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In this study, carbon nanotubes (CNTs) were deposited directly on 
impregnated Fe/carbon paper (CP) substrate (CNT/CP) utilizing 
chemical vapor deposition (CVD) process with the aim of using them as 
electrocatalytic electrode. The influence of wet impregnation conditions 
and CVD growth parameters on the characteristics of CNTs was 
investigated. Field emission scanning electron microscopy (FESEM), 
Energy dispersive spectroscopy (EDS), Transmission electron microscopy 
(TEM) and Raman spectroscopy were applied to characterize nucleation, 
growth and morphology of CNTs on CP. Measurement of Contact angle 
(CA) determined 125.9 and 145.0 ⁰C for CP and CNT/CP that displayed 
an increase in water repellence and degree hydrophobicity of CNT/CP to 
15% than CP. Electrochemical impedance spectroscopy (EIS) analysis 
indicated the reduction of electrode charge transfer resistance from 5000 
ohm value from CNT/CP to ohm value for CP that shows the increment 
in electrical conductivity of CNTCP. Half-cell test analysis represented 
that the improvement of performance and the increase of power density to 
⁓8 % for Pt/CNT/CP compared to commercial catalyst Pt/C/CP (20 wt%) 
even with about 42% less Pt loading, can be attributed to strong adhesion 
of in-situ CNTs to the CP and lower agglomeration of CNTs along with 
outstanding electrical and thermal conductivity of CNTs. The obtained 
results indicated that the proposed nanostructure serves as a promising 
candidate for many technological applications specially carbon nanotube-
supported catalyst.

INTRODUCTION
In recent years, development of nanotechnology 

in the field of Science and Technology, attempts 
has been performed in order to achieve materials 
with high functionality, excellent quality and long 
lifetime. Among all innovative nanomaterials, 
Carbon nanotubes (CNTs) have attracted a great 

deal of attention due to their unique geometric 
shape, large specific surface area, excellent 
mechanical and thermal properties, high electric 
conductivity, fascinating chemical stability and 
relatively high oxidation stability [1–3]. These 
unique characteristics have made them proper 
candidates for many potential applications in 
various fields. Nowadays, carbon nanotube-
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supported catalyst have been extensively used 
as electrocatalytic electrodes in a wide range of 
applications including lithium ion batteries, super 
capacitors, field emission probes, electrochemical 
sensors, vacuum electronic devices and fuel cells 
[4–7]. For this purpose CNTs are predominantly 
grown on various substrates such as silicon wafer, 
alumina, stainless steel, nickel foam, glassy carbon, 
activated carbon, carbon cloth, carbon paper, etc 
[8–14]. In 2020, Peter et al. fabricated short Pt 
nanorods on CNTs which were deposited directly 
on carbon paper via plasma enhanced chemical 
vapor deposition (PECVD) and directly employed 
as cathodes for PEMFCs[15].

According to literature reports, two strategies 
are usually used to load CNTs on different 
substrates. In conventional method, CNTs are 
coated on substrates using techniques such 
as ink process or loading after being purified 
and functionalized with suitable solvents and 
additive agents [16]. In order to improve CNTs 
dispersion, ultrasonication, magnetic stirring and 
covalent or non-covalent chemical treatments 
using acids, surfactants or polymers and plasma 
treatment are often being used [17]. However, 
these pretreatments have negative effects on the 
structure and properties of CNTs and the content 
of employed CNTs is also very low [18]. On the 
other hand, in the alternative method, CNTs are 
grown directly on substrate using techniques such 
as chemical vapor deposition (CVD) process which 
is able to uniformly distribute nanotubes on the 
substrate without agglomeration compared to 
conventional methods [19–23]. In addition, in-situ 
grown CNTs have strong adhesion to the substrate 
which leads to higher durability to substrate 
and improves electron and thermal transport 
properties between CNTs and substrates [18]. 
According to Tang et al. [18] another advantage 
of using in-situ processes to grow CNTs lies in 
that the electronic pathways at the three-phase 
zone are ensured. Therefore, an enhancement in 
catalyst utilization is observed in comparison to 
the conventional ink-process fabrication method. 
Due to high stiffness, high tensile strength, low 
weight, high chemical resistance, high temperature 
tolerance and low thermal expansion, carbon 
paper, one of the carbon substrates, has been 
widely used as substrate to synthesize CNT 
for catalytic support [19, 24]. Although many 
researchers have studied the synthesis of CNTs 
using in-situ an ex-situ methods, however, given 

the challenges ahead of in-situ method, much 
more research is necessary. Li et al. determined 
the optimal growth conditions of CNT arrays on 
CP substrate using catalyst seed-impregnated CVD 
method in which a conductive CB layer was in close 
connection to CNT arrays and CP to reduce contact 
electrical resistance[25]. Li et al. synthesized 
multiwall carbon nanotubes (MWCNTs)/carbon 
fiber paper (CFP) composite using a CVD set up in 
which different metal catalysts such as Cu, Fe and 
Ni were used [19]. However, randomly oriented 
MWCNTs were obtained only on Ni particles. Xie 
et al. fabricated the in situ grown CNTs on carbon 
paper as a GDL by a plasma-enhanced chemical 
vapor deposition process. Fuel cells using CNT-
based GDLs showed better performance compared 
with the GDLs which employ Vulcan carbon black. 
The data obtained from the vapor permeability 
and the fuel cell performance tests indicated that 
the water flooding can be reduced by applying 
CNT-based GDLs which was attributed to its 
suitable hydrophobicity and proper structure[26]. 
In most cases before nanotube growth, catalyst 
deposition on carbon substrates is performed 
using variety of methods including sputtering [18, 
27], e-beam evaporation [28], spin coating [29] 
and electrodepositing [30] in which the presence 
of advanced facilities and equipment is necessary 
and inevitable. Therefore, these methods are 
time-consuming and costly in comparison to 
impregnation method.

In this study, we applied a simple method to 
deposit MWCNTs on CP surface (CNT/CP) using 
wet impregnation and chemical vapor deposition 
methods (without hydrogen gas) which are both 
simple, affordable and have potential capability 
for high scale production. It was specifically 
demonstrated that changing the effective 
parameters in wet impregnation method can 
proportionally optimize the deposition of catalyst 
particles and ultimately result in uniform growth 
of nanotubes. Effect of CVD parameters including 
reaction temperature, and reaction time on 
morphology and yield of CNTs were determined. 
Enhanced hydrophobicity and enhancement of 
electrochemical active surface and reduction 
of charge transfer resistance compared to bare 
carbon paper suggest that this optimized electrode 
can be used as a suitable catalytic support for 
many technological applications of electrocatalytic 
electrodes. Finally, CNT/CP electrode decorated 
with Pt catalyst (Pt/CNT/CP) was prepared with 
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Ethylene glycol reduction process. Electrochemical 
investigations of the Pt/CNT/CP electrode were 
performed using the half-cell testing analyzer.

MATERIALS AND METHODES
Carbon paper (TGP0120) and the commercial 

10 wt.% Pt/C catalyst were purchased from Fuel 
Cells ETC. Iron nitrate salt powder (Fe(NO3)39H2O), 
Chloroplatinic acid (40 wt.%), Sodium hydroxide 
(97%), Ethanol, Sulfuric acid (98%), Nitric acid 
(69%) and Ethylene glycol were supplied from 
Merck Company and used without further 
purification. Nafion 117 membrane and Nafion 
solution (5 wt.%) were obtained from Dopunt.

Treatment of carbon paper sheets
Carbon paper sheets are mainly suitable to 

be used as carbon electrodes or gas diffusion 
layers due to high mechanical strength and 
porous structure. The sheets are typically made of 
irregular carbon fibers with diameters of 8 to 10 
micrometers, density of 0.45 gr cm-3 and porosity of 
78%. In order to prepare suitable catalyst particles, 
the CP sheets were treated in order to attach 
carboxyl, carbonyl and hydroxyl functional groups 
on their surface using the following procedure. In 
the first method, CP was soaked in ethanol for 1 h, 
while in the second method the CP was refluxed 
in 7 molar (M) nitric acid at temperature of 120°C 
for 5 h. After refluxing, the sheets were washed 
repeatedly by deionized water until pH reached 
about 5.

Synthesis of CNTs on CP support
Wet impregnation method was used for 

catalyst deposition due to simplicity, no need for 
advanced equipment or sophisticated materials, 
cost-effectiveness and time saving in comparison 
to other methods [25-29]. To prepare 0.3 M iron 
(III) catalyst solution, required amount of iron 
nitrate salt was dissolved in ethanol and ultra-
sonicated for 20 min to reach a better dispersion. 
The CP pieces with 1cm ×1cm dimensions were 
impregnated in catalyst solution for periods of 1, 
30, 60 and 120 min at room temperature so that 
catalyst ions can react with surface functional 
groups using ion adsorption process [31]. After 
washing and drying, samples were placed 
inside the CVD furnace, composed of a quartz 
tube with an internal diameter of 50 mm and 
a length of 120 cm with heating zone of 5 cm, 
for calcination and synthesis of CNTs. Initially, 
in order to calcination of samples and provide 

better adhesion of metallic iron and iron oxides 
particles to carbon fiber substrate, Ar gas (with 
99.99% purity) was introduced with rate of 200 
sccm (standard cubic centimeters per minute) at 
500°C for 1 h. The temperature of the furnace was 
increased under constant Ar flow to the desired 
reaction temperatures (750, 800 and 850°C). In 
order to synthesize CNTs, acetylene gas (with 
99.9% purity) was used as carbon supply because 
of its low decomposition temperature and cost 
effectiveness [32]. After calcination and raising the 
furnace temperature to the desired temperature, 
the required values of acetylene and Ar gases 
(Ar/C2H2: 10) flowed into the furnace and on the 
CP surface. When, the required time passed for 
nucleation and synthesis of CNTs (10, 15, 20, 30 
min), the flow of acetylene gas was stopped and 
the furnace was turned off. Samples remained 
in the furnace under Ar flow rate of 300 sccm to 
reach ambient temperature. Schematic diagram of 
the whole CNTs synthesis process is shown in Fig 1.

Preparation of Pt/CNT/CP electrode for the half 
cell testing

In order to compare the performance of in-
situ CNTs synthesized on carbon papers with the 
carbon black as commercial supporting catalyst 
layer for fuel cell cathode, the CNT/CP pieces were 
decorated with Pt catalyst using an ethylene glycol 
reduction method. First, the CNT/CP was refluxed 
in 5 M nitric acid at 120 ºC for 3 h and dried at 120 
ºC for 5 h after washing several times with distilled 
water. Then refluxed CNT/CPs were immersed in 
desired amounts of catalyst solution which were 
previously dissolved in 25 mL of ethylene glycol 
and was stirred for 30 min. Few drops of 0.4 M 
NaOH were added until pH reached 9 and further 
stirred for 3 h at 120 ºC to complete the reduction 
process. After reaching room temperature, 
samples were washed and dried at 120ºC for 
5h, named as Pt/CNT/CP. For comparison, the 
commercial 10 wt% Pt/C was sonicated with 2 mL 
ethanol and 10 μL of 5 wt% Nafion for 20 min. The 
slurry of Pt/C was loaded on CP, dried at 120ºC for 
5 h, named as Pt/C/CP.

In order to prepare the working electrode for 
half-cell testing system, the processed Nafion 
membrane was soaked in 3 wt.% hydrogen 
peroxide and 0.5 M sulfuric acid at 80ºC for 2h 
(Liu et al. 2015). The prepared electrodes (Pt/CNT/
CP or Pt/C/CP) and Nafion membrane were hot 
pressed at 1000 psi and 93 ºC after adding 20 μL of 
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5 wt.% Nafion solution. To obtain similar situations 
to that of polymer fuel cells, 0.5 M acid sulfuric 
electrolyte in contact with Nafion membrane and 
water trapped oxygen gas with flow rate of 0.2 bar 
was applied in contact with the catalyst layer.

Characterization techniques
The morphologies of CNTs/CP after Fe 

nanoparticles deposition and synthesis of CNTs 
were examined using a Field Emission Scanning 
Electron Microscopy (FESEM, Model: MIRA3-
TESCAN) operated at voltage of 5 kV, equipped 
by an Energy Dispersive X-ray Spectroscopy (EDS: 
SAMx company, France) with an accelerating 
voltage of 5 kV. Transmission Electron Microscopy 
(TEM) images were recorded with a Zeiss-EM10C 
apparatus with an accelerating voltage of 80 kV. To 
prepare samples for TEM analysis, each piece of the 
carbon paper was soaked in deionized water and 
sonicated using a Misonix- S3000 ultrasonicator 
for 10 min. Then a drop of the solution was 
deposited on a carbon coated grid (Cu Mesh 300). 
Raman spectroscopy was performed on an Almega 
Thermo Nicolet Dispersive Raman Spectrometer 
with second harmonic 532 nm Nd:YLF laser 
excitation source in order to reveal the quality of 
CNTs in the papers. The laser was focused on a 100 
μm spot size in the sample with power of less than 1 
mW in order to keep the samples safe and prevent 
thermal degradation. The spectrum was measured 
over the range of 1000 to 2800 cm-1 with steps of 
4 cm-1. The contact angle (CA) of water droplets 

was measured using a CCD camera, OCA 15 plus, 
Dataphysics company with photography capability 
of Droplet. The electrochemical measurements 
were carried out at room temperature (23±1°C) 
using a potentiostat/galvanostat Ivium, 5612 AJ 
Eindhoven, Netherlands in a three electrode, 
two compartment configuration cell. A Platinum 
wire served as the counter electrode, a saturated 
calomel electrode (SCE) as the reference electrode 
and each piece of CP with 1cm×1cm dimensions 
as working electrode. The Fe loading on carbon 
paper was determined by inductively coupled 
plasma-optical emission spectroscopy (ICP-OES, 
Vista-Pro and Varian Australia). A SP150-Biologic 
potentiostat /galvanostat, was applied for half-cell 
test analysis. The counter electrode was a platinum 
wire, the reference electrode was Ag/AgCl and the 
working electrodes were 19 cm diameter circles 
of carbon substrate with contact surface area of 
0.785 cm2. 

RESULTS AND DISCUSSION
In order to determine the relative effect of 

impregnation and CVD growth conditions on the 
CNTs/CP assembly, impregnation time, growth 
time and temperature were varied accordingly. 
The ratio of carbon source/carrier gas flow rate 
was also adjusted [33, 34]. The effect of these 
variations on the morphology and relative density 
of CNTs and electrochemical properties of CNTs/
CP were quantified using FESEM, TEM, Raman 
spectroscopy, CA and CV analysis. The ethylene 
glycol process was applied to decorate the as 
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Fig. 1. Schematic diagram of the procedure to prepare in-situ grown CNTs on impregnated Fe/carbon paper.
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grown CNTs with Pt catalyst and the final electrode 
performance was examined by half-cell test.

Effect of pre-treating process on catalyst deposited 
CP

In order to investigate the deposition of 
catalyst particles on CPs, FESEM images were 
obtained. The CPs treated with ethanol, nitric 
acid and impregnated in solution of 0.3 M Fe+3 
for 1 h, assigned as Fe/EtOH-CP and Fe/HNO3-CP. 
Fig. 2 illustrates FESEM images of bare CP and 
impregnated CP in solution of 0.3 M Fe+3 for 1 h 
that was already treated in ethanol or refluxed 
in nitric acid. The images represent completely 
homogeneous deposition of catalyst nanoparticles 
on ethanol pretreated CP while the distribution 
and size of catalyst particles deposited on nitric 

acid refluxed CP is not uniform. In Fig. 2b uniform 
distribution of Fe particles on ethanol pretreated 
CP can be seen with dimension of 20 to 30 nm 
that were grown together to form a cluster or 
island. FESEM images specified that preparation 
or treatment of CPs with ethanol leads to 
homogeneous distribution of size and dispersion 
of catalyst nanoparticles on the CPs in comparison 
to nitric acid refluxed CPs. Certainly, this uniform 
distribution will affect the favorable growth of 
CNTs on the CP sheets.

Treatment of CP using ethanol solution 
introduces OH functional groups on the surface 
of CP while in nitric acid treatment apart from 
OH and COOH functional groups generation, 
carbon fiber walls in CP surface may be destroyed. 
Probably, destruction of carbon fibers walls, along 2 

 

    

  

 
 

Fig. 2. FESEM images of (a) pristine carbon paper and impregnated carbon paper in 0.3 M Fe+3 solution catalyst loadings and 
pretreated in (b) ethanol and (c) nitric acid.
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with increasing functional groups can enhance 
the deposition of Fe particles on CP surface. 
The increase in catalyst loading, obtained from 
ICP analysis (as seen in Table 1), on Fe/HNO3-CP 
compared to Fe/EtOH-CP shows that enhancement 
of deposited catalyst particles results in their 
agglomeration. Therefore, CP pretreated with 
ethanol for 1 h was chosen for the following 
experiments.

Also, to clarify nature and possible states of 
catalyst prepared by impregnation method, the 
XRD measurement was carried out. But there is 
not any diffraction peak representing the catalyst 
in the XRD pattern which is actually related to 
the low catalysts weight percentage generated 
through impregnation method [19, 35, 36]. This 
low loading was confirmed by ICP and EDS results, 
1.9 wt% and 2.22 wt% respectively (illustrated in 
section 3.6).

Effect of catalyst impregnation time
In order to investigate the effect of impregnation 

time on the amount of catalyst particles and the 
nucleation of CNTs, the pretreated carbon papers 
were impregnated in catalyst solution for 5, 30, 
60 and 120 min. After calcination and reaching 
the temperature of 800°C, argon and acetylene 
gas were simultaneously flowed for 5 min with 
flow rates of 150 sccm and 15 sccm, respectively. 
FESEM images of the samples were obtained after 
calcination and after the synthesis of CNTs, no 
significant difference in the samples was observed 
after calcination. Fig. 3 shows two different 
magnification FESEM images of the samples after 
synthesis process with increasing impregnation 
time. The remarkable point is the uniform growth 
of seedlings on the surface of all samples; it is 
obvious that an increase in impregnation time 
leads to increasing in the number of seedling. 
For the sample with 5 min impregnation time, 
the number of seedling was very limited while in 
the sample with 30 min impregnation time, the 
number of seedling was slightly increased (as seen 
in Figs. 3 a-d). Comparing Figs. 3e and g (samples 
with impregnation times of 60 and 120 min) shows 
that the excessive time of impregnation results 
in seedling over growth which further leads to 
the formation of agglomerated CNTs. Therefore, 
in the following investigations, all samples were 
impregnated in the desired catalyst solution for 1 h.

Effect of reaction temperature
After determination of the catalyst loading, 

further optimization experiments were performed 
by investigating the effect of reaction temperature 
for CNT growth. In order to optimize the reaction 
temperature, a series of growth processes were 
carried out at 750, 800 and 850°C with synthesis 
times of 20 min, the corresponding FESEM images 
of samples are illustrated in Fig. 4. In the sample 
under 750°C (Fig. 4a), no growth of CNTs was seen 
and only the nucleation of CNTs was formed which 
indicates that, at this temperature, decomposition 
of acetylene gas did not occur or can be attributed 
to the low solubility of carbon in iron catalyst at 
lower temperatures in comparison to the carbon-
iron eutectic temperature [34]. According to Fig. 
4b, increasing reaction temperature from 750 
to 800°C resulted in substantial increase in the 
density of CNTs on the CP surface. As shown in Fig. 
4c, further increase in reaction temperature from 
800 to 850°C not only changed the morphology 
of tubular structures, but also increased their 
diameter. The diameters of CNTs were about 
70 and 150 nm for 800, 850 °C, respectively. 
It can be due to the fact that with increasing 
temperature and sintering catalyst nanoparticles, 
the dimensions of catalyst particles increases, 
which in turn leads to an increase in diameter of 
deposited structures on the CPs [37]. Therefore, as 
discussed above, reaction temperature is one of 
the important factors to control of the density and 
morphology of CNT growth via the CVD process. 
Hence the action temperature was fixed at 800°C 
throughout the following experiment as the 
optimized temperature.

Effect of CNT growth time
According to CNTs growth mechanism, the 

density and morphology of CNTs on carbon paper 
could be influenced by the growth duration which 
is known to be an important factor for effective 
CNT growth [34]. Fig. 5 displays FESEM images of 
in-situ grown CNTs on CP samples that have been 
grown at different growth times of 10, 15, 20 and 
30 min. Fig. 6a indicates that perfectly uniform 
nucleation and growth of CNT in all sample surface 
appeared after 10 min. It can be clearly seen that 
the diameter, length and density of the in-situ 
grown CNTs increased with growth time from 10 
min to 20 min whereas such increase was not 

1 
 

 
Parameters Impregnation Time (min) Growth Temperature (°C) Growth Time (min) 

Ranges  5 30 60 120 750 800 850 10 20 30 
Optimul  Value 60 800 20 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 1. Optimul conditions of different effective parameters of CNTs growth on carbon paperby CVD.
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Fig. 3. Different magnification FESEM images of CNTs nucleation on carbon paper at 0.3 M Fe+3 solution with different catalysts 
impregnation times of: (a,b) 5min, (c,d) 30 min, (e,f) 60 min and (g,h) 120 min. Reaction temperature: 800°C; growth duration: 5 

min; Ar/C2H2 flow rate: 150/15 sccm.
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observed when the growth time was further raised 
to 30 min. As shown in Figs. 6a and b, at growth 
times of 10 and 15 min, almost randomly oriented 
nanotubes were formed with approximate lengths 
of 150 nm and 1µm but when growth time 
reached 20 min, length of the CNTs was more than 
5 micrometers with curved and tangled structures. 
When the growth time increased up to 30 min 
(Fig. 5c), it can be observed that in addition to the 
growth of CNTs a lot of impurities are abundantly 
grown.

Based on obtained optimal conditions are 
highlighted in Table 1 and considering the 
examined factors affecting in situ growth of CNTs 
on CPs and, a piece of CP was impregnated with 
0.3 M Fe3+ catalyst solution for 1 h. Then after 1 
h calcination at 500°C and reaching 800°C, the 
sample was exposed to Ar and C2H2 gases for 20 min 

with flow rates of 150 and 15 sccm, respectively. 
Figs. 6 display EDS spectra and FESEM images of 
the final sample at different magnifications. As 
Fig. 7 shows, not only an appropriate longitudinal 
growth of CNTs has been made, but also a very 
small amount of carbon impurities can be seen in 
the image. In fact, a network of CNTs was grown on 
the carbon fibers which cover over and between 
the fibers.

The elemental analysis of impregnated CPs 
in solution of 0.3 M Fe3+ before and after growth 
of CNTs for final sample was analyzed using EDS 
spectroscopy and illustrated in Table 2. Based on 
data from Table 2, 2.22 wt.% of Fe nanoparticles 
grow on the CP after wet impregnation which is 
almost the same as the value calculated from ICP 
analysis (1.9 wt.%). Also comparing the data in 
Table 2 reveals that the carbon percent increased 

4 
 

 

 

 
 
 
 

Fig. 4. FESEM images of CNTs directly grown on carbon paper at different reaction temperatures of: (a) 750 °C (b) 800°C and (c) 850°C. 
Fe+3 solution loading: 0.3 M; impregnation time: 1 h; growth duration: 20 min; Ar/C2H2 flow rate: 150/15 sccm.
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from 87.5 wt% before CNTs growth to 93.18 wt% 
after CNTs growth with 6 wt% increase which is 
referred to as the yields of nanotubes.

Fig. 7 represents typical TEM images of CNTs 
directly grown on CP fibers synthesized using 
under different conditions. As shown in Fig. 7, 
the in-situ grown CNTs are multiwall and carbon 
impurities such as helical structures were grown 
before optimizing of the synthesis condition. 
However, the amounts of impurities reduced 
when optimum conditions of CNTs growth were 
attained. Fig. 7b displays an image of the final 
sample that specifies a multiwall carbon nanotube 
with diameter of 60 nm and length of about 5 µm.

As the ultimate goal of growing CNTs on CP 
substrate is to create a suitable support for the 
catalyst layer in electrocatalytic electrodes, it is 
predicted that the formation of interconnected 
network of CNTs has favorable effect on the 
growth of final catalysts such as Platinum on the 
CP substrate. In other words:

1. Growth of CNTs on carbon fibers with 
diameters much smaller than carbon fibers 
provides the possibility of growing final catalyst 
with lower size distribution.

2. Formation of a network of CNTs covering the 
space between the fibers provide more surface 
area for the growth of the final catalyst and as a 
result most of the spent catalyst such as platinum 
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Fig. 5. FESEM images of CNTs directly grown on carbon paper at different growth durations: (a)10 min, (b) 15 min, (c) 20 min and (d) 
30 min. Fe+3 solution loading: 0.3 M; impregnation time: 1 h; reaction temperature: 800°C; Ar/C2H2 flow rate: 150/15 sccm. (Inset: 

images with larger magnification)
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Fig. 6. FESEM images with different magnification and  EDS spectra of CNTs directly grown on carbon paper at optimal conditions. 
Fe+3solution loading: 0.3 M; impregnation time: 1 h; reaction temperature: 800°C; growth duration: 20 min Ar/C2H2 flow rate: 150/15 

sccm.
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Fig. 7. TEM images of CNTs directly grown on  carbon paper (a) before and (b) after optimum growth conditions.



574

H. Rajaei Litkohi  et al. / Grown CNTs Network on Carbon Paper for Fuel Cells

J Nanostruct 10(3): 564-580, Summer 2020

can be used at catalyst formation step. Thus, it 
is expected that catalysts with lower dimensions 
can be formed which in turn lowers catalyst 
consumption and as a result dramatically reduces 
the overall costs of any electrocatalytic electrode.

Raman Spectroscopy
Raman spectroscopy is a capable technique to 

detecting minor structural changes, which makes 
it a very valuable tool in the characterization of 
carbon materials[38, 39]. In Fig. 8, Raman spectrum 
of bare CP is compared to carbon nanostructures 

grown on CP via the CVD process. The Raman 
spectra of grown samples confirm again that the 
carbon deposits grown on the CPs are multiwall 
CNTs as was observed in TEM image. Detailed 
information of Raman resonance is summarized in 
Table 3. Whilst all spectra display D and G bands 
common to carbon based materials, there are 
notable differences in the all spectra which confirm 
the results obtained in microscopy images. The low 
intensity of D-band  at 1351cm-1 for CP indicates 
high degree of graphitization in bare CP [40]. 

2 
 

 
 
 
 
 
 
  
 

Element before CNTs growth  after CNTs growth 
Line wt.% at%  Line wt.% at% 

Carbon Ka 87.54 91.47  Ka 93.18 95.99 

Oxygen Ka 10.24 8.03  Ka 4.52 3.50 

Iron Ka 2.22 0.50  Ka 2.29 0.51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 2. Quantitative results of impregnated CP in 0.3 M Fe+3solution before and after CNTs growth by EDS analysis.
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Fig. 8. Raman spectra of (a) bare CP, (b) CNTs/CP with growth duration of 10 min, (c) CNTs/CP with growth duration of 20 min and (d) 
CNTs/CP grown at optimized growth conditions (the final sample).
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Sample Name 
D band 
position 
(cm−1) 

G band 
position 
(cm−1) 

D' band 
position 
(cm−1) 

2D band 
position 
(cm−1) 

ID/IG 
(Height) 

I2D/ID 

(Height) 
FWHM 

(D band) 

CP 1348 1592 ---- 2410 0.63 1.91 111.93 
CNTs/CP-10 min 1366 1592 1621 2605 0.61 0.79 90.56 
CNTs/CP-20 min 1351 1578 1625 2605 1.09 1.01 52.17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 3. Detailed information of Raman resonance variations in CP and as-grown CNTs on CP.
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The 2D-band appearing at 2400 cm−1 is assigned 
to the overtone of D-band which corresponds to 
the existence of order in a wide range of material 
arising from a second order of double phonon 
scattering process creating an elastic phonon. Fig. 
8b shows the spectrum of sample prepared at 
growth time of 10 min with tube-like structures, 
length of less than 1 µm and diameter of about 
20 to 30 nm. Intensity of both D and G bands are 
not much different compared to bare CP peaks 
due to the very low yields of products but sharper 
peaks represents the growth of CNTs. Figs. 8c 
and d show the spectrum of samples before and 
after the optimal growth conditions with different 
purities as seen in related FESEM images in Figs. 
5c and 6. The intensity ratios of D/G and 2D/D 
bands are known as one of the important features 
to determine the graphitization degree or lattice 
distortion in carbon materials. As can be seen in 
Table 3, the decrease in ratio of ID /IG and increase 
in ratio of I2D /ID corresponds to fewer defects and 
higher quality of CNT structures. Another index 
of the relative graphitization in carbon based 
samples is the full width at half maximum (FWHM) 
intensity of the D-band [41]. As can be seen in 
spectrums, reduction of the amount of impurities 
results in decreasing FWHM of the D-band. A 
clear difference between Raman spectra of bare 
CP and CNTs is the appearance of D’ shoulder in 
the region of 1617- 1625 cm-1 near the G-band. 
Appearance of this peak may be assigned to small 
crystallite sizes appearing when two-dimensional 
order is formed [40, 42].

Contact Angle results
Figs. 9 a-c show cross-view photographs of 

water droplet on the surface of bare carbon paper 

and in-situ grown CNTs with growth durations of 
10 min and 20 min (the final sample), respectively. 
To indicate the hydrophobicity of the samples 
surface, three drops of water were put at different 
positions on a sample surface and the deviation 
of three contact angle readings was about 2.5°. 
According to the measurements, the Contact 
Angle of water droplet for bare carbon paper and 
samples grown at 10 and 20 min were 125.9, 135.7 
and 145.0°, respectively. The CA measurements 
display that the wetting of CP was changed by 
growth of CNTs as the degree of hydrophobicity 
of CP was increased. Results indicated that the 
changes in the degree of hydrophobicity depend 
on the thickness of the CNTs network that grown 
on the CP. The hydrophobicity of the sample grown 
at 10 min with length of less than 1 μm increased 
7.8% while the sample with growth duration of 20 
min (the final sample) and length of more than 5 
µm encountered 15% increase. This can be related 
to the formation of valleys and hills during the 
growth of CNTs on the CP surface which decreases 
the available surface contact area to water [43]. 
For CNTs, the hydrophobicity originated from the 
appearance of hydrophobic C=C or C–H groups 
which prevents permeation of water into the 
valleys [44], when water droplets are placed on 
the surface of CNTs network, a few air trapped into 
the created valleys and hills that in turn prevented 
the penetration of more water [45, 46]. Therefore, 
the water droplet forms a quasi-spherical shape 
on the CP surface and therefore could not be able 
to wet the substrate surface.

Electrochemical investigation
Voltammetry is a standard technique used 

for electrode characterization. Hence, the 
electrochemical properties of both CNTs/CP (for 
the optimized final sample) and bare CP electrodes 
were determined by Cyclic Voltammetry. Fig. 
10 shows CVs of CNTs/CP electrode and bare CP 
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Fig. 9. Cross-sectional view photographs for water droplets on: (a) bare carbon paper and  grown CNT directly grown on the CP with 
growth duration of (b) 10 min and (c) 20 min (for final sample).
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electrode in 0.5 M H2SO4 in order to examine 
whether CNTs were deposited on CP support. 
Comparing the two curves in Fig. 10 indicates that 
these MWCNTs are electrically connected to the 
CP of the fuel cell backing layer [47]. The form of 
rectangular shape of voltammetry characteristic 
of CNTs/CP electrode in Fig. 10 show the behavior 
similar to electric double layer capacitors 
(EDLC) [48]. The storage mechanism in EDLCs or 
ultracapacitors is not Faradic, but only it is based 
on ion adsorption between the interfaces of 
electrodes and electrolyte. Therefore, there is no 
chemical reactions on the charging and discharging 
of such ultracapacitors and the energy is stored 
electrostatically [49]. These electrodes are only 
based on carbon materials with large specific 

surface area, such as CNTs due to their highly 
accessible surface area, nano-scale structure and 
good electrical conductivity [50]. Comparing the 
curves in Fig. 11 specifics the higher charging and 
discharging capacitance for modified electrode 
by CNTs. This can be attributed to larger reaction 
surface area and easy transport of electrons from 
CNTs to CP that can be originated from either 
ballistic electron transport or high density of state 
in the CNTs [51]. 

Electrochemical impedance spectroscopy 
(EIS) was used to investigate the electrochemical 
behavior of the electrodes. The EIS spectra of CP 
and CNTs/CP electrodes were measured in the 
frequency range of 100 kHz to 0.1 Hz at open 
circuit potential. The typical Nyquist plots of CP and 
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CNTs/CP electrodes present in Fig. 11a and b. Also, 
the Nyquist plot of CP electrode in low impedance 
range is shown in Fig. 11b for comparing the 
behavior of electrodes. The Nyquist plots consist 
of a semicircular curve in the high frequency 
region and an inclined line at low frequency. The 
high frequency semicircle corresponds to charge 
transfer resistance in which larger diameters of 
semi-circle indicates lower electrical conductivity 
[19]. As shown in Fig. 11b, the diameter of semi-
circle CNTs/CP electrode is less than CP electrode 
that indicating the reduction of electrode charge 
transfer resistance. Also the impedance range 
of both curves is quite comparable, kilo-ohm 
impedance of CP electrode in comparison to ohm 
impedance of CNTs/CP electrode. The different 
range of electrodes impedance indicates the 
increment in electrical conductivity of the modified 
CNTs/CP electrode than pure CP electrode. 
Conductivity of CP electrode is relatively weak 
while high conductivity of CNTs/CP is related to the 
additional conductivity provided by the network 
of CNTs on the surface of CP. In addition, ultra-high 
electrical conductivity of CNTs can compensate the 
contact resistance between CNTs themselves and 
between CNTs and CP in CNTs/CP electrode. The 
inclined line at low frequency indicates a capacitor 
response that if the slope of line is near to 90°, it 
behaves like a ideal capacitor [52, 53]. Therefore 
EIS spectra of electrodes present the behavior 
similar to EDLC, as seen in Cyclic Voltammetry. The 
slope of linear part for CNTs/CP electrode is more 
than CP electrode that specifies the enhancement 
of charge/discharge capacitance for modified 
electrode by CNTs. Increasing of charging and 
discharging capacitance can be due to outstandig 
properties of CNTs such as high reaction surface 
area. CV and EIS results along with wonderful 

microstructure of composite reveal that the CNTs/
CP composite is an appropriate choice as catalyst 
support or electrocatalytic electrode for many 
technological applications.

Also, the main issues for using CNTs in 
electrocatalytic electrodes are concerning the 
adhesion of these CNTs to the CP and subsequently 
ensuring the amount of remained CNTs on the CP 
during the following processes such as catalyst 
deposition and working electronic devices. In 
order to investigate the durability of CNTs on the 
CP, the final sample was immersed in deionized 
water and ultrasonicated for 1 h. As expected, after 
sonication there were no visible black particles in 
solution that indicates the CNTs adhered strongly 
to the CP due to their in situ-growth on Carbon 
paper support.

The performance of Pt/CNT/CP electrode at half-
cell testing

Finally, the electrocatalytic performance of the 
Pt/CNT/CP electrode for PEM fuel cell cathode 
and comparison with commercial Pt/C coated CP 
were tested using a half-cell testing setup. The 
half-cell ex-situ setup provides a fast and highly 
cost-effective approach to investigate the cathode 
half reaction in polymer fuel cells, the related 
catalytic mechanism and the effect of operating 
conditions on the reaction for optimal selection of 
the catalyst and catalytic substrate. The potential 
ranges of 1.2 to 0 V with scan rate of 10 mV s-1 was 
applied to activate each electrode. Fig. 12 shows 
the recorded polarization and P-I curves of the 
Pt/CNT/CP, and Pt/C/CP electrodes. The details 
of the half-cell testing for the CP, CNT/CP and Pt/
CP electrodes have been discussed in previous 
reports (Rajaei Litkohi et al. 2017). The maximum 
power density and the related current density and 
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Fig. 12. The comparison of the half-cell test performance using the Pt/CNT/CP and Pt/C/CP electrodes: (a) Current–Potential curves 
and (b) Current–Power curves, in 0.5 M H2SO4 at the potential 0.4 V (vs SCE).
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voltage obtained from half-cell test for prepared 
electrodes and reference electrodes are presented 
in Table 4, as well. A comparison of maximum 
power density of Pt/CNT/CP, CNT/CP and CP 
indicates that catalyst plays animportant role in 
oxygen reduction reactions (ORRs) at the site of 
the cathode electrode of the fuel cell; the existing 
of CNTs without a catalyst (CNT/CP electrode) 
had no effect on the oxygen reduction reaction. 
The maximum power densities for the Pt/CNT/
CP and Pt/C/CP were 4.787 and 4.437 mW/cm2, 
at current densities of 19.150 and 15.930 mA/cm2, 
respectively. Therefore, when the particles of the 
Pt catalyst are deposited on the CNT/CP electrode, 
the oxygen reduction reaction rate is reduced; 
its maximum power increases by about 8% from 
4.787 to 4.437 mW/cm2 compared to a platinum 
electrode coated on Carbon black/CP. For a more 
accurate comparison of the performance of the 
electrodes, an ICP analysis was performed to 
obtain the precise amount of Pt catalyst in the Pt/
CNT/CP and Pt/C/CP electrodes. It was revealed 
that the amount of Pt catalyst in Pt/CNT/CP was 
8.5 wt% which is much lower than the 20 wt% for 
Pt/C/CP. Thus, the Pt/CNT/CP electrode exhibits 
higher electrocatalytic performance in comparison 
to the Pt/C/CP electrode, despite lower Pt catalyst 
loading. The reason can be attributed to unique 
morphological structure and intrinsic electrical 
properties of the CNTs or fast electron transfer and 
less energy loss through direct growth of CNTs on 
carbon paper.

CONCLUSION
This work has demonstrated that the degree 

of hydrophobicity and electrochemical activity 
of CP including carbon fibers can be enhanced 
by decoration of CNTs. A CNTs/CP electrode 
was formed by catalytic growth of CNTs on CP 
using CVD technique. FESEM, TEM and Raman 
analysis showed that the parameters governing 
wet impregnation method and CVD growth 
have significant impact on the nucleation and 
growth of CNTs, which subsequently affects their 
structure and morphology. The synthesized CNTs/
CP electrode under optimized conditions presents 
15% water repellency enhancement compared to 
bare CP. It can be originated from hydrophobic 

Table 4 Maximum power density and related current density and voltage of the prepared electrodes and comparison to the reference 
electrodes.

characteristics of CNTs as well as a large amount 
of air trapped between CNTs network that 
prevents the wetting of CP. Also electrochemical 
characterizations showed the behaviour of electric 
double layer capacitor and reduction of charge 
transfer resistance of the CNTs/CP electrode 
compared to CP. In addition, the results of half-
cell testing investigations demonstrated that the 
electrocatalytic performance and power density 
of Pt/CNT/CP is about 8% higher than Pt/C/CP 
electrode even with about 42% less Pt loading, 
which can be attributed to the increase in surface 
area, ballistic electron transport or high density 
of state in the CNTs compared with carbon black. 
Therefore, obtained results from CA, CV, EIS and 
half-cell testing characterizations suggest that 
the CNTs/CP composite can be considered as 
a promising candidate for many technological 
applications specially carbon nanotube-supported 
catalyst.
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