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a b s t r a c t

A novel plastic/multi-walled carbon nanotube (MWNTs)-nickel (Ni)-platinum (Pt) electrode (PMNP) is pre-

pared by chemical-reducing Pt onto the surface of Ni film covered plastic/MWNTs (PM) substrate. The MWNTs

are adhered by a piece of commercial double faced adhesive tape on the surface of plastic paper and the Ni

film is prepared by a simple electrodeposition method. The morphology and phase structure of the PMNP

electrode are characterized by scanning electron microscopy, transmission electron microscope and X-ray

diffractometer. The catalytic activity of the PMNP electrode for NaBH4 electrooxidation is investigated by

means of cyclic voltammetry and chronoamperometry. The catalyst combines tightly with the plastic paper

and exhibits a good stability. MWNTs serve as both conductive material and hydrogen storage material and

the Ni film and Pt are employed as electrochemical catalysts. The PMNP electrode exhibits a high electrocat-

alytic performance and the oxidation current density reaches to 10.76 A/(mg·cm) in 0.1 mol/dm3 NaBH4 at

0 V, which is much higher than those in the previous reports. The using of waste plastic reduces the discarding

of white pollution and consumption of metal resources.

© 2015 Science Press and Dalian Institute of Chemical Physics. All rights reserved.

1. Introduction

Nowadays, hydrogen energy has attracted much attention as an

environmental friendly energy [1,2]. So the study of hydrogen storage

materials (e.g. hydrogen storage alloys [3–5], carbon nanotubes [5,6],

metal organic [7], hydrogen-rich compound [5,8–10]) becomes a hot

topic. In recent years, fuel cells employed hydrogen contained as fuel

have come to be a big plan and made tremendous progress [5,8–10].

Direct borohydride fuel cells (DBFCs) employing sodium borohy-

dride (NaBH4) directly as the fuel have caught scientists’ interests due

to their high power density, high open circuit voltage, low pollution,

and so on [5,11–16]. NaBH4 owns a high hydrogen contents (10.6 wt%)

and the complete electrooxidation of NaBH4 generates 8 electrons

(Eq. 1) [5,11–27]. Besides, NaBH4 is non-toxic and exhibits a good sta-

bility in alkaline solution and the electrooxidation of NaBH4 does not

release any pollutant. All of them decide NaBH4 to be a promising

fuel. The choice of catalysts for NaBH4 electrooxidation determines
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the electrode performance and future.

BH−
4 + 8OH− → BO2

− + 4H2O + 8e− (1)

Hydrogen storage alloys (e.g. AB5-type alloys [3–5]) and transi-

tion metals (e.g. Ni [17,18], Co [19], Cu [20], Zn [21]) are alternative

low cost catalysts for the electrooxidation of NaBH4. However, most of

them suffer the drawback of lower catalytic performance compared

with noble metals (e.g. Pt [22,23], Pd [24,25], Au [26], Ag [27]). So,

many scientists combine base metals with noble metals to achieve

a high catalytic performance and reduce the catalytic price at the

same time [22,23,25,26]. Wang et al. [3] prepared Au doped AB5-type

alloy by a simple chemical reduction method for DBFCs. Our team

prepared Pd doped AB5-type alloy [4] and Pd modified three dimen-

sional porous Ni film [25] electrodes in a similar chemical method

for NaBH4 electrooxidation. All of them obtained a much higher

electrocatalytic performance than these pure AB5-type alloys and Ni

film.

Nowadays, people are facing the increasingly serious environmen-

tal problems. So, environmental awareness should be considered in

every corner of our life. On the tradition, metal materials (e.g. Ni foam

[3–5,25,28], Cu foam [29], Ti plate [24,30], Al foil [31]) are widely used

as substrates of electrodes and have gotten big success due to their
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Fig. 1. Fabrication process of plastic/MWNTs–Ni–Pt (PMNP) electrode.

high electronic conductivity. However, the metal resources are get-

ting more and more rare with the large consumption. In recent years,

trivial materials in our dairy life have been widely employed as elec-

trode substrates after physical or chemical procedures [18,19,32–40].

Cui et al. [32–34] employed carbon nanotubes (CNTs) modified com-

mercial available sponge and textile as electrode substrates for wear-

able energy devices. Li and Hu et al. fabricated an anode consisting

of a Sn thin film deposited on a hierarchical wood fiber. Cui et al. [35]

and Chan et al. [36] coated CNTs/Ag and LiCoO2 on the surface of com-

mon papers by a simple meyer rod coating method, respectively, and

then employed them as electrode materials. Recently, our team has

fabricated MWNTs modified sponge/textile and graphite modified A4

paper to serve as electrode substrates [18,19,37]. All of the sponge,

textile and paper are environmental friendly and cheap.

Plastic, a kind of non-degradable chemical material, are widely

used everywhere in our dairy life for more than decades of years and

have caused serious environmental pollution. In this paper, we em-

ployed waste plastic paper as electrode substrate. The MWNTs are

adhered by a piece of familiar double faced adhesive tape and serves

as both conductive material and hydrogen storage material [5]. Ni

film and Pt are used as effective catalysts for the electrooxidation

of NaBH4. The as-prepared plastic/MWNTs–Ni–Pt (PMNP) electrode

exhibits a high electrochemical performance of 10.76 A/(mg·cm) in

0.1 mol/dm3 NaBH4 at 0 V, which is much higher than those in the

previous reports.

2. Experimental

All chemicals were analytical grade and were used without further

purification. Fig. 1 shows the fabrication process of the PMNP elec-

trode. First, a piece of commercial double face adhesive tape which

consists of ethoxyline resin (KunShan HeXing Yuan Electronics Co.,

Ltd.) sticks to the surface of a piece of obsolete plastic paper (The plas-

tic bag of Kangshifu instant noodles). Second, the MWNTs (>50 nm

in outer diameter and 10–20 μm in length, Shenzhen Nanotech Port

Co. Ltd.) are uniformly adhered on the tape surface and then are

pressed under a pressure of 6 MPa. The mass of the MWNTs on the

plastic paper is about 3.2 mg/cm2. Third, the plastic/MWNTs (PM) is

cut into a 10 × 10 mm2 (1.0 cm2 planar area) sheet and then im-

mersed in 2 mol/dm3 NH4Cl and 0.1 mol/dm3 NiCl2 for the electrode-

position of Ni on the PM, which was performed using the Autolab

PGSTAT302 (Eco Chemie) electrochemical workstation in a conven-

tional three electrode electrochemical cell with a saturated Ag/AgCl,

KCl reference electrode and Pt foil counter electrode. The electrode-

position was carried out at a constant potential of −1.0 V for 10, 30

and 60 min. The mass of the Ni film on the PM is about 19 mg/cm2.

At last, the plastic/MWNTs–Ni (PMN) is immersed in a solution

Fig. 2. Stability test of plastic/MWNTs in alkaline medium.

contained 1 mmol/dm3 H2PtCl6 for 10, 30 and 60 s to obtain the

PMNP electrode (galvanic replacement). NaBH4 electrooxidation was

also performed in the same three electrode electrochemical cell using

a 1 cm2 PMNP electrode. All potentials were referred to the saturated

Ag/AgCl, KCl reference electrode.

The morphology of the electrodes was determined using a scan-

ning electron microscope (SEM, JEOL JSM-6480). The structure was

analyzed by a powder X-ray diffractometer (XRD, Rigaku TTR-III)

equipped with Cu Kα radiation (λ= 0.15406 nm). Pt loading was mea-

sured using an inductive coupled plasma emission spectrometer (ICP,

Xseries II, Thermo Scientific). Pt in the 1.0 cm2 electrode was first dis-

solved in aqua regia solution and then diluted to 1 dm3 solution for

the ICP measurement.

3. Results and discussion

Fig. 2 shows the stability test of PM in alkaline medium. Clearly,

the PM has no change and the MWNTs almost do not fall off from the

plastic at all after being soaked in saturated NaOH solution after 15

and 30 d, which demonstrated that the PM has a high stability.

The SEM images of PM, PMN and PMNP at different magnifications

are shown in Fig. 3. At low magnification, it is obvious that the sur-

face of the PM substrate is rough rather than complanate, which may

be caused by the simple pasting and pressing process of MWNTs (Fig.

3a). However, the rough surface may be favorable to the streaming

and diffusion of the fuel during the reaction process. At high magnifi-

cation, it can be seen that the MWNTs distribute compactly and make

up a net like structure on the PM surface (Fig. 3b). The existence of

MWNTs leads to a high electronic conductivity of the PM substrate.

Besides, according to the previous report, the MWNTs also can play

a role of hydrogen adsorbent during the hydrolysis and electrochem-

ical reaction process [5]. The adsorbed hydrogen may be electrooxi-

dized further and release electrons. Fig. 3(c) and (d) shows the surface

texture of PMN at low and high magnifications. Clearly, the metallic

Ni exhibits a film-like structure at low magnification (Fig. 3c). Inter-

estingly, Ni film is comprised by some Ni particles, and the diame-

ters of which are around 100 nm. Because of the strong magnetism of

metallic Ni, these small Ni particles get together and form some big

aggregate (around 5 μm). The fuel may diffuse to the MWNTs layer

through the gaps among the Ni particles and improve the electro-

chemical performance of the PMNP electrode. The Ni film not only

serves as the reducer for the deposition of Pt, but also acts as the cat-

alyst for NaBH4 electrooxidation. Besides, the surface of the Ni par-

ticles is not uniform but rough, which is coincident with the coarse

surface of MWNTs film (Fig. 3b) and will increase the specific sur-

face area and improve the electrode performance for further. After

doping Pt, some Pt nanoparticles uniformly distributed on the Ni sur-

face (Fig. 3f), but the outline of the PMNP electrode (Fig. 3e) has no
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