic, mechanical, catalytic, release and
sensitive properties that may be difficult to achieve by organic
polymers alone [5–8]. Among the various inorganic particles,
nano-scaled graphite has attracted more scientific attention for
the past decades [9–11]. Graphite is an important conducting
material, a peculiarity of graphite is its layered structure formed
by parallel two-dimensional graphite sheets weakly coupled by
van der Waals interaction. Each graphite sheet looks like
a hexagonal network of carbon atoms connected by strong cova-
lent ‘‘in-plane’’ s–s bonds [9]. Graphite/polymer composites have
been found to possess outstanding physical, chemical, and
mechanical properties [4,9,10]. The availability of multilayer films
of graphite/polymer composites is an essential requirement for the
construction of advanced magnetic, electronic, optical, and
ax: þ86 595 22693999.
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electro-optical devices and sensors. For many systems, wet
chemical methods have provided a viable approach for composite
nanostructured film formation [12].

For the sake of introduction of multifunctional graphite to self-
assembly films, modification of the graphite by oxidation (to
graphite oxide, GO) has been carried out, which results in the
formation of nucleophilic sites (carboxyl or hydroxyl groups) and
the interaction with positively charged polyelectrolytes [10,13].
Fendler and co-workers showed that GO could be used for the
construction of multilayer films by electrostatic interactions, which
could subsequently be reduced electrochemically to make a con-
ducting graphitic film [4,10]. Due to the negative charges on GO,
GO/polycation multilayer films were continuously grown with tens
of nanometers in their lateral dimensions. A drawback of this
method is that only few of carboxyl groups are produced and locate
at the edges of the carbon layers on the graphite [13–15], which is
difficult to grow multilayer films by electrostatic interactions. To
increase the amount of carboxyl groups, it is necessary to increase
oxidation degree, whereas the graphite structure will be destroyed
and its special properties are suppressed. It is unfavorable to
prepare multifunctional multilayer films. Furthermore, using the
traditional method, only cationic polyelectrolytes can be assembled
with negatively charged GO. The unique polyanions such as
poly(acrylic acid) (PAA) and poly(sodium styrenesulfonate) (PSS)
cannot be introduced to construct multilayer films consisting of GO.

In the previous work, we reported a novel approach to construct
a stable multilayer film by LbL self-assembly PAA and GO nano-
platelets modified with hexadecyltrimethylammonium bromide
(C16TAB) [16]. In continuation of our study, a multilayer film from
PSS and the graphite (G) nanoplatelets was prepared by LbL self-
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Fig. 1. The self-assembly process of (PSS/G)n multilayer films. Step A is the deposition
of PSS layer; step B is the deposition of C16TAB modified graphite nanoplatelets; by
repeating A and B (PSS/G)n multilayer films are obtained.
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assembly technique. Compared with our previous work, owing to
GO is reduced to graphite, the conductivity of multilayer film is
enhanced. On the other hand, the introduction of PSS with
surfactant function and weak hydrophobic property increases the
interaction between the polyanion layers of PSS and the oppositive
charged layer of the graphite modified with C16TAB, the stability of
the multilayer is improved. Therefore, a higher conductive and
stable (PSS/G)n multilayer film is LbL self-assembled successfully.

2. Experimental part

2.1. Materials

PSS (Mw¼ 70,000) and C16TAB (purity> 99%, CMC¼ 0.9 mM)
were purchased from Aldrich and used without further purifica-
tion. Graphite powder (an average size of <2 mm, supplied by
Shandong Qingdao Graphite Company, China) was used as-
received. A modified glass substrate (2� 2 cm2) was obtained as
follows: polished glass substrate was sonicated in CCl4 solution for
30 min and then rinsed with 2-propanol and enough deionized
water. The cleaned substrate was immersed in a C16TAB ethanol
solution for 2 days and the remaining solvent was evaporated in air.

2.2. Preparation of graphite nanoplatelets modified with C16TAB

The pristine graphite powder was vacuum dried at 80 �C for
24 h. Concentrated sulfuric acid and fuming nitric acid
ðVH2SO4

: VHNO3
¼ 7 : 3Þ, as oxidizing and intercalating agent were

added to expand and oxidize the graphite powder (to GO). Resul-
tant product was heated at 1000 �C and ultrasonic irradiated to
exfoliate the expanded GO nanoplatelets. The obtained exfoliated
GO nanoplatelets were reduced by hydrazine hydrate for more than
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Fig. 2. FTIR spectra of (a) graphite oxide and graphite nano
48 h until all hydrophilic groups lost. The graphite nanoplatelet
(approximately three carbon layers) was suspended in a C16TAB
(0.7 mM) aqueous solution. After a weak agitation for a week,
C16TAB was modified on the surface of the graphite nanoplatelet
and an even modified graphite suspension thus was obtained. The
resulted 0.5 wt% graphite dispersion was used for the assembly of
multilayer films.

2.3. Self-assembly of (PSS/G)n multilayer films

The self-assembly of (PSS/G)n multilayer film involved the
following steps: (A) immersion of the C16TAB modified quartz glass
substrate (S) into a 5 mM PSS aqueous solution, kept at pH¼ 12 for
5 min, rinsing for 1 min with enough amount of deionized water,
thus a film of S-PSS was obtained; (B) immersion the film S-PSS into
a 0.5 wt% modified graphite suspension for 15 min, washing with
enough amount of deionized water, thus an S-(PSS/G)1 film was
obtained. Each washing was followed by drying in a stream of N2

gas for 1 min. A subsequent bilayer number (n) of sandwich layers,
to produce a multilayer film containing alternating n layers of PSS
and n layers of graphite, S-(PSS/G)n, were prepared by repeating
steps A and B n times as shown in Fig. 1.

2.4. Characterization and measurement

Fourier transform infrared (FTIR) spectra of samples were iden-
tified by mixing the sample with solid KBr, grinding, pressing into
a pellet and measuring with a Nicolet Impact 410 FTIR spectropho-
tometer. The growth of the sequence (PSS/G)n was monitored by
measuring the UV–vis characteristic absorption bands at 225 nm
and 260 nm for PSS and graphite [17] with Shimadzu UV-3100 UV–
VIS–IR spectrophotometer. Atomic force microscopy (AFM) images
of samples were observed with an NS3A-02 Nanoscope III and using
scanning probe microscope (Veeco Co.) in tapping mode.

Electrochemical measurements of the film samples were per-
formed with a three-electrode electrochemical cell using a CHI660C
potentiostat. Cyclic voltammetry was carried out in a N2 purged
acetonitrile solution. The (PSS/G)n film electrode was used as
working electrode, respectively. A Pt coil as the counter electrode
and an Ag/AgCl electrode as reference electrode were used. The
electrolyte was the acetonitrile solution containing 0.1 M LiClO4 as
the supporting electrolyte and 10 mM LiI, 1 mM I2 as the redox
couple. In acetonitrile medium, I2 and I� integrate to I3

� ions
(I2þ I�¼ I3

�), which are an oxidized state of iodide and can capture
electrons to form I� ions.

In order to study the stability of (PSS/G)n multilayer films under
UV irradiation, the irradiation experiment was carried out using
a 300 W high-pressure mercury lamp as UV light source. The (PSS/
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G)n multilayer film was settled on a level platform, after a given
time irradiation, the absorbance at 225 nm and conductivity of the
film were measured, and the ATM image was observed, which is
useful to study the stability of (PSS/G)n multilayer films under UV
irradiation.

3. Results and discussion

3.1. FTIR spectra

In the FTIR spectrum of GO (Fig. 2a), the broad band centered at
3396 cm�1 is attributed to O–H stretching vibration of the C–O–H
groups. The band at 1628 cm�1 is assigned to C]O stretching
vibrations of the carbonyl and carboxyl groups. Absorption bands at
1361 and 1583 cm�1 are the results of O–H deformations of C–O–H
groups and water, respectively. The bands at 1057 and 1202 cm�1

are due to C–O (i.e., hydroxyl, ether) stretching vibrations. The
absorption bands below w1000 cm�1 are due to the presence of
trace sulfate groups by H2SO4 intercalated between graphite planes,
or possibly as the free acid [18]. After reduction by hydrazine
hydrate for more than 24 h, all the groups disappear except the O–H
stretching locating at 3734 and 3669 cm�1, which indicates that the
GO nanoplatelet has been reduced to graphite and facilitate the
increase of conductivity of the multilayer films. The conductivity of
initial graphite powder is 2500 S cm�1, after the exfoliation to GO
nanoplatelets, the conductivity decreases to 16.5 S cm�1. In fact, the
conductivity of reduced graphite nanoplatelets reaches more than
500 S cm�1, although lower than that of pristine graphite powder,
enough to construct high conducting (PSS/G)n multilayer films.

The FTIR spectra of the C16TAB, PSS and (PSS/G)n multilayer film
are shown in Fig. 2b. The broad band with a center at 3702 cm�1

responding to –NH2 asymmetrical stretching vibration shifts to
around 3468 cm�1 in the self-assembly film. The absorption peaks at
2919, 2846 and 1491 cm�1 attributed to C–H asymmetrical stretch-
ing, symmetrical stretching and bending vibrations, respectively, are
weakened in (PSS/G)12 film. The band corresponding to C–N
stretching in C16TAB shifts to 1006 cm�1 after the interactions with
oppositive charged PSS. The shift of characteristic bands indicates
that strong interactions between C16TAB arrays and PSS segments are
present. The absorption band at 1460 cm�1 is due to –CH2 defor-
mation and is weakened in the other two spectra. Band at 722 cm�1 is
the result of –(CH2)n–CH3 in-plane rocking and disappears after the
formation of C16TAB arrays in graphite nanoplatelets. The above two
unconventionalities are caused by the ordered arrangement of
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Fig. 3. UV–vis absorption spectra of (PSS/G)n films with n¼ 2–12. The inset shows
plots of absorbances at 225 nm and 260 nm against n.
C16TAB on hydrophobic graphite surfaces, which restricts rocking and
deformation of the tails. Due to the undetected vibration bands in
reduced graphite, the spectrum of (PSS/G)n indicates a strong
attraction of C16TAB arrays with PSS chains and hydrophobic inter-
action with graphite surfaces [19].

3.2. Bilayer number and deposition time of (PSS/G)n

UV–vis spectra have been fruitfully employed for monitoring the
LbL growth of sequentially adsorbed polyelectrolytes and a variety
of different building blocks [20–22]. Fig. 3 shows the UV–vis
absorption spectra of (PSS/G)n films with n¼ 2–12. The PSS and
graphite have characteristic absorption peak at 225 nm and 260 nm
[17], respectively, which is used to monitor the growth of the layers
and the assembly process of the (PSS/G)n films. It is notable that
a freshly prepared GO has a sensitive absorption peak at 236 nm,
however, the absorption band at 236 nm does not appear in the
UV–vis absorption spectra of (PSS/G)n films, which further indicates
that GO has been reduced to graphite. The absorbance at the
260 nm and 225 nm increases linearly with the numbers of the
attached PSS and graphite layers in the film (inset of Fig. 3), which
indicates a progressive and uniform depositionprocess of the (PSS/G)n

multilayer and suggests the amounts of absorbed PSS and
graphite in the assembly process are essentially the same for
each layer.
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The absorbance of a series of PSS layers deposited on graphite
layers at different deposition times is determined as shown in
Fig. 4(a). It can be seen that the adsorption of PSS is rather fast and
nearly reaches saturation within 5 min. Also, from the conductivity
of (PSS/G)10 multilayer film at different PSS deposition time shown
in Fig. 4(b), the conductivity of the (PSS/G) reaches a higher value
within 5 min. The results are accord with the absorption spectra in
Fig. 4(a).

The adsorption of PSS and C16TAB modified graphite can be
explained by ion-exchange model [23]. Due to the entropy effect by
Fig. 6. AFM images of the graphite terminated (PSS/G)n multilayer film
adsorbing PSS and C16TAB modified graphite and the neutralization
by small monovalent ions (Naþ and Br� ions) on the surface of the
films, the oppositive charged components cannot be unrestrictedly
adsorbed. Equilibrium adsorption is not obtained until the
adsorbed PSS molecules or cationic graphite nanoplatelets are
electrostatically repelled from the surface. In our experiments, the
adsorption time of PSS was controlled for 5 min, and that of C16TAB
modified graphite colloid to be 15 min.

3.3. Electrical conductivity

The dependence of the conductivity of (PSS/G)n multilayer films
on the deposition cycle is shown in Fig. 5. It can be seen that the
conductivity is very low at n< 4, whereas increases dramatically at
n> 4. For example, the conductivities of (PPS/G)n at n¼ 1 and 4 are
1.2 and 4.3 S cm�1, respectively. Once n increases from 4 to 12, the
conductivity dramatically increases from 4.3 S cm�1 to
197.8 S cm�1. With the further increase of deposition cycles to 15,
the conductivity of the multilayer film is 204.1 S cm�1.

In the case of conventional polymer/graphite composites, the
abrupt increase of conductivity is designated a percolation
phenomenon and the transition point is percolation threshold.
According to the percolation theory, once the dosage of graphite
in composites reaches a percolation threshold value, the
conductivity of the composite will dramatically increase as
a result of the connection of conducting channels. In the case of
(PSS/G)n multilayer films, graphite and PSS are in linear increase
with increasing of deposition cycles, in other words, the graphite
content has an approximate percentage relative to PSS. And due
to the relation of conductivity to n, instead of the percentage of
conducting component graphite nanoplatelets, the phenomenon
cannot be explained by the percolation theory. In our previous
s with different n values. (a) n¼ 1, (b) n¼ 4, (c) n¼ 12, (d) n¼ 15.
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Table 1
Peak currents of the (PSS/G)n multilayer films at different scan rates and bilayer
numbers.

Scan rate (mV s�1) Peak current
(mA, n¼ 4)

Peak current
(mA, n¼ 10)

Peak current
(mA, n¼ 15)

B B0 B B0 B B0

20 1.81 �10.84 3.86 �17.31 6.56 �23.63
50 3.90 �15.28 6.15 �23.58 11.49 �33.57
100 6.89 �20.16 7.69 �29.39 16.42 �41.82
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work [16], we explained the phenomenon from the view of
electron transfer in the carbon interlayer of the graphite oxide
nanoplatelets. The increasing of C–C interlayer distance between
carbon layers in each GO sheet loosened the astriction of carbon
layer to electrons in the interlayers and improved the electron
transfer. When the C–C interlayer height reached a threshold
value (or n reached a threshold value), the electrons in the
carbon interlayer became free, and the conductivity of the films
increased sharply. Similar explanation beseems the (PSS/G)n

multilayer film in this paper. According to above experimental
results, the charge threshold value (nt) for the (PSS/G)n multilayer
film is four.

Fig. 6 shows the AFM images of the graphite terminated (PSS/G)n

multilayer films with n¼ 1, 4, 12, and 15. As an example, the image
of the graphite terminated S-(PSS/G)1 monolayer film (Fig. 6a) is
discussed. The height of the S-(PSS/G)1 monolayer consists of
doubled C16TAB length (the C16TAB arrays on two surfaces of
a graphite nanoplatelet), one PSS thickness and one graphite
thickness. The C16TAB molecules are oriented perpendicular to
graphite plane, with the hydrophilic head groups completely
shielding the hydrophobic graphite from solution [24]. The length
of an extended CxTAB molecule in the all-trans conformation of the
alkyl chain is given by Eq. (1)

lðCxTABÞ ¼ 0:245
�x

2
� 1

�
þ rMe þ rN—Me (1)
where the van der Waals radius of the methyl (rMe) is 0.2 nm, and
the van der Waals radius of the trimethylammonium end groups
(rN–Me) is 0.35 nm [25,26]. This formula yields l¼ 2.27 nm for
C16TAB in a zigzag conformation. The thickness of G layer and PSS
layer is approximately 4.4 and 4.1 nm, respectively [16,4,27]. So, the
total thickness of S-(PSS/G)1 monolayer is d1¼2.27� 2þ 4.1þ
4.4¼13.0 nm, which is nearly consistent with AFM observation in
Fig. 6a. The slight deviation originates from the fact that the self-
assembly technique yields the average thickness of the presumed
uniform film.

From Fig. 6, it also can be seen that with the bilayer number (n)
increases from 1 to 4, 12 and 15, the terminated bilayer height
increases from 13.1 to 13.6, 15.0 and 17.3 nm. The increase of bilayer
height means the expanding of the C–C interlayer of graphite
nanoplatelets and the increase and the conductivity of the (PSS/G)n

film, which is consistent with Fig. 5.
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3.4. Electrochemical properties

(PSS/G)n multilayer films are expected to be a counter electrode
used in dye-sensitized solar cell [28,29]. The cyclic voltammograms
of the LiI/I2 system on the (PSS/G)n multilayer film electrodes at
different scan rates are measured and shown in Fig. 7. It can be
Fig. 9. AFM images of (PSS/G)12 multilayer film after (a) 0 min, (b) 1
found that the absolute values of cathodic peak currents are the
almost same as those of the corresponding anodic peak currents.
The cathodic peak gradually and regularly shifts to the negative
direction and the corresponding anodic peak shifts to the positive
direction with increasing scan rate. By plotting the cathodic and
anodic peak currents against the square root of the scan rate, the
good linear relationship with various scan rates indicates the
diffusion limitation of the redox reaction on (PSS/G)n multilayer
film electrode [30,31]. This phenomenon suggests that there is no
specific interaction between I2/I� redox couple and (PSS/G)n

multilayer film electrode [30,32].
To quantify the intrinsic relations of redox of the (PSS/G)n

multilayer films at different scan rates and deposition cycles, the
peak currents at scan rates of 20, 50, 100 mV s�1 and bilayers of 4,
10, 15 are shown in Table 1. It can be seen that the films with
higher bilayers have considerable higher redox current than those
with lower ones. The difference in the redox currents results from
the conductivity of (PSS/G)n multilayer films. As discussed in the
Section 3.3, the (PSS/G)n multilayer film with higher n value has
a higher conductivity, which means lower electrical resistance
and higher redox currents as a electrode. On the other hand, the
films with more deposition cycles have the highest effective
surface area, which is desirable for high efficiency and sensitivity
of many devices. This suggests a faster reaction rate on the higher
bilayer film electrodes than that on the lower ones. In other
words, the charge-transfer resistance for the I2/I� redox reaction
is smaller on the higher bilayer film electrodes compared with
0 min, (c) 30 min, and (d) 240 min UV irradiation, respectively.
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lower ones under the same conditions [33]. As more layers are
deposited, the electron transfer is dominated by the counterion
diffusion into the film (perchlorate and iodide anions in this
case), thus causing the diffusional behavior in the cyclic
voltammograms.

3.5. UV irradiation stability

Fig. 8 shows the absorbance and conductivity of (PSS/G)12

multilayer film under UV irradiation. After 10 min, 30 min, and
240 min irradiation, the absorbency at 225 nm of (PSS/G)12

multilayer film is 94.6%, 89.1%, and 69.4% of the original absor-
bance, and the conductivity decreases from 197.8 S cm�1 to 12.5,
10.2 and 1.05 S cm�1. From the irradiated AFM images shown in
Fig. 9, it can be seen that the surface of the (PSS/G)12 film becomes
rough and undulate after 10 min UV irradiation, which indicates
the decomposition of PSS and even C16TAB, the connective
graphite nanoplatelet network also collapses. When the irradia-
tion time is 30 min, the graphite nanoplatelets are bare. It may be
due to the gradual decomposition of PSS layers from the surface to
the inner after the complete decomposition of PSS in the twelfth
bilayer. Once the irradiation time is prolonged to 240 min,
a porous surface is observed without graphite nanoplatelets. In
this case, the polyelectrolyte segments are nearly all decomposed
and the conductivity decreases to 0.025 S cm�1. The graphite
nanoplatelets are adsorbed on PSS layers by electrostatic interac-
tions. Under the deep collapse of organic compounds, such as
C16TAB and PSS, the charged groups, including sulphonic (–SO3

�)
and quaternary amine (pNþo) groups have been lost and the
electrostatic interactions are broken. Thus, the adsorbed graphite
nanoplatelets peel off the system, the released carbon dioxide and
other gases diffuse from the matrix, which results in the formation
of porous structure.

4. Conclusions

(PSS/G)n multilayer films were LbL self-assembled from exfoli-
ated graphite nanoplatelets and PSS. The FTIR spectra offered an
evidence for the strong interaction between PSS and the C16TAB/G
system. The growth of the films was detected by UV–vis spectra,
showing an uniform deposition process of the (PSS/G)n multilayer
films. The (PSS/G)n multilayer film exhibits an excellent electrical
conductivity in the range of 50–200 S cm�1, when bilayer number
(n) exceeds a threshold value four, the conductivity of the multi-
layer film increases dramatically, which maybe due to that the
electrons in the carbon interlayer became free, when the C–C
interlayer height reached a threshold value (or n reached
a threshold value). Cyclic voltammograms of I2/I� system
measurement revealed the (PSS/G)n multilayer film with more
bilayers has small charge-transfer resistance and high electro-
catalytic activity. Properties of these multilayer films render them
potential applications for the construction of components of
advanced optical and electronic devices.
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