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Abstract 

Functionalized carbon nanotubes (CNTs) attracted great attention for hydrogen storage due to their 

important properties such as large specific surface area, high conductivity and good mechanical 

properties. In this present paper multiwall carbon nanotubes (MWCNTs) have been functionalized with 

H2SO4/HNO, KOH and hydrogen adsorption/desorption have been studied on pristine and 

functionalized multiwall carbon nanotubes. The adsorption characteristics of MWCNTs functionalized 

with H2SO4/HNO3 , NaOH and KOH has been examined by using X-ray diffraction (XRD), Fourier 

transform infrared (FT-IR),  Scanning electron microscopy(SEM) & Adsorption uptake via Sievert’s 

type spectrometer.  
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 Introduction: - 

Carbon nanotubes (CNTs) are a group of hollow cylindrical graphitic nanomaterials composed of carbon 

atoms which are linked in hexagonal shapes. Basically, CNTs are classified into two types, one is single-

walled carbon nanotubes (SWCNTs) and other is multi-walled carbon nanotubes (MWCNTs) according 

to number of walls. By rolling a single layer of graphene sheets with carbon atoms into a hollow 

graphitic cylinder, SWCNTs can be formed and MWCNTs can be synthesized by multi-rolled layer of 

graphene sheets into concentric cylinders (Karimi M et al. 2015).  CNTs were discovered by S. Iijima in 

1991 by arc-discharge method (Iijima S et al. 1993), and they have attracted interest of researchers as 

the leading materials for various applications (Kumar S et al. 2018, Gupta S et al. 2018, Jun LY et al. 

2018). CNTs have various important properties such as high surface area to volume ratio, light weight, 

as well as physical, chemical, electrical and mechanical properties (Wu T et al. 2016, Wang JN et al. 

2016). Due to their unique structure and properties, CNTs have a huge potential as novel materials for 

applications in a super-capacitors (He S et al. 2017, Wan L et al. 2017), sensor (Yang N et. al 2015) due 

to its high surface area to volume ratio that allows for sensitivity, field effect transistors (FET) (Li J et 

al. 2012, Chen C 2007), photovoltaic devices (Bhatia R, Ujjain S et. al 2017, Bissett M et al. 2012), 

hydrogen storage (Mohammadi M et al. 2016). 
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Hydrogen storage is one of the most important application of CNTs, since hydrogen is one of the best 

renewable power source (Dunn S et al. 2002, Tour JM et al. 2010, Von Helmolt R, Ulrich E et al. 2007). 

Because combustion of hydrogen produces no carbon dioxide (CO2), or sulfur emission. Hydrogen has a 

higher energy per unit of mass but a lower energy per unit volume than any other fuel. By weight, 

hydrogen carries three times the energy of most common fuels. 1kg of hydrogen has approximately the 

same amount of energy as 1 U.S. gol of gasoline (approximately 3kg). In general, 6kg of hydrogen can 

drive a light car at a distance of 500 km (DOE 2015, Stetson N et al.2012, Stroman RO et al. 2014, Ball 

M, Marcel W et al. 2015). 30 years ago, hydrogen was recognized as “an essential element of a 

sustainable energy system” to provide safe, cost effective and environmentally friendly energy. 

Hydrogen is a lightweight atom found in abundance on earth in the form of chemical compound, for 

example water (Samsatli S et al. 2016 ). To reduce greenhouse gases in various human activities, 

including heavy transport, a solution is hydrogen technologies. 

Therefore, a safe, compact, efficient and cost-effective medium for hydrogen storage is one of the key 

challenges (US DOE 2006).  Because of hydrogen is the lightest element, it requires either large 

volumes or high pressures to store enough hydrogen (for reference, the US Department of Energy goal is 

7.5 wt % of gravimetric capacity). Storage of hydrogen as a liquid and as a compressed gas is not 

practical and safe. So solid state storage materials attract focus of researchers (J. Zheng et al. 2011). 

Carbon-based materials like carbon nanotubes (CNTs) have been considered to be an ideal medium for 

the reversible storage of hydrogen due to the large surface area to volume ratios, nano-porosity and light 

weight, hollowness, cylindrical shape, interstitial sites, nanometer scale diameter (Cheng JR et al. 2004). 

Since the early research by Song et al. (X. Qin et al. 2000, X. Chen et al. 2004) reported that multi-

walled carbon nanotubes (MWNTs) have large electrochemical hydrogen storage capacity (above 200 

mAh/g.  Due to numerous sites available on outer surface and interior surface of MWNTs, these are 

preferred for hydrogen storage (Wang, Y et al. 2003). However, high aspect ratio of MWNTs restricts 

their hydrogen storage capacity. Hydrogen adsorption and desorption is restrained due to the long path 

available for spreading of hydrogen molecules into the interior surfaces of carbon nanotubes (Chen et al. 

2008). Thus, it is compulsory to use a technique to reduce the hindrance for hydrogen entrance to the 

interior sites of carbon nanotubes. These techniques open the edges of carbon nanotubes and create some 

defects on their outer surfaces (Mosquera et al. 2014). Therefore, to make a significant change in CNTs 

specific surface area and porosity, special activation processes are required. 

 
 It has been observed that basic solutions, such as NaOH and KOH, have the capability to be used as 

activating reagents due to their strong chemical etching effects (Raymundo-Pinero et al. 2005, Chen et 

al. 2007, Jord_a-Beneyto et al. 2007, Wu et al. 2005, Jim_enez et al. 2009).There are two methods of  

CNT functionalization, one is  covalent functionalization (modifying the edge and surface area of CNT) 

(Singh et al. 2009) other is  non–covalent functionalization (encasing the surface of  CNT) (Zhao et al. 

2009).   By using strong acids such as H2SO4 and HNO3, Covalent functionalization can be done to 

improve the hydrophilic characteristics of CNTs (Shahnawaz et al. 2013).  The aim of present study is to 

check role of functionalization on hydrogen adsorption uptake of MWCNTs.  

 

Experimental details: - 

 
Materials 

  MWNTs (diameter=10-20nm, length=2µm, purity=99.99%), Sulphuric acid (H2SO4, 97%), Nitric acid 

(HNO3, 69%), Sodium hydroxide pellets (NaOH, 97%) and Potassium hydroxide pellets (KOH, 84%) 

were supplied by Sigma Aldrich Company. 
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Functionalization of MWCNTs 

Sample 1:- 1.5g of MWCNTs  mixed in 3:1 of mixture H2SO4 and HNO3 in a flask. The flask was 

ultrasonically vibrated in ultrasonic bath for 1.5h. After that, the mixture was diluted with 500ml of 

deionized water and filtered through filter paper. The black solid collected after filtration was washed 

several times with deionized water and dried in vacuum oven at 60˚C for 24h.  
 

Sample 2:- 4.5g of KOH pellets dissolved in 150ml deionized water then 1.5g of MWCNTs  mixed in 

it. The mixture was stirrer for 24h after that filtered, washed several times with deionized water and HCl 

then dried in vacuum oven at 60 ˚C for 24h. 

 

Sample 3:- 4.5g of NaOH pellets dissolved in 150ml deionized water then 1.5g of MWCNTs  mixed in 

it. The mixture was stirred for 24h after that filtered, washed several times with deionized water and HCl 

then dried in vacuum oven at 60 ˚C for 24h. 

 

Characterizations: -  
X-ray diffractometer (Panalytical) system in range of 2θ = 20˚- 60˚ used to determine average particle 

size of pristine and functionalized MWCNTs. Fourier transform infrared spectrometer (Bruker Alpha) 

mode in the wave number range 500-4000cm-1 was used to investigate the functional groups (O=C-OH 

and C-OH) that forms as a result during acid treated MWCNTs. The surface morphology of 

functionalized MWCNTs was analyzed using Field Emission Scanning Electron Microscopy (FE-SEM).  

Adsorption uptake measurements: -  
The hydrogen adsorption capacity of pristine and activated MWCNTs was measured by using a 

volumetric method. In volumetric methods which is also known as the Sievert’s method, the hydrogen 

sorption or uptake is measured by monitoring the drop in hydrogen pressure in a system of a fixed, 

known volume, with desorption being monitored by an increase in pressure. The assessment of hydrogen 

storage by MWCNTs. The schematic representation of the Sievert’s type set-up is shown in Figure 1. 

The apparatus consisted of two cylinders, one is H2 gas cylinder and another is Ar gas cylinder. The 

central part formed by two high pressure cells interconnected by a valve named as reference chamber 

and sample holder. The gas pressure was measured by digital pressure meter. This whole setup is 

connected to a software. 

 
                               Fig.1  Block diagram of Sievert’s type spectrometer 
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Results & discussion  

X-ray diffraction: -Fig 2, show XRD spectra of pristine and functionalized MWCNTs. The patterns of 

pristine and functionalized MWCNTs are almost same. In spectrum of MWCNTs the significant 

diffraction patterns are appeared at 2θ of 26˚ as shown in Fig.1, the 2θ peak is corresponds to (002) 

reflection plane or also known as interlayered spacing between adjacent graphite layers, respectively. 

Also, a weak peak observed at 2θ (42.50) indicating (100). Using the values of 2θ interplanar distance 

(d002) was determined by the Bragg’s law, which is expressed in following Eq. 

                                             nλ = 2dhklsinθ                                                   (1) 

where n is an integer shows order of diffraction peak, λ is the wavelength of CuKα radiation and dhkl is 

the interplanar distance with miller index. The average d-spacing values lie in the range of 3.4243Å. 

Therefore, it can be concluded that acid treatment does not have significantly influence on d-spacing, 

crystalline phase of the MWCNTs. 

 

Fig. 2. XRD spectra of pristine and functionalized MWCNTs. 

 

3.2. FT-IR characteristics:  Fig.3, represents FT-IR spectra of pristine and functionalized 

MWCNTs with various treatments in the range 500 to 4000 cm-1. All the spectrum showing almost same 

pattern except variation in intensity. Results obtained showed adsorption bands for aromatic C=C (1526 

cm-1), alkoxy C-O (1037 cm-1), hydroxyl –OH (near 3500 cm-1) observed in all spectrums and O-H 

groups presence may be due to the oscillation of carboxyl groups. Carboxyl groups on the surfaces of 

pristine MWCNTs could be due to the partial oxidation of the surfaces of MWCNTs during purification 

by the manufacturer. The stretching (O=H) vibration occurred in functionalized spectra can be assigned 

to the O-H stretch from carboxyl groups (O=C-OH and C-OH). Peak at 1694 cm-1 shows the presence of 

C-C stretching. Peak near 2900 cm-1 correspond to asymmetric C-H vibration in all spectrums.   
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                                 Fig.3. FT-IR spectra of pristine and functionalized MWCNTs. 

Surface Morphology (SEM): - Fig.4(a, b, c) represents surface morphology of pristine, as well as 

KOH and H2SO4/HNO3 functionalized MWCNTs. SEM has been used to investigate possible MWCNTs 

fragmentation occurred during treatment and used to detect possible morphological changes on 

MWCNTs surface. It is clear that pristine MWCNTs have a diameter distribution in between 10 to 12 

nm. After functionalization the diameter of MWCNTs has been found to be slightly increased up to 

18nm and dangling occurred on the surface of MWCNTs. 

 

 
Fig.4 SEM images of  (a) pristine MWCNTs(b) MWCNTs+KOH,  (c) MWNTs+H2SO4/HNO3 

 

Adsorption uptake 

Fig. 5, represents adsorption uptake of functionalized MWCNTs at room temperature. For adsorption 

uptake measurements the functionalized MWCNTs of 0.1g and 0.5g quantity were used inside the 

sample holder for hydrogen adsorption. A pressure sensor, with sensitivity of 0.011 atm, was used to 
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measure the hydrogen pressure inside the chamber. For leakage test argon gas flushed firstly, after that 

sample was mounted inside the chamber. After that hydrogen gas (>99.999%, of high purity) was 

purged to expose the MWNTs. Pressure decrease was measured with the time, and data points were 

recorded when no further change in pressure was observed. 

 
Fig. 5 Time vs H2 adsorbed wt% for functionalized MWCNTs. 

 

 The experimental results confirm that the functionalized MWNTs shows greater improvement. MWNTs 

have a strong tendency to agglomerate in accordance with their nano-size and respective high surface 

energy. However, the grafting of oxygen functional groups, such as carboxylates, on the MWNTs 

imparts negative charges that create the electrostatic stability required for dispersion. The oxygen 

functional groups on the surface of the MWNTs responsible for increase in the hydrogen storage 

capacity of functionalized MWNTs. The oxygen functional groups provide more hydrogen-related sites 

on the MWNTs.  

 

Conclusion 
In conclusion, functionalization of MWCNTs have been done via (H2SO4/HNO3, NaOH, KOH). The 

XRD spectra confirms hcp like crystalline structure and therefore could enhances surface area with 

higher roughness as well as hydrogen adsorption ability of the MWCNTs. FT-IR spectra confirms 

presence of the (OH, C=O, and COOH) groups on the surface of the carbon nanotubes. FE-SEM images 

show homogenous surface and favorable sites for adsorption uptake. The highest adsorption uptake 

upto ̴ 2wt% observed at room temperature. 
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