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Multiwall carbon nanotubes (MWCNT) with a diameter of 30—50 nm was added to the
negative electrode of a Ni—MH battery in order to study the effect of its purification
treatment on the electrochemical performance. Three different reflux assisted digestion
methods were analyzed. MWCNT were structural characterized before and after purifica-
tions by means of different techniques such as HRTEM, EDS, SEM, XRD and FTIR. Subse-
quently they were incorporated into the working electrode to evaluate the electrochemical
performance by charge/discharge cycling and rate capability.

Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
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1. Introduction

The science and technology related to hydrogen storage in
carbon nanotubes (CNTs) has been studied for several years.
Studies [1,2,3] show that the adequate CNTs aggregate to a Ni/
MH negative electrode can improve its electrochemical prop-
erties, exhibiting a good hydrogen storage capacity, high rate
capability, charging efficiency, durability and low impedance
[4]. The benefits have been attributed to the large reaction
surface and low internal resistance as well as the strong
resistance to CNTs oxidation which can improve performance
in cycles when introduced into the electrodes.

Among the studies are those made by Yi et al. [1,2] where
CNTs with different diameters were synthesized by chemical
vapor deposition (CVD), purified and added to Ni/MH working
electrode (WE). The maximum capacity obtained was
4259 mAh/g with 20—40 nm diameter CNTs, and later a

* Corresponding author. Tel.: +54 9294 415536694.

discharge capacity of 519.1 mAh/g was achieved by annealing
at 800 °C. However the charge and discharge current densities
were very small in the test.

Tsai et al. [5], developed a method to produce a new ma-
terial called buckypaper with an alloy of MmNis and MWCNT.
The high flexibility and good contact with the alloy provide
high electrical conductivity, revealing that it can be a versatile
replacement for the conventional anode of Ni/MH, thus
reducing significantly the cost and weight. Chen et al. [6] ob-
tained CNTs 20—30 nm diameter by catalytic decomposition of
methane over a LaNis alloy. The obtained CNTs were purified
in HCl and added to the active material, showing 267 mAh/g
discharge capacity.

Although the experiments demonstrated that CNTs are a
good choice as replacement of other carbon components,
they also reveal large differences [7], since the quality of a
nanotube sample may be influenced by the number of walls,
tube defects and even the sample purity. These are factors
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Fig. 1 — HRTEM images of MWCNT (a) as received, (b) in H,S04, (c) in NH;OH:H,0,, (d) in HCL:H,0,.

which may interfere with the sorption processes and the
capillary properties, losing the unique properties of carbon
nanotubes [8].

Thus, to achieve the full potential of the carbon nanotubes,
it is necessary to develop an easy and effective purification
procedure to remove impurities such as amorphous carbon,
carbon nanoparticles and metal particles that may be present.
That procedure would also allow the opening of the ends
which are usually closed.

The objective of this study is to analyze different CNTs
purification processes and determine how they influence the
electrochemical performance when they are added to a Ni/MH
negative electrode.

2. Experimental

The CNTs were produced by the Cheaptubes American Com-
pany, using chemical vapor deposition (CVD). These ones
have been characterized, purified and added to the anode of a
laboratory Ni/MH battery.

104§ —— CNT-0(a)
] i —— CNT-1 (b)
] ;e —— CNT2(¢)
3 . —— CNT3(d
8 @
] 3
2 ]
365 o
277
|%2] ]
g E Cu
+~ 1
£ 4
24
1 ||Fe
1 1 \coni cr e ® gu
] gAl Mn i
0 e/ X |
0 2 4 6 8 10
keV

Fig. 2 — EDS spectra of MWCNT (a) as received, (b) in H>SO,,
(C) in NH4OH:H202, (d) in Hcl:Hzoz.

2.1. Characterization of CNTs

The “as received” and purified CNTs were microstructural
characterized in a Philips CM200UT high resolution trans-
mission electronic microscope (HRTEM). The presence of metal
impurities was checked by energy dispersive spectroscopy (EDS)
coupled to the HRTEM, and the carbon impurities were detected
with infrared spectroscopy in a Perkin Elmer Spectrum 400 FTIR.
X-ray diffraction was measured with a Philips PW3700 diffrac-
tometer. The CNTs-added electrodes were analyzed in FEG
NovaNano 230 scanning electronic microscope (SEM).

2.2.  Purification of CNTs

The “as received” MWCNT were put in a reflux system at 75 °C
for 3 h and 80 mL of three solutions, H,SO, (3 M), NH,OH:H,0,
(3 M:30%) and HCL:H,0, (3 M:30%) mixtures. After that, the
samples were filtered and washed repeatedly by distilled
water until the pH value of the filtrated product was the same
as that of the distilled water. Finally, the sample was dried for
24 h at 105 °C.

100

—
Hc 304 — CNT-0 ()
X — CNT-1 (b) =
204 — cNT2 (o) [cAl
— CNT-3 (d) [co]

1 2 3 4 5 6 7\

0- T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm-!)

Fig. 3 — FTIR spectra of MWCNT (a) as received, (b) in H,SO,,
(C) in NH4OH:H202, (d) in HC]:Hzoz.
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Fig. 4 — XRD of MWCNT (a) as received, (b) in H,SO,, (c) in
NH40H:H202, (d) in HCl:HzOz.

2.3. Preparation of the working electrodes

After purification, the CNTs were mixed with LaNiz gCog 3M-
no3Aly 4 powder with particle size between 44 and 74 um [9],
and Carbon Teflon (Carbon Black Vulcan XC72 + PTFE) as
mechanical support and electric conductor. The mass radio
was 1:10:10 respectively. The mixture was pressed together
with a Ni mesh as current collector at 200 MPa. The working
electrode obtained had an 11 mm diameter.

2.4. Electrochemical characterization

An open cell with a three-electrode system (Ni mesh as CE and
Hg/HgO as RE) was used to measure the electrochemical prop-
erties in a 6 M KOH aqueous solution as electrolyte, at room
temperature. Charge/discharge cycling was studied at 0.5 C
current rate, charge time was 20% plus the nominal equivalent
capacity and discharge cut-off potential was —600 mV. The rate
capability test was made between 0.1 Cand 5 C.
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Fig. 5 — Discharging curves of working electrode made with
alloy-MWCNT (a) as received, (b) in H,SO,, (c) in
NH,OH:H,0,, (d) in HCI:HZOZ.

275

>

50 4
= 2507 2
Iy
é i <J\j‘\
22251 N\, \\
2 T .
% \o
% 200- T <
ED \o
% —0— CNT-0 (a)
2 75| —L—CNT-1(b)
A 1757 cnma (©)
CNT-3 (d)
1 50 T T T T T
0Cn 1Cn 2Cn 3Cn 4Cn 5Cn

Discharge current density (mA)

Fig. 6 — Rate capability of working electrode made with
alloy-MWCNT (a) as received, (b) in H>SO,, (c) in
NH,OH:H,0,, (d) in HCI:H202.

3. Results and discussion

Fig. 1 shows the HRTEM images of purified and unpurified
nanotubes. The initial sample (a) can be seen as structures
made up of graphene sheets rolled up on themselves as
30—50 nm diameter nanometer cylinders, and with the pres-
ence of bamboo like sections with closed ends in many cases.
Various defects are also observed, which distort significantly
the CNTs curvature, typically produced by the presence of
pentagons, octagons or heptagons. Those are embedded in the
graphite hexagonal network [10]. Furthermore, the presence
of a large amount of carbonaceous residues adhered to the
walls and metal particles embedded in the interior of the
tubes are observed as contaminants.

These observations call for the need of a purification pro-
cess to help remove sorbed material, to open the closed ends
and eventually contribute to the disappearance of the bamboo
structure necks that could interfere with the flow of hydrogen
when the CNTs is applied to a Ni/MH negative electrode.

The micrographs of Fig. 1(b) and (c) show the purified
nanotubes, where the treatments leave cleaner samples.
These results were confirmed by EDS analysis (Fig. 2) where
there is a decrease in the signals of the metals detected in
relation to unpurified nanotubes (CNTs-0).

The treatment carried out with sulfuric acid (CNTs-1), in
addition to removing metals, shows conservation of the CNTs
structure and length (Fig. 1(b)). The sorbed waste on the walls
was removed. This observation is confirmed by the disap-
pearance of the infrared spectrum bands 2 and 4 (Fig. 3), which
can be associated with amorphous carbon impurities and
hydrocarbon fragments as employed for CNTs synthesis [11].

The purification by mixture of ammonium hydroxide/
hydrogen peroxide (CNTs-2) preserves the nanotubes structure
(Fig. 1(c)), as in the treatment carried out with sulfuric acid, but
shows nanotubes shorter than CNTs-1. These last results are
consistent with the X ray diffractograms (Fig. 4), where the
sharpness peak located at the angle 26 25.5° indicates that the
graphite structure of the CNTs was oxidized without
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Fig. 7 — Working electrode made with alloy-MWCNT (a) as received, (b) in H,SO4, (c) in NH4,0H:H,0,, (d) in HCL:H,0,.
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significant damage, since any reduced crystallinity on the
CNTs peaks produces X-ray diffraction broader than standard
one and moves them to lower angles [12]. Furthermore, the
micrographs of Fig. 1(c) also show that some of the sorbed and
embedded residues are still present in the nanotubes.

The treatment carried out with hydrochloric acid/hydrogen
peroxide (CNTs-3) presents shorter nanotubes and a partially
degraded structure (Fig. 1(d)). Fig. 4 diffractograms show that
although treatment did not affect the main peak (26 = 25.5°),
there appear peaks for smaller angles. This phenomenon may
depend on the nanotubes being associated together due to the
modifications made by such treatment [13].

The electrochemical results allow us to differentiate the
electrodes made with treated and untreated nanotubes. The
charge/discharge cycling (Fig. 5) shows that the electrode
prepared with unpurified nanotubes has the lowest discharge
capacity, whereas the electrode CNTs-1 added has the largest
capacity, achieving 264mAh/g, value that is up to 14.2% higher
than the electrode CNTs-0 added. While the electrode pre-
pared using the CNTs-3, has the lowest discharge capacity of
the purified nanotubes, it is higher than the electrode with
unpurified nanotubes added, indicating that all purification
treatments have a positive effect that may vary in range.

The rate capability results (Fig. 6) show that the discharge
capacity at high rates becomes differentiated; revealing that
the electrode CNTs-1 added has the best performing features.
These results show that the electrode prepared with CNTs-1is
the most suitable for instantaneous high demand applica-
tions, such as in the case of the HEV.

SEM observations of the electrodes conformation show
that when untreated nanotubes (Fig. 7(a)) are aggregated, they
do not have greater interaction with the other components of
the electrode. It is also shown that the purified nanotubes
(Fig. 7(b)—(d)) interact with carbon teflon and CNTs-1 (Fig. 7(b))
also in particular interact with the alloy, which may improve
electronic conductivity between the particles after activation
of the metallic alloy.

4, Conclusions

The purification treatments made to carbon nanotubes posi-
tively influenced the electrochemical results of the electrodes
CNTs added. The electrode ensembled with sulfuric acid pu-
rified CNTs was able to increase the maximum discharge ca-
pacity by 14.2% compared with the electrode containing only
the metallic alloy. Furthermore, the electrode made with pu-
rified CNTs showed better performance at high rates in the
rate capabilities studies. These results are consistent with the
purity analysis, which showed reductions in the amount of
metals and carbon residue sorbed on the walls of the tubes.
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