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Abstract Laurylamine-intercalated graphite oxide (GO)

is prepared by ultrasonic in the presence of a small amount

of hexane and then chemically reduced by hydrazine. The

interlayer spacing of laurylamine-intercalated GO reaches

a maximum when the molar ratio of laurylamine and GO is

1.384. Three types of laurylamine in GO are identified

in the intercalated compounds: hydrogen-bonded neutral

amines, hydrogen-bonded protonated amines, and ionically

bound protonated amines. Modified graphene colloidal

suspension is obtained by chemical reduction of lauryl-

amine-intercalated GO in dimethyl formamide (DMF).

Furthermore, a possible chemical reduction mechanism is

put forward to explain the hydrazine reduction process.

Introduction

Graphite oxide (GO) is an oxygen-rich derivative of

graphite. The large quantities of oxygen exist in the form of

epoxy, hydroxyl, and carboxyl groups [1, 2]. Due to the

layer structure and oxygen functional groups, the GO is

hydrophilic and easily hybridize with other species [3].

Various modified GO are synthesized by the reaction

of exfoliated GO layers and polymers, polar molecules,

alkyltrimethylammonium ions, or surfactant [4–9]. The

modified GO can produce homogeneous colloidal suspen-

sions in various solvents and influence the properties of

GO. The abilities of modified GO to recognize aromatic

molecules [10], control aggregation state and orientation of

organic dyes [11], application as cathode-active materials

candidates for lithium batteries [12] have been reported.

The modified GO is known as modified graphene oxide

when it forms homogeneous colloidal suspensions in var-

ious solvents. One of the most important reactions of

graphene oxide is its reduction with hydrazine in the sol-

vents which provides a promising route to achieve mass

production of graphene platelets.

The graphene is atomically thin two-dimensional sheet

of carbon. It has attracted considerable attention as prom-

ising components in applications such as energy-storage

materials [13], ‘‘paper-like’’ materials [14], polymer com-

posites [15, 16], and mechanical resonators [17], given the

predicted excellent in-plane mechanical, structural, ther-

mal, and electrical properties [18–21]. In practice, reduc-

tion of well-dispersed GO nanoplatelets results in a gradual

decrease in their hydrophilic character, which eventually

leads to their irreversible agglomeration and precipitation

[22]. However, many applications inevitably depend on the

dispersion ability of graphene in the materials. The first

step for application in the materials often involves in

obtaining well-dispersed mixture of graphene and materials

in some kind of solvents. We have proved that alkylamine-

intercalated GO can be well dispersed in dimethyl form-

amide (DMF), forming stable colloidal suspensions even

after reduced by hydrazine.

There are some reports about alkylamine-intercalated

GO [23–25], but seldom mention the chemical reduction of

alkylamine-intercalated GO. In this study, we investigate

the preparation of laurylamine-intercalated GO and char-

acterize its reduction in detail.
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Experimental

Synthesis of GO

Graphite oxide was prepared from natural graphite powder

(100 mesh) supplied by Sigma-Aldrich due to the modified

Hummers method [26]. About 10 g of graphite powder was

added to 230 mL of cooled (0 �C) concentrated H2SO4.

Then, 30 g of KMnO4 was added gradually with stirring

and cooling, keeping the mixture temperature below 5 �C.

After that, the mixture was stirred at 5 �C for 30 min and

then placed steadily for 96 h. Then the mixture was slowly

added into 460 mL of distilled water with stirring and

cooling, keeping the mixture temperature below 35 �C.

Later, the mixture was heated to 35 �C and kept the tem-

perature for 1 h. After that, the mixture was heated to

98 �C and maintained the temperature for 45 min. Finally,

the reaction was terminated by adding 15 mL of 30% H2O2

solution. The resulting solution was filtered off, washed

repeatedly with 5% HCl solution, followed by excess

deionized water, and dried at 60 �C overnight to get the

dried GO. The homogeneous GO powder was obtained by

ball milling the dried GO in the all-directions planetary

mill (Nanjing, QM-QX2) which was performed with rota-

tion speed 300 r/min for 2 h.

Preparations of laurylamine-intercalated GO

Dried GO powder and laurylamine (C12) were mixed fol-

lowed by a small amount of n-hexane to immerse the solid-

state mixture. It was observed that C12 dissolved quickly in

n-hexane. Stable dispersion of the laurylamine-intercalated

GO [(C12)xGO; x:C12/GO molar ratio] was prepared by

15 min ultrasonic exfoliation. The obtained product was

placed at room temperature and dried at 60 �C overnight

until the hexane fully evaporated. The C12/GO molar ratio

changed from 0.198 to 1.780.

Chemical reduction of (C12)xGO

Stable dispersion of the (C12)xGO (400 mg) was prepared

by ultrasonic exfoliation in DMF (400 mL) for 1 h.

Reduction of the dispersed (C12)xGO was carried out with

hydrazine (4 mL) at 95 �C for 1 h. The product obtained

after reduction was isolated via filtration, washed with

deionized water, and dried at 60 �C to remove moisture.

Characterization

The resulting samples were characterized by X-ray diffrac-

tion (XRD; Rigaku, D/MAX 2550 VB/PC), infrared spec-

troscopy (FT-IR; Nicolet, Magna-IR 550, KBr pellets),

thermogravimetry (TG; America, SDT Q600), X-ray

photoelectron spectroscopy (XPS; PHI, 5000C ESCA), ele-

mental analyzer (Germany, vario EL III), scanning electron

microscopy (SEM; JEOL, JSM-6360LV), atomic force

microscope (AFM; Veeco, NanoScope IIIa MultiMode). TG

measurements were performed under N2 protection with the

temperature increase rate 5 �C/min from room temperature

to 800 �C. The method due to Matsuo et al. [24] was adopted

to determine the amount of exchangeable acidic groups in the

obtained GO by the back titration of sodium hydroxide

solution (0.05 mol/L, 50 mL) of GO (100 mg) with

hydrochloric acid solution (0.05 mol/L). All the involved

chemicals and solvents, including sulfuric acid, potassium

permanganate, sodium hydroxide solution, hydrochloric

acid solution, laurylamine, DMF, and hydrazine, were

purchased from Sinopharm Co. Ltd. and used as received.

Results and discussion

Characterization of GO

Well known as non-stoichiometric compound, the com-

position of GO is normally measured by elemental analysis

and TG analysis [22, 24, 27]. Based on the elemental

analysis of carbon and hydrogen, the composition of as

prepared GO is C8O1.84H3.42�0.97H2O. The water content

is determined from the weight decrease below 200 �C

observed by TG analysis [24].

Figure 1 shows the XRD patterns of GO powder. Apart

from the diffraction peak at 2h = 11.62�, the diffraction

peak of graphite is observed at 2h = 26.54�, indicating the

partly oxidization of graphite. It is well known that the

oxidation degree of GO depends on many factors, such as

the particular oxidants, the graphite size, and the reaction

conditions [28, 29]. Although the references about oxidi-

zation structure of partly oxidized GO is few, the common

Fig. 1 XRD patterns of GO powder
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sense about fully oxidized GO concerns more reaction time

and more defects, comparing with the partly oxidized GO

[30, 31]. On the other hand, partly oxidized structure of

obtained GO could be modified by C12 and well disperse in

DMF even after 1 month steady standing. Therefor, we

choose the partly oxidized GO as our starting material to

research the modification of GO and its chemical reduction.

The pH titration curve of GO toward H? is given in

Fig. 2. When 39 mL of H? (0.05 mol/L) was added to the

well-dispersed colloidal suspension of GO (0.1 g), the

pH value of the solution reached 7. Therefore, the total

exchange capacity of GO is evaluated as 5.5 mmol/g from

the ion-exchange reaction in a 0.1-mol/L HCl solution.

This value is comparable to or larger than those reported by

Matsuo et al. [24] (3.5 mmol/g) and Cassagneau et al. [32]

(3.24–6.04 mmol/g). Szabó et al. [33] pointed out that

acidity and cation exchange of GO cannot be characterized

by a single value, but depended on the pH and ionic

strength. Thus, the cation exchange capacity or acidity of

GO determined from titration varies in a wide range. In

addition, the titration curve shows a multi-base acid char-

acter, suggesting that the synthesized GO contains more

than one kind of exchangeable protons.

Characterization of (C12)xGO

XRD experiments were conducted to study the effect of the

C12 molecules on the GO interlayer spacing. Figure 3 shows

the small angle XRD of laurylamine-intercalated GO with

various C12/GO ratios together with that of C12 and GO. For

(C12)xGO, the diffraction peaks of GO at 2h = 11.62� and

C12 at 2h = 2.37� disappear, and a serials of peaks are

observed due to the reaction between GO and various

amount of C12. When the C12/GO ratios become larger than

1.186, no obvious change in diffraction of pattern is

observed. The saturation amount and Ic value of C12 in GO

(1.186 mol/GO, Ic = 2.65 nm) are smaller than that

observed in Matsuo’s alkylamine-intercalated GO (1.7 mol/

GO, Ic = 3.65 nm) [21] with the same alkyl chain length.

The differences can be explained by the structure of partly

oxidized GO, which will be further discussed in the next

paragraph.

As to the peak change situation of GO at 2h = 26.54�
with various C12 contents, we researched two types of

(C12)xGO (x = 0.554, 1.582) which is shown in Fig. 4. The

peak of GO at 2h = 26.54� changes with the different

amount of C12 in (C12)xGO (Fig. 4b, c). The peak at

2h = 26.10� (x = 0.554) conforms to the peak of graphite

and almost disappears when x = 1.582. We observed that

the pristine GO can readily well disperse in water through

ultrasonic exfoliation, while the laurylamine-intercalated

GO no longer exfoliates in water. Since the water mole-

cules are removed from the layer of (C12)xGO [24], the

influence of humidity level on Ic or 2h values can be

negligible. The new peaks at 2h = 21.40� (x = 0.554) and

2h = 21.64� (x = 1.582) are observed which might due to

the structure of partly oxidized GO. The structure is

somewhere between graphite and fully oxidized GO.

Monolayer of partly oxidized GO consists of two parts: the

Fig. 2 The pH titration curve of GO dissolved in 0.1 mol/L NaOH

aqueous solution toward H?
Fig. 3 Small angle XRD of (C12)xGO together with that of C12

Fig. 4 Wide angle XRD of (a) GO, (b) (C12)0.554GO, and

(c) (C12)1.582GO

J Mater Sci (2011) 46:3611–3621 3613

123



oxidized component reacts with C12 and the other un-oxi-

dized component exists in the form of graphitic nano-

crystal. The C12 intercalation expands the interlayer

spacing of oxidized component, and in some way influ-

ences the Ic value of un-oxidized component, causing the

formation of new peaks at 2h = 21.40� (x = 0.554) and

2h = 21.64�(x = 1.582). This also explains why the satu-

ration amount and Ic value of C12 in GO are smaller than

that observed in Matsuo’s alkylamine-intercalated GO

[21], as shown in Fig. 3.

FT-IR spectra have often been used to probe structural

characteristics of graphitic materials, providing useful

information on the functional groups. Figure 5 shows

FT-IR spectra of GO, C12, and (C12)xGO with various C12

contents. In GO, we observe the absorption peak due to

–C=O stretching vibrations (1093 cm-1), –C=C stretch-

ing vibrations (1628 cm-1), carboxyl groups stretching

vibrations (1720 cm-1), and –OH stretching vibrations

(3400 cm-1). In all (C12)xGO samples, the absorption

peaks due to –CH2– symmetric and asymmetric stretching

vibrations (2956, 2933, 2919, and 2852 cm-1), –CH2–

twist vibrations (1467 cm-1), –C=O stretching vibrations

(1093 cm-1), N–H, O–H bending vibrations and –C=C

stretching vibrations (1628 cm-1), N–H and –OH stretch-

ing vibrations (3400 cm-1) are observed. The absorption

peak at 1720 cm-1 of GO is observed for x = 0.395, 0.554,

and 0.791. The C12 absorption peaks at 1648 and

1153 cm-1 are also observed for x = 1.384 and 1.582. The

spectrum of (C12)xGO become much similar to C12 as the

increase of x except for the absence of peaks at 3330, 1488,

2956, and around 800–1100 cm-1. The intensities of the

peaks at 3400 and 1628 cm-1 decrease from x = 0.395

to 1.384, which indicate the decrease of interlayer water

content in (C12)xGO, confirming to the hydrophobic prop-

erty of (C12)xGO. When x = 1.582, the intensities of

peaks at 3400 and 1628 cm-1 are stronger than those of

x = 1.384, which are due to the overlap of redundant

C12 absorption. In addition to the absorption peak at

1628 cm-1, the alkyl ammonium ion also shows a weak

absorption peak in the range of 1550–1480 cm-1 as

expected, which was not be observed by Nethravathi et al.

[25] due to either it was too weak or it overlapped with

C–H bending absorption at 1470 cm-1. The absorption

peak at 1398 cm-1 due to hydroxyl groups of acidic

character and the absorption peak at 1720 cm-1 due to

carboxyl groups [34] become much weaker with the

increase of x, which indicate that C12 molecules have

interacted with these groups in GO. The peaks at 1567 and

1648 cm-1 are derived of amino groups of C12, though the

later may be partly overlapped with that of adsorbed water

in GO at 1628 cm-1.These are assigned to the formation of

hydrogen bonded of NH2 [35] in (C12)xGO. For x = 0.395,

0.554, and 0.791, a weak peak at 1525 cm-1 is also

expected to be observed, which can be ascribed to the

formation of symmetric or asymmetric deformation band

of NH3
? [24], do not occur in our spectra due to its so weak

intensity. The absorption peak at 1093 cm-1 due to ether

group is almost unchanged along with the increase of C12

molecules in GO. For x = 1.384 and 1.582, the absorption

peak at 1093 cm-1, due to the absorption peak of surplus

C12, is broader.

Figure 6 shows the TG curves of (C12)xGO, GO, and

C12. For (C12)xGO, the weight decease is observed below

180 �C due to the elimination of absorbed water or

decomposition of C12. Due to the hydrophobic nature

of (C12)xGO [36], (C12)1.582GO may have a stronger

power to exclude water than (C12)0.672GO which results

in (C12)0.672GO decrease dramatically comparing with

(C12)1.582GO. The second weight decrease is observed

above 230 �C, which would be mainly because of the

elimination of oxygen functionalities from GO layers,

leaving residual carbon. The weight is almost constant

when the temperature is above 500 �C.

Fig. 5 FT-IR spectra of (a) GO, (C12)xGO with various C12 contents:

(b) x = 0.395, (c) x = 0.554, (d) x = 0.791, (e) x = 1.384,

(f) x = 1.582, and (g) C12

Fig. 6 TG curves of (a) C12, (b) (C12)1.582GO, (c) (C12)0.672GO, and

(d) GO
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Figure 7 shows SEM images of (a) GO, (b) (C12)0.395GO,

and (c) (C12)1.582GO. As shown in Fig. 7a, GO consists of

plate-type crystals reflecting its layered structure. The

images of the sample (b) (C12)0.395GO which includes

lower amines content is similar to that of GO, while

(c) (C12)1.962GO has a quite different image. The layered

structure of GO disappears, and its surface appears to be

integrated except for some fissures that might ascribe to the

low-melting temperature of C12 (melting point: 28 �C):

overabundant C12 melted and wrapped around the GO,

except for the reaction part with GO.

We employed XPS to analyze the samples of (C12)xGO

with various C12 contents to help us better understand the

functional groups information. Figure 8a shows the N1s XPS

spectrum of (C12)0.554GO. The peak which is deconvoluted

into two peaks at 399.4 and 400.7 eV indicates different

functional groups: the hydrogen-bonded NH2 (Fig. 10a) and

hydrogen-bonded protonated amines (Fig. 10b), respec-

tively [24, 30]. The peak at 400.7 eV is assigned to nitrogen

atoms from ammonium group which weakly bond to the GO

layer via hydrogen bond [24]. The possible structure is

shown in Fig. 10b. For (C12)1.780GO (Fig. 8b), the peak is

deconvoluted into three peaks at 398.7, 400.4, and 401.3 eV.

The former two peaks would be attributed to hydrogen-

bonded NH2 and hydrogen-bonded protonated amines,

respectively, though they slightly shift to lower bind-

ing energies comparing with the N1s XPS spectrum of

(C12)0.554GO. The later peak is caused by NH3
? groups

(Fig. 10c). When the (C12)1.780GO with excess C12 was

washed with ethanol several times, the resulting sample

shows an almost identical N1s XPS spectrum to (C12)0.554GO

(Fig. 9): the peak is deconvoluted into two peaks at 399.6

and 400.8 eV. In addition to this change, the interlayer

spacing greatly decreases from 2.64 to 1.99 nm as shown in

Fig. 11. According to the literature [24], we attribute this

phenomenon to the replacement of some neutral hydrogen-

bonded C12 (Fig. 10a) by ethanol molecules which are

removed from the interlayer during the washing and drying

process. In order to keep equilibrium, the ionically bound

C12 (Fig. 10c) decreases together with the regeneration of

hydrogen-bonded protonated C12 (Fig. 10b) and increase

of hydrogen-bonded neutral C12 (Fig. 10a). Just as the

titration curve has proved, there is more than one kind of

exchangeable protons in the (C12)xGO.

Characterization of reduced laurylamine-intercalated

GO

As for the analysis of the reduction of the laurylamine-

intercalated GO, we took the reduced (C12)0.554GO

[R(C12)0.554GO] and reduced (C12)1.582GO [R(C12)1.582GO]

as the samples, considering the different interaction

Fig. 7 SEM images of a GO, b (C12)0.395GO, and c (C12)1.582GO

Fig. 8 XPS spectra of a (C12)0.554GO and b (C12)1.780GO in N1s

region
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mechanism of (C12)xGO. Figure 12 shows the wide-angle

XRD patterns of GO, C12, reduced GO (RGO),

R(C12)0.554GO, and R(C12)1.582GO. GO exhibits a broad

reflection with a peak at 2h = 11.62�, which is correlated to

an interlayer spacing of 0.76 nm. This value can be

assigned to the (001) reflection peak and might depend on

the method of preparation and the amount of absorbed water

in the GO [37]. The diffraction peak of graphite is also

observed at 2h = 26.54�, due to the partly oxidization of

graphite. After GO was reduced into pure graphene, one

broad reflection peak centered at 2h = 26.54� is observed in

the XRD pattern of RGO, which can be correlated to an

interlayer spacing of 0.34 nm in the graphene sample. The

observed broad peak shows that the graphene sheets are

loosely stacked in RGO [38], and it is different from the

crystalline graphite. The C12 sample shows various reflec-

tion peaks which indicate some crystalline order of C12. The

peak of (C12)0.554GO at 2h = 3.96� moves to 2h = 8.8�,

which means the interlayer spacing changes from d = 2.22

to 1.0 nm after the reduction of (C12)0.554GO. In the same

way, the peak of (C12)1.582GO at 2h = 3.32� moves to

2h = 7.7�, which means the interlayer spacing ch-

anges from d = 2.65 to 1.2 nm after the reduction of

(C12)1.582GO. This might due to the mass reduction of –C–

O, –C=O, –C(O)O. Compared with RGO, the additional

peaks of R(C12)0.554GO at 2h = 8.8�, 22.5�, 26.1� and

peaks of R(C12)1.582GO at 2h = 7.7�, 22.2�, 26.2� indicate

the chemical modification of graphene.

Figure 13 shows FT-IR spectra of (C12)0.554GO,

R(C12)0.554GO, (C12)1.582GO, and R(C12)1.582GO. In the

spectrum of (C12)0.554GO, the peaks at 1080 and

1230 cm-1 are assigned to C–O stretching vibrations; the

peak at 1372 cm-1 is assigned to O–H stretching vibra-

tions. In the spectrum of R(C12)0.554GO, the peak of the

C–O stretching vibration can also be seen while the peak of

the O–H stretching vibrations disappears. For (C12)0.554GO,

peaks at 1578 and 1463 cm-1 are due to N–H and C–H

bending vibrations, respectively. As to the spectrum of

R(C12)0.554GO, we observe the C=C or C=N stretching

vibrations at 1656 cm-1, the peaks of N–H at 1564 and

Fig. 9 XPS spectra of (C12)1.780GO washed with alcohol several

times in N1s region

Fig. 10 Models for the interaction between C12 and GO: (a) hydrogen

bonded-neutral C12, (b) hydrogen-bonded ammonium-type C12, and

(c) ionically bonded ammonium-type C12. Dotted lines indicate the

hydrogen bonding

Fig. 11 X-ray diffraction patterns of (C12)1.780GO before (a) and

after (b) washed by alcohol

Fig. 12 Wide-angle XRD of (a) C12, (b) GO, (c) RGO,

(d) R(C12)0.554GO, and (e) R(C12)1.582GO
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1544 cm-1 and the stretching vibrations of C–N around

1250–1050 cm-1. In the spectrum of (C12)1.582GO, the peaks

at 1647 and 1562 cm-1 are due to N–H bending vibrations;

the peaks at 1375 and 1197 cm-1 are assigned to C–N

stretching vibrations and the peaks at 1464 cm-1 are due to

C–H bending vibrations. As to the spectrum of R(C12)1.582GO,

the peaks of N–H bending vibrations at 1562, 1544,

1508 cm-1 and the peaks of C–N stretching vibrations at 1434

and 1349 cm-1 can also be seen. We also observe the peaks of

C=N stretching vibrations at 1685 cm-1, the peaks of C=C or

C=N stretching vibrations at 1654 cm-1 and the peaks of C–H

bending vibrations at 1654 cm-1. The spectra show the

existence of C–N, C=N, and N–H before and after reduction

which indicate the successful preparation of C12-modified

graphene.

AFM characterization has been one of the most direct

methods of quantifying the degree of exfoliation to graph-

ene level after the dispersion of the powder in a solvent [39].

AFM images of R(C12)0.554GO and R(C12)1.582GO are

shown in Fig. 14. Samples for AFM images were

prepared by depositing dispersions of R(C12)0.554GO and

R(C12)1.582GO in DMF on a freshly cleaved mica surface

separately and allowed them to dry at 60 �C. The images

reveal that the samples contain single-layer and double-

layer sheets. The average thickness of single layer sheets is

about 1.2 nm. The AFM images indicate that the modified

graphene can exist in DMF in the form of single or double

sheets after sonication.

Figure 15 shows the SEM images of R(C12)0.554GO and

R(C12)1.582GO. Commonly, the reduced GO material con-

sists of randomly aggregated, thin-crumpled sheets closely

associated with each other and forming a disordered solid

[40], while the images of R(C12)0.554GO and R(C12)1.582GO

show a different situation: the samples crumple at the edge

of the sheets and have large surface apart from some small

fragments. The image of R(C12)0.554GO is smoother than

that of R(C12)1.582GO and its layered structure is more

obvious, kind of similar to the structure of GO.

We also employed X-ray photoelectron spectroscopy

(XPS) to analyze the samples of GO, R(C12)0.554GO, and

R(C12)1.582GO in C1s region. In brief, the C1s XPS

spectrum of GO (Fig. 16a) clearly indicates a consider-

able degree of oxidation with four components that cor-

respond to carbon atoms in different functional groups:

the non-oxygenated ring C (284.9 eV), the C in C–O

bonds (286.2 eV), the carbonyl C (C=O, 287.4 eV), and

the carboxylate carbon (O–C=O) (289.2 eV) [41]. The C1s

XPS spectrum of the R(C12)0.554GO (Fig. 16b) also

exhibits the same oxygen functionalities that have been

seen in the XPS spectrum of GO, but the peak intensities

of these components in the reduced samples much

smaller than those in the GO, indicating considerable de-

oxygenation by the reduction process. In addition, there is

an additional component at 285.9 eV corresponding to C

bound to nitrogen [42]. The C1s XPS spectrum of the

R(C12)1.582GO (Fig. 16c) is similar to that of R(C12)0.554

GO, apart from some small shift, which means the

R(C12)1.582GO has deoxygenated during the reduction

process and contains the same functional groups with the

R(C12)0.554GO. The results conform to the FT-IR spectra

analysis.

Figure 17 shows the XPS spectra of R(C12)0.554GO and

R(C12)1.582GO in N1s region. The R(C12)0.554GO shows an

almost identical N1s XPS spectrum to (C12)0.554GO. The

peak is deconvoluted into two peaks at 399.4 and 400.6 eV,

indicating different functional groups: the hydrogen-bon-

ded NH2 (Fig. 10a) and hydrogen-bonded protonated

amines (Fig. 10b), respectively. The R(C12)1.582GO shows

an almost identical N1s XPS spectrum to (C12)1.780GO. The

peak is deconvoluted into three peaks at 399.5, 400.3, and

401.6 eV. These peaks would be due to hydrogen-bonded

NH2 (Fig. 10a), hydrogen-bonded protonated amines

(Fig. 10b), and ionically bonded ammonium (Fig. 10c),

respectively. From the analysis of Fig. 17, we can see

that the R(C12)0.554GO and R(C12)1.582GO are still modi-

fied by C12.

Fig. 13 IR spectra of (a) (C12)0.554GO, (b) R(C12)0.554GO, (c)

(C12)1.582GO, and (d) R(C12)1.582GO
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Possible mechanisms for the chemical reduction

of (C12)xGO by hydrazine

The interaction model of (C12)0.554GO and (C12)1.582GO

belong to the ‘‘lower amine content’’ type and ‘‘higher

amine content’’ type (Fig. 10), respectively. We have

known that C12 exists in the form of hydrogen-bonded

neutral amines and hydrogen-bonded protonated amines in

the (C12)0.554GO. For the (C12)1.582GO, C12 exists in the

form of hydrogen-bonded neutral amines, hydrogen-bon-

ded protonated amines, and ionically bonded ammonium.

From the XPS spectra analysis of R(C12)0.554GO in N1s

region (Fig. 17a), we know that C12 still exist in the form

of hydrogen-bonded neutral amines, hydrogen-bonded

protonated amines in the R(C12)0.554GO. The XPS spectra

analysis of R(C12)1.582GO in N1s region (Fig. 17b) shows

that C12 still exists in the form of hydrogen-bonded neutral

amines, hydrogen-bonded protonated amines, and ionically

bonded ammonium in the R(C12)1.582GO. At present, it

remains unclear as to how hydrazine reacts with GO.

According to Zalan et al. [43], hydrazine is readily ring-

open epoxides and forms hydrazino alcohols. One mecha-

nistic route of the reduction of GO with hydrazine has been

proposed by Stankovich et al. [40]. Stankovich thought that

the formed hydrazino alcohols might react further and form

a double bond. These assumptions can be applied to the

chemical reduction of (C12)0.554GO and (C12)1.582GO. The

models for the chemical reduction of (C12)xGO are shown

Fig. 14 AFM images of

a R(C12)0.554GO on a mica

substrate and b R(C12)1.582GO

on a mica substrate

Fig. 15 SEM images of a R(C12)0.554GO and b R(C12)1.582GO
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in Figs. 18 and 19. The hydrazine (H2N–NH2) opens the

ring of epoxides, forming –OH and HN–NH2. Then the

further reaction between –OH and HN–NH2 forms C=C in

R(C12)xGO and HO–NH–NH2. This explains the increase

of C=C, which is shown in XPS (Fig. 16). In addition, there

might be a reaction happens between –C=O of (C12)xGO

and H2N–NH2, forming H2O and –C=N–NH2 which can be

used to explain the incorporation of nitrogen into the

R(C12)xGO. Compared with the (C12)1.582GO, the (C12)0.554

GO should have an extra reaction with H2N–NH2 since the

–COOH not react with C12 during the modification of GO.

The reaction between –COOH and H2N–NH2 of (C12)0.554

GO also bring nitrogen into the R(C12)0.554GO. These

explanations conform to the analysis of FT-IR (Fig. 13)

and XPS (Fig. 16). The XPS analysis implies the quantity

change of –C–O, –C=O, –C(O) O, and –C=C– in (C12)xGO

after the chemical reduction. The decrease of –C–O, –C=O,

and –C(O) O groups amount might cause the change of

interlayer spacing before and after reduction, as shown in

Figs. 3 and 12.

Conclusions

A detailed study on the preparation and characterization of

laurylamine-intercalated GO and its reduction has been

performed. The conclusions as follows: first, we present a

new method of preparing laurylamine-intercalated GO.

Second, the modification mechanism of GO is discussed.

Three types of C12 in GO are identified in the obtained

intercalation compounds: hydrogen-bonded neutral amines,

Fig. 16 XPS spectra of a GO, b R(C12)0.554GO, and c R(C12)1.582GO

in C1s region

Fig. 17 XPS spectra of a R(C12)0.554GO and b R(C12)1.582GO in N1s

region
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hydrogen-bonded protonated amines, and ionically bound

protonated amines. The former two types are observed in

the ‘‘lower amine content’’ (C12)xGO (x B 0.672), while

the ‘‘higher amine content’’ (C12)xGO (x C 0.791) has

these three types. In addition, stable colloidal suspensions

of modified graphene in DMF are prepared by the chemical

reduction of hydrazine. Based on the XRD, FT-IR, and

XPS studies, we put forward the possible reduction

mechanism. Compared with the ‘‘higher amine content’’

(C12)xGO, the ‘‘lower amine content’’ (C12)xGO has an

extra reaction with H2N–NH2 during the reduction process.

The types of C12 existed in R(C12)xGO is the same as the

way of C12 exists in (C12)xGO. The reached colloidal

suspensions are of great importance in the preparation of

many types of materials, including composites, fibers, and

thin film materials, and the suspensions of modified

graphene hold great promise in this regard.
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6. Dékány I, Kruger-Grasser R, Weiss A (1988) Colloid Polym Sci

276:570

7. Matsuo Y, Fukutsuka T, Sugie Y (2002) Carbon 40:958

8. Matsuo Y, Fukunaga T, Tokura N, Fukutsuka T, Sugie Y (2004)

Trans Mater Res Soc Jpn 29:3219

9. Liu Y, Chen ZM, Yang GS (2010) J Mater Sci. doi:10.1007/

s10853-010-4829-1

Fig. 18 Models for the

reduction of (C12)0.554GO

Fig. 19 Models for the

reduction of (C12)1.582GO

3620 J Mater Sci (2011) 46:3611–3621

123

http://dx.doi.org/10.1007/s10853-009-4025-3
http://dx.doi.org/10.1007/s10853-010-4829-1
http://dx.doi.org/10.1007/s10853-010-4829-1


10. Matsuo Y, Hatase K, Sugie Y (1999) Chem Lett 10:1109

11. Matsuo Y, Fukutsuka T, Sugie Y (2003) Chem Lett 32:1004

12. Yazamia R, Touzain Ph, Chouteau G, Briggs A (1985) Synth Met

12:485

13. Stoller MD, Park SJ, Zhu YW, An J, Ruoff RS (2008) Nano Lett

8:3498

14. Dikin DA, Stankovich S, Zimney EJ, Piner RD, Dommett GHB,

Evmenenko G, Nguyen ST, Ruoff RS (2007) Nature 448:457

15. Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney

EJ, Stach EA, Piner RD, Nguyen ST, Ruoff RS (2006) Nature

442:282

16. Ji ZY, Wu JL, Shen XP, Zhou H, Xi HT (2010) J Mater Sci. doi:

10.1007/s10853-010-4892-7

17. Bunch JS, van der Zande AM, Verbridge SS, Tanenbaum DM,

Parpia JM, Craighead HG, McEuen PL (2007) Science 315:490

18. Ni ZH, Wang HM, Kasim J, Fan HM, Yu T, Wu YH, Feng YP,

Shen ZX (2007) Nano Lett 7(9):2758

19. Lomeda JR, Doyle CD, Kosynkin DV, Hwang WF, Tour JM

(2008) J Am Chem Soc 130(48):16201

20. Park SJ, An J, Piner RD, Jung I, Yang DX, Velamakanni A,

Nguyen ST, Ruoff RS (2008) Chem Mater 20(21):6592

21. Ferralis N (2010) J Mater Sci 45:5135. doi:10.1007/s10853-

010-4673-3

22. Stankovich S, Piner RD, Chen XQ, Wu NQ, Nguyen ST, Ruoff

RS (2006) J Mater Chem 16:155

23. Bourlinos AB, Gournis D, Petridis D, Szabó T, Szeri A, Dékány I
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