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Abstract A facile approach was developed for synthesis

of carbon hollow microspheres (CHM) via carbonization of

the hollow polymer microspheres prepared from polymer-

ization in the presence of L-lysine acted as in situ template.

The physical and chemical structures of the samples were

investigated by X-ray powder diffraction, Raman spectrum,

scanning electron microscopy (SEM), and transmission

electron microscopy (TEM). SEM and TEM images show

that the products consist of a large scale of monodisperse

CHM with a size of about 1.1–1.3 lm. Furthermore, the

resulting CHMs possess a surface area of 559 m2 g-1 and a

pore volume of 0.27 cm3 g-1. The morphology and

the size of the as-obtained samples can be controlled by the

polymerization temperature, polymerization time, and the

dosage of L-lysine. Moreover, a possible formation mech-

anism of the CHM has been put forward according to the

experimental data available.

Introduction

In recent years, carbon materials are of particular interest

due to their distinctive functions, novel properties, and

potential applications in advanced devices and biotech-

nologies. Many types of carbon materials have been syn-

thesized, such as carbon spheres [1–4], carbon hollow

microspheres (CHM) [5, 6], carbon hollow cones (CHC)

[7], carbon nanotubes (CNT) [8–10], carbon nanocables

(CNC) [11], carbon straw-like microbundles (CSM) [12],

flower-like carbon [13], and so on. Among them, CHM

have attracted growing research interest owing to their

excellent properties such as low density, high specific

surface area, high damping characteristics, good chemical

stability, and available hollow interiors, which make them

technologically important in a wide range of potential

applications in lithium–ion batteries [14], catalysis sup-

ports [15], supercapacitors [16], hydrogen storage [17],

drug delivery [18], and so on. This promise has motivated

intense research efforts seeking to develop special and

general routes for synthesizing CHM. The hard template

method is probably the most effective and general method

for CHM. For instance, monodisperse silica spheres are

usually used as hard templates, because they are readily

available in a wide range of sizes [19]. However, the

synthesis procedure is complicated and time consuming,

since the hard templates must be synthesized beforehand

and introduce the carbon precursor on the template by

liquid impregnation or by gas-phase chemical vapor

deposition. Consequently, other approaches have been

reported to synthesize CHM, such as arc discharge

approach [11], hydrothermal reduction [12] etc. Liu et al.

[20] synthesized CHM with CCl4 as carbon source in a

stainless autoclave. Our group [21] had synthesized CHM

by pyrolysis of absolute ethanol and zinc acetate with the

same approach. Nevertheless, the disadvantages of these

ways to prepare CHM are not easily controlled, and the

morphology or the size of the products was nonuniform.

Recently, carbonization of hollow organic polymer

offers an attractive method for fabricating CHM. This

approach is much simpler than conventional ones involving

separate procedures for preparation of template materials.

Zhang et al. [22] synthesized CHM via carbonization of the
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resorcinol formaldehyde (RF) hollow particles by an

inverse-emulsion system. Lu et al. [23] have fabricated

CHM through carbonizing hollow polymer microsphere

(HPS) prepared by this approach. However, it usually

needs expensive surfactants for controlling the morphology

of the HPS, and it is difficult to control the size of the

products, thus confined the preparation and applications of

the CHM. Consequently, there remains still a challenge as

to developing a simple and none-surfactants way for syn-

thesizing morphology and size-controlled CHM.

Herein, we demonstrated a facile approach without

using surfactants for preparing monodispersed CHM on a

large scale via carbonization of HPS. The obtained samples

displayed a surface area of 559 m2 g-1 and a pore volume

of 0.27 cm3 g-1. In addition, the polymerization tempera-

ture, the polymerization time, and the dosage of the

L-lysine were investigated. We found that the morphology

and the size of the CHM can be controlled by these reaction

conditions. Furthermore, this article also discussed the

possible formation mechanism of the CHM.

Experimental section

Chemicals

All reagents were commercially available and used without

further purification. 2,4-Dihydroxybenzoic acid (A.R.

grade) and L-lysine (A.R. grade) were purchased from

Aladdin. Formaldehyde (37%) and absolute ethanol were

obtained from Tianjin Damao Chemical Reagent Factory.

Synthesis of CHM

In a typical synthesis of the CHM, 1.54 g of 2,4-dihy-

droxybenzoic acid (10 mmol) and 0.48 g of L-lysine

(3 mmol) were dispersed in 300 mL absolute ethanol in a

three-necked flask, and the system kept refluxing at 80 �C

with vigorously stirring for 2–4 h under nitrogen protec-

tion. After a homogenous solution was obtained, 1.62 g of

formaldehyde (20 mmol) was added into the system and

kept stirring and refluxing. After 24 h, the precipitate was

filtered, washed with ethanol several times to wash the

residue, then dried in a vacuum at 60 �C for 6 h to get the

core–shell microspheres. After this step, the as-obtained

core–shell microspheres were washed with water several

times (this step is crucial, to obtain the HPS), then dried in

a vacuum at 60 �C for 6 h. The HPS was put into an

electronic furnace, which was then heated to 800 �C with a

heating rate of 1 �C min-1 and maintained at this tem-

perature for 2 h under nitrogen protection. In order to

disclose the effect of polymerization temperature, it was

controlled at 70, 80, 90, and 100 �C while keeping the

other reaction conditions constant. The polymerization

reaction time was regulated for 36, 24, 12, and 6 h to

investigate its influence on the shell thickness of the

products. To obtain the tunable particle size of the CHM,

dosage of L-lysine varied in the range of 0.48–0.12 g.

Characterization

Structural characterization was performed by using X-ray

powder diffraction (XRD) (Brucks D8 X-ray powder

diffractometer, Cu Ka radiation, 40 kV, 20 mA,

k = 1.541874 Å). FT-IR spectra were measured by an

Equinox 55 (Bruker) spectrometer with the KBr pellet

technique ranging from 500 to 4000 cm-1. The morphol-

ogies of the samples were characterized with scanning

electron microscopy (SEM, Philips XL-30 s) and trans-

mission electron microscopy (TEM, Philips Tecnai-10).

The Raman spectrum was recorded at room temperature on

a Renishaw RM2000 Raman microspectrometer with the

514.5 nm line of an argon laser. The specific surface areas

were determined from nitrogen adsorption using the

Brunauer–Emmett–Teller (BET) equation. The total pore

volume was determined from the amount of gas adsorbed

at the relative pressure of 0.99. Micropore (pore size

\2 nm) volume of the CHM was calculated from the

analysis of the absorption isotherm using the Horvath–

Kawazoe (HK) method. Pore size distribution (PSD) was

derived from the analysis of the adsorption branch using

the Barrett–Joyner–Halenda (BJH) method.

Results and discussion

Morphology and structure of the CHMs

A typical XRD pattern of the as-synthesized CHM obtained

from carbonizing the HPS synthesized at 80 �C for 24 h

with 0.48 g L-lysine is shown in Fig. 1a. There is a broad

peak at 26� that corresponds to the (002) plane of graphite.

In addition, a small shoulder peak at 43.1�, corresponding

to the (101) plane of graphite, can be observed. The

broadening of the two peaks suggests the possible presence

of an amorphous carbon phase within the CHM [3, 24]. No

other impurity is observed in the XRD pattern. The Raman

spectrum is also used to further analyze the molecular

structure of the CHM. Figure 1b shows the micro-Raman

spectrum of the sample. There are two broad peaks in the

image. One band is located around 1340 cm-1 (D-band;

the defects within the carbon) and the other is around

1580 cm-1 (G-band; the interplane sp2 C–C stretching),

also indicating the amorphous carbon structure. It is known

that the graphitization degree of carbons can be confirmed

by the width of the IG peak and the value of ID/IG.
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The relatively large ID/IG indicates the lower graphitization

degree in the resultant CHM [21], in agreement with the

XRD result.

SEM and TEM are employed to observe the morphology

of the sample. Representative images of the morphology of

the sample are shown in Fig. 1c, d. The SEM image

(Fig. 1c) reveals that the morphology of samples is

microspheres with average diameter of about 1.1–1.3 lm.

It can also be seen in Fig. 1c that there are no other

products, such as CNTs and carbon fibers, suggesting the

high purity of the product. The hollow nature of the CHM

is confirmed by the TEM image (Fig. 1d), which shows the

as-lighter contrast in the center, verifying the microspheres

are hollow structure. The darker contrast of the rims would

correspond to the shells of the microspheres, the thickness

of these walls being around 120–140 nm.

The porosity of the obtained CHM is investigated by

nitrogen adsorption–desorption isotherms (Fig. 1e, f). A part

of the pore size is less than 2.0 nm and the other is as 3.8 nm

estimated from the PSD. The sample exhibited a high surface

area of 559 m2 g-1 (micropore area: 499 m2 g-1; external

surface area: 60 m2 g-1) and a total pore volume of

0.27 cm3 g-1, which are mainly attributable to the presence

of the nanopores in the shell (micropore volume:

0.23 cm3 g-1). The micropore area of CHM is much larger

than the external surface area, which makes the CHM an

ideal candidate for hydrogen storage.

Polymerization process of the polymer precursors

Effect of the polymerization temperature

Among the factors of polymerization temperature, poly-

merization reaction time and dosage of L-lysine, tempera-

ture has influence on the morphology and size of the final

products. We regulated the polymerization temperature and
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kept other conditions constant. When the polymerization

temperature used in this study was at 70 �C, for it was not

high for the polymerization reaction, resulted in reduction

of the product. Figure 2a, b displayed that the morphology

and size of CHM was not distinct from the CMH obtained

at 80 �C, but the yield of the products decreased. If

enhanced the polymerization temperature to 90 �C, hollow

spherical particles with nonuniform size (0.5–2 lm) were

obtained (Fig. 2c, d). Figure 2e is the SEM image of

sample obtained at 100 �C, displaying that the product is

composed of spherical particles with the average diameter

as the sample obtained at 90 �C and there are a few

nanotube-like products (indicated with a black arrow).

Figure 2f is the TEM image of the sample obtained at

100 �C, some hollow tube-like morphology (displayed

with a black arrow) can be seen, in accordance with SEM

results above. With the set of experiments of the poly-

merization temperature, we proposed that the uniform

morphology and size of CHM could be synthesized at

relatively stable reaction system. However, if the

polymerization temperature reached to 90 �C that is far

beyond the boiling point of ethanol (78.4 �C), ethanol

maintains boiling all the time during the whole polymeri-

zation reaction, which leads to different size distributions.

What is more, when the polymerization temperature was

added to higher temperature, such as 100 �C, the system

was more unstable and the polymerization rate was greatly

improved, resulting in a few other morphologies, such as

nanotube-like products. Consequently, the appropriate

polymerization temperature to synthesize CHM with uni-

form morphology, same size and in a suitable yield is at

80 �C.

Effect of the polymerization time

In order to investigate the role of the polymerization time, a

series of experiments have been done. Figure 3a–f gives

the SEM and TEM images of the samples obtained for 36,

12, and 6 h. Comparing the images in Fig. 3b and in

Fig. 1d, we have found that with the increase of the

Fig. 2 SEM and TEM images of the samples obtained at different temperature for 24 h: a, b 70 �C, c, d 90 �C, and e, f 100 �C
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polymerization time, the shell thickness of the CHM

increases from 120–140 to 160–180 nm. However, the

dispersibility is not as good as the sample obtained for

24 h. On the contrary, in a short reaction time of 12 h, the

average shell thickness of the CHM ranges from 100 to

120 nm, indicating that the shell thickness of the hollow

spheres decreased with the decrease of the polymerization

time, as shown in Fig. 3d. It is notable that some hollow

bowl-like capsules can be observed in Fig. 3c, according to

the TEM image in Fig. 3d. As the polymerization time

decreased to 6 h, the resultant products at this stage appear

to be easily collapsed, resulting in a large number of bro-

ken hollow spheres and even some of them changed into

pieces, which can be seen in Fig. 3e. It can also be

observed from Fig. 3f that there are a number of cracks on

the sample (displayed with a black arrow) with shell

thicknesses from 60 to 80 nm, verifying the occurrence of

the collapse. It occurred due to the pressure difference

caused by the occurrence of capillary forces during drying

[25]. With the set of experiments, the results show that

polymerization time plays a vital role in the formation of

CHM, and 24 h is selected as the optimum condition.

Effect of the dosage of the L-lysine

It was found that the concentration of the L-lysine plays a

crucial role in controlling the diameter and size distribution

of the products. Figure 4a–f shows the SEM and TEM

images of the products prepared from the synthesis system

with different concentration L-lysine, such as 0.48, 0.24,

and 0.12 g. It can be observed that the average size of the

spheres is about 1.2, 0.9, and 0.6 lm, respectively. The

morphology and the size of the samples are uniform, and

no other products exist, revealing that the size of the CHM

tends to decrease with the decrease of the concentration of

the L-lysine. In addition, the dispersibility of the CHM

obtained from different dosages of the L-lysine is good. It is

worth noting that the shell thicknesses of all the three types

Fig. 3 SEM and TEM images of the products synthesized at 80 �C for different times: a, b 36 h, c, d 12 h, and e, f 6 h
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of the CHMs are approximate 120–140 nm (Fig. 4b, d,

and f). These results indicate that the size of the CHM can

be regulated by the concentration of the L-lysine. It is

possible that a kind of in situ template is formed from

L-lysine during the polymerization, and the size of the in

situ templates depend on the concentration of the L-lysine,

leading to the products with different average diameters.

We will give a further discussion in the mechanism section

[21].

Formation mechanism of the CHM

In order to understand the formation mechanism of the

CHM, it is necessary to study the formation mechanism of

the HPS, because the CHM can be easily obtained by

carbonizing the HPS. To discuss the formation of the HPS,

we collected the polymer only washed by ethanol to

remove residual reactant, and the samples without washing

with water. The TEM image in Fig. 5a displays the

polymer obtained at 80 �C for 24 h with 0.12 g L-lysine,

and we can only observe core/shell microspheres in the

picture, exhibiting that both the core and shell of the

sample are stable in ethanol. The SEM image of the sample

is shown in Fig. 5b, we can clearly see from the image that

there are some broken microspheres with core/shell struc-

ture (the core displayed with a white arrow), corresponding

to the TEM results. It is worthy to note that without using

L-lysine, the morphology of the as-obtained sample is

disordered and no core/shell microspheres can be gained

(Fig. S1, Supporting Information). In addition, besides

L-lysine, other amino acids such as L-asparagine, L-trypto-

phan, L-serine, and L-leucine were also used for the prep-

aration of HPS. Following the best synthesis conditions of

sample obtained at 80 �C for 24 h, the amount of the amino

acids were 3 mmol. However, there were only solid

microspheres. It showed that using L-asparagine, L-trypto-

phan, L-serine, and L-leucine are able to act as the poly-

merization initiators, but unable to as template to form

Fig. 4 SEM and TEM images of the samples prepared at 80 �C for 24 h with different amounts of L-lysine: a, b 0.48 g, c, d 0.24 g,

and e, f 0.12 g

716 J Mater Sci (2012) 47:711–719

123



core/shell microspheres in the resultant polymers. It can be

inferred from these results that L-lysine is unique for the

synthesis of the core/shell microspheres.

More interestingly, after the core/shell microspheres

were washed with water, filtered, and dried, HPS can be

obtained. The TEM image (Fig. 5c, d) shows the micro-

spheres are hollow structure, meaning that the core has

been completely eliminated. The darker contrast of the

rims refers to the shells of the hollow microspheres, dem-

onstrating that the core of the core/shell microspheres is

easily dissolved with water and removed to obtain HPS,

while the shell can not be dissolved, which suggests that

the shell is stable in ethanol and water.

To investigate the composition of the shell of the HPS, it

was characterized by XRD and FT-IR. Figure 5e gives its

XRD patterns. It exhibits that one broad peak at 2h of 24�
and deviate the peak at around 26� that could be attributed

to the (002) diffraction planes. It states clearly the
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carbonization degree of the sample is very low. Figure 5f is

the FT-IR spectroscopy of the HPS. It reveals that the

strong characteristic peak at 3417 cm-1 is attributed to the

O–H stretching vibration [26], implying that there are

hydroxyl groups on the sample. The absorption peak at

1636 cm-1 corresponds to the stretching vibration of car-

boxyl group. The peaks at 1456 and 1109 cm-1 are due to

the stretching vibration of phenyl group and C–O [4],

respectively. The infrared spectrum peaked at 2943, 2860,

and 1291 cm-1 originate from the stretching vibration of

methyl, methylene, and C–H [4]. Because, the HPS is

washed with ethanol and water several times, there are on

other impurities with the HPS. Combined with these

results, it shows that the HPS is a kind of polymer-like

phenolic resin.

It is well known that poly(amino acid) are important

classes of biodegradable polymers, referring to a small

group of polyamides that consist of lysine linked by amide

bonds. Poly(L-lysine) is an unusual cationic, naturally

occurring homopolyamide made of L-lysine, having amide

linkage between e-amino and a-carboxyl groups. It is vital

that poly(L-lysine) can be dissolved in water but not in

ethanol, which possibly makes it as a template to obtain

hollow structure. On the other hand, L-lysine molecules

often changes into intra-molecule salt, so the deprotonated

carboxyl group and the protonated NH3
? group can form

hydrogen bonds with the –COOH group of 2,4-dihy-

droxybenzoic acid, which contributed to form polymer. So,

we inferred that the core may consist of poly(L-lysine) from

L-lysine during the polymerization. To determine the

composition of the core, the filtrate from the polymer

microspheres washed with water was collected, and then

characterized by FT-IR spectroscopy. As seen from Fig. 6,

the spectrum of the filtrate exhibits strong bands at

3420 cm-1 implying hydroxyl groups. The other strong

peak at 1640 cm-1 is due to the stretching vibration of

N–H [27]. The peak at 1090 cm-1 results from the

stretching vibration of C–O. The band at 1398 cm-1 is

designated as methyl C–H bending [28], and the two bands

at 2925 and 2849 cm-1 are allocated as C–H stretching

[27]. It suggests that a kind of poly(amino acid) made up of

L-lysine is present in the filtrate, indicating that the core

may be composed of poly(L-lysine) [27]. Therefore, it is

not complicated to understand that the poly(L-lysine)/phe-

nolic resin core/shell polymer microspheres were obtained

during the polymerization.

Based on all the results above, the formation mechanism

of these CHM is proposed and schematically shown in

Fig. 7. In the first step, poly(L-lysine)/phenolic resin core/

shell polymer microspheres are generated followed by

polymerization of raw materials. In the second step,

removal of the core by water etching results in the for-

mation of HPS. Finally, CHM can be obtained by car-

bonizing the as-obtained HPS.

Conclusion

In summary, we have synthesized CHM by a facile

approach. L-lysine plays an essential role in the formation

of CHM. The particle size, shell thickness, and morphology

of the CHM depend on the reaction conditions, such as

polymerization temperature, polymerization time, and the

dosage of the L-lysine. A possible schematic illustration

was put forward to explain the formation mechanism of the

CHM. The CMS may greatly widen their potential appli-

cations in biochemistry, drug delivery, catalyst support,

microreactor, and so on.
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