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a  b  s  t  r  a  c  t

Fuel  cells  (FCs)  are  promising  electrochemical  devices  that  convert  the chemical  energy  of  fuels  directly
into electrical  energy,  as  long  as the  fuel  is supplied.

This  paper  describes  a  room-temperature  hydrazine/air  direct-liquid  fuel  cell  (DLFC)  based  on  the  use
of nanostructured  copper  electrodes.  We  show  that  nanostructured  copper  electrodes  function  as  highly
efficient  and  ultra-long-lasting  catalyst  for the  electro-oxidation  of  hydrazine.  Our  Cu/hydrazine  anodes
show high  electrical  efficiency  for  long  periods  of continuous  operation  (more  than  500  h).
eywords:
uel cell
opper
ydrazine
node
anotechnology

A  hydrazine/air  fuel  cell  prototype  was  built  with  a  nanostructured  Cu/hydrazine  anode,  combined  with
a commercial  air cathode.  The  output  of  this  cell  is  about  0.45  W  at 1 A  (0.1 A cm−2 corresponds  to the
anode  area),  and  supplies  about  2.3  Wh  and 1300  Wh  kg−1 hydrazine.  The  hydrazine  discharge  efficiency
is  higher  than  85%.

© 2011 Elsevier B.V. All rights reserved.

anostructures

. Introduction

A fuel cell (FC) is a well-known electrochemical device that
nables the conversion of the chemical energy of fuels directly into
lectrical energy, as long as the fuel is supplied. Fuel cells are char-
cterized by high energy density (typically 2–8 kWh  kg−1), more
han 10 times that of conventional batteries [1].

Several types of fuel cells have been developed over the last
our decades [1–7]. However, as a result of many practical limita-
ions, these fuel cells are still far from mass production. Only one
ype of room-temperature (RT) fuel cell has been used for space
nd military applications: a proton-exchange-membrane fuel cell
PEM-FC), that utilizes hydrogen under high pressure as fuel and
ure oxygen [8].

Some of the most handicapping limitations of current fuel-cell
echnologies are related to the limited structural and functional
tability of expensive noble-metal catalysts, like platinum and the
latinum-group metals [1,4,16–21].  These are easily poisoned by
ifferent chemical species such as carbon monoxide, at even very

ow concentrations of a few ppm, and this inherently limits the
peration of the fuel cell. Thus, finding low-cost efficient and stable

atalysts is an essential requirement.

∗ Corresponding author. Tel.: +972 3 6408327; fax: +972 3 6409293.
E-mail address: fernando@post.tau.ac.il (F. Patolsky).

1 These authors contributed equally.

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.12.008
Copper, owing to its high conductivity and low cost, is extremely
attractive as a catalyst for fuel-cell devices. However, copper has
never been successfully applied for this purpose [9].

During the last decade, much research efforts have been focused
on hydrogen-rich fuels, like methanol [13–15],  sodium borohydride
[1,16–21], ammonia-borane [22–26] and hydrazine [27].

Hydrazine is a low cost material and its synthesis is rela-
tively simple. The basic source of hydrazine in nature (nitrogen
and hydrogen) is unlimited and there is no recycling limitation.
Hydrazine synthesis can be combined with the mass-production
of ammonia. In addition, the decomposition products of hydrazine
(nitrogen and water) are ecological friendly. Hydrazine, in its pure
form (N2H4), is considered a hazardous compound, although less
hazardous as the monohydrate (N2H4·H2O). However, hydrazine is
non-explosive and is less toxic in dilute aqueous solutions. More-
over, several hydrazine salts have been reported as prospective
anticancer drugs [28].

The electrochemical-oxidation of hydrazine in alkaline solution
produces four electrons, nitrogen gas and water (1).  The standard
potential of hydrazine oxidation corresponds to −1.21 V, its the-
oretical specific electrical capacity is 3.35 Ah g−1. The theoretical
energy of a hydrazine/air fuel cell is 5.36 Wh  g−1.

NH2–NH2 + 4(OH)− → N2 + 4H2O + 4e− (1)
The first hydrazine fuel cell was developed more than forty years
ago [29], but it has attracted renewed interest in recent years
[30–34], mainly due to the increased cost of oil and growing
demand for stationary and mobile applications, including vehicles.

dx.doi.org/10.1016/j.jpowsour.2011.12.008
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fernando@post.tau.ac.il
dx.doi.org/10.1016/j.jpowsour.2011.12.008
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Fig. 1. The electro-oxidation of hydrazine with the use of different bare polished
electrodes: (a) Cu, (b) Au and (c) Ag. Surface area of each electrode is 0.5 cm2. The
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xperiments were carried out in 0.4 M hydrazine, 1 M KOH, scan rate 50 mV  s−1.
g/AgCl (sat. KCl) was  used as the reference electrode.

The electrochemical properties of hydrazine in alkaline solu-
ions have been studied over the last three decades [35–38].
sazawa et al. [37] studied the electro-oxidation of hydrazine

and hydrazine derivatives) with the use of various metals such
s nickel, cobalt, iron, copper and gold, and found that nickel
nd cobalt show the highest catalytic activity. However, in that
tudy, copper was found not to be a good catalyst for the electro-
xidation of hydrazine, probably because the electrode structure
as not adapted to hydrazine oxidation. Later, Asazawa et al.

33] used nickel and cobalt as catalysts for the development of
 hydrazine/oxygen fuel cell, with the use of an anion-exchange

embrane. The performance of this fuel cell is comparable to that

f the hydrogen/polymer-electrolyte fuel cell (PEFC), and exceeds
hat of the direct methanol fuel cell (DMFC), but requires a con-
inuous supply of pure oxygen. Li et al. [35] found that Pd/Ni (on

ig. 2. Representative HRSEM images: (A) and (B) nanotextured woven-Cu electrodes, (C)
nd  for B and D images are 200 nm.
ources 204 (2012) 116– 121 117

a  carbon-nanotube support) is an effective catalyst for the electro-
oxidation of hydrazine. This study also showed that nickel provides
catalytic activity for the electro-oxidation of hydrazine only at high
temperatures (80 ◦C).

Recently, different catalysts were also applied for the devel-
opment of hydrazine sensors [10,39,40].  The electrochemical
oxidation of hydrazine occurs in the anodic potential range of
0.2–0.7 V (vs. Ag/AgCl) in these systems. Karim-Nezhad et al.
[10] developed a copper (hydr)oxide-modified carbon elec-
trode characterized by improved stability toward corrosion and
improved electrochemical performance; the hydrazine-oxidation
peak appears at about 0.3 V (vs. Ag/AgCl), probably because this
electrode is coated by a film of CuO. The copper (hydr)oxide
electrode cannot be used as a catalyst for hydrazine fuel cells
since the hydrazine peak potential is out of range; the anodic
potential must be lower than −0.7 V (vs. Ag/AgCl) for fuel-cell
applications.

However, Cu2+ species produce high catalytic activity for homo-
geneous hydrazine oxidation [41,42]. In another publication it was
shown that the hydrazine-oxidation reaction could become faster
by seven orders of magnitude in the presence of a Cu2+-complex
catalyst [43].

The critical question is whether the electrochemical oxida-
tion of hydrazine can be also catalyzed by the Cu/Cu(II) couple.
The contradiction between these reports, describing high or low
activity of the Cu/Cun+ system toward the electro-oxidation of
hydrazine, required us to investigate the electro-oxidation of
hydrazine with the use of a copper catalyst. We  will show that
Cu/hydrazine or nanostructured-Cu/hydrazine anodes may  be used
effectively in the development of low-cost hydrazine/air fuel

cells.

The purpose of this work was  the development of a new
nanostructured-Cu/hydrazine-based RT fuel cell. This development
followed our previous results regarding the electro-oxidation of

 and (D) conventional woven-Cu electrode. Scale bars for A and C images are 2 �m,
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Fig. 3. (A) The electro-oxidation of hydrazine (20 mV  s−1) on different woven-Cu
electrodes: (a) nanostructured and (b) conventional. (B): Typical transient measure-
ments between 0 A (OCP condition) and 0.5 A (0.2 A cm−2) with (a) nanostructured
and (b) conventional woven-Cu electrodes. (C): Derived E vs. I curve, (a) nanostruc-
tured woven-Cu electrode and b) conventional woven-Cu electrode. (D): Extended
full  discharge at 0.5 A (0.2 A cm−2) with the use of different type of (a) nanostructured
18 E. Granot et al. / Journal of P

mine derivatives (such as ammonia-borane) with the use of Cu
atalysts [44,45].

. Experimental

Chemical reagents were purchased from Sigma–Aldrich in ana-
ytical grade.

Ultrapure water (electrical resistance of 18 M�)  from an
asyPure RF (Barnstead) source was used throughout all the exper-
ments.

The electrochemical experiments were conducted with the use
f a PC-controller (Autolab GPES software, version 4.9) and Autolab
otentiostat/galvanostat (PGSTAT302N). All measurements were
erformed in room-temperature.

Woven-copper electrodes, 99.5%, (wire thickness 150 �m,
0 mm wide and 1.5 mm thick) were purchased from Teknolabor.

Commercial air cathodes (type E4, MnO2 catalyst) were pur-
hased from Electric Fuel.

Electrochemical measurements were performed in a standard
hree-electrode cell, comprising a working electrode (consist-
ng of the examined metal), high-surface-area carbon electrode
2 cm × 0.5 cm)  as counter electrode and Ag/AgCl (sat. KCl) as ref-
rence electrode (Metrohm).

Full-cell measurements were performed in a homemade PVC
evice, 200 mL  volume.

Nanostructured-copper electrodes were prepared in the follow-
ng way [46]. A conventional 4 cm2 woven-copper electrode was
oaked for 30 min  in 3 mL  of a heated solution of 0.2 M CuSO4
nd 0.8 M ammonia. When the temperature reached 65 ◦C, 3 mL  of
.3 M NaH2PO2 (reducing agent) was added. The electrode was  kept

n this solution for 3 h at 65 ◦C. The electrode was then washed with
ure water and ethanol and kept in acetonitrile before being used.
he different woven-copper electrodes were imaged by HRSEM
Jeol, JSM-6700F).

The cathode protective layer [47] was prepared by coating the
ommercial air cathode (60 cm2) by 2.5 mL  of a solution contain-
ng 5% (w v−1) poly(vinyl alcohol-co-ethylene) (ethylene content
7 mol%) and 5% (w v−1) polyethylene glycol (average molecular
eight 200) in n-propane and water (1:1, v v−1) and dried at 120 ◦C

or one hour.
Discharge-efficiency experiments were performed in various

alvanostatic regimes and the efficiency of the discharge process
as calculated according to Eq. (2)

 = QdQt
−1100% (2)

here � is the efficiency (reported as a percentage), Qt is the calcu-
ated theoretical charge (Coulombs, corresponding to the amount
f hydrazine) and Qd is the real charge derived from the discharge
urves.

.1. Roughness factor determination

Cyclic voltammograms were performed with the use of our dif-
erent Cu electrodes, smooth and nanostructured,  in non-faradic
ange (3 M NaOH, between −1.2 V and −0.7 V, 100 mV  s−1). The
atio between the �iP (A) at E = −0.95 V of the nanostructured Cu
lectrode and the smooth Cu electrode corresponds to the surface
rea ratio between both electrodes.

. Results and discussion
The electrochemical properties of hydrazine in alkaline solution
ith the use of a copper catalyst were compared to the properties

btained with gold and silver catalysts (bare polished electrodes).
he Cu/hydrazine anode produces the lowest OCP (−0.85 V), while

and (b) conventional woven-Cu electrodes. In all experiments; 10 × 1-cm strips of
woven-Cu were folded twice into 2.5 cm2 rectangles. The solution (190 mL) con-
tains 2.1 M (12.8 g) hydrazine, 9 M KOH. Ag/AgCl (sat. KCl) was used as the reference
electrode.
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Fig. 4. Extended discharge at 0.5 A (0.2 A cm−2) with the use of nanostructured Cu
electrodes (as described in Fig. 3). The electrochemical experiment was  started in
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.9  M hydrazine (14.3 g), 6 M KOH (45 mL  solution). Every two days 20 mL  solution
as removed from the cell and 20 mL  of 10.1 M hydrazine (6.5 g) in 6 M NaOH was

dded. Ag/AgCl (sat. KCl) was used as the reference electrode.

he Ag/hydrazine anode produces an OCP of −0.65 V (vs. Ag/AgCl),
nd the Au/hydrazine anode produces an OCP of −0.80 V.

A comparison of the oxidation currents generated by the three
etal catalysts, in order to examine the intrinsic Cu catalyst

ctivity, was performed. All three catalysts (geometrical area of
.5 cm2, 99.99%) show catalytic activity for the electro-oxidation
f hydrazine. The oxidation current generated by the copper cata-
yst (Fig. 1, curve a) appears at an on-set potential above ca. −0.75 V,

hile the currents generated by the gold and silver catalysts appear
t an on-set potential above ca. −0.65 V (curves b and c, respec-
ively). In addition, the oxidation current generated by the copper
atalyst is significantly higher than those observed for silver and
old electrodes of the same dimensions, in the potential range of
0.75 to −0.40 V. At E = −0.50 V, the current for copper is five times
igher that for gold, while the silver catalyst generates a negligible
xidation current at this potential.

Similar results were also observed by Azazawa et al. [33], but no
dditional experiments using the copper catalyst were performed.

The negative shift of the on-set potential, 100 mV,  between the

u/hydrazine and the Cu/hydrazine anodes (−0.65 V and −0.75 V,
espectively), as well as the increased oxidation current generated
y the Cu catalyst, clearly shows that the Cu catalyst is a prospective
aterial for the electro-oxidation of hydrazine.

Fig. 5. General description of o
ources 204 (2012) 116– 121 119

In order to increase the current density, we  used large-area
woven-copper electrodes, as well as nanostructured woven-copper
electrodes. The nanostructured woven-copper electrodes were pre-
pared by chemical treatment of the conventional woven-copper
electrodes [46].

The nanostructured woven-copper electrodes were imaged
by high-resolution scanning electron microscopy (HRSEM), as
presented in Fig. 2A and B, compared with the conventional
woven-copper electrodes, Fig. 2C and D. The nanotextured cop-
per electrodes show high roughness, and are covered by closely
packed copper particles in the size range of several micrometers
(Fig. 2A). Closer inspection of these large-diameter particles reveals
a clear nanotextured faceted appearance, each particle formed by
numerous, sharp petal-like elements, with a thickness of 5–10 nm
and nominal diameters ranging from 100 to 400 nm,  similar to
the structure of a “lotus-flower”, (Fig. 2B). On the other hand,
conventional woven-copper substrates show a smooth surface
topography (Fig. 2C and D). The roughness factor between the
nanostructured woven-Cu electrode and the smooth woven Cu-
electrode corresponds to ca. 20. These striking differences between
the untreated smooth substrates and the nanotextured-copper sur-
faces are expected to have a major influence on the electrochemical
oxidation of hydrazine.

The electro-oxidation of hydrazine was  carried out with the use
of the nanotextured woven-copper electrode and with the conven-
tional woven-copper electrode (geometrical area of 2.5 cm2). The
results are presented in Fig. 3A, curves a and b respectively. The
oxidation current generated by the nanotextured woven-copper
electrode (curve a) appears at a potential above about −0.95 V,
while the corresponding potential for the conventional electrode
is about −0.85 V (curve b). As a result, the oxidation current gen-
erated by the nanotextured electrode is significantly higher than
that for the conventional electrode of equivalent geometrical area.
The oxidation current generated by the nanotextured electrode at
E = −0.85 V is about 20 times higher than the current observed for
the conventional copper electrode of the same geometrical area.

Our nanotextured copper electrode produces two important
characteristics: higher oxidation current due to increased surface

area and an additional nano-catalytic effect, a negative shift of the
on-set potential of about 100 mV  (−0.85 V to −0.95 V), Fig. 3A. This
negative shift is a clear evidence of the nano-Cu catalysis effect.
To our knowledge, there have been no previous literature reports

ur hydrazine/air fuel cell.
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Fig. 6. (A) E vs. I (surface area corresponds to anode area) curve for our hydrazine/air
fuel cell. (B) P vs. I curve. (C): Complete discharge at 1.0 A (0.1 A cm−2 corre-
sponds to the anode area), (a) first cycle. (b)–(g) complete discharge cycles at 1.0 A
(0.1  A cm−2 corresponds the anode area) upon hydrazine refueling (3 mL  of 64%
(0.3 M)  hydrazine). The hydrazine/air fuel cell consists of 10 cm2 nanostructured Cu
20 E. Granot et al. / Journal of P

howing this effect. The nature of this effect has not yet been clari-
ed, and further investigation is required in this context. A plausible
xplanation could involve the increased amount of Cu(II) species on
he nano-Cu surface, such as Cu(OH)2, CuOOH and/or Cu(N2H4)n

2+.
hese species function as catalysts for the electron-transfer process
n the nano-Cu surface. As mentioned before, Cu2+ ion is a powerful
atalyst for the decomposition of hydrazine and hydrazine deriva-
ives. The reaction results in the reduction of CuII species to Cu0.
n addition, Cu can be oxidized in alkaline solution to Cun+ species,
nd the equilibrium Cu0 ↔ Cun+ is developed. In OCP regime (no
xidation current) the equilibrium depends on the hydrazine and
ydroxide concentration. This effect is significantly increased on
ano-Cu high-surface electrodes, since the surface area is signifi-
antly higher.

Under OCP (zero-current) conditions, the concentration of Cun+

pecies on the copper surface is low ([Cun+] « [Cu0]), since the con-
entration of hydrazine (a reducing agent) near the copper surface
s high. When hydrazine is being electro-oxidized, its concentration
n the copper surface decreases (a depletion layer is formed) and
he concentration of Cun+ species on the copper surface increases.
imilar behavior has been observed recently [10–12].  These pub-
ications report on studies of the electro-oxidation of copper in
lkaline media with the use of different techniques. According to
hese studies, five peaks can be assigned to three major single-
lectron processes involving Cu(0)/Cu(I), Cu(I)/Cu(II), and even
nusual Cu(II)/Cu(III) transitions in the cyclic voltammogram of
he copper electrode. These reports suggested the presence of CuO,
u2O and Cu(OH)2 on the Cu surface, whereas in solution, the
resence of some other species was postulated. It seems that the
ormation of a stable layer of copper (hydr)oxide on the surface
f the copper electrode, in alkaline solution, can protect it from
orrosion.

In the case of higher surface area (nanostructured Cu), the
oncentration of Cun+ species on the copper surface is higher.
he mechanism of catalysis includes self-management of Cun+

pecies on the copper surface. In the discharge regime, the con-
entration of Cun+ species increases (for the reasons mentioned
bove).Transient experiments between 0 A (OCP condition) and
.5 A (0.2 A cm−2) were also performed, and typical curves are
hown in Fig. 3B for both types of the woven-copper electrode.
he response time between OCP and 0.5 A is <0.1 s for both types of
lectrodes. The conventional woven-copper electrode produces an
CP of −0.95 V and a working potential of −0.65 V (vs. Ag/AgCl) at
.5 A (0.2A cm−2), while the nanotextured woven-copper electrode
roduces OCP of about −1.02 V and a working potential of about
0.87 V. This negative shift of the OCP values (between −0.95 V
nd −1.02 V is attributed to the nanocatalytic effect.

Fig. 3C presents the E vs. I curve for both types of woven-copper
lectrodes. The potential of the nanostructured electrode (curve a) is
ignificantly more negative than that for the conventional electrode
curve b). Full discharge at 0.5 A (0.2 A cm−2) for the two  electrodes
s shown in Fig. 3D. Relatively stable potentials were observed:
bout −0.68 V for the conventional electrode (curve a) and about
0.78 V for the nanostructured electrode (curve b). The nanotextured
oven-copper/hydrazine anode shows lower oxidation overpo-

ential compared to the smooth woven-copper/hydrazine anode
Fig. 3B–D). This phenomenon is attributed to the increased surface
rea of the nanotextured woven-copper electrode. The hydrazine
ischarge efficiency corresponds to about 90% in each case, thus
our electrons are involved in the electro-oxidation process of
ydrazine according to reaction (1).

In order to examine the stability of the nanostructured electrode,

 long, full-discharge experiment was performed for a period of
00 h galvanostatically, at 0.5 A (0.2 A cm−2), as shown in Fig. 4.

 relatively stable potential of about −0.80 V was observed; the
anostructured electrode is remarkably stable after 500 h (21 days).
anode and 24 cm2 commercial air-cathode (platinum-free cathode). Anodic solu-
tion: 0.3 M hydrazine in 5.5 M KOH, 200 mL.

This observed stability is due to the fact that hydrazine is a good
reducing agent for Cu(II) species (surface-formed Cu(II) species are
reduced rapidly to Cu). No dissolution of copper was observed in all
experiments and no mass losses for the electrodes were detected.

A fuel cell (200 mL  volume) was constructed with a
Cu/hydrazine anode, combined with a commercial air cath-
ode coated by a protective layer of polyvinyl alcohol (PVA), and
polyethylene glycol (PEG) [47], as shown in Fig. 5. Fig. 6A presents
the E vs. I curve of the cell, and the derived P vs. I curve is shown

in Fig. 6B. The OCP of our fuel cell is 0.92 V.

Seven full-discharge curves at 1 A (0.1 A cm−2 corresponds to the
anode area) are shown in Fig. 6C. The output of the fuel cell is 0.45 W
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t 1 A; it supplies 2.5 Wh  and provides 1300 Wh  kg−1 hydrazine.
he hydrazine-discharge efficiency is about 85% (average of 20 dis-
harge cycles). It should be emphasized that this hydrazine/air fuel
ell does not require the addition of OH− ion after the first cycle.
ydroxide ions are consumed in the anodic side (electro-oxidation
f hydrazine) and formed in the cathodic side (electro-reduction of
xygen), and transferred back through the protective layer to the
nodic side (Fig. 5).

Our Cu-hydrazine/air fuel cell properties were compared to
 state-of-the art hydrazine/oxygen fuel cell based on the use
f nano-Pt as anode and cathode catalysts, and pure oxygen as
xidant, as developed by Yamada et al. [32]. Yamada et al. Pt-
ydrazine/oxygen fuel cell produces similar OCP of 0.92 V at a
ure oxygen flow rate of 100 mL  min−1. Our fuel cell produces a
imilar OCP value with the use of air (not pure oxygen), and with-
ut the use of any air pump; the cathode consumes the oxygen
irectly from the air. Our Cu-hydrazine/air fuel cell supplies 0.4 V
t 0.1 A cm−2, while the Pt-hydrazine/oxygen fuel cell supplies this
oltage only with the use of pure oxygen and oxygen pump. In
ddition, our non-noble metal Cu-hydrazine/air fuel cell is signif-
cantly simpler and of dramatically lower cost when compared to
he Pt-hydrazine/oxygen fuel cell.

. Conclusions

A new nanostructured-Cu/hydrazine anode has been devel-
ped, which is characterized by high catalytic activity as compared
o Au/hydrazine, Ag/hydrazine and Pt/hydrazine anodes. This
ano-Cu/hydrazine anode shows discharge characteristics supe-
ior to those of platinum and platinum-group-metal catalysts. It
s highly stable for more than 500 h at a discharge current of
.5 A (0.2 A cm−2). The hydrazine/air fuel cell, in which this anode
as applied, shows a power output of about 0.45 W at 1 A (the

node area corresponds to 0.1 A cm−2) and a discharge efficiency
or hydrazine of about 85%.

This novel Cu/hydrazine anode can be widely used in high-
ower fuel-cell applications (e.g. vehicle engines). Its components
re simple and low-cost, and the by-products of its operation (nitro-
en and water) are non-polluting.
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