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Remarkably improved electrochemical hydrogen
storage by multi-walled carbon nanotubes
decorated with nanoporous bimetallic Fe–Ag/TiO2

nanoparticles

Raziyeh Akbarzadeh,a Mehrorang Ghaedi, *a Syamak Nasiri Kokhdana and
Daryoosh Vashaee b

Nanoporous bimetallic Fe–Ag nanoparticles (NPs) were synthesized using a facile chemical reduction

method and used to decorate the surface of multi-walled carbon nanotubes (MWCNTs) for hydrogen

sorption and storage. The effect of TiO2 nanoparticles on the hydrogen storage properties of Fe–Ag/

CNTs was further studied in detail. For this purpose, several nanocomposites of nanoporous bimetallic

Fe–Ag/TiO2 nanoparticles with different amounts of bimetallic Fe–Ag NPs were prepared via a hydro-

thermal method. The hydrogen storage capacity of the as-prepared nanocomposites was studied using

electrochemical methods. The Fe–Ag/TiO2/CNT nanocomposite with 0.04 M bimetallic Fe–Ag NPs

showed the highest capacity for hydrogen storage, which was ∼5× higher than that of pristine MWCNTs.

The maximum discharge capacity was 2931 mA h g−1, corresponding to a 10.94 wt% hydrogen storage

capacity. Furthermore, a 379% increase in discharge capacity was measured after 20 cycles. These results

show that Fe–Ag/TiO2/CNT electrodes display superior cycling stability and high reversible capacity,

which is attractive for battery applications.

1. Introduction

Hydrogen energy is researched extensively as an alternative to
fossil fuels because of critical advantages such as large heat of
combustion (287 kJ mol−1), abundant supply, renewability,
high efficiency, environmentally compatible by-product (water)
and greenhouse gas emissions, etc.1,2 However, design and
development of appropriate hydrogen storage materials with
long-lasting stability is a scientific challenge that is crucial for
their use in a future hydrogen economy.3–5 Sodium boro-
hydride (NaBH4) has emerged as a new and promising hydro-
gen storage material.6–8

In recent years, great attention has been devoted to the
development of new porous materials with high hydrogen
sorption ability, such as carbon nanotubes (CNTs), graphene
and few-layer graphene.9–12 CNTs are a good choice for electro-
chemical hydrogen storage due to their unique physical and
chemical properties, such as high specific surface area,

impressive chemical stability, high mechanical ability, low
density and high electron-transfer rate.13,14

There are two hydrogen adsorption pathways in CNTs. First
is the physical adsorption of hydrogen molecules, which is
favored at a high pressure H2 atmosphere. Second is electro-
chemical adsorption of hydrogen, which is applicable in sec-
ondary batteries that are beneficial in configuring small-scale
energy storage systems.15 Electrochemical hydrogen storage
provides higher capacity at ambient temperature and atmos-
pheric pressure than conventional hydrogen storage techno-
logy at low temperature and high pressure.16

Metals, mainly Ni, Ag, Pd and Pt, or metal oxides, such as
TiO2 nanocatalysts, decorated onto CNTs lead to an increase
in hydrogen storage capacity through a very interesting
mechanism called spillover.7,13,17–20 Metal or metal oxide
nanoparticles spill hydrogen over the carbon nanotubes and
when their highest content is exposed to hydrogen during
the adsorption process the spillover mechanism is
achieved.19,21

Moreover, bimetallic catalyst nanostructures are a good
choice for achieving selectivity, stability and superior specific
activity in various applications, such as catalysis,22,23 chemi-
cal/gas sensors,24 fuel cells,25,26 hydrogen generation27 and
hydrogen storage,28,29 and are more favorable in sustainable
energy technology than their monometallic counterparts. The
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addition of the second metal may cause considerable changes
in catalytic properties, activity and selectivity.23

Palladium and platinum, and their bimetallic systems, are
a class of interesting materials for storing hydrogen due to
their fast adsorption/desorption rates, but their application for
hydrogen storage is restricted because of their high
cost.17,29–31

The conspicuous physicochemical catalytic properties,
strong structural characteristics and relatively low cost of silver
make it a noteworthy material for hydrogen storage. Silver can
combine with some other metals, such as iron, to form bi-
metallic systems.32,33 The effect of iron on improving the
effective storage capacity of such hydrogen storage alloys has
been investigated.34,35 In particular, bimetallic Fe–Ag particles
exhibited higher hydrogen storage compared to monometallic
Fe or Ag particles. This increase in storage capacity is attribu-
ted to the strong metal–metal interaction which enhances the
hydrogen spillover effect by adjustment of the electronic struc-
ture of Ag using Fe. The size and surface site distribution of
the particles has a significant influence on the electrochemical
response of hydrogen in hydrogen storage materials.29,36,37

Fast hydrogen diffusion in nanostructured materials signifi-
cantly improves the kinetics of hydrogen adsorption and
desorption.38–40 Therefore, CNTs decorated with bimetallic
materials are expected to have the ability of electrochemical
hydrogen storage.29,31 Additionally, metal oxides are attractive,
low toxicity and economical energy storage materials for
electrochemical capacitor applications.19 Among the metal
oxides, TiO2 with anatase41 and rutile42 phases has attracted
much interest and is a promising material for energy storage
because of its excellent charge storage capability, high redox
activity, low cost and superior electrochemical properties.43,44

To date, various composites have been developed based on
TiO2 and conductive components such as carbon nanotubes
(CNTs), graphene and carbon black.45–47 Research results have
demonstrated that TiO2 nanocatalyst-coated CNTs have better
electrochemical storage performance, which enhances their
hydrogen storage capacity, than pure CNTs.45,48,49

Inspired by these findings, we have studied low cost but
effective materials with a high capacity for hydrogen storage.
In this work, a Fe–Ag/CNT nanocomposite with high hydrogen
storage capacity was prepared by coating nanoporous bi-
metallic Fe–Ag nanoparticles, synthesized by a simple chemi-
cal reduction method, onto the surface of oxidized MWCNTs.
Moreover, nanoporous bimetallic Fe–Ag/TiO2 nanoparticles
with different amounts of Fe–Ag were synthesized using a
facile hydrothermal method, and subsequently the effect of
TiO2 nanoparticles on improving the hydrogen storage capacity
of Fe–Ag/CNTs nanocomposites was optimized. The absence
of any report on the application of nanoporous bimetallic Fe–
Ag/TiO2 nanoparticles decorated onto the surface of CNTs for
hydrogen storage encouraged our group to focus on this
aspect. The key finding of the present study is the best compo-
sition of bimetallic Fe–Ag/TiO2 nanoparticles that leads to a
significant improvement in their hydrogen storage efficiency.
Our studies have shown that nanoporous bimetallic Fe–Ag/

TiO2 nanoparticles decorated onto the surface of MWCNTs
with a composition of 0.04 M Fe–Ag nanoparticles significantly
enhance hydrogen storage capacity.

2. Experimental

The chemicals used in this investigation were iron(III) nitrate
nonahydrate (Fe(NO3)3·9H2O), silver nitrate (AgNO3), tri-
sodium citrate, titanium isopropoxide (TTIP) and multi-walled
carbon nanotubes (MWCNTs, outer diameter 10–20 nm,
length 20 µm) purchased from Sigma-Aldrich. Polyvidone 25,
sodium borohydride (NaBH4) and acetic acid were obtained
from Merck. Absolute ethanol and deionized water were used
during the preparation of powders. All chemicals were used
without further purification.

2.1. Materials characterization

The powder X-ray diffraction (XRD) patterns of the products
were determined using a Phillips X’Pert PRO equipped with a
Cu Kα source having a scanning range of 0–80° Bragg angle.
The morphological characterization was obtained using a
Philips XL-30FESEM field emission scanning electron micro-
scope (FESEM) equipped with an energy dispersive X-ray analy-
zer (EDS). Elemental distribution of the samples was revealed
using a HAADF-STEM-FEI Titan 80–300 high-angle annular
dark-field scanning transmission electron microscope
(HAADF-STEM) equipped with EDS. EDS spectroscopy and
elemental mapping were used for compositional analysis and
to investigate the homogeneity of the elemental distribution.
Raman spectra were measured with a Takram P50C0R10
Teksan dispersive Raman spectrometer equipped with a
532 nm Nd:YLF laser as the excitation source.

2.2. Preparation of nanoporous bimetallic Fe–Ag
nanoparticles and Fe–Ag/CNT nanocomposites

The nanoporous bimetallic Fe–Ag NPs were prepared as
follows: 5 ml 0.02 M Fe(NO3)3·9H2O, 5 ml 0.034 M tri-sodium
citrate and 10 ml 0.5 g polyvidone 25 (which all dissolved in
deionized water) were diluted by 20 ml of deionized water. The
mixed solution was stirred for 15 min at ambient temperature
under an argon atmosphere and subsequently 0.3 g sodium
borohydride in 20 ml deionized water was added dropwise.
After 1 h stirring, 5 ml 0.01 M AgNO3 and 10 ml sodium boro-
hydride solution (0.2 g NaBH4) were added dropwise into the
solution. After 2 h of stirring, the colloidal solution obtained
was centrifuged at 12 000 rpm for 10 min and washed several
times with deionized water and absolute ethanol and the pH
was adjusted to 7. The final product was dried in a vacuum
oven overnight at 50 °C for 24 h.

The Fe–Ag/CNT nanocomposite was prepared by reduction
of Fe(NO3)3·9H2O and AgNO3 precursors and loaded onto an
oxidized MWCNT suspension. A chemical oxidation method
was used to implant various oxygen-containing species onto
the MWCNTs according to the literature.50 First, 0.04 g oxi-
dized MWCNTs were mixed with 5 ml 0.02 M Fe(NO3)3·9H2O
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solution and stirred under air atmosphere for 2 h. Then the
process described above was performed, and after adding
additional sodium borohydride solution, the mixture was
stirred for 24 h.

2.3. Preparation of nanoporous bimetallic Fe–Ag/TiO2 nano-
particles and Fe–Ag/TiO2/CNT nanocomposites

In a typical procedure, 2 ml of the above-described nanopor-
ous, bimetallic Fe–Ag NPs, with concentrations of 0.01, 0.04
and 0.1 M, were dispersed in 30 ml absolute ethanol for
15 min and then 1 ml acetic acid was added and sonicated for
another 30 min. In the next step, 0.2 ml TTIP was added drop-
wise into the mixture and, after 1 h stirring at room tempera-
ture, the suspension was transferred into a Teflon-lined auto-
clave, which was sealed and heated at 150 °C for 12 h. After
cooling to room temperature, this solution was centrifuged at
7000 rpm for 10 min. The precipitate was washed with de-
ionized water and absolute ethanol once more. Finally, the bi-
metallic Fe–Ag/TiO2 NPs were dried in air at 80 °C for 12 h and
their products labeled as (0.01)Fe–Ag/TiO2, (0.04)Fe–Ag/TiO2

and (0.1)Fe–Ag/TiO2.
The typical process utilized for supporting the oxidized

carbon nanotubes with nanoparticles was as follows. To
prepare a colloidal suspension of CNTs, 2 mg oxidized
MWCNTs were dispersed in 20 ml deionized water under soni-
cation for 30 min. Then, 2 mg of as-prepared bimetallic Fe–Ag/
TiO2 nanoparticles were added to the scattered solution and
dispersed for 24 h. Finally, the products were collected by cen-
trifugation, washed with deionized water and absolute ethanol
three times and dried at 80 °C for 12 h.

2.4. Preparation of working electrodes

Copper foam with nano-sized pores was washed with acetone
and deionized water and subsequently dried under vacuum
conditions at 70 °C for 2 h. The as-prepared nanocomposites
were ultrasonically dispersed in 1 ml of 1 : 1 v/v deionized
water : 2-propanol and a few drops of Nafion 0.5 wt% mixture
for 30 min. Then, pure copper foam with a surface area of 1 ×
1 cm2 was coated with a thin layer of a sonicated solution of
the sample at 100 °C.

2.5. Electrochemical measurements

A Sama 500 potentiostat electrochemical workstation (Isfahan,
Iran) equipped with the three-electrode system was employed
for electrochemical studies at ambient temperature and
pressure in 6.0 M KOH aqueous solution. The platinum plate
and Ag/AgCl were used as the counter and reference electrodes,
respectively. For charging/discharging experiments, the pre-
pared working electrodes were fully charged at a current
density of 11 000 mA g−1 for 30 min followed by 5 min rest and
then discharged at 4000 mA g−1. The discharge cell potential
cutoff was set to 0.34 V.

Cyclic voltammetry (CV) measurement of the working elec-
trodes was done in a potential range of −1.2 to 0 V vs. Ag/AgCl
electrode at a scan rate of 100 mV s−1.

3. Results and discussion

The phase and purity of the samples were confirmed by
powder X-ray diffraction (XRD). Fig. 1a shows the XRD pattern
of nanoporous bimetallic Fe–Ag NPs which is composed of a
few sharp diffraction peaks appearing at 2θ values of ca. 38.2°,
44.6°, 64.7° and 77.7°, corresponding to the (111), (200), (220)
and (311) crystal planes of the face-centered-cubic (fcc) silver
(JCPDS no. 87-0717), respectively. The two distinct peaks at
44.6° and 64.7° are readily assigned to the characteristic (110)
and (200) diffractions of fcc iron (JCPDS no. 01-1262), but the
Ag peaks prevailed over the Fe peaks. The non-observance of
iron peaks in the bimetallic sample, which has about 57%
iron, is perhaps due to Fe particles that are surrounded by Ag
atoms, and this is further confirmed by FESEM and STEM
images. It is clear that there was no significant peak shift,
representing Fe and Ag phase separation, as well as the non-
existence of Fe–Ag alloy.

Fig. 1 also depicts XRD patterns for the bimetallic Fe–Ag/
TiO2 nanoparticles synthesized with different concentrations
of bimetallic Fe–Ag NPs, which display typical characteristic
peaks for anatase TiO2 (JCPDS no. 04-0477). The diffraction
peaks of the (004) crystal plane of anatase TiO2 and the (111)
plane of Ag overlapped with each other. The XRD profile of
(0.01)Fe–Ag/TiO2, as can be seen, has no peaks related to Fe
and Ag (Fig. 1b), which may be due to the low concentration
and high dispersion of metal species on the TiO2 surface.51

Increasing the concentration of Fe–Ag NPs leads to the appear-
ance of characteristic peaks assigned to the presence of
metals, as observed in the XRD patterns of (0.04)Fe–Ag/TiO2

(Fig. 1c) and (0.1)Fe–Ag/TiO2 (Fig. 1d). The absence of
additional peaks belonging to the impurity phase in all the
XRD patterns indicates the high purity of the samples
obtained.

As calculated from the full-width at half-maximum (FWHM)
of the (101) reflection peaks, the average crystallite sizes of bi-
metallic (0.01)Fe–Ag/TiO2, (0.04)Fe–Ag/TiO2 and (0.1)Fe–Ag/
TiO2 samples are 14.2, 9.3 and 10.4 nm, respectively, according

Fig. 1 The XRD patterns of bimetallic (a) Fe–Ag (b) (0.01)Fe–Ag/TiO2 (c)
(0.04)Fe–Ag/TiO2 and (d) (0.1)Fe–Ag/TiO2 nanoparticles.
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to Scherrer’s formula (D = 0.89λ/β cos θ), where D, λ, θ and β

are, respectively, the averaged dimension of crystallites, the
wavelength of Cu Kα1 radiation (0.1541 nm), the Bragg angle
of the peak and the FWHM peak in radians. It can be seen
clearly that the smallest average particle size is related to Fe–
Ag/TiO2 nanoparticles with 0.04 M of bimetallic Fe–Ag NPs.
This reduced particle size causes an increased surface area
and significantly enhances the ability to adsorb hydrogen.

The XRD patterns of bimetallic Fe–Ag and Fe–Ag/TiO2 nano-
particles decorated onto the surface of MWCNTs are given in
Fig. 2A. The peak at around 2θ = 26.3°, belonging to the (002)
plane corresponds to the MWCNTs, and overlaps with the

intense peak of anatase TiO2 (101) in Fe–Ag/TiO2 NPs deco-
rated on MWCNT samples. As can be seen in Fig. 2A, the XRD
patterns of Fe–Ag/CNT and Fe–Ag/TiO2/CNT nanocomposites
are almost identical to those of bimetallic Fe–Ag and Fe–Ag/
TiO2 (Fig. 1), respectively, which confirms the absence of a sig-
nificant change in the structure following loading on
MWCNTs. No apparent impurity phase is observed in any of
the XRD patterns.

The structure and crystallinity of Fe–Ag/CNT, (0.01)Fe–Ag/
TiO2/CNT, (0.04)Fe–Ag/TiO2/CNT and (0.1)Fe–Ag/TiO2/CNT
nanocomposites was further analyzed using Raman spec-
troscopy (Fig. 2B) and a summary of the results is shown in
Table 1. The typical Raman active modes of anatase TiO2 (D4h

point group) are composed of four peaks at the low-frequency
region around 147 (Eg), 395 (B1g), 514 (B1g) and 636 cm−1 (Eg). It
can be deduced that all the constructed samples are in the
anatase phase without any evidence for the presence of the
rutile phase, which is in good agreement with the XRD studies.

In general, the D (1350 cm−1) and G (1585 cm−1) bands
characteristic of graphite-based carbons7 were observed in all
experiments. The D band is mainly due to the presence of sp3

defect-induced disordering in carbon systems and the G band
is related to the vibration of the sp2-bonded carbon atoms of
graphite.52 The peak at 2633 cm−1 corresponds to the second
harmonic of the D (G′ or 2D) peak. The ID/IG intensity ratio of
the peaks is used as a rough measure of sample quality.53 The
slight increase in ID/IG ratio implied that more defects are
formed due to the presence of TiO2 in Fe–Ag/TiO2/CNT nano-
composites. Meanwhile, the high ID/IG ratio is suggestive of a
defect in the carbon structure which can facilitate diffusion of
H+ ions through the disordered region. On the other hand, the
defects created facilitate the spillover of hydrogen from nano-
porous bimetallic Fe–Ag/TiO2 nanoparticles to carbon nano-
tubes. The increase in the quality of the bimetallic (0.04)Fe–
Ag/TiO2 nanoparticles decorated onto MWCNTs, in compari-
son with the two other samples, indicates that the structure
appearing in the presence of 0.04 M bimetallic Fe–Ag NPs
leads to the destruction of MWCNT structures. Therefore,
preparation of a well-suited Fe–Ag/TiO2/CNT nanocomposite
with an appropriate amount of nanoporous bimetallic Fe–Ag
NPs is crucial.

Fig. 3A and B represent typical FESEM images of the nano-
porous bimetallic Fe–Ag NPs which approximately confirm the
nanoporous and homogeneous string structure consisting of
irregular pores several nanometers in diameter. These results
can be explained based on the large-scale Fe nanoparticles
being surrounded by small Ag nanoparticles that create a

Fig. 2 (A) The XRD patterns and (B) Raman spectra of (a) Fe–Ag/CNT
(b) (0.01)Fe–Ag/TiO2/CNT (c) (0.04)Fe–Ag/TiO2/CNT and (d) (0.1)Fe–Ag/
TiO2/CNT nanocomposites.

Table 1 List of the vibrational frequencies (cm−1) derived from the Raman spectra

Samples TiO2 peak position (cm−1) D band (cm−1) G band (cm−1) ID/IG

Fe–Ag/CNT — 1344 1561 0.75
(0.01)Fe–Ag/TiO2/CNT 147, 391, 507, 620 1344 1561 0.81
(0.04)Fe–Ag/TiO2/CNT 147, 391, 501, 620 1342 1557 0.88
(0.1)Fe–Ag/TiO2/CNT 147, 389, 519, 626 1343 1561 0.85
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nanoporous morphology that provides the large surface area
required for hydrogen adsorption. The EDS line profile
(Fig. 3C) suggests that the bimetallic Fe–Ag structure consists
of two parts, one rich in Fe (57%) and one rich in Ag (43%).

High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) was successfully applied to
further characterize the morphology and elemental distri-
bution of nanoporous bimetallic Fe–Ag nanoparticles. Fig. 4

clearly shows that the Fe nanoparticles with an average particle
size of 25–35 nm are surrounded by a large number of very
small Ag atoms that create a porous structure. The elemental
mapping images revealed the segregation of the Fe and the Ag
particles without alloying phenomena.

The FESEM images and particle size distribution, according
to digimizer software, of bimetallic Fe–Ag/TiO2 nanoparticles
synthesized with different concentrations of bimetallic Fe–Ag
NPs are shown in Fig. 5. The bimetallic (0.01)Fe–Ag/TiO2

sample is comprised of aggregated particles with low hom-
ogeneity. Increasing the content of the bimetallic Fe–Ag NPs,
from 0.01 to 0.04 and 0.1, lead to the formation of particles of
uniform size and morphology. The bimetallic (0.04)Fe–Ag/TiO2

sample is composed of separate and free aggregate nano-
particles (Fig. 5C) with an average particle size in the range
8–10 nm, in comparison with 14–16 nm for (0.01)Fe–Ag/TiO2

and 8–12 nm for (0.1)Fe–Ag/TiO2, which is consistent with the
results of XRD. The porous structure and reduction in particle
size leads to an increase in surface area which is desirable for
hydrogen sorption and storage. The EDS line profile, as shown
in Fig. 5G, strongly supports that the elements present are Fe,
Ag, Ti and O.

The surface morphology of the nanoporous bimetallic
(0.04)Fe–Ag/TiO2 nanoparticles decorated on the surface of
MWCNTs was examined by FESEM as shown in Fig. 6A, which
strongly shows the uniform formation of nanoparticles and
their high dispersion on the external wall of the MWCNTs
with a spherical morphology. The average particle size is
8.0–10 nm from measuring more than 100 nanoparticles. The
high dispersion of bimetallic Fe–Ag/TiO2 nanoparticles on the
MWCNT surface is one of the most important reasons for the
improvement in hydrogen storage capacity. As shown in
Fig. 6B, the EDS line profile confirms the existence of Fe, Ag,
Ti, O and C elements. In addition, the distribution of nano-
particles on the surface of MWCNTs was analyzed by elemental
mapping (Fig. 7). The results clearly reveal deposition of Fe, Ag
and TiO2 nanoparticles on the surface of MWCNTs.

A schematic of the synthetic process for the preparation of
Fe–Ag/TiO2 nanoparticles decorated on the surface of
MWCNTs is shown in Fig. 8.

To explore the electrochemical hydrogen storage perform-
ance of the as-prepared nanocomposites, a three-electrode cell
in a 6 M KOH solution was assembled (see Experimental
section for details) and the charge and discharge curves were
recorded as shown in Fig. 9A and B. The amount of hydrogen
stored, calculated from the measurement of released hydrogen
from various samples, and the discharge capacities are listed
in Table 2. The discharge capacity of copper foam before
coating is less than 1 mA h g−1 (Fig. 9C) which proves the low
and negligible contribution of copper foam to the discharge
capacity of the samples.

As shown in Fig. 9B and Table 2, the discharge capacity of the
Fe–Ag/CNT electrode is 1103 mA h g−1 which is higher than that
of the Ag/CNT electrode (845 mA h g−1). This is probably related
to strong electronic interactions between Fe and Ag, which sig-
nificantly boosts the hydrogen electrosorption properties of Ag.

Fig. 3 (A) and (B) FESEM images and (C) EDS line profile of nanoporous
bimetallic Fe–Ag nanoparticles.

Fig. 4 STEM and elemental mapping images of nanoporous bimetallic
Fe–Ag nanoparticles.
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It is clearly seen in Fig. 9B that the presence of TiO2 in the
Fe–Ag/CNT nanocomposite has a significant influence on the
improvement of the spillover phenomenon and discharge

capacity of the samples. TiO2 nanoparticles have outstanding
redox ability and serve as a catalyst, which can enhance the
reduction of H+ and the oxidation of H atoms.54 The discharge

Fig. 5 FESEM images and particle size distributions of bimetallic nanoparticles: (A) and (D) (0.01)Fe–Ag/TiO2; (B) and (E) (0.04)Fe–Ag/TiO2; (C) and
(F) (0.1)Fe–Ag/TiO2. (G) EDS analysis of (0.04)Fe–Ag/TiO2 sample shown in (B).

Fig. 6 (A) FESEM and (B) EDS line profiles of nanoporous bimetallic (0.04)Fe–Ag/TiO2 nanoparticles decorated on the surface of MWCNTs.
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capacity of the (0.1)Fe–Ag/TiO2/CNT electrode is higher than
that of (0.01)Fe–Ag/TiO2/CNT but lower than that of (0.04)Fe–
Ag/TiO2/CNT. The maximum discharge capacity of 2931 mA h
g−1 was obtained for the (0.04)Fe–Ag/TiO2/CNT electrode,
which is higher than that of the other two electrodes. It was
noteworthy that higher Fe–Ag content can wall up the channels
of the MWCNTs and reduce the effective positions for adsorp-
tion of H+ ions on MWCNTs. This leads to a lower discharge
capacity, by preventing hydrogen entrance into the tube.

It can be deduced that the hydrogen storage capacity of the
(0.04)Fe–Ag/TiO2/CNT electrode was 10.94 wt%, which is an
improvement of nearly 499% for hydrogen storage capacity in
comparison with pristine MWCNTs. The enhancement of
about 5 times is due to the interfacial diffusion of hydrogen
from the Fe–Ag/TiO2 nanoparticles to the carbon nanotube
surface. Furthermore, as shown in Fig. 9B, the discharging
plateau tends to become more stable for the Fe–Ag/CNT elec-
trode in the presence of TiO2. For MWCNT and Fe–Ag/CNT,
the discharging voltage plateau was observed at about 0.46 V
and 0.48 V, respectively, while for the Fe–Ag/TiO2/CNT electro-
des the discharging voltage plateau was seen at 0.58 V.

As a result, TiO2 nanoparticles can significantly improve
the adsorption of hydrogen atoms on the surface of Fe–Ag/
CNT nanocomposites. The results reveal that by controlling
the content of nanoporous bimetallic Fe–Ag NPs, Fe–Ag/TiO2/
CNT nanocomposites reach their highest discharge capacity
quickly. The Fe–Ag/TiO2/CNT nanocomposite with the
optimum composition of 0.04 M bimetallic Fe–Ag NPs signifi-
cantly enhances the hydrogen storage capacity of MWCNTs,
from 2.19 wt% to 10.94 wt%. Fig. 9D and E show the cycle life
and stability for electrochemical hydrogen storage of the (0.04)
Fe–Ag/TiO2/CNT electrode. A high and stable discharge
capacity of 11 108 mA h g−1 is achieved after 20 cycles which is
quite interesting with regard to battery applications compared
with other materials.17,29,48,55 This finding shows excellent
cycle stability and a high degree of electrochemical reversibility
in the repetitive charge/discharge tests.

Cyclic voltammetry (CV) curves were recorded to investigate
the electrochemical hydrogen adsorption/desorption behavior
of the Fe–Ag/CNT and (0.04)Fe–Ag/TiO2/CNT electrodes, as
shown in Fig. 10. In the cathodic direction, one broad hydro-
gen reduction peak is clearly observed at −0.95 V, which gener-
ally corresponds to electrochemical hydrogen adsorption on
the surface of the Fe–Ag/TiO2/CNT electrode, while for the Fe–
Ag/CNT sample the peak is around −1.0 V.9,48,56

During the reverse scan, the anodic current peak appears
around −0.5 V and −0.44 V for the Fe–Ag/TiO2/CNT and Fe–Ag/
CNT electrodes, respectively, which is related to electro-
chemical desorption of the hydrogen adsorbed onto the
surface of the electrode material.9,57 It can be deduced from
the curves that introducing TiO2 into the Fe–Ag/CNT nano-
composite leads to movement of the cathodic reduction and
anodic oxidation peaks in the positive and negative potential
directions, respectively.

These results indicate easier oxidation of H atoms and
reduction of H+, which can be attributed to the preferential
redox ability of TiO2 nanoparticles. Moreover, the negative
shift in the oxidation peaks suggests strong chemisorption of
hydrogen (atomic hydrogen bonded to CNTs).58

Furthermore, the considerable increase in the current
density of the hydrogen adsorption/desorption peaks implies
that the presence of TiO2 NPs improves the electrochemical
hydrogen storage capacity of Fe–Ag/CNT.

Based on the above discussion, the mechanism for the
electrochemical hydrogen storage process of the Fe–Ag/TiO2/
CNT nanocomposite electrodes can be explained as
follows.48,59

Fe–Ag=TiO2 þ xH2Oþ xe� Ð Fe–Ag=TiO2 � xHads þ xOH�

ð1Þ

Fe–Ag=TiO2 � xHads þ CNT Ð CNT � xHads þ Fe–Ag=TiO2 ð2Þ
Bimetallic Fe–Ag nanoparticles can act as redox sites for

hydrogen storage which enhances the spillover effect and
thereby increases electrochemical hydrogen adsorption on the
surface of MWCNTs. Moreover, the high redox activity of TiO2

NPs is advantageous for the decomposition of water molecules

Fig. 7 Elemental mapping images of nanoporous bimetallic (0.04)Fe–
Ag/TiO2 nanoparticles decorated on the surface of MWCNTs.

Fig. 8 Schematic diagram illustrating synthesis of the Fe–Ag/TiO2/CNT
electrode.
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Fig. 9 (A, B) Discharge curves of pristine CNTs, Ag/CNT, Fe–Ag/CNT, (0.01)Fe–Ag/TiO2/CNT, (0.04)Fe–Ag/TiO2/CNT and (0.1)Fe–Ag/TiO2/CNT
electrodes; (C) discharge capacity curve of copper foam in the absence of nanocomposites; (D) and (E) cycling performance of (0.04)Fe–Ag/TiO2/
CNT electrode.

Table 2 The discharge and H2 storage capacities of the different
nanocomposites

Sample
Discharge
capacity mA h g−1 H2 storage wt%

CNT 587 2.19
Ag/CNT 845 3.15
Fe–Ag/CNT 1103 4.12
(0.01)Fe–Ag/TiO2/CNT 1621 6.05
(0.04)Fe–Ag/TiO2/CNT 2931 10.94
(0.1)Fe–Ag/TiO2/CNT 1976 7.37

Fig. 10 Cyclic voltammetry curves of the Fe–Ag/CNT and (0.04)Fe–Ag/
TiO2/CNT electrodes.
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and the reduction of H+ in the charging process and oxidation
of H atoms in the discharging process. The presence of TiO2

on the surface of the Fe–Ag/CNT nanocomposite enhances the
surface area for hydrogen adsorption. Thus, the faster electron
transfer and larger surface area provide more active sites for
adsorption of hydrogen and supply greater electrochemical
hydrogen storage capacity.54

Comparison of the hydrogen storage capacity of the (0.04)
Fe–Ag/TiO2/CNT nanocomposite in relation to current research
with other reported hydrogen storage materials is reported in
Table 3. This strongly supports the application of Fe–Ag/TiO2/
CNT nanocomposite under electrochemical processes for
hydrogen storage, as it has high hydrogen storage capacity and
can deliver performance comparable with other recent hydro-
gen storage materials. As previously mentioned, electro-
chemical hydrogen storage is a highly valuable method that
provides more capacity than common hydrogen storage
technology at low temperature and high pressure.60

4. Conclusions

In summary, a novel nanocomposite structure with high hydro-
gen storage capacity was prepared based on the deposition of
nanoporous bimetallic Fe–Ag nanoparticles on the surface of
oxidized MWCNTs. TiO2 nanoparticles with high redox ability
were used as supplementary adsorbents so that the amount of
total adsorbed hydrogen was enhanced significantly. The pres-
ence of TiO2 on the surface of the Fe–Ag/CNT nanocomposite
increased the surface area and stimulated the Fe–Ag/CNT to
reach a large discharge capacity and significantly improved the
electrochemical hydrogen storage. Moreover, the capacity for
hydrogen sorption and storage depended strongly on the
content of bimetallic Fe–Ag nanoparticles. It was found that
the Fe–Ag/TiO2/CNT nanocomposite consisting of 0.04 M bi-
metallic Fe–Ag NPs can supply up to 2931 mA h g−1 dischar-
ging capacity, corresponding to 10.94 wt% hydrogen storage
capacity, which is by far the highest value amongst reported
CNT electrodes. It is notable that after 20 cycles, the capacity
increased by 379%, with excellent cycling stability, which is
highly promising for applications in secondary hydrogen bat-
teries. The demonstrated hydrogen storage capacity is both
large and affordable due to the low cost of the primary

materials and the methods involved in this process. As a
result, the electrochemical process of adsorption/desorption of
hydrogen in carbon materials decorated with transition metals
in bimetallic form and transition metal oxides as catalysts is
recommended as a hydrogen storage method for the future.
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