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Bio-oil has successfully been utilized to prepare carbon-silica composites (CSCs) from 

mesoporous silicas, such as SBA-15, MCM-41, KIT-6 and MMSBA frameworks. These CSCs 

comprise a thin film of carbon dispersed over the silica matrix and exhibit porosity similar to the 

parent silica. The surface properties of resulting materials can be simply tuned by the variation of 

preparation temperatures leading to a continuum of functionalities ranging from polar hydroxyl 

rich surfaces to carbonaceous aromatic surfaces, as reflected in solid state NMR, XPS and 

DRIFT analysis. N2 porosimetry, TEM and SEM images demonstrate that the composites still 

possess similar ordered mesostructures to the parent silica sample. The modification mechanism 

is also proposed: silica samples are impregnated with bio-oils (generated from the pyrolysis of 

waste paper) until the pores are filled, followed by the carbonization at a series of temperatures. 

Increasing temperature leads to the formation of a carbonaceous layer over the silica surface.  

The complex mixture of compounds within the bio-oil (including those molecules containing 

alcohols, aliphatics, carbonyls and aromatics) gives rise to the functionality of the CSCs.  

Introduction 

Porous carbonaceous materials have played an important role in 

many fields of modern science and technology, such as 

separation processes, electronics, energy storage, biomedical 

devices and more.1, 2 Therefore, a novel family of ordered 

mesoporous carbon materials designated as CMK series was 

firstly investigated by Ryoo et al in 1999.3, 4 The standard 

preparation procedure of this material involves the infiltration 

of mesoporous silica pores with mono- and di-saccharides, 

followed by their carbonization and silica removal. One of the 

advantages of this carbonization technique is that the resultant 

carbon materials could replicate the inverse mesostructural 

order after removing the silica templates with HF or NaOH 

solution. Further studies were carried out on the modification of 

CMK with crosslinked polymers or metals to form chemically 

enhanced carbon materials.5-7 

 However, while relevant research focused predominantly on 

the preparation of porous carbonaceous materials,8-10 far less 

has been published on the investigation of carbon-silica 

intermediate product. Hence, the carbon-silica composite (CSC) 

would be the main target in this paper. CSCs are prepared from 

bio-oil derived via microwave pyrolysis of waste paper, which 

is subsequently impregnated into the pores of a range of 

nanostructured silicas, followed by carbonization under a 

nitrogen atmosphere. This novel route allows the composite to 

retain the porosity characteristics of parent silica, but by 

attaching a thin carbonaceous film on the surface gives great 

control over the surface polarity. In this case, the silica 

mesostructure feature could be well controlled and retained via 

new synthesis route. In contrast to the previous method, 

mesoporous materials with carbonaceous surfaces can be 

prepared via a short and cost effective synthesis route. The 

incorporation of carbon onto silica pore wall not only results in 

interesting mesoporous carbon-silica composites, but provide a 

mechanically or chemically enhanced carbonaceous material.11-

15 The presence of the rigid silica framework in the composites 

could also greatly reduce structural shrinkage during high 

temperature pyrolysis.16 As such, this highly conductive and 

porous composite may offer great opportunities for a variety of 

potential applications in electronics, chemical sensors and 

heterogeneous catalysis.14, 15 

 Many carbon materials have been synthesised from biomass, 

typically through hydrothermal carbonization, or pyrolysis.17-20 

The challenges in this field are particularly the control of the 

porosity of the material and the tuning of graphitic content due 

to the utilization of biomass as starting materials. Conventional 

carbon sources used for synthesis of CSC are frequently pure 

chemicals and polymers such as (poly)furfural alcohol (PFA),21, 

22 dichloromethane,23 and sugars (sucrose).1 However, 

drawbacks such as toxicity, using products that compete with 
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food and those that are highly purified may restrict the further 

development of carbon nanomaterials.24-26 Therefore, it is 

important to identify carbon sources derived from waste that do 

not require purification, can easily undergo self-polymerization 

and do not compete with food. Bio-oil is obtained by 

microwave fast pyrolysis of a range of biomass types, including 

wood, rice husk, waste paper and so on. Until now, it has been 

utilized both as an energy source for substitution of 

conventional fossil fuel and as a feedstock for chemical 

production with further separation. Bio-oils usually contain 

many types of oxygenated compounds with various chemical 

properties, such as aldehydes, ketones, phenols, esters, sugars, 

furans and multifunctional groups (see Supplementary 

information - Fig. S1).27-31 . Its polymerization feature is 

preferably applied in the carbonaceous materials’ preparation. 

Herein, an upgraded application of bio-oil as an 

environmentally sustainable and economically viable carbon 

source for fabrication of this composite has been explored. 

 The prospective vision of this preparation method is 

illustrated in Fig. 1.  

 

Fig. 1 Proposed mechanism of oil modification on the surface of silica materials 

 

Initially the parent SBA-15 materials are impregnated with bio-

oil diluted with specific amount of acetone, followed by 

evaporation of the solvent and carbonization of the mixture of 

preparation. The carbon species in the materials vary 

significantly based on the carbonization temperature, resulting 

in a continuum functionality ranging from polar hydroxyl 

groups to aromatic surfaces of CSC. This creates unique 

advantages compared to traditional synthesis methods. Due to 

the strong interactions between oxygenated compounds existed 

in bio-oil and residual silanol groups in silicas, the organic 

compound not in close contact with silica surface could be 

more easily removed via increasing temperature, hence a 

carbonaceous layer is coated around internal side of silica 

pores. The resultant CSC exhibits not only similar pore 

structural ordering as parent SBA-15, but also unique 

advantages including temperature-dependent surface 

functionality, cost-effective carbon source from waste and is 

prepared from a simple modification process. In order to 

fabricate different types of carbon-silica hybrid materials with 

specific mesostructure, a variety of porous silica has been 

utilized as alternative substrates including SBA-15 series in this 

approach. Several analytical techniques such as X-ray 

diffraction (XRD), N2 porosimetry, microscopy, diffuse 

reflectance infrared fourier transform (DRIFT), solid state 

NMR, and X-ray photoelectron spectroscopy (XPS) were 

utilized for characterizing the final product. 

Experimental Section  

SBA-15 synthesis 

The parent SBA-15 was synthesized according to the method 

published in 1998 by Zhao.32 In a typical synthesis, amphiphilic 

triblock copolymer, poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic 

P123), was dissolved in HCl solution, followed by the addition 

with stirring of tetraethylorthosilicate (TEOS) to the 

homogeneous solution. The gel mixture was stirred overnight 

and aged at 100 oC for another 24 hours. The solid product was 

then filtered, washed with deionized water, dried and finally 

calcined in air flow at the heating rate of 1 oC min-1. The 

resultant white powder was used as the substrate for the further 

modification. 

KIT-6 synthesis 

KIT-6 was produced using the procedure reported by Kim and 

co-workers.33 Pluronic P123 (10 g) was dissolved in water 

(361.6 cm3), Butan-1-ol (12.3 cm3) and hydrochloric acid (35%, 

16.7 cm3) with stirring at 35 °C. Tetraethoxysilane (23.6 cm3) 

was added and left for 20 h with agitation. The resulting gel 

was aged under sealed conditions for 24 h at 80 °C without 

agitation. The solid was filtered, washed with water (1000 cm3) 

and dried at room temperature before calcination at 500 °C for 

6 h in air (ramp rate 1 °C min-1). 

Macro-mesoporous SBA-15 synthesis 

Macro-mesoporous SBA-15 silica (MMSBA) was synthesised 

via a modified route which incorporated a hard macropore 

template of polystyrene spheres. 

Polystyrene sphere were synthesised using the emulsion 

polymerisation method of Vandreuil and co-workers.34 

Potassium persulfate (0.16 g) was dissolved in distilled water 

(12 cm3) at 70 ̊C. In a separate 500 cm3 three-necked round 

bottomed flask distilled water (377 cm3) was purged under 

flowing nitrogen (10 cm3 min-1) at 70 °C. Styrene (50 cm3) and 

divinylbenzene (9.5 cm3) were each washed three times with 

sodium hydroxide solution (0.1 M, 1:1 vol/vol) followed by 

three washings with distilled water (1:1 vol/vol) to remove the 

polymerisation inhibitors. The washed organic phases were 

added to the purged water followed by the potassium persulfate 

solution. The mixture was left to stir under nitrogen (10 cm3 

min-1) for 15 h, filtered and washed three times with distilled 

water (100 cm3) and then three times with ethanol (100 cm3). 
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The silica support was produced using the methodology 

published by Dhainaut and co-workers.35 Pluronic P123 (10 g) 

was dissolved in water (75 cm3) and hydrochloric acid (2 M, 

290 cm3) with stirring at 35 °C. Polystyrene beads (45 g) were 

added to the solution and left to stir for 1 h. Tetraethoxysilane 

(23.5 cm3) was added and left for 20 h with agitation. The 

resulting gel was aged under sealed conditions for 24 h at 80 °C 

under static conditions. The solid was filtered, washed with 

water (1000 cm3) and dried at room temp before calcination at 

550 °C for 6 h in air (ramp rate 0.5 °C min-1). 

Bio-oil preparation 

Bio-oil was prepared through microwave pyrolysis at 1200 psi 

for 10 minutes. Waste paper was weighed into the microwave 

vessel and placed in the microwave. The sample was heated 

from 40 oC to 200 oC under vacuum. Volatile components were 

collected after condensation. 

Carbon-silica composite preparation 

Carbon groups were loaded into SBA-15 by wet impregnation 

process. A solution was prepared by dissolving different 

amounts of bio-oil into the desired amount of acetone, followed 

by the addition of various porous supports. After stirring 

overnight, the solution was then carbonized at a series of 

different temperatures at a heating rate of 1 oC/min under 

nitrogen flow to carbonize bio-oil, and finally the carbon-silica 

composites were obtained. A series of different ratio of bio-

oil/siica have been investigated at 500 oC. When the ratio of 

bio-oil/SBA was 4:1 the porosimetry data showed that this CSC 

had a significant pore volume (>0.30 cm3
 g

-1) and pore size of 

>2.5 nm.  As such, this demonstrates that no exess of bio-oil 

was employed during the process (shown in Supplementary 

information - Table S1).  In the case of when the bio-oil/SBA 

was 8:1 complete blocking of the pore sturcture was achieved 

incicating an excess presence of bio-oil. 

Materials Characterization 

A Bruker-AXS B8 Advance diffractometer with a Kristalloflex 

760 X-ray generator which produces monochromatic Kα X-rays 

from a copper source was employed to obtain XRD patterns. 

Nitrogen adsorption/desorption analyses were carried out at 77 

K using a Micromeritics ASAP 2020 analyzer. Transmission 

electron microscopy (TEM) images were taken using an FEI 

Tecnai 12 G2 microcope. Solid-state 13C and 29Si NMR 

(nuclear magnetic resonance) experiments were performed on a 

Varian VNMRS spectrometer. Spectral referencing was with 

respect to neat, external tetramethylsilane. 29Si NMR spectra 

were measured at 79.4 MHz with 30 s recycle delay, and 13C 

NMR spectra were measured at 100.5 MHz with a 1 s recycle 

delay. XPS mearsurement were performed on a Kratos Axis 

HSi spectrometer equipped with a monochromatic A1 Kα X-

ray source and charge neutraliser. 

Results and discussion 

Textural properties of CSCs 
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The proposed mechanism for the formation of materials with 

increasing temperature is illustrated in Fig. 1. The scanning 

electron microscopy (SEM) and transmission electron 

microscopy (TEM) images in Fig. 2 allow observation of the 

structural ordering of samples and they clearly reveal that the 

composites exhibits a highly ordered hexagonal mesostructure, 

thus retaining the structural order characteristic of the parent 

silica (magnified TEM images shown in Supplementary 

information - Fig. S2). SEM images demonstrate that the 

uniform silica pore channels still exist in the CSCs. The 

estimated pore diameter measured from the TEM images are 

approximately 3.75 nm, 3.40 nm and 3.35 nm for parent SBA-
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15, the carbon-silica composite subjected to pyrolysis at 600 oC 

(CSC-600) and 800 oC (CSC-800), respectively.36 These results 

are in good correlation with porosity data from the N2 

adsorption/desorption isotherms (Shown in Supplementary 

information - Table S2), indicating that carbon-containing 

species did not affect the mesostructure of the silica substrate 

dramatically. 

 Nitrogen adsorption isotherm plots (Fig. 3A) indicate that 

SBA-15 exhibits a typical type-IV isotherm plot with an H1-

type hysteresis loop, and a steep capillary condensation step in 

adsorption branch implies a uniform mesopore size.37 However, 

all the carbon-silica composites carbonized above 400 oC 

display H2-type hysteresis loop with a gradual rise in adsorption 

branch during capillary condensation, revealing a broader pore 

size distribution and / or non-uniform pore structure.15 The 

CSC-300 has an incomplete hysteresis loop (not shown in Fig. 

3A) and the BET specific surface area is extremely low at 39 

m2 g-1 supporting the theory that the silica pores have been fully 

filled with bio-oils and the carbon source has not been removed 

at this temperature, and that little shrinkage of the carbonaceous 

system has occurred. The pore size distributions (Fig. 3B) were 

calculated using the desorption branch, showing a narrow pore 

size distribution for all materials. Compared to SBA-15, the 

composites possess a smaller mesopore size. CSC-300 sample 

also shows no significant peak in the pore size distribution 

providing further evidence that the silica pores were filled with 

polymerised bio-oils as highlighted in Fig. 1. 

 The XRD patterns (shown in Fig. 4.A) of CSC and its 

parent SBA-15 provide further evidence that the inorganic 

structure of the SBA-15 silica remains intact after bio-oil 

modification process, which could be deduced from microscopy 

images. The pattern of CSC matches well with that of SBA-15 

indexed to a hexagonal lattice,38, 39 except the decreased 

intensity of the peak of CSC due to a ratio change in the 

contrast between silica/empty space and silica/carbon.40 

Tuneable surface functionalities depending on carbonization 

temperatures 

Fig. 4B demonstrates the comparisons of XRD patterns of 

CSCs carbonized at 300 oC, 400 oC, 500 oC, 600 oC, 700 oC and 

800 oC.  The (100) diffraction peak of the materials shifts to 

larger 2θ degree with the increase of temperature, indicating a 

smaller interplanar distance d100 and a smaller corresponded 

unit cell.37, 38 This is attributed to the shrinkage of silica 

structure during the carbonization. A control experiment of 

XRD analysis of pure silica materials heated at 500 oC and 800 
oC under nitrogen flow has also been carried out to further 

prove this phenomenon (Fig. 4B inset). Moreover, the shift of 

CSCs is more significant than that of silica sample, indicating 

that not only the shrinkage of silica itself, but also the acids and 

water from bio-oils could accelerate the crosslink effect of 

silanol groups. 

 The intensities of the peaks in XRD pattern increase first as 

the temperature increases to 700 oC, proving that the 

temperature rise has a positive effect on the composite 

structural ordering.40 The strong increase of the intensities is 

explained by the removal of organic species from the inside of 

the mesopores and allow to form a more uniform carbonaceous 

layer. As indicated in Fig. 1, the pores were filled with organic 

compounds at lower temperature at first. Then some of organic 

species could decompose with the increase of temperature and a 

uniform layer containing the chemically stable compounds 

formed by coating with silica surface. Hence, the XRD result 

could strongly prove the validity of successful fabrication of 

carbonaceous silica composite. 

 The characteristic of continuous functionality depending on 

different pyrolysis temperature is clearly shown in DRIFT 

spectra (shown in Fig. 4C). 300 oC sample as the lowest 

carbonization temperature, contained a variety of functional 

groups, such as OH groups, C-H groups, C=O groups and C=C 

groups. As the temperature increases by 800 oC, the 

functionalities of the material converted to aromatic form. 

Weakening or disappearance of the peak at 2930 cm-1 assigned 

to CH stretching indicates that the aliphatic chains decompose 

completely above 500 oC. The existence of C=O groups from 

acid, ester, ketone or aldehydes could be confirmed by the peak 

at around 1720 cm-1. On carbonization from 500 oC this peak 

disappears, indicating the decomposition of C=O containing 

species at high temperature. As mentioned, most previous 

research investigated the carbon-silica fabrication by utilizing 

soluble resin polymers or sugars as carbon precursor.14-16, 36 

However, due to the use of pure chemicals and carbonization at 

certain temperature, the typical product only possesses a 

carbonaceous layer with a single functionality on the silica 

surface and the surface property could not become temperature-

dependent.  In this work, it has been demonstrated that the 

surface properties of CSCs continually change from polar 

hydroxyl groups to aromatic surfaces with the increase of 

pyrolysis temperature. In addition, DRIFT analysis further 

proved of the existence of silica substrates in CSCs. Three 

silica characteristic peaks shown at 3500 cm-1, 1060 cm-1 and 

800 cm-1 in the spectra of CSCs match well to the parent SBA-

15 except for the OH peak.41 The elimination of OH group in 

CSC is due to the crosslink effect of silicas under high 

temperature above 500 oC leading to the OH group loss. It is 

worthwhile to note that due to the existence of alcohols in CSC-

300 sample and CSC-400 sample from 13C NMR analysis 

(detailed below), the peak at 3500 cm-1 should also be assigned 

to alcohols. 

 The sample information on the carbon speciation was also 

indicated from 13C MAS/NMR spectra (Fig. 4D) of the carbon 

silica composites carbonized at 300 oC, 400 oC, 500 oC and 600 
oC. CSC-800 (800 oC) sample could not be analysed due to the 

highly conductivity of the material, thus resulting in the 

inability to properly tune the probe. This phenomenon exactly 

implies that high temperature CSCs could be applied in 

electrochemistry, chemical sensor and nano-electronic 

applications.15, 42 The NMR spectra of 300 oC sample indicated 

that a wide range of organic functionalities are still present, 

including ketones at ca. 205 ppm, acid/esters at ca. 165 ppm, 

aromatics at ca. 150 ppm, alcohols at ca. 60 ppm and aliphatics 

at ca. 20 ppm. The data for these functional groups was 
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consistent with DRIFT analysis above. The 400 oC sample is 

dominated by increased aromatic character accompanied by 

aliphatic and alcohol groups. It is evident that the disappearence 

of characteristic peak at 165 ppm and 205 ppm indicated the 

decomposition of carbonyl species by 400 oC, and most of 

alcohols decomposed at the same time evidenced by the 

decreased intensity of the peak at 76 ppm. In terms of CSC-500 

(500 oC) and CSC-600 (600 oC) sample, the aromatic peak 

(plus spinning sidebands) is the only signal except a weak 

aliphatic signal around 10-20 ppm, indicating the carbon 

species were mostly converted to aromatic carbon form. It 

could also be observed from TG graph (Supplementary 

information - Fig. S3) that during the pyrolysis, the organic 

compounds were lost massively before 500 oC, while the mass 

of the sample changed little from 500 oC to 800 oC. Overall, the 

NMR and IR results demonstrated that the organic functionality 

of CSCs keeps changing by the adjustment of carbonization 

temperature (described in Fig. 1). This is a unique advantage 

compared to the carbon-silica composite prepared through other 

methods which only prepared single functionality composites. 

It is worthwhile to note that no resonance signal ascribed to C-

Si bond was detected as explained by 29Si NMR spectra (see 

Supplementary information - Fig. S4).43 Further work is nedded 

to explore the possibility of silicon-carbide formation at higher 

temperatures above 1000 oC. 

Table 1 Chemcial Shifts (∆δ) in the spectra of 19F solid state NMR of SBA-

15 materials carbonized at 500 oC, 600 oC and 800 oC, CSC materials 

carbonized at 300 oC, 400 oC, 500 oC, 600 oC and 800 oC and activated 

carbon materials. 

 

 Previous work demonstrated the utility of fluorine-

containing compounds as probe molecules to investigate the 

surface functionality.44 Using 19F NMR, the chemical shift 

difference (∆δ) between the characteristic peak of fluorine in 

the liquid-phase peak and on the material surface correlates 

well with both surface energy and polarity values of the 

materials.44 The pure carbon material contains an electron-rich 

graphite-like structure, which contributes greatly to surface 

energy value, thus resulting in a significant chemical shift, 

compared to pure silica material. Table 1 shows the chemical 

shifts in the spectra of 19F solid state NMR of SBA-15 materials 

heated at 500 oC, 600 oC and 800 oC, CSC materials carbonized 

at 300 oC, 400 oC, 500 oC, 600 oC and 800 oC and commercial 

activated carbon (activated charcoal Norit®, from coal) samples. 

The chemical shifts of CSC materials decrease and move 

towards the value for activated carbon (-4.61 ppm) with the 

increase of pyrolysis temperature, indicating that the surface 

functionality of composites tend to become more like that of 

carbon species. This is due to the high temperature CSCs 

containing greater percentage of graphitic or polyaromatic 

carbon species (CSC-600 & CSC-800), which is in agreement 

with 13C NMR results. The fluorine peak of CSC-300 on the 

material surface is sharp and intensive (Supplementary 

information - Fig. S5), indicating that the carbonaceous layer 

distribute uniformly on the silica pores. Due to the 

decomposition of organic compounds with the increase of 

temperature, the thickness of this carbonaceous layer decreases, 

resulting in the low intensity peaks for high temperature 

samples. Besides, the SBA-15 materials have an increased 

chemical shift with the increase of temperature, demonstrating 

high temperature leads to a more polar SBA-15 material 

because of the further crosslink effect between silica and silica 

species. It is noteworthy to highlight that the chemical shifts of 

CSCs prepared at 300 and 400 oC are even higher than that of 

parent SBA-15, suggesting that a more hydrophilic surface was 

prepared at lower pyrolysis temperature. This is due to most of 

polar organic carbon-containing compounds still remaining in 

the composites, leading to polar materials – indeed the 13C 

NMR data suggests a product rich in hydroxyl groups and 

carbonyl species. Such a kind of functionalized silica materials 

with highly polarity could have a potential in some specific 

separation process except CSC-300 material with poor porosity 

and low surface area. 

Sample No. ∆δ Sample No. ∆δ 

CSC-300 3.14 Activated carbon -4.61 

CSC-400 3.1 SBA-15-500 2.64 

CSC-500 2.88 SBA-15-600 2.75 

CSC-600 2.62 SBA-15-800 2.92 

CSC-800 2.16   

Page 6 of 10Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Mater. Chem. A, 2012, 00, 1-3 | 7 

 The C, Si and O elemental composition for CSCs was 

measured by XPS and CHN analysis (Fig. 5A). Increasing 

pyrolysis temperature generally results in a decrease in the %C 

and an increase in the %Si, providing further proof of loss of 

carbon-containing compounds at high pyrolysis temperature. 

The carbon concentration detected from CHN analysis for all 

CSCs was much lower than that from XPS analysis, which is 

consistent with the surface sensitivity of XPS.41 This further 

supports a model in which the surface of the composites is a 

carbon-rich layer due to carbon species coating the walls of the 

silica support as previously described in Fig. 1. A series of 

spectra for the C1s core level peaks of the CSCs prepared at 300 
oC, 400 oC, 600 oC and 800 oC is shown in Fig. 6. Three 

contributions can be identified due to: C-C group, C-O group 

(C-O-C or C-O-H) and C-O-Si group at 284.4 eV, 285.7 eV and 

288.9 eV binding energies, respectively.41, 45 The dominant 

peak in these samples is attributed to C-C group. The intensity 

of the peak observed at 285.7 eV tends to decrease as the 

increase of temperature as a result of the loss of organic 

compounds. It is clear to observe that the C-C/C-O ratio keeps 

increasing with the increase of temperature (Fig. 5B). This 

result is consistent with DRIFT and carbon NMR data, showing 

a temperature-dependent functionalized CSC was synthesized. 

 It is worthwhile to note that the appearance of a small and 

broad peak at 288.9 eV is assigned to C-O-Si species.41 This 

could be attributed to the interactions between bio-oils and 

silicas,46 demonstrating the feasibility of carbon-silica 

composite fabrication by using bio-oil and silica. In addition, 

previous research reported that waste ash obtained from 

combustion of bio-char, which is generated from microwave of 

biomass, could be converted into structured mesoporous 

silicas.47 Thus by combining these two approaches together, a 

comprehensive utilization of waste biomass from microwave 

pyrolysis to prepare mesoporous carbonaceous silica materials 

is proposed here (see Supplementary information - Fig. S6). 

 

Utilization of other types of silica substrates  

Three different mesoporous silicas including MCM-41, 

macroporous-mesoporous SBA-15 (MMSBA) and KIT-6 were 

utilized in this synthesis approach and their respective 

composites were characterized in this work. MCM-41 is a 

popular and classic silica material, possessing a hexagonal 

arrangement of uniformly sized mesopores (1-10 nm).48 

MMSBA with meso-macro porous structure and KIT-6 with 

interconnected pore network exhibited improved pore 

interconnectivity and enhanced pore accessibility, allowing for 
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a better mass transport compared to conventional SBA-15. 

MMSBA, which was synthesized via dual-templating routes 

employing P123 and polystyrene beads, had advantages of high 

surface areas and interconnecting macro- and mesopore 

networks with respective narrow pore size distributions.35, 49 

KIT-6 possesses highly accessible and highly connected open 

porous networks due to its unique cubic Ia3d pore 

architecture.50, 51 

 All of these porous silicas could be utilized in the 

preparation of carbon-silica composites with unique pore 

matrixes, offering vast prospects for future applications. The 

similar XRD patterns (Supplementary information - Fig. S7) of 

three silicas and respective composites revealed that the CSCs 

contained the same mesostructure as their parent silicas. 

Porosimetry results (Fig. 7) are in good correlation with XRD 

data and also proved that the CSCs were successfully prepared 

via this method. Similarly to SBA-15 result, the pore volumes 

and the average pore diameters of the corresponding CSCs 

decreased after bio-oil modification of these silica substrates 

(Supplementary information - Table S3). Due to the smaller 

average pore diameter of MMSBA (4.2 nm) and MCM-41 (3.2 

nm) compared to SBA-15 (5.1 nm), the mesopores would coat 

with carbonaceous layer, resulting in a smaller pore size less 

than 2 nm (micropore size) after the modification. Comparison 

between the porosimetry data of original parent silias and CSC 

materials can be viewed in supporting information Table S3. 

 Notably a ratio of material’s surface area (SA) or pore 

volume and bio-oil amount plays an important role in tailoring 

the thickness of carbonaceous layer and pore size of CSC. 

Resulting from the high ratio of bio-oil to SA in MMSBA and 

MCM-41, a thicker carbon layer on the walls and smaller pore 

sizes were obtained, ultimately leading to a structure full of 

organics and more like CSC-300. Hence, the investigation 

between SA/bio-oil ratio and material’s property should be 

further developed. 

Conclusions 

In conclusion, the CSCs have been synthesized successfully via 

modifying the surface of a range of mesostructured silicas with 

bio-oil (generated from the pyrolysis of waste paper) as carbon 

source. The synthesized composites possess a continuum of 

functionalities ranging from polar hydroxyl groups to aromatic 

surfaces through simply adjusting pyrolysis temperature. After 

the modification process, structural characterizations reveal that 

the resultant CSCs exhibit well-ordered structures with high 

specific BET surface area, uniform pore sizes, comparable with 

the parent silicas. The chemical property and surface 

functionality of CSCs could be controlled by carbonization 

temperature, offering this composite a variety of potential 

applications in chemical separation and heterogeneous 

catalysis. Owing to the well-ordered mesostructure, high 

surface area and variable surface functionality of CSCs, they 

may find use in a wide variety of potential applications 

including separation processes, chromatography and 

heterogeneous catalysis. 
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