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Nanocomposites
Insight into Structure-Dependent Self-Activation 
Mechanism in a Confi ned Nanospace of Core–Shell 
Nanocomposites

  Qiang   Sun  ,     Wen-Cui   Li  ,     and   An-Hui   Lu   *   
 Rational design and manipulation of core-shell compos-

ites with nanometer-scale precision of building blocks can 

be achieved nowadays. [  1–3  ]  Core-shell nanostructures with 

diverse core structures and shell compositions present a class 

of novel materials which bring new opportunities for active 

encapsulation, [  4  ,  5  ]  high effi ciency catalysis, [  6–9  ]  superior energy 

storage, [  10  ,  11  ]  and targeted drug delivery. [  12  ,  13  ]  Silica-based 

core-shell composites have been the most widely studied so 

far, particularly in nanoreactor design owing to the versatile 

silica chemistry. [  14–20  ]  For example, it has been shown that 

the outer silica shell creating a confi ned environment is per-

meable and the active component cores can be accessed by 

solvents and reactants. [  17–20  ]  To date, little attention has yet 

been paid to the infl uence of the shell’s porosity on the struc-

ture development of the whole composite, though core-shell 

composites are excellent model systems for size-matter effect 

studies. In particular, when the composite is subject to a high 

temperature annealing, conceivably, the structure evolution 

in the core-shell composites can be very different due to the 

different physical and chemical properties of the core and the 

shell. Experimental studies in this fi eld are still scarce, and 

molecular interactions at the interface in a confi ned environ-

ment are not clear, despite impressive advances and sophis-

ticated knowledge in synthesis and assembly of core-shell 

composites on the level of molecular constructs during last 

two decades. 

 To address this issue, we herein report a new fi nding of the 

structure-dependent self-activation mechanism in a confi ned 

nanospace of core-shell nanocomposites. That was when a 

hollow polymer nanosphere was encapsulated with silica and 

then subjected to pyrolysis, the core was observed to enlarge 

by self-activation mechanism and the phenomenon was sensi-

tive to the pore open or close state of the outer silica shell 

( Figure    1  ). To our knowledge, this phenomenon which is 
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associated with the confi ned effect has never been reported 

in the large body of publications on core-shell composites. 

The core expansion mechanism is different from previous 

reports where the expansion of the hollow core was realized 

by adjusting the hard-template size. [  21  ]   

 Firstly, hollow polymer nanospheres (HPS) were syn-

thesized according to a previous study (see the Supporting 

Information for details). The synthesis principle was based 

on the weak acid-base interaction (-COO  −  /NH4  +  /-COO  −  ) 

induced assembly, using 2, 4-dihydroxybenzoic acid and for-

maldehyde as the precursors, oleic acid as the soft template, 

and ammonia as the base catalyst. [  22  ]  The diameter of the 

HPS is  ca.  200  ±  15 nm and the hollow core is  ca.  40  ±  5 nm. 

Hollow carbon spheres with a hollow core diameter of  ca.  
55  ±  5 nm, denoted as HCS-1, can be obtained by carboniza-

tion of HPS. In order to create a confi ned environment on 

the external surface of each HPS, HPS were coated with a 

silica shell via a modifi ed Stöber process, using the surfactant 

cetyltrimethyl-ammonium bromide (CTAB) as the structure 

directing agent. [  23  ]  As a consequence, a core-shell composite, 

denoted as HPS@SiO 2  was obtained. The driving force for 

the silica shell formation was the electrostatic interaction 

between the anionic polymer surface (Figure S1) and the 

cationic CTAB micelles. [  24  ]  In Figure  1  and Figure S2a, the 

TEM images of HPS@SiO 2  show that the silica shell thick-

ness is  ca.  45  ±  5 nm. Pyrolysis of HPS@SiO 2  at 800  ° C under 

nitrogen atmosphere led to the formation of silica encapsu-

lated hollow carbon sphere, denoted as HCS-2@SiO 2 . Inter-

estingly, the diameter of the hollow core was enlarged from 

40 to 160 nm (Figure  1 , and Figure S2b), whereas the outer 

silica shell showed a shrinkage of only  ca.  10% before and 

after pyrolysis. This unusual core enlargement phenomenon 

was achieved by self-activation from confi ned effect in situ. 

Generally, the mesopores of the as-synthesized silica shell are 

closed due to the presence of the surfactant CTAB. [  18  ,  25  ,  26  ]  To 

open the mesopores of the as-synthesized composite HPS@

SiO 2 , one method is to refl ux the composite in ethanol in the 

presence of an acid to remove the CTAB template. [  26  ]  In this 

work, CTAB-free composite was obtained by this procedure 

and denoted as HPS@mSiO 2  (mSiO 2  represents SiO 2  with 

opened mesopores). Pyrolysis of the obtained HPS@mSiO 2  

under the same conditions as that of HCS-2@SiO 2  led to the 

formation of analogue HCS-3@mSiO 2 . TEM observations 

showed the hollow core of HCS-3@mSiO 2  (Figure  1  and 

Figure S2c) was approximately 120 nm in diameter,  i.e.,  40 nm 
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     Figure  1 .     The formation processes of hollow carbon nanospheres.  
less than that of HCS-2@SiO 2  obtained by pyrolysis when the 

mesopores of the confi ned shell were blocked. These results 

indicated that the confi ned silica shell may have played a cru-

cial role on the core structure of HCS during the pyrolysis 

process. 

 To establish the role of the silica confi nement during the 

confi ned pyrolysis, the aforementioned three samples, HPS, 

HPS@SiO 2 , and HPS@mSiO 2 , were characterized by TG-MS 

under N 2  with a heating rate of 10  ° C min  − 1  ( Figure    2  ). The 

exhaust gases were monitored by an online mass spectro-

meter (MS); combined with the thermogram, the information 

revealed the onset of the thermal decomposition behavior of 

these samples. The TG curves showed that the fi rst stage was 

the removal of physically adsorbed water. In Figure  2 b, the 

remarkable weight loss between 150 ∼ 300  ° C corresponded 

to the decomposition processes of the template species. The 

fragments (m/z  =  58, 59) were assigned to the surfactant 

CTAB head group. Compared to HPS, the main peak posi-

tion of CO 2  (m/z  =  44), which was produced during pyrolysis 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

     Figure  2 .     TG-MS measurements on the as-synthesized a) HPS, b) HPS@SiO 2 , and c) HPS@
mSiO 2 .  
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of HPS@SiO 2 , moved to a higher tem-

perature of 470  ° C. As known, the CO 2  

released by HPS decarboxylation takes 

place at 300  ° C, [  27  ]  and the silica shell is 

pressure-tight until CTAB decomposition. 

Supporting that the silica shell is imperme-

able before 300  ° C, the internal pressure 

generated from CO 2  inside the hollow 

core of HPS@SiO 2  is truly immense, i.e., 

a whopping  ca.  630  ∼  40000 times atmos-

pheric pressure (see the Supporting Infor-

mation for detailed estimation). Although 

that value is too large to imagine, as a rule 

of thumb, one can envisage that when the 

pressure within the hollow core reaches 

a critical value, the trapped gases would 

penetrate the silica and carbon shells to 

the outer environment. Under such high 

auto-generated high pressure, the confi ned 

nanospace possibly provides a “super-

critical condition” that facilitates chemical 

reactions at lower temperature, as discus-
sion below. Furthermore, the peak positions of CO (m/z  =  

28) moved to lower temperatures (Figure  2 a,b). The TG-MS 

curves of surfactant-free sample HPS@mSiO 2  showed a clear 

migration of the CO 2  peak position, whereas the peak posi-

tions of the CO remained similar to that of HPS (Figure  2 c). 

It seems that the release of CO 2  activated the polymer at 

low temperatures in the confi ned nanospace. As a result, 

the hollow core space increased substantially. During the 

pyrolysis, the amount of H 2 O generated was less than that 

of CO 2  and CO, as evidenced by the weak intensity of the 

H 2 O signals. By carefully examining the peak positions of 

the generated H 2 O from HPS@SiO 2  and HPS@mSiO 2 , a 

small peak shift was observed. Besides, fragments of H 2  are 

mainly detected beyond 750  ° C, which are ascribed to the 

graphene layers aromatization. [  28  ]  The results imply that 

during pyrolysis, the H 2 O and CO 2  generated in situ may act 

as the activation agents by reacting with the carbon precursor 

encapsulated inside the nanoreactor. One way to examine this 

is to calculate the eliminated volume of HCS-2@SiO 2  after 
confi ned nanospace pyrolysis according 

to the higher magnifi cation TEM images 

in Figure  1 . The calculated hollow core 

volumes of the three samples are listed 

in Table S1. The results show that after 

pyrolysis in the confi ned nanospace, the 

hollow core volume of HCS-2@SiO 2  was 

 ∼ 25 times larger than that of the HCS-1, 

while the volume of the carbon shell was 

only half of the HCS-1.  

 As seen from Figure  2 , TG-MS curves 

clearly demonstrated that the silica nano-

reactor can retard the penetration of the 

in situ generated gases through the silica 

shell during the confi ned pyrolysis process. 

To test this, we pyrolyzed the surfactant-

containing composite HPS@SiO 2  at 800  ° C 

under continuous evacuation conditions, 
2087www.small-journal.com
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     Figure  3 .     TEM images of a) SPS, b) SCS-2@SiO 2 , c) carbon product obtained by carbonization 
of HPS@SiO 2  at 600  ° C and subsequent silica removal process, d) HCS-2; SEM image of 
e) HCS-2; N 2  sorption isotherms of f) HCS-1, HCS-2 and HCS-3, the isotherm of HCS-1 is offset 
vertically by  − 60 cm 3  g  − 1 .  
with the aim of facilitating instant removal of the gases and 

consequently limiting the self-activation in the confi ned 

nanospace. As seen in Figure  1  and Figure S2d, the obtained 

core-shell spheres (named HCS-4@SiO 2 ) indeed showed very 

similar morphology and core size as that of HCS-3@mSiO 2  

pyrolyzed in the absence of surfactant. According to the TEM 

image in Figure  1 , the hollow core volume of HCS-4@SiO 2  

was  ∼ 15 times larger than that of the HCS-1. This confi rmed 

that pyrolysis either under vacuum or with open mesopores 

allowed instant release of the in situ generated gases, thus 

avoiding carbon consumption by self-activation. 

 A control experiment was conducted by pyrolyzing silica 

coated solid polymer spheres (SPS,  Figure    3  a) to clarify the 

role of the hollow core. As shown in Figure  3 b, the TEM 

image reveals that the solid carbon product (denoted as 

SCS-2@SiO 2 ) inside the confi ned silica nanospace retains 

similar morphology to the original SPS. The resultant core-

shell structures remain solid with no hollow cores generated. 

Hence, we believe that the hollow core structure is intrinsi-

cally responsible for such an unusual core expansion during 

confi ned nanospace pyrolysis. As the TG-MS curves shown, 

the most pronounced gases evolution occurred under 600  ° C. 

It would be interesting to determine if any self-activation 

reaction could automatically take place at such a low temper-

ature. Thus, HPS@SiO 2  was pyrolyzed at 600  ° C followed by 

a silica leaching procedure. As shown in Figure  3 c, this indeed 

was the case that the hollow core diameter of the spheres 

increased from 40 to 160 nm. This is identical to that pyro-

lyzed at 800  ° C. This result strongly indicates that the gasifi ca-

tion reaction between CO 2  and H 2 O and the carbon shells is 

facilitated even at low temperature under a perceived “super-

critical condition” created by the confi ned nanospace during 

high temperature annealing. This phenomenon is considerably 

differing from the reactions of bulk materials which require 

high reaction temperature, usually exceeding 800  ° C. [  29  ,  30  ]   
www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, 
 After removal of the silica layer via 

NaOH etching, the obtained hollow 

carbon nanospheres (HCS-2) exhib-

ited a perfect hollow core-shell structure 

(Figure  3 d) with a hollow core diameter of 

 ∼ 160 nm and a shell thickness of  ∼ 20 nm. 

When HCS-2 was analyzed by SEM at a 

higher magnifi cation (Figure  3 e), the sur-

face of the product was observed to be 

rough and irregular. The porosities of the 

carbon products after removal of the silica 

layer were analyzed by N 2  sorption at 77 K 

(Figure  3 f). Compared with HCS-1, the 

specifi c surface area and total pore volume 

(estimated from the amount of adsorbed 

N 2  at P/P 0   =  0.90) of HCS-2 increased from 

560 m 2  g  − 1  and 0.30 cm 3  g  − 1  to 787 m 2  g  − 1  

and 0.48 cm 3  g  − 1 , respectively. Owing to 

the high surface area of the hollow carbon 

nanospheres, sample HCS-2 was chosen as 

adsorbent for the removal of Cr(VI) from 

an aqueous solution. The results showed 

this material exhibited high effi ciency for 

removal of Cr(VI) (see the Supporting 
Information and Figure S5 for details). As for the carbon 

product HCS-3 derived from HCS-3@mSiO 2  composite pyro-

lyzed in the absence of surfactant, all pore parameters showed 

a small difference only. The nitrogen sorption results clearly 

indicated that confi ned nanospace pyrolysis of HPS led to the 

development of additional mesoporosity. In addition, we also 

measured the porosities of the solid carbon product SCS-1 

(from direct pyrolysis of SPS) and SCS-2 (after eliminating 

the silica shell of SCS-2@SiO 2 ). As seen in Figure S3, the N 2  

sorption isotherm of the SCS-1 was of type I. The hysteresis 

loop at higher pressure (P/P 0   =  0.9-0.997) refl ected the inter-

samples texture between the particles. Compared with SCS-1, 

the isotherm of SCS-2 exhibited a step in the relative pres-

sure range of 0.10-0.40 and a hysteresis loop at the relative 

pressure of 0.42, which were characteristic of some mesopores 

(Figure S3). These results confi rmed that self-activation took 

place in a confi ned nanospace by the in situ formed CO 2  and 

H 2 O during pyrolysis in this case but with no hollow core 

formed. 

 2,4-dihydroxybenzoic acid molecules contain carboxyl 

groups which can generate CO 2  during pyrolysis, and thus 

could be an activating agent responsible for the carbon con-

sumption. To check this possibility, we used a carboxyl-group-

free precursor, i.e., phenol instead of dihydroxybenzoic acid 

to prepare the hollow polymer nanospheres (named HPS  ∗  , 

 Figure    4  a), and consequently silica coated composite (HPS  ∗  @

SiO 2 ). The phenolic-based HPS  ∗  @SiO 2  was subject to pyrolysis 

at 800  ° C, to obtain carbon sample HCS  ∗  -2@SiO 2 . As shown 

in Figure  4 b, the hollow cavity were signifi cantly enlarged; 

approximately 8 times larger than that of the HCS  ∗  -1 (Figure  4 a 

inset) derived from HPS  ∗   by direct pyrolysis. More intrigu-

ingly, after confi ned pyrolysis, the square core cavity of HPS  ∗   

were transformed into sphericity with smooth internal surface. 

It may be attributed to the pressure-tight silica shell, which 

can trap the in situ generated gases, and facilitate a molecular 
Weinheim small 2013, 9, No. 12, 2086–2090
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     Figure  4 .     TEM images of a) HPS  ∗  , b) HCS  ∗  -2@SiO 2 , c) HCS  ∗  -3@mSiO 2 , inset showing the TEM 
image of HCS  ∗  -1, direct pyrolysis of HPS  ∗  ; scale bars are 200 nm.  
self-activation reaction rather than promptly release. In order 

to open the mesopores to facilitate gas diffusion, composite 

HPS  ∗  @SiO 2  was refl uxed by an acidic ethanol solution to 

remove the CTAB surfactant. The pyrolyzed sample was 

named as HCS  ∗  -3@mSiO 2 . As shown in Figure  4 c, the hollow 

core diameter of HCS  ∗  -3@mSiO 2  was ca. 60 nm. Though the 

core sizes of the two carbon products increased, the hollow 

core expansion was less remarkable than those of HCS-2@

SiO 2  and HCS-3@mSiO 2  prepared using carboxyl-containing 

carbon precursor. This again proved that dihydroxybenzoic 

acid-based polymer decarboxylated by releasing CO 2  during 

pyrolysis, which in turn activated the carbon shells.  

 Coal and char activation by CO 2  and H 2 O follows the two 

main reactions below: [  30  ] 

 CO2 + C → 2CO   (1)   

 H2O + C → CO + H2   (2)    

 We estimated the amount of CO 2  and H 2 O that could be 

generated during pyrolysis, by assuming that CO 2  and H 2 O 

are mainly derived from carboxyl and hydroxyl groups (see 

the Supporting Information for details). Molecules such as 

dihydroxybenzoic acid, oleic acid, and silanol group could 

all be considered as potential major contributors. For a spe-

cifi c amount of as-synthesized HPS@SiO 2 , we calculated that 

there is 32 wt% of polymer, and 33 wt% of SiO 2  (Figure S4) 
     Scheme  1 .     Schematic illustration for the hollow core expansion of the polymer inside the 
silica layer nanoreactor.  
residue after pyrolysis at 800  ° C in air. 

Pyrolysis of incomplete condensed silica 

can release additional H 2 O, due to the 

condensation reaction between adjacent 

Si-OH groups. To determine the amount 

of water released from the 33 wt% of 

SiO 2  from HPS@SiO 2  composite, CTAB-

free silica spheres, as a control, were 

prepared under the same conditions 

as HPS@mSiO 2  but without using the 

poly mer spheres as seeds. TG-MS analysis 

confi rmed that CTAB had been removed 

to a great extent. Based on the TG 

analysis (Figure S4), the estimated 

weight loss of CTAB-free silica spheres 

to 800  ° C was  ∼ 10 wt%, which was due 

to H 2 O release. Finally, 100 mg HPS@

SiO 2  would release 0.19 mmol CO 2  and 

0.36 mmol H 2 O from dihydroxybenzoic 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheismall 2013, 9, No. 12, 2086–2090
acid and oleic acid, and 0.20 mmol H 2 O 

from silanol groups. Following the above 

Equations (1) and (2), the amount of 

carbon consumed was estimated to be 

in the range of 6.60 to 9.00 mg. In gen-

eral, HPS has typically a 42 wt% carbon 

yield based on TG analysis. Thus, 100 mg 

HPS@SiO 2  would in principle generate 

13.44 mg carbon. Consequently, the weight 

loss of carbon owing to CO 2  and H 2 O 

activation was in the range of 49 ∼ 67 wt%. 

Assuming carbon consumption from 

dihydroxybenzoic acid together with oleic 
acid, or from the silanol group only, it would correspond to 

49 wt% and 18 wt%, respectively. However, according to the 

TEM observation as shown in Figure  1 , the actual volume loss 

of carbon was 50 vol%. On the basis of these results, it seems 

that the H 2 O generated from the outer silica shell mostly dif-

fused outward to the environment, rather into the inner shell, 

thus not participating in the carbon activation/consumption 

reaction. The fact that a difference in the nano-architecture 

design has caused these signifi cant differences in the fi nal 

structure of the product is worth noting. 

 In addition, we also calculated the weight of carbon con-

sumption of HPS  ∗  @SiO 2  during pyrolysis by assuming that 

H 2 O was mainly derived from hydroxyl groups of phenol and 

silanol groups. The result was 23.6 wt% and 13.1 wt%, respec-

tively (see the Supporting Information for details). The calcu-

lated volume loss of carbon was 23.0 vol%, in accordance with 

the TEM observation in Figure  4 . This also agreed that the H 2 O 

generated from the out silica shell diffused out and did not par-

ticipate in the carbon activation/consumption. Hence, the theo-

retical estimations for the two series of samples HPS  ∗  @SiO 2  and 

HPS@SiO 2  agreed well with the experimental observations. 

 In summary, the hollow core expansion mechanism can 

be described as follows ( Scheme    1  ): during pyrolysis of a 

hollow polymer nanosphere confi ned in a silica nanoreactor, 

an increase in temperature results in the intrinsic thermal 

shrinkage of silica and carbon (char) materials, leading to an 

increase in density of the outer shell. The in situ generated 
2089www.small-journal.comm
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gases, e.g., CO 2 , H 2 O, etc, preferentially diffuse into the 

hollow core open space rather than outside of the core-shell 

nanostructures. Meanwhile, CO 2  and H 2 O partially gasify the 

in situ formed carbon shells. Until the pressure within the 

hollow core reaches a critical value, the trapped gases can 

penetrate the silica and carbon shells to the outer environ-

ment. As a consequence, the porosity and the hollow core 

space increase substantially.  

 We have demonstrated that a small modifi cation of the 

shell structure can result in a signifi cant difference in the 

structure evolution of core-shell composites. The hollow 

core expansion of core-shell nanostructures as reported here 

occurs through self-activation in a confi ned nanospace is 

unusual. Even more intriguing outcome is the fundamental 

understanding of the nanoscale details of materials structure 

development (such as chemical composition, partial decom-

position, auto-generated high pressure in the core, enhanced 

chemical reactivity, and substance release behavior) involves 

a great deal of confi nement effect and interfaces. This dis-

covery may provide a new path to create unique ‘nano-

atmospheres’ with a core-shell nanostructure. The expansion 

of the hollow structure combined with other inherent prop-

erties such as low density, high surface area, thermal insula-

tion and electronic properties etc. adds to the potentials for 

applications in the fi elds of controlled drug release, adsorp-

tion and catalysis.  

 Experimental Section 

 All experimental details are available in the Supporting 
Information.   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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