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ABSTRACT 

 
This study investigates the catalytic role of iron (III) nitrate [Fe(NO₃)₃] in synthesizing reduced graphene oxide (rGO) from graphite 
derived from oil palm kernel shell (OPKS) biomass. OPKS was impregnated with Fe(NO₃)₃ at concentrations of 0, 10, 20, and 30 wt.% 
(samples G₀, G₁₀, G₂₀, and G₃₀), and were subsequently pyrolyzed for catalytic graphitization. X-ray diffraction (XRD) results showed G₂₀, 
which was prepared with 20 wt.% catalyst, achieved the highest degree of graphitization (97%) and a near-ideal interlayer spacing of 
0.344 nm, as indicated by sharp, intense diffraction peaks. Graphite samples, G₀ and G₂₀, were oxidized via a modified Hummers' method 
to obtain GO, then chemically reduced to yield rGO₀ and rGO₂₀. Raman spectroscopy, SEM, and XRD characterization confirmed that rGO₂₀ 
exhibited superior graphitic features compared to rGO₀, which includes a lower defect density reflected by a reduced Iᴅ/Iɢ ratio from 
1.155 to 1.128, sharper XRD reflections, and larger, well- defined pores. Collectively, these results highlight the critical influence of 
Fe(NO₃)₃ concentration in enhancing precursor graphite crystallinity and, consequently, the structural quality of the derived rGO. 
Catalytic graphitization at 20 wt.% Fe(NO₃)₃ thus provides an effective and sustainable route for producing high-quality rGO from 
renewable biomass resources, with promising implications for energy storage and advanced functional material applications. 
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1. INTRODUCTION 

 
Reduced graphene oxide (rGO) is a two-dimensional 
nanomaterial derived from graphite oxide and belongs to 
the family of carbon allotropes. Carbon can exist in different 
structural arrangements, including diamond, graphite, 
graphene, amorphous carbon, and carbon nanotubes. 
Among them, graphene and its derivatives, graphene oxide 
(GO) and rGO, have gained considerable attention due to 
their unique properties. rGO does not occur naturally but is 
produced by manipulating carbon structures at the atomic 
level [1]. 
 
Structurally, rGO consists of carbon atoms arranged in a 
two-dimensional honeycomb lattice, conferring remarkable 
mechanical strength, high electrical conductivity, and 
chemical stability. Compared to GO, rGO contains fewer 
oxygen functional groups (such as hydroxyl, carbonyl, ester, 
and acyl groups), resulting in improved graphitic ordering, 
higher electrical conductivity, and greater thermal stability 
[2], [3], [4]. These features also enhance its mechanical 
robustness, making rGO more suitable than GO for practical 
applications. Consequently, rGO is widely studied for 
supercapacitors, lithium-ion batteries, sensors, 
optoelectronics, and environmental remediation, as well as 
biomedical applications due to its biocompatibility and 
antibacterial properties [5], [6]. 

 
rGO is typically produced from graphite through oxidation 
to GO, followed by reduction. Graphite oxidation introduces 
oxygen-containing groups that disrupt the lattice, enabling 
exfoliation into GO sheets, which can then be reduced to 
rGO. Several synthesis routes exist, including mechanical 
exfoliation, chemical vapor deposition (CVD), and chemical 
oxidation via the modified Hummers’ method  [7], [8], [9]. 
Among the synthesis routes, the modified Hummers’ 
method is most widely used due to its relatively high yield 
and practicality. 
 
While natural graphite is typically mined, synthetic graphite 
can be obtained from petroleum-based feedstocks or 
renewable biomass [10]. Biomass is particularly attractive 
as a sustainable, cost-effective, and renewable precursor 
[11]. Various types of biomasses have been successfully 
investigated for graphite and graphene production, 
including rice husks, sugarcane bagasse, sawdust, bamboo, 
coconut shells, and agricultural residues such as corncobs 
and wheat straw. These materials are rich in carbon and, 
when pyrolysed, can yield graphitic structures suitable for 
further processing. Biomass sources that are especially high 
in cellulose and hemicellulose, such as bamboo, pine 
sawdust, and lignin-rich plant matter, are particularly 
favorable for graphitization due to their ordered polymeric 
structures [12], [13], [14]. 
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Among the diverse biomass resources, oil palm kernel shell 
(OPKS) is a promising biomass precursor, particularly in 
Malaysia, where oil palm cultivation produces large 
volumes of OPKS waste. In fact, in 2022 alone, Malaysia has 
recorded 18.45 million tonnes of crude palm oil, a 1.9% 
increase compared to 18.12 million tonnes in 2021, which 
further contributes to OPKS accumulation [15]. On a global 
scale, there has been a significant increase in yearly palm oil 
production from 2013 to 2026, with Indonesia and Malaysia 
producing 46.7 and 20.2 million tonnes, respectively [16], 
[17]. The production of palm oil is proportionate to the 
production of OPKS. Hence, it is pertinent to convert OPKS 
into graphite and subsequently into rGO, as it not only 
provides a sustainable pathway for waste utilization but 
also supports the development of renewable carbon 
nanomaterials [18]. 
 
However, biomass-derived carbon contains impurities such 
as lignin, cellulose, hemicellulose, and inorganic residues, 
which can compromise the quality of the resulting graphite 

and rGO. Therefore, the use of suitable catalysts is essential 
to enhance graphitization efficiency and improve the 
crystallinity and properties of rGO. 
 
 
2. METHODOLOGY 
 
2.1 Preparation of Catalyst-Impregnated OPKS 
 
Oil palm kernel shell (OPKS) biomass was collected from 
FELCRA palm oil plantation in Pauh, Perlis. It was 
thoroughly washed to remove dirt and residual oil, oven-
dried, and crushed into small fragments. The dried OPKS 
was impregnated with aqueous iron(III) nitrate (Fe(NO₃)₃) 
solutions at different concentrations (10, 20, and 30 wt.%), 
while a non-impregnated sample served as a control. The 
impregnated biomass was dried overnight before further 
processing. The sample identification codes are 
summarized in Table 1. 

 
 

Table 1 Sample ID of graphite precursors prepared with various Fe(NO₃)₃ concentrations 
 

Catalyst concentration 
(wt.%) Sample ID 

0 G0 (Control) 

10 G10 

20 G20 

30 G30 

2.2 Synthesis of Graphite 
 
Catalyst-impregnated OPKS samples were pyrolyzed in a 
tubular furnace under flowing nitrogen. The temperature 
was increased at a rate of 5 °C min⁻¹ to 800 °C and held for 
3 h to promote catalytic graphitization. After cooling, the 
obtained char was treated with dilute hydrochloric acid to 
remove residual catalyst, repeatedly washed with distilled 
water until neutral pH, and oven-dried. Graphite yield was 
calculated gravimetrically. 

 
2.3 Synthesis of Reduced Graphene Oxide (rGO) 
 
Selected graphite samples, namely the catalyst-free control 
graphite (G0) and the 20 wt.% Fe(NO₃)₃-derived graphite 
(G20), were oxidized using a modified Hummers’ method. 
Briefly, 3 g of graphite was pre-oxidized in concentrated 
H₂SO₄ containing K₂S₂O₈ and P₄O₁₀ at 80 °C for 4.5 h under 
continuous stirring. After cooling, the mixture was diluted 
with deionized water, filtered, and dried. 

 
The pre-oxidized graphite was then further oxidized by 
slowly adding KMnO₄ into concentrated H₂SO₄ under ice-
bath conditions (<5 °C) with continuous stirring for 2 h. 
Subsequently, deionized water and H₂O₂ were added to 
terminate the reaction. The resulting graphene oxide (GO) 
was filtered, washed with diluted HCl solution and 
deionized water until near-neutral pH, and dried at 80 °C. 

 
 

For reduction, 1 g of GO was dispersed in 100 mL of 
deionized water and sonicated for 30 min. A 0.1 M NaBH₄ 
solution was then added, followed by stirring at 80 °C for 15 
min. The obtained rGO was filtered, washed with deionized 
water, and dried at 80 °C for 3 h. The same procedure was 
applied to both G0 and G20 samples to obtain rGO0 and rGO20, 
respectively.  

 
2.4 Characterization 
 
The structural and morphological properties of the samples 
were characterized using X-ray diffraction (XRD, Bruker D2 
Advance) to assess graphitic crystallinity and interlayer 
spacing, Raman spectroscopy (Thermo Fisher DXR3) to 
determine defect density (ID/IG ratio) and graphitic order, 
and scanning electron microscopy (SEM, JEOL JSM-6010LV) 
to observe surface morphology and pore structure. Figure 1 
shows the flow chart. 
 
 
3. RESULT & DISCUSSION 

 
3.1. Impact of Catalyst Concentration on Graphite Yield 
 
The graphite yield was determined by measuring the weight 
of OPKS before and after the pyrolysis process. This 
measurement indicates both the extent of graphitization 
achieved and the degree of mass loss during thermal 
conversion. The findings are presented in Table 2. 
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Table 2 Graphite yield from OPKS treated with different concentrations of Fe(NO₃)₃ 
 

Sample ID Fe(NO₃)₃ concentration (%) Yield (%) 

G0 0 24.00 

G10 10 31.23 

G20 20 31.70 

G30 30 32.34 
 
 

Preparation of OPKS sample (cleaning and drying) 

 

Catalyst impregnation of OPKS sample 
(10%, 20% and 30 wt.% of FeIII)nitrate) 

 

Synthesis of graphite by pyrolysis 

 

Characterization of the graphite obtained 
(SEM and XRD) 

 

Selection of the best graphite sample for GO synthesis 

 

Synthesis of rGO by modified Hummer's and reduction 
methods 

 

Characterization of rGO obtained 
(Raman Spectroscopy, SEM, XRD) 

 
Figure 1. Flow chart of overall methodology. 

 
The control sample (G0), prepared without a catalyst 
exhibited the lowest yield (24%) while the Fe(NO₃)₃-
impregnated samples: G10, G20, and G30, achieved higher 
yields of 31.23%, 31.70%, and 32.34%, respectively. This 
increase demonstrates the catalytic role of Fe(NO₃)₃ in 
enhancing graphitization by promoting the thermal 
decomposition of OPKS and accelerating carbon structure 
reorganization, leading to improved carbon retention [19]. 
Without the catalyst, graphitisation is less efficient, 
resulting in greater volatilszation of carbonaceous species 
and a lower yield. However, the small yield differences 
among the catalyzed samples suggest that beyond a certain 
concentration of Fe(NO₃)₃, the catalytic effect reaches 
saturation, with limited improvements in carbon 
conversion efficiency [20]. 
 
The overall weight loss of OPKS during pyrolysis is mainly 
due to the evolution of gaseous by-products and the 
presence of residual ash. Thermal degradation of cellulose, 
hemicellulose, and lignin releases volatile species such as 
CO₂, CO, CH₄, and other hydrocarbons [21]. The Fe(NO₃)₃ 
catalyst promotes the formation of iron carbide (Fe₃C), 
which suppresses carbon volatilization by facilitating the 
conversion of carbon intermediates into stable graphite 
structures [22]. Additionally, impurities and moisture are 
eliminated during pyrolysis, while inorganic mineral 

residues remain as ash, further contributing to total mass 
loss. 
 
According to Xia et. al. [23], iron carbide (Fe₃C) forms 
through the interaction between Fe(NO₃)₃ and the carbon-
rich OPKS matrix at elevated temperatures. As Fe(NO₃)₃ 
decomposes, reduced iron species react with carbon atoms 
to produce Fe₃C, which acts as an active catalytic phase for 
graphitization by lowering the activation energy required 
for the rearrangement of amorphous carbon into ordered 
graphite layers. The catalytic mechanism not only promotes 
the rearrangement of carbon atoms but also helps preserve 
yield by preventing excessive carbon loss as gas. The end 
result is graphite with a higher degree of structural order 
and improved yield and quality. 
 
The results indicate that Fe(NO₃)₃-catalyzed graphitization 
of OPKS-derived carbon significantly enhances graphite 
yield, which, on a related spectrum,  has broader 
implications for applications in microfluidics, a technology 
sought out by many industries due to its ability to optimize 
fluid dynamics within microchannels and enhance analyte 
interactions (small things translate to cost-effectiveness) 
[24], [25]. The resultant rGO through optimized graphite 
yield, act as an advanced conductive substrate, enhancing 
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the performance of electrochemical sensors in microfluidic 
devices [26].  
 
3.2. Effect of Catalyst Concentration on the Crystalline 
Structure of Graphite 
 
Figure 2 displays the X-ray diffraction (XRD) patterns of 
graphite materials obtained at different Fe(NO₃)₃ catalyst 
concentrations. The diffraction profiles were compared to 

the standard graphite pattern from the International Centre 
for Diffraction Data (ICDD), showing characteristic 
reflections at approximately 2θ ≈ 26.5° (002), 42.2° (100), 
and 54.5° (004). Distinct peaks at around 26.5° and 42.2° 
were observed, while the (004) reflection was absent in all 
samples [27], indicating a high degree of structural 
disorder, stacking faults, or possible instrumental 
limitations [28]. 

 
 

 
 

Figure 2. The XRD diffraction patterns of (a) G0, (b) G10, (c) G20, and (d) G30 graphite samples. 
 
The sharpness and width of the (002) peak, which reflect 
interlayer spacing and stacking order, indicate the 
crystallinity levels of the samples. The order of sharpness 
was: G30 < G0 < G10 < G20, with G20 exhibiting the most 
ordered structure. The (100) peak also showed minimal 
variation, suggesting that Fe(NO₃)₃ mainly influences 
interlayer stacking rather than in-plane crystal 
development [29]. 
 
Fe(NO₃)₃ enhances crystallinity by reducing defects and 
aligning carbon layers, resulting in sharper G20peaks0. 
However, at higher concentration (G30), the broader and 
less intense (002) peak suggests reduced structural order 
due to catalyst oversaturation, which may promote iron 
oxide agglomeration [30], and decrease catalytic efficiency. 

Excess catalyst can introduce impurities and disrupt carbon 
layer formation, diminishing graphitic order [31]. 
 
Table 3 details interlayer spacing and graphitization 
degrees, with values of 0.352 nm (G0), 0.346 nm (G10), 0.344 
nm (G20), and 0.350 nm (G30). The smallest interlayer 
distance in G20 matches the theoretical value for pristine 
graphite, confirming the highest degree of graphitization 
[32], while G0 shows the widest spacing, reflecting a more 
disordered structure. The results prove the effectiveness of 
Fe(NO₃)₃ in promoting the structural reorganization of 
amorphous carbon into ordered graphitic domains, 
attributed to the in situ formation of iron carbide (Fe₃C) 
during pyrolysis [33], which in turns facilitates carbon layer 
alignment, reduces interlayer spacing, and enhances overall 
structural ordering. 

 
Table 3 The interlayer spacing (d002) and degree of graphitization of graphite (Gp) of all graphite samples 

 
Sample ID 2θ θ d002 (nm) Gp (%) 

G0 25.28 12.64 0.352 30 

G10 25.71 12.86 0.346 82 

G20 25.85 12.93 0.344 97 

G30 25.46 12.73 0.350 52 

3.3. Influence of Catalyst Concentration on Graphite 
Morphology  
 
XRD analysis indicated that G20 represents the optimal 
catalyst concentration, showcasing the highest degree of 
graphitization and a well-ordered crystalline structure. The 
interlayer spacing in G20 approaches that of pristine 
graphite, reflecting effective catalytic graphitization. 

Morphological characterization via SEM revealed there are 
differences in G20 and the uncatalyzed sample, G0, in surface 
irregularities, pore distribution, and folding. As shown in 
Figure 3, G20 exhibits a more irregular surface with larger 
pores, a result of Fe(NO₃)₃'s catalytic action, which lowers 
activation energy for transforming disordered carbon 
precursors and enhances atomic mobility [34]. This activity 
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promotes the formation of larger voids and pores as carbon 
transitions from amorphous to graphitic forms [35]. 
 
In Figure 3, G20’s surface features a more disordered 
topography with distorted shapes and expanded pore 
structures, consistent with findings by Othman et al. [36], 
who demonstrated that metal catalysts accelerate the 

structural reorganization of amorphous carbon, leading to 
improved graphitic ordering. Overall, the SEM results align 
with the XRD findings, confirming that Fe(NO₃)₃ 
significantly enhances the graphitization process of OPKS-
derived carbon, resulting in superior structural and 
morphological characteristics. 
 

 

 
 

Figure 3. SEM images of (a) uncatalyzed graphite sample, G0, and (b) graphite sample catalyzed with 20% Fe(NO₃)₃, G20, at 2000x 
magnification. 

 
3.4. Comparative Evaluation of rGO Quality Derived 
from Catalyzed and Uncatalyzed Graphite 
 
Graphite sample, G20, with its superior crystalline structure 
and highest degree of graphitization, was selected for 
synthesis into rGO. For comparison, graphite G0 was 
transformed into rGO to assess the catalytic influence of 

Fe(NO₃)₃ during graphitization. Characterization analyses 
such as XRD – for graphitic crystallinity and interlayer 
spacing assessment, Raman spectroscopy – for defect 
density (ID/IG ratio) and graphitic order determination, and 
SEM – for surface morphology, showed the structural 
properties of the samples. Figure 4 presents the XRD 
patterns of rGO0 and rGO20. 

 

 
 

Figure 4. The XRD diffraction patterns of (a) rGO0, and (b) rGO20. 
 
Both rGO samples exhibited significant peaks near 2θ = 25° 
(002) and 43° (100), confirming successful reduction of 
graphite oxide (ICDD Card 41-1487) [37]. Specifically, rGO20 
exhibited peaks at 24.05° and 42.74°, while rGO0 showed 
peaks at 24.66° and 44.01°. The sharper peaks in rGO20 
indicate greater crystallinity and structural ordering, 
suggesting more effective removal of oxygen-containing 
functional groups compared to rGO0. The superior quality of 
rGO20 is attributed to the catalytic role of Fe(NO₃)₃, which 
facilitates a more ordered graphitic structure during G20's 
graphitization. The better-ordered precursor likely ensured 

uniform oxidation and reduction, minimizing over- or 
under-oxidized regions. As a result, rGO20 showed enhanced 
crystallinity, stability, and fewer structural defects. 
 
Table 4 summarizes XRD parameters, with rGO0 showing a 
peak at 24.66° and interlayer spacing (d-spacing) of 0.363 
nm, while rGO20 showed a peak at 24.05° and a d-spacing of 
0.368 nm. Though both values are higher than those of 
pristine graphene, they reflect residual oxygen 
functionalities or structural imperfections due to 
insufficient reduction [38], [39]. 
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Table 4 The interlayer spacing of the highest XRD peak 

 
Sample ID 2θ θ d002 (nm) 

rGO0 24.66 12.33 0.363 
rGO20 24.05 12.03 0.368 

Raman spectroscopy further assessed the structural order 
and defect density in the rGO samples. The spectra of both 
samples displayed the D band (~1350 cm⁻¹), associated 
with defects, and the G band (~1580 cm⁻¹), linked to         sp²-
hybridized carbon [40]. For rGO0, the D and G bands 
appeared at 1329.43 cm⁻¹ and 1570.85 cm⁻¹, respectively, 
while rGO20 showed peaks at 1327.90 cm⁻¹ and           1569.32 
cm⁻¹. The slight downshift of both bands in rGO20 implies 

reduced strain and better graphitic ordering [41], [42], [43]. 
Notably, neither sample displayed a prominent 2D band 
around ~2700 cm⁻¹, indicating limited long-range graphitic 
ordering and a predominance of multilayer, defective 
graphene [44], [45]. This aligns with reports of biomass-
derived reduced graphene oxide containing residual defects 
and incomplete sp² lattice restoration.  
 

 

 
 

Figure 5. Raman spectra of (a) rGO0, and (b) rGO20. 
 
Quantitative analysis in Table 5 indicates that both the D- 
and G-band intensities increased in rGO20, while the 
intensity ratio (Iᴅ/Iɢ) decreased from 1.155 (rGO0) to 1.128 

(rGO20), reflecting lower defect density and enhanced 
graphitic character in the catalytically derived rGO [43].   
   

 
Table 5 Raman shift, peak Intensity, and ID/IG ratio of rGO samples 

 

Sample ID 
D-band G-Band 

ID/IG Ratio Raman Shift 
(cm-1) 

Peak Intensity Raman Shift 
(cm-1) 

Peak Intensity 

rGO0 1329.43 378.08 1570.85 327.43 1.155 

rGO20 1327.90 468.02 1569.32 415.69 1.128 

SEM images in Figure 6 show clear differences in surface 
morphology. The G0 sample presents a compact surface 
with small pores, indicating a less ordered structure, while 
G20 features larger, well-defined pores [46]. After reduction, 
rGO0 retains an irregular morphology, whereas rGO20 
exhibits a pronounced interconnected porous network with 
visible graphene layers, suggesting enhanced exfoliation 
[47]. The larger and more uniform pores in G20 and rGO20 

correlate with higher graphitic order and crystallinity, 
aligning with XRD and Raman analyses. This morphology 
indicates a more effective reduction process, promoting the 
removal of oxygen functionalities and enhancing graphene 

layer exfoliation. In contrast, the smaller pores in G0 and 
rGO0 reflect lower graphitization levels and restricted 
reduction [48].  
 
The quality of the precursor graphite is crucial, we can see 
this through the amorphous texture and small pores of 
uncatalyzed graphite (G0) that limited exfoliation, while 
G20’s crystalline structure enabled effective oxygen removal, 
resulting in rGO20's larger pores, better morphology, and 
fewer defects [49], emphasizing the relationship between 
precursor crystalline order and rGO quality. 
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Figure 6. SEM images of graphite and its corresponding rGO product at 2000x magnification: (a)G0, (b)rGO0, (c)G20, and (d) rGO20. 
 
 
4. CONCLUSION 
 
This study highlights the effectiveness of Fe(NO₃)₃ as a 
catalyst for the graphitization of carbon derived from oil 
palm kernels, significantly enhancing both graphite yield 
and crystalline quality. The catalytic process involves 
lowering the activation energy required for carbon 
rearrangement and the temporary formation of iron carbide 
(Fe₃C), which serves as an active site, facilitating the 
development of well-ordered graphitic layers. Structural 
analyses using XRD, SEM, and Raman spectroscopy revealed 
that G20, which was produced with 20 wt% Fe(NO₃)₃, along 
with its corresponding reduced graphene oxide (rGO20), 
demonstrated superior crystallinity, improved lattice 
alignment, and reduced defect density when compared to 
the uncatalyzed samples. In short, the Fe(NO₃) ₃-catalysed 
graphitisation process offers a promising, sustainable 
method for producing high-quality graphite and rGO from 
biomass precursors. These results underscore the 
significance of optimizing catalyst parameters to influence 
structural evolution and tailor the physicochemical 
characteristics of carbon materials. Future research should 
focus on linking catalytic parameters with electronic and 
electrochemical performance to establish relevant 
structure-property relationships in energy storage and 
advanced functional materials. The exceptional structural 
characteristics of G20 and rGO20 highlight their strong 
potential as electrode materials in energy storage devices, 
such as supercapacitors and batteries, paving way for 
sustainable, biomass-derived carbon materials to play a 
significant role in future energy technologies.  
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