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Abstract 

Solid-state hydrogen storage requires improvement through catalyst-added methods to maximize performance. 

Magnesium Hydride (MgH2) is a type of solid-state hydrogen storage that is highly developed today but has 

many shortcomings, including high dehydrogenation temperatures. The use of carbon-based catalysts derived 

from biomass offers dual advantages by harnessing agricultural waste and supporting environmentally 

sustainable practices. This study utilized activated carbon (AC) from Arabica coffee agroindustry waste, 

specifically from pulp and parchment, as a catalyst to enhance the properties of MgH2. The activated carbons 

from coffee pulp and parchment (ACs) were produced through slow pyrolysis at 400 °C and chemically activated 

using potassium hydroxide (KOH) and sodium hydroxide (NaOH) solutions at various concentrations. 

Composites of MgH2 + 5 wt% AC were prepared through three hours of intensive mechanical alloying. Initially, 

the ACs were characterized using iodine adsorption, FTIR, TGA-DSC, and SEM analyses. The MgH2 + 5 wt% 

AC composites were then subjected to characterization through XRD, TGA-DTA, and SEM analysis. The results 

of the thermal investigations indicated that the AC catalysts from coffee pulp and parchment significantly 

reduced the onset temperature of dehydrogenation for MgH2. The lowest dehydrogenation temperature was 

342.36 °C, achieved by adding 5 wt% AC produced from coffee parchment that was chemically activated using 

a 2% KOH solutions. 

 

Keywords: Activated carbon, Catalyst, Coffee waste, Magnesium hydride , Solid hydrogen storage 

 

1 Introduction

 

The global transition towards cleaner and renewable 

energy sources has sparked significant interest in 

hydrogen as a sustainable alternative to traditional 

fossil fuels. Hydrogen is particularly attractive due to 

its impressive energy density, standing at 142 MJ/kg, 
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which allows for efficient energy storage and transfer 

[1], [2]. Additionally, the combustion of hydrogen 

produces only water vapor as a byproduct, thus 

making it environmentally benign and contributing to 

the reduction of greenhouse gas emissions. Despite 

these advantages, hydrogen storage remains a 

formidable challenge.  

A significant challenge lies in hydrogen's low 

volumetric energy density, which results in substantial 

volume requirements relative to its energy content. 

This characteristic complicates the development of 

efficient storage solutions. Furthermore, under 

ambient conditions, hydrogen is highly volatile and 

can easily escape from containment systems, raising 

safety concerns and making storage and transportation 

both difficult and expensive [3]. As the demand for 

sustainable energy solutions continues to grow, 

overcoming these storage challenges will be crucial 

for enabling the wider adoption of hydrogen in future 

energy systems. 

Several methods have been developed to address 

the challenges associated with hydrogen storage, 

including high-pressure storage, cryogenic storage, 

and chemical hydrogen storage [4]–[7]. Among these 

options, solid-state hydrogen storage stands out as 

particularly promising due to its inherent safety, 

compactness, and higher storage capacity at moderate 

temperatures and pressures. Notably, magnesium 

hydride (MgH2) is a metal hydride with a high 

hydrogen content of approximately 7.6 wt%, making 

it a suitable candidate for solid-state hydrogen storage 

[8]. Previous research has found that nanocrystalline 

materials of MgH2-Ti had a hydrogen storage capacity 

of 2.7 wt% [9]. However, the practical use of MgH2 is 

limited by its high dehydrogenation temperature and 

slow kinetics for hydrogen adsorption and desorption. 

These limitations primarily arise from the high 

dissociation enthalpy and sluggish reaction kinetics of 

MgH2, which hinder its effectiveness in real-world 

applications. 

One promising strategy to enhance the hydrogen 

storage performance of MgH2 is the incorporation of 

catalysts. These catalysts play a crucial role in 

reducing the activation energy required for hydrogen 

release, thereby enhancing the dehydrogenation 

kinetics. As a result, hydrogen can be desorbed at 

much lower temperatures, significantly improving the 

process efficiency.  

Aceh is one of the largest coffee-producing 

regions in Indonesia, particularly in Central Aceh 

Regency, renowned for producing high-quality Gayo 

coffee. The coffee production process in the Gayo 

Highlands involves the cultivation, and harvesting of 

coffee cherries, and processing them into coffee 

powder or grounds [10]. Inevitably, these processes 

generate a significant number of solid by-products 

with low economic value. The primary waste 

materials derived from coffee production include 

coffee husks, pulp, and spent coffee grounds [11].  

Coffee processing generates substantial amounts 

of waste annually, including coffee pulp, husks, and 

spent coffee grounds, which are often discarded 

without proper treatment. According to Gouvea et. al., 

the global coffee industry produces approximately 6 

million tons of spent coffee grounds annually, which 

poses environmental challenges due to its high organic 

content and potential to release harmful greenhouse 

gases if not managed properly [12]. This waste, 

however, holds significant potential for valorization 

due to its rich carbon content, making it an excellent 

precursor for activated carbon production. Activated 

carbon derived from coffee waste presents a 

compelling option due to its high surface area, 

porosity, and potential for chemical modifications, 

which enhance the material’s ability to interact with 

MgH₂. This aligns with research by Campos-Vega et al.,  

and others, which emphasize the valorization of coffee 

waste for energy storage applications, reducing 

environmental impact while creating high-

performance materials  [13]. 

In our study, coffee industry waste was selected 

as the raw material for activated carbon production 

due to its abundance, low cost, and high carbon 

content. This aligns with Sustainable Development 

Goals (SDGs) by promoting waste-to-value processes 

and reducing the environmental footprint of the coffee 

industry [14]. 

Among the diverse range of available catalytic 

materials, carbon-based catalysts have gained 

significant attention. Their lightweight nature, 

excellent chemical stability and high surface area 

make them highly suitable for this application. In 

particular, activated carbon (AC) has proven to be 

especially effective in enhancing the hydrogen storage 

properties of MgH2. AC promotes both the 

decomposition and reformation of MgH2, enabling 

these processes to take place at lower temperatures, 

thus optimizing the overall performance of hydrogen 

storage  [15], [16]. 

In recent years, utilizing agricultural waste as a 

resource for producing activated carbon (AC) has 

emerged as a promising and sustainable strategy. This 
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innovative approach leverages materials such as 

coconut shells, palm oil residues, and coffee waste, 

which can be effectively transformed into activated 

carbon through chemical activation. This process not 

only promotes environmental sustainability by 

recycling agricultural by-products but also produces 

high-performance catalysts for hydrogen storage [17]–

[24]. Among these materials, coffee waste, including 

both pulp and parchment, stands out as an exceptional 

feedstock for activated carbon production. By 

repurposing by-products of the coffee agro-industry, 

this approach enhances waste management practices 

while actively supporting the development of a 

circular economy. In doing so, it reduces 

environmental impact and unlocks new opportunities 

for innovation and economic growth in agricultural 

sectors. 

Various agro-industrial wastes, such as coconut 

shells, nutshells, palm oil residue, olive oil residue, 

and coffee plant residues, have been utilized as raw 

materials for producing AC [25]–[28]. Jin et al., 

reported producing AC from chemically activated 

coconut shells, achieving samples with varying 

degrees of porosity and a maximum hydrogen 

adsorption capacity of 0.85 wt% at 100 bar and 298 K 

[29]. Schaefer et al., synthesized  AC from olive 

stones using KOH as the activating agent, achieving 

hydrogen uptake ranging from 0.19 to 0.42 wt% at 

room temperature 298 K [21]. Similarly, Nurmalita et al.,  

developed AC from Robusta coffee pulp through 

chemical activation with NaOH and ZnCl2, 

concluding that it is suitable for hydrogen storage 

applications [19]. 

Activated carbon derived from coffee waste 

presents a compelling option due to its high surface 

area, porosity, and potential for further chemical 

modifications. These characteristics enhance the 

material’s ability to interact with MgH2, thereby 

improving hydrogen adsorption and desorption 

kinetics. Furthermore, the chemical activation 

process, typically involving alkaline agents such as 

potassium hydroxide (KOH) or sodium hydroxide 

(NaOH), can be tailored to optimize the surface 

properties of the activated carbon, making it a more 

effective catalyst.  

This study examines the potential of activated 

carbon derived from Arabica coffee pulp and 

parchment as a catalyst to enhance the hydrogen 

storage properties of MgH2. Coffee waste-derived 

activated carbons were chemically activated using 

KOH and NaOH solutions, and their catalytic 

effectiveness was evaluated through the preparation of 

MgH2 composites. A range of characterization 

techniques, including differential scanning 

calorimetry (DSC), thermogravimetric analysis 

(TGA), scanning electron microscopy (SEM), and X-

ray diffraction (XRD), was employed. The findings 

provide valuable insights into the role of coffee waste-

derived activated carbon in lowering the 

dehydrogenation temperature and improving the 

kinetics of MgH2, thus offering more efficient and 

sustainable hydrogen storage solutions.  

Moreover, this research aligns with the 

increasing focus on utilizing biomass waste as a 

resource for advanced materials in energy storage 

applications. Waste-to-value strategies, such as 

converting coffee agro-industry residues into activated 

carbon, deliver substantial environmental benefits 

while providing economic advantages by supplying 

low-cost, sustainable catalysts for hydrogen storage 

technologies. The results of this study could drive 

future advancements in renewable energy storage, 

particularly in solid-state hydrogen storage 

technologies and other hydrogen-based energy systems. 

 

2 Material and Methods 

 

2.1 Materials 

 

The coffee pulp and parchment as the raw materials 

were obtained from solid waste of Arabica Gayo 

coffee production located in Aceh Tengah Regency, 

Indonesia. Magnesium Hydride (MgH2) powder, with 

99.9% purity and a particle size of 50 µm (Sigma 

Aldrich), was used as a solid-state hydrogen storage 

material. Other chemicals included a 0.1 N iodine 

solution (Sigma Aldrich). The activator solutions were 

2% to 4% of KOH (Merck) and NaOH (Merck), 

respectively. Distilled water was used to remove 

residues and acids during the preparation of activated 

carbon.  

 

2.2  Composite preparation 

 

In this study, we utilized pure MgH2 powder with 

99.9% purity and a particle size of 50 µm (Sigma 

Aldrich) along with activated carbon (AC) derived 

from coffee pulp and parchment. The coffee pulp and 

parchment were sourced from a local coffee agro-

industry in Takengon, Aceh, and processed into AC 

through a two-step procedure: pyrolysis and chemical 

activation. 
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In the first step, the coffee pulp and parchment 

were washed thoroughly and soaked in water for 20 h. 

After soaking, the materials were sun-dried to remove 

residual moisture. The dried materials were then 

subjected to slow pyrolysis at 400 °C for 80 min, 

producing biochar. The biochar was chemically 

activated using KOH and NaOH solutions, with 

concentrations ranging from 2% to 4%. 

In the second step, MgH2 was catalyzed with 5 

wt% AC using an intensive mechanical alloying 

method. The composites were prepared with a high-

energy planetary ball mill (Fritsch, P6), employing a 

ball-to-powder ratio (BPR) of 10:1. The milling 

process was carried out for three hours at a rotational 

speed of 350 rpm. Table 1 provides a summary of the 

sample codes and relevant details for each sample.

 

Table 1: List sample code and information. 
No Sample Code Materials 

1. CPAC-N2 Coffee pulp AC catalyst with NaOH 2% solution chemical activation 

2. CPAC-N3 Coffee pulp AC catalyst with NaOH 3% solution chemical activation 

3. CPAC-N4 Coffee pulp AC catalyst with NaOH 4% solution chemical activation 
4. CPAC-K2 Coffee pulp AC catalyst with KOH 2% solution chemical activation 

5. CPAC-K3 Coffee pulp AC catalyst with KOH 3% solution chemical activation 

6. CPAC-K4 Coffee pulp AC catalyst with KOH 4% solution chemical activation 
7. CHAC-N2 Coffee parchment AC catalyst with NaOH 2% solution chemical activation 

8. CHAC-N3 Coffee parchment AC catalyst with NaOH 3% solution chemical activation 

9. CHAC-N4 Coffee parchment AC catalyst with NaOH 4% solution chemical activation 
10. CHAC-K2 Coffee parchment AC catalyst with KOH 2% solution chemical activation 

11. CHAC-K3 Coffee parchment AC catalyst with KOH 2% solution chemical activation 

12. CHAC-K4 Coffee parchment AC catalyst with KOH 2% solution chemical activation 
13. MgH2 + 5 wt % CPAC-N2 MgH2 catalyzed with 5 wt% CPAC-N2 

14. MgH2 + 5 wt % CPAC-K2 MgH2 catalyzed with 5 wt% CPAC-K2 
15. MgH2 + 5 wt % CHAC-N3 MgH2 catalyzed with 5 wt% CHAC-N3 

16. MgH2 + 5 wt % CHAC-K2 MgH2 catalyzed with 5 wt% CHAC-K2 

 

2.3  Testing and characterization methods 

 

Fourier Transform Infrared Spectroscopy (FTIR) was 

conducted utilizing a Shimadzu FTIR-8400S 

spectrophotometer to analyze the functional groups 

present in the materials. For this analysis, samples 

were prepared by combining the material with 

potassium bromide (KBr) in a 1:200 weight ratio, and 

the resulting mixture was compressed into pellets. The 

spectra were recorded within the wavenumber range 

of 350–4000 cm⁻¹, achieving a resolution of 4 cm⁻¹ 

over 32 scans. 

The iodine number, which serves as an indicator 

of the porosity of activated carbon (AC), was 

determined by measuring the quantity of iodine 

adsorbed per gram of carbon. This assessment adhered 

to the SNI 06-3730-1995 standard method. 

Thermogravimetric analysis (TGA) was 

performed using the Shimadzu DTG-60 system to 

evaluate the thermal stability and composition of the 

materials. Each sample, weighing approximately 5–10 

mg, was placed in a heat-resistant crucible and 

subjected to heating in a nitrogen atmosphere (20 

mL/min) up to 1000 °C, at a consistent heating rate of 

10 °C/min. 

X-ray diffraction (XRD) analysis was carried out 

with a Shimadzu Maxima-X 7000 diffractometer, 

employing a Cu Kα X-ray source at 40 kV and 30 mA. 

Data were collected over the 2θ range of 5°–80°, and 

phase identification along with data processing was 

performed using DIFFRAC.EVA software. This 

analysis provided valuable insights into the crystalline 

phases and mineral composition of the samples. 

Additionally, scanning electron microscopy 

(SEM) and energy-dispersive X-ray spectroscopy 

(EDS) were employed to investigate the surface 

morphology and elemental composition of the 

samples. SEM analysis was conducted using a JEOL 

6510LV microscope, operating at accelerating 

voltages ranging from 0.5 to 30 kV. The samples were 

mounted on carbon disks and examined under both 

low vacuum (LV) and high vacuum (HV) conditions. 

EDS analysis was utilized to ascertain the elemental 

composition, while SEM imaging supplied detailed 

information regarding the pore structures and 

morphology of the activated carbon. 
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3 Results and Discussion 

 

3.1 AC catalyst properties 

 

3.1.1  FTIR Analysis  

 

Figure 1 illustrates the Fourier Transform Infrared 

(FTIR) spectra of activated carbon (AC) derived from 

coffee pulp and coffee parchment through a chemical 

activation using KOH and NaOH solutions. The 

primary objective of obtaining the FTIR spectra is to 

identify and analyze the surface functional groups 

present in the activated carbon material. FTIR analysis 

was performed on four selected samples (CPAC-N2, 

CPAC-K2, CHAC-N3, and CHAC-K2) that exhibited 

excellent iodine adsorption capacities, suggesting an 

increased micropore content and reactivity. Such 

properties are vital for improving MgH2 hydrogen 

storage capabilities. This targeted approach provided 

in-depth insights into the chemical functionalities of 

the most promising samples while effectively utilizing 

the study’s resources. The FTIR spectra have several 

distinct features. A notable band at 3639 cm⁻¹ is 

attributed to the presence of free hydroxyl (-OH) 

groups, which are essential for potential interactions 

with adsorbate molecules. This band is commonly 

observed in biomass-derived carbon material as 

reported in the literature [30], [31]. In addition, weak 

intensity peaks in the 2900–2800 cm⁻¹ range 

correspond to the aldehyde functional group, 

indicating the presence of organic compounds that 

contribute to adsorption processes. A significant band 

at 2400 cm⁻¹ represents the carboxylic acid functional 

group, which enhances the reactivity of the activated 

carbon surface. The spectral region between 1700–

1600 cm⁻¹ showcases the carbonyl (C=O) stretching 

vibration, characteristic of various functional groups 

such as aldehydes, esters, ketones, and carboxyl 

groups. Vibrations associated with caffeine are also in 

this region [32]. 

The aromatic C=C stretching vibrations are 

evident between 1600–1475 cm⁻¹, indicating aromatic 

structures within the activated carbon matrix. A 

distinct C-O stretching peak near 1000 cm⁻¹ suggests 

the presence of ether or alcohol functionalities. 

Additionally, a sharp peak in the 800–600 cm⁻¹ range 

signifies chloride compounds, which may derive from 

the precursors or activation chemicals used during 

processing.  

Additional features include peaks around 3055 

cm⁻¹, linked to the symmetric and asymmetric C-H 

bending vibrations associated with –CH₂ and –CH₃ 

groups, confirming the organic nature of the activated 

carbon. The adsorption peak near 1591 cm⁻¹ 

corresponds to C=C stretching vibrations found in 

aromatic rings, which are characteristic of 

carbonaceous materials.  Strong bands at 1423 cm⁻¹ 

are attributed to C-H bending vibrations in alkyl 

groups such as –CH₃, suggesting a notable 

contribution of lignin from the original coffee pulp 

and parchment materials. Peaks in the 876–761 cm–1 

range indicate out-of-plane C-H bending vibration in 

aromatic rings, further underscoring the aromatic 

nature of the activated carbon.  

Overall, the FTIR spectra highlight a range of 

oxygen-containing functional groups, including 

hydroxyl, carboxyl, and carbonyl groups. These 

groups significantly enhance the adsorption capacity 

of activated carbon by increasing its surface reactivity 

and enabling effective interaction with target 

molecules or pollutants [29]. A comparison of the 

FTIR spectra of activated carbon derived from coffee 

parchment and coffee pulp reveals sharper peaks at 

1591 cm-1 in the parchment sample, indicating a 

higher abundance or quality of aromatic structures. 

Additionally, a slight variation in the intensity of the 

carbonyl C=O stretching vibration (1700–1600 cm–1) 

suggests a more pronounced presence of caffeine in 

the coffee parchment sample.   

These findings demonstrate that the chemical 

activation process using KOH and NaOH preserves 

the surface functional groups of the activated carbon, 

maintaining the unique chemical characteristics of 

both coffee pulp and parchment precursors after 

activation. 



  

                             Applied Science and Engineering Progress, Vol. 18, No. 4, 2025, 7741 
    

 

 

A. Setiawan et al., “Role of Activated Carbon from Arabica Coffee Waste in Enhancing the Dehydrogenation Properties of Magnesium 

Hydride (MgH2) for Hydrogen Storage.” 

  
6 

 
Figure 1: FTIR Spectra of coffee pulp and parchment AC. 

 

3.1.2  The iodine adsorption capacity 

  

The iodine number test measures the micropore 

content of activated carbon, indicating its adsorption 

capacity. For hydrogen storage, micropores are 

essential as they provide high surface area and enable 

effective hydrogen adsorption. However, mesopores 

also play a significant role in facilitating the diffusion 

of hydrogen molecules, thereby enhancing the overall 

storage performance. While the current study focuses 

on iodine adsorption as a proxy for micropore 

analysis, a more detailed evaluation using Brunauer–

Emmett–Teller (BET) analysis is recommended to 

assess the complete pore size distribution and validate 

the suitability of these activated carbons for hydrogen 

storage applications. 

The chemical activation method using KOH and 

NaOH has practical implications for the iodine 

adsorption capacity of AC. This research shows that 

the use of KOH as an activator yields superior iodine 

adsorption performance compared to NaOH (Figure 2). 

However, our findings indicate that increasing the 

concentration of KOH and NaOH beyond certain 

thresholds does not significantly improve iodine 

adsorption.  

For instance, when a 4% NaOH solution was 

used to activate coffee parchment AC, the iodine 

adsorption capacity decreased, suggesting that NaOH 

concentrations exceeding 3% are not optimal for 

activating coffee pulp and parchment. On the other 

hand, higher concentrations of KOH did not 

significantly impact iodine adsorption, although the 

effect was more pronounced in coffee pulp AC, where 

adsorption decreased at elevated KOH concentrations.  

The differences between KOH and NaOH can be 

attributed to their distinct etching behaviors during 

activation. KOH penetrates the carbon matrix more 

effectively due to its smaller ionic radius, leading to a 

more uniform micropore structure and higher surface 

area. In contrast, NaOH, with its larger ionic radius, 

may block pores or cause over-etching at higher 

concentrations, resulting in micropore collapse and 

reduced adsorption capacity. Furthermore, samples 

treated with KOH exhibit better thermal stability, 

which helps maintain the optimized pore structure and 

adsorption properties. These observations underline 

the effectiveness of KOH as a superior activating 

agent for producing high-performance activated 

carbons. 

The observed decrease in iodine adsorption 

capacity at higher NaOH concentrations (>3%) can be 

attributed to over-etching, where excessive NaOH 

erodes the carbon structure, collapsing micropores and 

reducing adsorption sites. Additionally, the larger 

ionic radius of Na⁺ compared to K⁺ may contribute to 

pore blockage, limiting effective activation at higher 

concentrations [33]. Conversely, KOH demonstrates a 

more controlled etching effect due to its smaller ionic 

radius and better penetration into the carbon matrix. 

This enables the formation and preservation of optimal 

pore structures even at higher concentrations, as 

reflected in the consistent performance of KOH-

activated samples. These findings suggest that KOH is 

a more robust activating agent for achieving high-

performance activated carbons  [34], [35]. 

The highest iodine adsorption was achieved with 

coffee parchment AC activated using 2% KOH 

(CHAC-K2) reaching 888.3 mg/g, followed by coffee 

parchment AC activated with 3% NaOH (CHAC-N3) 

at 837.54 mg/g. For coffee pulp AC, the best iodine 

adsorption was observed with 2% KOH (CPAC-K2) 

at 799.47 mg/g and 2% NaOH (CPAC-N2) at 532.98 

mg/g.  

These findings highlight the importance of 

optimizing activator type and concentration to 

maximize adsorption performance. The results are 

particularly relevant for professionals in 

environmental science and materials engineering, 

offering insight into producing high-performance 

activated carbon. Additionally, this study aligns with 

existing literature, which identifies KOH as a highly 

effective activation agent for producing activated 

carbon with commercial-grade adsorptive capacities 

[36], [37].
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Figure 2: Iodine adsorption capacity of coffee pulp 

and parchment AC. 

 

3.1.3  SEM-EDS analysis  

 

Figure 3 presents SEM images of AC samples derived 

from coffee pulp and parchment, which were 

chemically activated using NaOH and KOH solutions. 

Coffee pulp AC exhibits a flat, rough surface with 

poorly developed pores, which are mostly round and 

layered in multiple layers. In contrast, coffee 

parchment AC displays better pore formation, though 

the surface remains rough and irregular.  

 

 
Figure 3: SEM analysis of (a) CHAC-N3, (b) CPAC-

N2, (c) CHAC-K2 and (d) CPAC-K2. 

 

SEM analysis suggests that coffee parchment AC 

exhibits more and better-defined pores compared to 

coffee pulp AC. However, as SEM provides only 

qualitative insights into surface morphology, 

quantitative analysis such as Brunauer–Emmett–

Teller (BET) method is required to confirm pore 

volumes and distribution, including micropores and 

mesopores. The size and shape of the activated carbon 

surface play a crucial role in determining its 

adsorption capacity. Micropores significantly 

contribute by providing a high surface area, while 

mesopores facilitate diffusion pathways for hydrogen 

molecules. The activated carbon derived from coffee 

parchment, which displays a more interconnected and 

developed pore structure as seen in SEM images, 

showcases a higher adsorption capacity. This is further 

validated by its outstanding iodine adsorption results. 

Moreover, the rough and irregular surface morphology 

of this AC provides additional active sites for 

hydrogen interaction. These structural characteristics 

underscore the necessity of optimizing pore size 

distribution and surface features to enhance the 

adsorption capacity in hydrogen storage applications. 

This recommendation aligns with the study’s aim 

of enhancing hydrogen storage properties and will 

serve as a focus for future work. These findings, 

nonetheless, are consistent with previous research, 

such as Campos et. al., who reported that AC produced 

from coffee parchment activated with CaCO₃  

exhibited a rough, randomly porous surface [37]. 

Furthermore, the type of chemical activator 

significantly influences pore formation. AC activated 

with KOH produces a grates number of larger pores 

compared to AC activated with NaOH [38]. Chia et. 

al., studied AC derived from rice husk and found that 

KOH activation resulted in enhanced surface porosity 

and increased pore volume compared to NaOH 

activation [39]. This finding demonstrates the 

effectiveness of KOH as an activation agent for 

producing AC, and that coffee parchment undergoes 

better thermal decomposition than coffee pulp. 

 

3.1.4  Thermogravimetric analysis of AC 

 

TGA-DTG analysis was conducted to assess the 

thermal stability of the synthesized activated carbon 

(AC) sample, as shown in Figure 4. The initial weight 

loss, observed between 30 and 150 °C, ranged from 

5% to 15% of the sample's weight. This relatively 

higher percentage of weight loss indicates the 

enhanced adsorptive properties of the AC, likely due 

to its microporous structure, which allows it to adsorb 

more water molecules compared to the relatively non-

porous charcoal.  

The second stage of weight loss was observed 

between 150 and 900 °C, with a reduction of 10% to 

25%. This was primarily due to the pyrolysis of organic 
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volatiles and the decomposition of lignin within the 

carbon matrix. Significant differences were observed 

in the thermal decomposition behavior between the 

two raw materials. Specifically, activated carbon 

produced from coffee pulp showed a higher degree of 

mass loss compared to that derived from coffee 

parchment. The TGA curve indicates that AC derived 

from coffee parchment exhibits significantly superior 

thermal stability compared to that from coffee pulp.  

 

 
Figure 4: TGA and DTG curves of coffee pulp and 

parchment AC. 

 

The use of KOH and NaOH as activators did not 

significantly impact the thermal stability of the 

activated carbon made from coffee parchment. 

However, NaOH showed a greater effect on the 

activated carbon derived from coffee pulp. Notably, 

KOH exhibited lower levels of thermal decomposition 

compared to NaOH. 

 

 
Figure 5: DSC curve of coffee pulp and parchment AC. 

 

The Differential Scanning Calorimetry (DSC) 

curve (Figure 5) provides critical insights into the 

thermal properties of the synthesized activated carbon 

(AC) samples. The analysis highlights key 

endothermic and exothermic transitions, indicating the 

material’s thermal stability and behavior under 

heating conditions. Initially, an endothermic peak at a 

lower temperature range of 30–150 °C indicates water 

desorption from the material’s surface, a common 

characteristic of activated carbons with microporous 

structures. This peak suggests the presence of 

adsorbed moisture or low molecular weight species 

within the carbon matrix [34]. 

Further along the temperature range, the DSC 

curve for activated carbon (AC) derived from coffee 

pulp shows a noticeable exothermic peak, typically 

occurring between 150 °C and 500 °C. This peak 

marks the initiation of decomposition or the release of 

volatiles from the material. The intensity of this peak 

is generally associated with the pyrolysis of organic 

volatiles and the degradation of lignin within the 

structure. In contrast, the AC derived from coffee 

parchment exhibits a much lower intensity for this 

peak, indicating better thermal stability. This 

difference can be attributed to the structural variations 

between the raw materials or the activation processes 

used [40], [41], as coffee parchment generally 

possesses a more stable structure than coffee pulp. 

At temperatures ranging from 600 and 900 °C, 

an exothermic reaction indicates, further 

decomposition, likely from the breakdown of more 

stable components in the activated carbon, such as 

aromatic structures and leftover organic compounds. 

This could also reflect the thermal degradation of 

inorganic impurities introduced during the synthesis 

[42]. The activated carbon derived from coffee pulp 

undergoes more significant thermal decomposition in 

this range when compared to that derived from coffee 

parchment, which shows better thermal resistance. 

The thermal resistance of AC is heavily influenced by 

variations in pore structures and the chemical 

compositions of the material [43]. 

The DSC curve for materials activated by KOH 

and NaOH reveals significant trends. Although both 

activators improve the adsorption properties of 

activated carbon (AC), they affect thermal stability 

differently. For AC derived from coffee pulp, using 

NaOH leads to a more pronounced exothermic peak 

that indicates greater decomposition, while the KOH-

activated AC shows a lower decomposition rate [43]. 

This suggests that the choice of activation agent 

significantly influences the thermal resistance of the 

carbon, with KOH treatment producing a more 

thermally stable material. This finding is consistent 

with research by Sitthikhankaew et. al., in which 

KOH-impregnated activated carbon adsorbs more H2S 

as a result of its higher porosity [44]. 
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3.2  MgH2 composite properties 

 

3.2.1  Thermogravimetric analysis of MgH2 composites 

 

Figure 6 presents the TGA curve of MgH2 combined 

with 5 wt.% activated carbon (AC) sourced from both 

coffee pulp and parchment, analyzed at a heating rate 

of 10 °C/min under a nitrogen flow of 20 mL/min. The 

TGA analysis indicated a significant weight loss in the 

MgH2 composite sample between 300 °C and 450 °C, 

signaling the onset of MgH2 dehydrogenation. This 

weight loss was consistent across all samples. 

However, it was observed that the AC catalyst derived 

from coffee parchment began to decompose at a 

slightly lower temperature than that of the composite 

MgH2 combined with the coffee pulp catalyst.  

 
Figure 6: TGA curve of MgH2 + 5wt.% coffee pulp 

and parchment AC with heating rate 10 °C/min under 

20 mL/min of nitrogen flow. 

 

  

(a) (b) 

Figure 7:  (a) DTA curve of MgH₂ doped with AC catalysts from coffee pulp and parchment, with 'T onset,' 'T 

peak,' and 'T endset' values marked for comparison. (b) DTA curve of pure MgH₂ under identical conditions. 

 

Figure 7(a) illustrates the DTA analysis of MgH2 

doped with AC catalysts from both coffee pulp and 

parchment, conducted under the same conditions 

(heating rate of 10 °C/min and nitrogen flow rate of 20 

mL/min). The DTA results revealed a pronounced 

endothermic peak in the 300–450 °C  range for all four 

materials, corresponding to the hydrogen release 

process occurring in each MgH2 sample [45]. For 

comparison, pure MgH2 was also analyzed (Figure 

7(b)). To enhance clarity and provide a direct 

comparison, the 'T onset,' 'T peak,' and 'T endset' 

values from Table 2 have been added as annotations in 

Figure 7. These values illustrate the differences in 

thermal behavior between MgH₂ composites and pure 

MgH₂, emphasizing the role of activated carbon in 

reducing the dehydrogenation temperature.

 

Table 2: Summary of dehydrogenation endset and onset temperature. 
Materials T onset (°C) T peak (°C) T endset (°C) T onset (°C) T endset (°C) 

MgH2 373.90 398.36 414.49   

MgH2 + 5 wt.% CHAC-K2 342.36 400.32 418.44 346.44 418.09 

MgH2 + 5 wt.% CHAC-N3 346.16 401.26 420.33 347.48 420.01 
MgH2 + 5 wt.% CPAC-K2 356.56 410.57 430.45 361.09 430.60 

MgH2 + 5 wt.% CPAC-N2 354.21 411.77 432.43 359.24 432.93 
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The dehydrogenation process was distinctly 

observed, and it was found that the addition of AC 

from both coffee pulp and parchment lowered the 

onset temperature for MgH2 dehydrogenation (Table 2). 

Notably, the AC catalyst from coffee parchment 

exhibited slower onset and peak temperatures 

compared to that from coffee pulp. For instance, the 

MgH2 + 5 wt.% coffee pulp AC catalysts (CHAC-K2 

and CHAC-N3) had onset temperatures of 342.36 °C 

and 346.16 °C, respectively, while the MgH2 + 5 wt.% 

coffee parchment AC catalysts (CPAC-K2 and 

CPAC-N2) had slightly higher onset temperatures of 

356.56 °C and 354.21 °C. 

 

3.2.2  XRD analysis of MgH2 composites 

 

The XRD spectra of MgH₂ composites doped with 

activated carbon derived from coffee pulp and 

parchment show the absence of additional peaks 

corresponding to AC, likely due to its limited quantity 

or amorphous nature (Figure 8). This observation 

aligns with previous studies, where the incorporation 

of carbon-based additives was shown to reduce the 

dehydrogenation temperature and improve the kinetics 

of MgH₂without significantly altering its crystal 

structure [46]. 

The effectiveness of coffee-waste-derived 

activated carbon in enhancing MgH₂ properties 

compares favorably with results from other studies. 

For example, Jin et al., reported hydrogen adsorption 

capacities of 0.85 wt% for activated carbon derived 

from coconut shells [29], while Schaefer et al., 

observed uptake ranging from 0.19 to 0.42 wt% in 

olive-stone-derived activated carbons under similar 

conditions [21]. In this study, coffee parchment AC, 

particularly CHAC-K2, significantly reduced the 

dehydrogenation onset temperature of MgH₂ to 342.36 °C, 

demonstrating a marked improvement over pure 

MgH₂. These findings underscore the potential of 

coffee-waste-derived AC as a competitive and 

sustainable alternative for hydrogen storage applications. 

Furthermore, the chemical activation process 

used in this study, particularly with KOH, has been 

shown to create an optimal balance of micropores and 

mesopores, which are critical for hydrogen diffusion 

and adsorption. Such structural enhancements directly 

contribute to the observed improvements in hydrogen 

desorption properties, consistent with findings from 

other studies on carbon-based catalysts. 

 

 
Figure 8: XRD patterns of (a) MgH2 + 5 wt.% CHAC-

K2, (b) MgH2 + 5 wt.% CHAC-N3, (c) MgH2 + 5 

wt.% CPAC-K2 and (d) MgH2 + 5 wt.% CPAC-N2. 

 

3.2.3  SEM-EDS analysis of MgH2 composites 

 

Figure 9 presents Scanning Electron Microscopy 

(SEM) images of MgH2 mixed with 5 wt.% AC. The 

SEM images (Figure 9) include highlighted regions 

corresponding to the areas analyzed for EDS spectra, 

as shown in Figure 10. This ensures a clear correlation 

between the morphological and compositional data. 

The SEM micrographs show a distinct contrast, with 

several small particles, likely AC nanoparticles, 

scattered across and around larger MgH2 particles. 

This observation indicates that ball milling effectively 

reduces particle size, creating new active surfaces 

within the nano-composite. The existence of these 

smaller particles and the increased surface area are 

crucial for enhancing the efficiency of the 

dehydrogenation and hydrogen adsorption processes. 

The SEM images also suggest that the reduction 

in particle size arises from an inhomogeneous 

distribution, which is expected to improve the kinetics 

of MgH2 since smaller particles facilitate faster 

hydrogen diffusion. This size reduction is believed to 

promote active nucleation, likely triggered by the 

mechanical milling of pure MgH2 with AC. The 

milling process reduces the diffusion distance for 

hydrogen atoms and creates clean, highly reactive 

surfaces, essential for effective hydrogen release and 

adsorption [47], [48]. Additionally, all prepared 

samples were analyzed for their elemental 

composition using Energy-Dispersive X-ray (EDX) 

spectroscopy, which was conducted alongside the 

SEM analysis. 
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(a) (b) 

  
                (c)                   (d) 

Figure 9: SEM of (a) MgH2 + 5 wt.% CHAC-K2, (b) 

MgH2 + 5 wt.% CHAC-N3, (c) MgH2 + 5 wt.% 

CPAC-K2 and (d) MgH2 + 5 wt.% CPAC-N2. 

 

Figure 10 illustrates the elemental composition 

of the MgH₂ + AC nanocomposites as determined by 

EDS analysis. The results confirm the successful 

integration of activated carbon into the MgH₂ matrix, 

as evidenced by the high carbon (C) content, alongside 

magnesium (Mg) and oxygen (O₂). Minor elements, 

such as aluminium (Al), calcium (Ca), iron (Fe), and 

copper (Cu), were also detected, likely originating 

from the precursor materials or the ball-milling 

process.  

The incorporation of 5 wt.% activated carbon 

(AC) into MgH₂ represents an optimized composition 

for improving hydrogen storage performance, as 

supported by the findings of this study. While the 

preparation process, including pyrolysis, chemical 

activation, and ball milling, involves multiple steps, its 

scalability depends on several factors. Firstly, cost of 

raw materials, coffee pulp and parchment are 

abundant agro-industrial wastes, offering a low-cost 

feedstock for producing AC, which supports economic 

feasibility. Secondly, energy requirements, low-

temperature pyrolysis and chemical activation 

processes were intentionally chosen for their relatively 

lower energy demands compared to high-temperature 

treatments, improving overall cost efficiency. Thirdly, 

ball milling, although extensive ball milling is 

resource-intensive, advancements in high-energy 

milling technologies could significantly reduce 

processing time and energy consumption, enhancing 

scalability. To further improve the techno-economic 

feasibility, the integration of renewable energy 

sources for powering pyrolysis and milling processes 

could lower operation costs. Additionally, exploring 

alternative mechanical alloying techniques or 

chemical modifications may streamline production. 

Thus, while the process presents some 

challenges for large-scale implementation, its reliance 

on low-cost raw materials and the potential for process 

optimization make it a promising candidate for 

industrial applications. Further studies focusing on 

scaling up these processes and conducting a 

comprehensive cost-benefit analysis will provide 

valuable insights into its viability. 

 The sample MgH₂ + 5 wt.% CPAC-K2 contains 

66.71% carbon and 19.26% magnesium. For the MgH₂ 

+ 5 wt.% CPAC-N2 sample, the carbon content is 

54.56% and magnesium is 26.93%. In the MgH₂ + 5 

wt.% CHAC-K2 sample, the carbon content is 58.65% 

and magnesium is 23.69%. Meanwhile, the MgH₂ + 5 

wt.% CHAC-N3 sample has 59.90% carbon and 

23.20% magnesium. 

The high carbon content across all samples 

highlights the stability of the activated biochar during 

the integration process with MgH2, which is crucial for 

enhancing the material’s hydrogen storage 

performance. 

This finding aligns with Zhang et al., research, 

which states that carbon-rich biochar can enhance the 

hydrogenation and desorption kinetics of MgH₂ 

through interfacial interactions and the provision of 

ion diffusion pathways, thereby accelerating hydrogen 

release [35]. Additionally, the addition of activated 

biochar to MgH₂ improve the material's thermal 

stability by acting as a gas diffusion barrier and 

reducing degradation due to oxidation [49]. It shows 

the percentage of each element and confirms the 

successful incorporation of AC into the MgH2 matrix, 

as well as its role in enhancing the material properties.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 10:  EDS of (a) MgH2 + 5 wt.% CHAC-K2, (b) 

MgH2 + 5 wt.% CHAC-N3, (c) MgH2 + 5 wt.% 

CPAC-K2 and (d) MgH2 + 5 wt.% CPAC-N2. 

 

 

4 Conclusions 

 

The innovative utilization of AC derived from coffee 

agro-industrial residues as a catalyst for hydrogen 

storage applications represents a significant 

advancement in the field of energy storage technology. 

Recent experimental investigations have demonstrated 

that incorporating AC produced specifically from 

coffee pulp and parchment markedly enhances the 

kinetic performance and overall characteristics of 

hydrogen desorption in magnesium hydride (MgH2).  

Through detailed thermal analysis of the MgH2-

AC composite, it has been determined that the most 

favorable hydrogen storage properties can be obtained 

by mechanically milling MgH2 with a concentration of 

5 wt% activated carbon. This formulation resulted in 

a substantial reduction of the onset dehydrogenation 

temperature, which was observed to fall within the 

342.36 to 356.56 °C range. Such a decrease is highly 

advantageous for practical applications, allowing for 

more efficient hydrogen release at lower temperatures. 

Moreover, the study further revealed that the 

introduction of 5 wt% of coffee parchment AC, which 

had been chemically activated using a 2% KOH 

solution, led to an even more pronounced reduction in 

the dehydrogenation temperature, lowering it to an 

impressive 342.36 °C.  

This finding underscores the potential of 

utilizing coffee industry waste not only as a value-

added product but also as a crucial component in 

developing advanced hydrogen storage solutions. As a 

result, this research opens up exciting pathways for 

enhancing hydrogen storage technologies, ultimately 

contributing to the advancement of renewable energy 

systems and promoting sustainability within the agro-

industry. 
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