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Porous Carbon Nanoparticles (PCNs) with well-developed 

microporosity were obtained from bio-waste oil palm leaves 

(OPL) using single step pyrolysis in nitrogen atmosphere at 

500–600 oC in tube-furnace without any catalysis support. 

The key approach was the use of silica (SiO2) bodies of OPL 

as a template in the synthesis of microporous carbon 

nanoparticles with very small particle sizes of 35-85 nm and 

pore sizes between 1.9 nm - 2 nm.  

 

In modern-day scientific applications the porous nanocarbons are 

ubiquitous and indispensable. Porous carbon,[1] carbon nanotubes,[2] 

fullerenes,[3] and graphenes,[4] formed an innovative class of 

nanocarbons, having various applications in electronics,[5] 

environment,[6] energy,[7] and catalysis,[8] etc. Porous carbons can be 

classified according to their pore diameters as microporous (pore 

size<2nm), mesoporous (2nm<pore size<50 nm), and/or 

macroporous (pore size>50 nm).[9] The nanoporous carbons are 

fabricated by templating methods.[10] In template synthesis, the 

artificial silica template are formed along with carbon source. 

Afterward, the template is carbonized and  remove the excess silica 

via chemical process to get porous carbon.[11] However, the template, 

and the carbon sources are usually two incompatible materials.[12] 

Hard-templating and soft-templating are the two main templating 

methods used in the fabrication of porous carbons, both the methods 

have certain limitations and drawbacks.[13] The synthesis route 

involves impregnation of a silica template with a carbon precursor 

followed by carbonization of the resulting composite and the 

template removal known as hard template.[14] 

The silica based template are commonly used to fabricate the 

well-developed porous carbons because silica have natural porous 

structure and provide the appropriate platform for porous carbon 

fabrication.[14] Resorcinol formaldehyde, furfuryl alcohol, phenol, 

sucrose are mainly used as carbon precursors and inorganic 

templates include zeolites, colloidal silica, and mesoporous silica.[15] 

In this two-step template synthesis, the porous carbon have precise 

pore size and pore structure but having certain limitations such as 

high cost, time consuming infiltration steps, and formation of 

nonporous carbon on template.[16] One-step template synthesis of 

porous carbon carried out by carbonization of organic aerogels 

(supercritical CO2)
[17] and nanocomposite of carbon precursor and 

silica precursor followed by polymerization and carbonization 

steps.[18] 

Herein, we describe a new carbon precursor referred as oil 

palm leaves (OPL) a waste lignocellulose biomass from oil palm 

industries which is abundant in south-east Asia. [19] OPL is consists 

of 47.7% holocellulose, 44.53% α-cellulose and 27.35% lignin and 

extractives around 20.60%.[20] We have analysed the distribution and 

locations of silica particles in OPL using electron microscopy 

(FESEM) (Figure S1 a-d) and energy dispersive X-ray (EDX). The 

EDX result estimate around 13.30% of silica in raw OPL (Figure 

S1e). The silica particles are accumulated in epidermal tissue or cell 

wall of leaves where transpiration induces a loss of water, which in 

turn increases the concentration of silica.[21] The occurrence of Si 

within the plant is a result of its uptake, in the form of soluble 

Si(OH)4 or Si(OH)3O-, from the soil and its controlled 

polymerization at a final location.[22] The individual silica bodies 

each consist of about 100,000 silica rods and the silica particles in 

each rod have a diameter of 1-2 nm.[23] 

The FTIR analysis of OPL revealed the presence of Si–H 

bond, namely the absorption bands at 655 cm−1 is attributed to the 

stretching mode of the mono-hydrogen bond (Si–H), respectively [24] 

and an absorption band at 1409 cm-1 appears for Si-CH3 confirms 

the presence of Si in OPL (Figure S2a). The Si-O vibrations at 1050 

cm-1 due to a stretching vibration where the oxygen-atom motion is 

in the Si-O-Si plane and is parallel to the line of two adjacent silicon 

atoms.[25] The XRD analysis confirms the presence of SiO2 with 

different crystallite phases (110, 020, and 240) in OPL (Figure S2b). 

The mass degradation OPL have three different stages as showing in 

thermo gravimetric analysis (TGA) in Figure S2c, the OPL sample is 

fully degrade around 650°C and the ash the content is ~20% even 

after 1000 °C, because of the OPL ash having in volatile inorganic 

compounds mainly silica. 
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The transmission electron microscopy (TEM) for the carbon 

nanoparticles gave the regular pore image, at carbonization 

temperature 500 oC, where the average particle size is 80±5 nm 

(Figure 1a) and the pore width is 1.9-2.0 nm (Figure 2a). At 600 oC, 

the average particle size is 35±5 nm (Figure 1b) and the pore width 

also smaller compare to 500 oC with average value 1.95-1.99 nm 

(Figure 2a). The black spot in carbon nanoparticle are silica 

particles, might be presence due to incomplete removal of natural 

silica template. At 700 oC pyrolysis temperature the particle size is 

higher compare to 600 oC pyrolysis temperature and the particles are 

not uniformed in shape (Figure S5). 

 

 

 

Figure 1. TEM images of PCNs with well-developed pores at (a) 500oC and 
(b) 600oC pyrolysis temperature. 

 

 

Figure 2. (a) BJH pore size distribution of PCNs at 500oC and 600oC 

pyrolysis temperature. (b) Nitrogen adsorption and desorption curve of PCNs 

prepared at 600oC pyrolysis temperature. 

FESEM images showing PNCs with average diameter around 

30-40 nm with the magnification 140k for the sample pyrolysed at 

600 oC as shown in Figure S3. Particle size depends on the pyrolysis 

temperature and 600 oC is an ideal condition to obtain uniform PCNs 

with low particle size. The elemental analysis results of PCNs are 

mentioned in Table S1, the C% at 500 oC is 78.223 % and for 600 oC 

is ~ 87 %. So, prepared PCNs have good carbon percentage and it 

increases with pyrolysis temperature. 

The Brunauer-Emmett-Teller (BET) reveals that at 600 oC 

pyrolysis temperature the BET surface area (SBET) of PCNs is 52 

g.m-2. The t-plot micropore surface area (St-plot) is equal to 39g.m-2, 

so it indicating that the PCNs at 600 oC have very high micropore 

ratio 75 % (St-plot/ SBET). This micropore percentage is higher than 

that the most conventional activated carbons and templated 

carbons.[27] The pore size of PCNs is 1.9 nm (Figure 2a, 2b). At 500 

oC pyrolysis temperature the BET SBET of PCNs is 32 g.m-2 and St-

plot is 15 g.m-2 (Figure 2a, S4) and the micropore percentage is ~ 47 

%. So, at the higher pyrolysis temperature (at 600 oC) the surface 

area and the microporous carbon percentage are increases but limited 

to 600 oC. Due to the fact that PCNs were aggregated and intact and 

also exhibiting smooth surfaces, their surface area dramatically 

decreases as compared with earlier obtained carbon nanospheres 

using template method.[1] 

The X-ray diffraction analysis revealed the presence of 

crystalline and amorphous carbon (Figure 3a). At 500 oC pyrolysis 

temperature, the peak at 2θ = 26.653o with (002) plane for graphite 

(ICDD 10713739) with an interlayer d-spacing 3.3418 Ao. This peak 

may come from the low curvature graphite face found in graphite, 

and existing literature confirm that the peak at 26.65o represent the 

(002) phase of graphite.[26] On the other hand at 600 oC pyrolysis 

temperature two peaks were observed very close together at 2θ= 

26.56o and 26.85o, with the latter being close to the reflection for the 

(002) plane of graphite. At 2θ = 44.67o, the (101) phase of diamond 

syn. (ICDD 10750410) appeared and showing the presence of (111) 

phase of graphite.[28] But at 500 oC this peak was not appear, may be 

due to the improper carbonization of precursor. The peak intensity of 

(002) phase shows the great difference at both the temperature, at 

500 oC have lower intensity of peak, may be it contain amorphous 

carbon and at 600 oC higher peak intensity due to the presence of 

graphite carbon, this phenomenon is well documented.[29]  
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Figure 3. (a) X-ray diffraction pattern of PCNs, and (b) Raman’s spectrum of 

porous carbon nanoparticles, showing main Raman features, the D, G and G’ 

bands taken with a laser excitation (wavelength, 514.5 nm)) of 2.41 eV. 

 

Raman spectroscopy is used to investigate the lattice vibrations 

of ordered carbon materials and extremely profound to the graphitic 

character of carbon structures.[30] The most prominent features in the 

Raman spectra of graphitic materials (Figure. 3b) are the so-called G 

band appearing in between 1580-1590 cm-1 (graphite), also known as 

a doubly degenerate phonon mode (E2g symmetry) at the BZ center, 

is Raman active for sp2 carbon networks. The D band in between 

1350-1361 cm-1 is known as disorder-induced character of graphite. 

The Raman band between 2500-2800 cm-1 is corresponds to the 

overtone of D band is known as G’.[31] The PCNs show the G band 

at 1588 cm-1 and 1589 cm-1 for the sample pyrolysis at 600 oC and 

500 oC respectively. The PCNs also possess the induced disordered, 

as the D band is present in Raman spectra (Figure 4b), at 1360 cm-1, 

and 1358 cm-1 for 600 oC and 500 oC respectively. There is no much 

difference in the peak intensities for both G and D bands at both 

pyrolysis temperatures; the ID/IG is the integrated intensity ratio of D 

and G bands used for characterizing the defects quantity in graphite 

materials.[29] The G band intensity is uniform at both the pyrolysis 

temperature, only the D bands varies with temperature, so the ID/IG 

ratio is decreases from 0.73 to 0.69 at 600 oC compare to 500 oC. The 

G’ is also present in Raman spectra for both pyrolysis temperatures, 

around 2800 cm-1. So, it is confirm from XRD and Raman spectra, 

that the prepared PCNs having the high percentage of crystalline 

graphite. 

 

Conclusions 

 

In summary, a new, microporous carbon nanoparticles was 

synthesized using natural silica templated OPL, the cellulose, 

holocellulose and lignin play the role of carbon source. The carbon 

source is 100% from renewable lignocellulose material or waste 

lignocellulose material. The advantage of this carbonization process 

did not require any artificial silica template, catalysis, higher 

pyrolysis temperature, and non-renewable carbon sources. It is 

expected that the natural silica template with inbuilt carbon source 

will open a facile process to synthesize the nanoporous carbon from 

natural and renewable plant resources. These PCNs will provide us 

many application for the development and applications as advanced 

materials. 
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