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bstract

Electrodes constructed with different electroactive materials such as platinum (Pt), nickel (Ni), 304 stainless steel (SS) and low carbon steel
LCS) have been tested in water electrolysis using 1-n-butyl-3-methylimidazolium tetrafluoroborate (BMI.BF4). All experiments were performed
t room temperature using a classical Hoffman’s cell operating at atmospheric pressure and at different cathodic potentials. For the electrodes
tudied herein, in the presence of a 10 vol.% solution of BMI.BF4 in water, current densities (j) in the range 10–42 mA cm−2 were observed, with
verall hydrogen production efficiencies (experimental/theoretical hydrogen production ratio) between 82 and 98%. The highest j values obtained
ith Pt, Ni, SS and LCS electrodes were 30, 12, 10 and 42 mA cm−2, respectively, and all efficiencies were in the 85–99% range. These comparative
esults show that the LCS electrocatalyst constitutes an attractive alternative for the technological production of high purity hydrogen by water
lectrolysis reaction since the LCS electrode gave j and efficiencies as high as those observed with platinum electrodes.

2006 Elsevier B.V. All rights reserved.

eywords: Ionic liquid; Hydrogen production; 1-n-Butyl-3-methylimidazolium tetrafluoroborate (BMI.BF4); Nickel electrode; 304 stainless steel; Carbon steel
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. Introduction

Hydrogen is an extremely important energy carrier. It can be
roduced by different ways, particularly via the processing of
ydrocarbons (e.g. steam reforming) or, alternatively, by water
lectrolysis. In the latter case hydrogen is a clean energy carrier
ince it can be used to produce energy in fuel cells giving back
ater, in an environmentally clean process.
Currently several technical debates have discussed the pros

nd cons of each method of hydrogen production. Large com-
rehensive texts have been published in this field covering the
echnical and economical aspects, as elegantly reviewed by

unn [1].
Among the industrial methods of hydrogen production three

ave gained prominence: reforming, photoconversion and elec-
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rolysis. Nowadays the steam reforming of fossil fuels is largely
he most employed method for hydrogen production, but faces
he same problems existing for the use of fossil fuels in refining,
.e. the fossil fuels used for reforming are mainly not renew-
ble and, more importantly at this moment, their use produces
olluting gases which are the source of dramatic environmental
roblems. In fact their use leads to indirect costs associated with
nvironmental cleaning. The economical evaluation of hydrogen
roduction processes costs usually does not include expenses
ssociated with atmospheric air cleaning which, when consid-
red, represents a determining factor in the future technology
hoice [1].

The cleanest solution for hydrogen production is the use
f water electrolysis. Nowadays water electrolysis contributes
low fraction of the world global hydrogen production. This
mount was estimated at 4% in 2002, but with a strong increas-
ng tendency. Water electrolysis is an advantageous method for
ydrogen production for several reasons: (i) it gives no carbon
missions; (ii) the hydrogen produced by this method is very

mailto:rfds@iq.ufrgs.br
dx.doi.org/10.1016/j.jpowsour.2006.11.049
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ure, influencing the fuel cell technology, which is dramatically
ffected by the impurities present in the hydrogen feed; (iii) it
s not dependent on fossil hydrocarbon sources; (iv) it can be
perated in small scale plants; (v) it can use totally renewable
rimary energy sources. This technology has some disadvan-
ages such as the need for cheap energy sources to implement
he reaction and the need for hydrogen storage [1]. A general
greement is that the technological use of water electrolysis will
ainly depend on the equilibrium of a matrix of availability

f energy sources, which depend on the location characteris-
ics.

The process optimization for water electrolysis using alka-
ine electrolytes has been the subject of intense research. Many
onditions and materials have been tested [2–6] in order to
nable hydrogen production for use as an alternative fuel for
pplications such as in automotive transport [7]. Indeed there is
ntense research on the best operational conditions for hydrogen
roduction including aspects such as methods, materials, tem-
erature and pressure. Many electrocatalysts have been tested in
n attempt to operate at ambient temperature and atmospheric
ressure with a high current density [8] and operating with solar
nergy sources [9]. Currently most of the industrial production
f hydrogen is performed through water electrolysis using aque-
us KOH (30 wt.%) at 353 K [10] applying a cathodic potential
f −1.47 V to overcome the enthalpy change. Classical elec-
rolyzers, using a KOH aqueous solution at −2.0 V give current
ensities of ca. 100 mA cm−2. For this system nickel alloys as
lectrode materials with several depositions on the electrode
urface have been successfully used as electrocatalysts in order
o increase the current density and to enhance its life span
11,12].

In a previous communication [13], we reported that ILs such
s BMI.BF4 (Scheme 1) can be used as efficient electrolytes
or water electrolysis. This system showed high efficiency and
igh current densities at low temperatures (298 and 333 K) in
Ls solutions containing up to 30 vol.% of water. BMI.BF4 has
een shown to be an ionic liquid with interesting properties
uch as high conductivity, chemical and electrochemical sta-
ility [14,15], used in many catalytic reactions [16] and as an
lectrolyte in fuel cell [17]. The electrolysis system operat-
ng at 298 K and −1.7 V (platinum quasi-reference electrode
PtQRE)), produces hydrogen gas with evolution of heat and
fficiencies around 95%. For comparison, a similar system,
escribed by Viswanath [18] operating at −1.75 V, gives a cur-
ent density of 1 A cm−2 and 70% energy efficiency.

The aim of this work is to demonstrate the potential use of low

oncentration ILs in aqueous solution for hydrogen production
hrough water electrolysis using different electrode materials,
.e. platinum, 304 stainless steel, nickel and low carbon steel.
or these experiments a Hofmann’s cell (Fig. 1) was used which

cheme 1. Structure of the 1-n-butyl-3-methylimidazolium tetrafluoroborate
BMI.BF4) ionic liquid used in this study.
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Fig. 1. Hofmann’s cell used for the HER runs.

nables a convenient comparison of the electrocatalytical per-
ormances of these electrodes observing the current densities (j)
nd the hydrogen production efficiencies (η).

. Experimental

The BMI.BF4 ionic liquid (IL) was prepared according to pre-
iously published procedures [19–21]. All other reagents were
urchased from Aldrich and used as received. The purity of the
L was determined by spectrometric methods. The electrolysis
olutions were prepared by dissolving the IL in ultra pure water,
arying from 1 to 30 vol.%.

The production of hydrogen from water electrolysis was per-
ormed using a Hofmann’s cell, shown in Fig. 1, equipped with
working electrode, platinum as quasi-reference electrode and
latinum wire as an auxiliary electrode.

Different electrocatalysts for water electrolysis were tested as
orking electrodes: pure platinum wire, nickel 99.5 wt.%, 304

tainless steel (C: 0.08; Cr: 18–20; Ni: 8–10; Mn: 2.0; Si: 1.0;
: 0.03; P: 0.04 wt.%) and low carbon steel (C: 0.05; Mn: 0.227;
: 0.0005; Cr: 2.34 wt.%).

The current densities (j = I/A) where calculated from the mea-
ured intensity (I) and the surface (S) of the electrode exposed
o the medium. The area of the electrodes were geometrically
alculated (304 stainless steel: 0.96 cm2, nickel: 0.78 cm2 and
ow carbon steel: 0.61 cm2) and, in the case of the platinum
lectrode the observed value (1.29 cm2) was confirmed by cal-
ulation from the monolayer formed from hydrogen adsorption
ccording to methods published elsewhere [22].

With the Hofmann’s cell the gas volumes were measured
irectly and their values used to calculate the efficiency of the
lectrolytic system. The electrolysis potential was controlled
ith an Autolab potentiostat model PGSTAT30.
Two electrochemical methods were employed. Cyclic

oltammetry (scanning the region −2.0 to 2.0 V (PtQRE) at
weep rates of 100 mV s−1) was used to study the electrode
ehavior in the medium electrolyte, and the chronoamper-
mmetry (imposing a potential of −1.5 to −2.0 V (PtQRE)
ontinuously over 60 min) was used to study the stability of
he electrodes.

The reproducibility of the data in the electrolysis runs was

etermined from the repetition of at least three independent
uns. The system was tested with different concentrations of
onic liquid in water and at different electrolysis potentials. All
xperiments were carried out at room temperature.
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The electrolysis time was kept constant at 60 min. The results
presented Table 1 show that the cathodic current density varies
with the reduction potential, the electrode and with the IL con-
centration.
94 R.F. de Souza et al. / Journal of

Analysis of the LCS electrode surface was observed by
canning electronic microscopy (SEM) (JEOL-JSM 6060) with
0 kV voltage acceleration and a 120 magnitude. Chemical
urface analysis was performed through electronic diffraction
pectroscopy (EDS) coupled to the SEM equipment.

. Results and discussion

Water electrolyses were performed in a Hofmann’s cell
Fig. 1) equipped with different working electrode materials
uch as platinum (Pt), nickel (Ni), 304 stainless steel (SS) and
ow carbon steel (LCS) using aqueous solutions of ILs at differ-
nt concentrations and operating at different imposed cathodic
otentials.

In the cathodic compartment of the cell water is reduced at
he working electrode leading to the production of hydrogen:

H2O + 2e− → H2 + 2OH−

hereas in the anodic compartment oxygen is produced through
ater oxidation:

2O → 2H+ + (1/2)O2 + 2e−

The performance of the system was determined from the
onsumed charge data (Q) and from the volume of hydrogen pro-
uced measured in the cathodic compartment of the cell during
he electrochemical reaction.

The performance of the system depends on the electrocatalyst
sed to perform HER. The efficiency of the process (η) was
alculated as the ratio between the amount of hydrogen produced
nd the amount of hydrogen theoretically produced, calculated
rom the consumed charge during the experiment, as shown by:

% = V R
H2

V T
H2

× 100 (1)

here V R
H2

is the volume of hydrogen measured directly and
T
H2

is the volume of hydrogen theoretically calculated from the
harge value by V T

H2
= (Q/2F )(RT/P).

.1. Electrochemical behavior of the electrodes in pure IL
nd at low concentration IL aqueous solutions

Preliminary experiments were made in order to confirm the
otential range where the hydrogen evolution reaction (HER)
ccurs. This strategy was previously used for the platinum elec-
rode [13] and has been employed herein for all electrodes
tudied in this investigation.

Fig. 2 shows the cyclic voltammograms obtained using the
ickel electrode in pure IL and in the presence of 10 vol.% of
MI.BF4 aqueous solutions. The HER is observed in the poten-

ial range of −1.5 to −2.0 V (PtQRE). Similar results have been
btained with the SS electrode (shown in Fig. 3) and with the
CS electrode.
Although the highest current densities have always been
bserved at −2.0 V (PtQRE), the efficiency under these con-
itions tends to decrease because the reactive species compete
or the active sites of the electrode and this slows down the HER.

F
(
t

ig. 2. Cyclic voltammograms taken from the nickel electrode in: (a) pure
MI.BF4 and (b) with BMI.BF4 solution 10 vol.% in water at room temperature,

ecorded at 100 mV s−1 under static conditions.

For all studied electrodes, i.e. platinum [13], Ni, SS, and
CS, the HER started at the same potential value, −1.5 V

PtQRE). In this work the performance of each electrode through
fficiency, current density and exchange current density is eval-
ated.

.2. Chronoamperometric evidences of the metal influence
n the HER

Chronoamperometric experiments were performed with the
orking electrode polarized cathodically during 60 min at dif-

erent potentials. The electrolyte concentrations were selected
n the range 1–30 vol.% of BMI.BF4 in water, and the reduction
otential employed was varied from −1.5 to −2.0 V (PtQRE).
ig. 3. Cyclic voltammograms taken from a 304 stainless steel electrode in:
a) pure BMI.BF4 and (b) with BMI.BF4 solution 10 vol.% in water at room
emperature, recorded at 100 mV s−1 under static conditions.



R.F. de Souza et al. / Journal of Power Sources 164 (2007) 792–798 795

Table 1
Cathodic current densities values for water electrolysis at different BMI.BF4

concentrations, electrocatalyst and cathodic potentials recorded at room
temperature

E (PtQRE, V) CIL
a (vol.%) j (mA cm−2)

Pt LCS SS Ni

−1.5 1 9 6.5 2.3 2
10 19 20 4 7
30 5 5 3 2

−1.7 1 13 8.5 3 3.5
10 30 44 10 12
30 7 10 11 8

−1.9 1 19 10 3.5 5
10 55 55 17 20
30 13 22 23 20

−2 1 23 12 4 6
10 70 65 20 33
30 18 28 37 26
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Table 2
Tafel parameters for the hydrogen electroreduction reaction with different
electrocatalyst

Electrode jo (A cm−2) βc (V dec−1) βa (V dec−1)

LCS 3.5 × 10−5 0.029 0.030
Pt 1.6 × 10−6 0.122 0.122
SS 3.1 × 10−6 0.069 0.079
N −7

C
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a BMI.BF4 concentration in water, expressed as vol.%; Pt: platinum; LCS: low
arbon steel; SS: 304 stainless steel; Ni: nickel. Ambient temperature between
93 and 300 K.

As a general trend, displacing the reduction potential to more
athodic values (from −1.5 to −2.0 V (PtQRE)) increases the
urrent densities for all IL solutions irrespective of the electrode.
owever, it is noticeable that these values depend strongly on

he electrode material. The data set clearly provides evidence
hat, for Pt, LCS and Ni electrodes and at any given potential,
he highest current density values were obtained with 10 vol.%
L solutions. The presence of other metals such as Ni, Cr and

n in the composition of SS should be responsible for the low
atalytic activity of this electrode in HER. This low catalytic
ctivity is probably associated with the well known passivation
f SS in aqueous solutions [23].
Fig. 4 shows the current density dependency on the IL con-
entrations in water obtained at −1.7 V (PtQRE) comparatively
or all electrocatalysts.

ig. 4. Cathodic current densities of platinum (�); 304 stainless steel (�); low
arbon steel (�); nickel (�) working electrodes at different concentrations of
MI.BF4 in water taken at −1.7 V (PtQRE).
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i 3.3 × 10 0.092 0.103

onditions: 10 vol.% BMI.BF4 aqueous solution; room temperature.

The observed points fit to a bell shaped curve for Ni, Pt and
CS electrodes. The maximum current density value observed

or the LCS is higher than the observed with Pt under the same
onditions. It is expected that j increases with the electrolyte con-
entration, due to the higher availability of conducting species
t a higher concentration of electrolyte. The decrease of j at IL
oncentrations higher than 13 vol.%, observed in Fig. 4, was
urprising. This effect can be explained in different ways: (i)
he formation of H2 bubbles on the surface of the electrode,
epleting the actual electrolysis area [24] and, by consequence,
ecreasing the observed j and (ii) the formation of aggregates
f ionic pairs at higher concentrations as already proposed by
ifferent authors in the case of ionic liquids [25].

Tafel experiments are enlightening in this field since they
nable the determination of important parameters such as the
xchange current densities (jo), the cathodic slope (βc) and the
nodic slope (βa). This linear sweep voltammetry affords a linear
ree energy relation between the current and the potential. By
lotting the ln |j| versus E, the slopes and the intercept at E = Eeq
ives the exchange current density for the electrode reaction
26], the hydrogen evolution reaction, in this case.

Table 2 shows the data obtained from Tafel plots for different
lectrocatalysts in 10 vol.% ionic liquid.

It is worth noting that the highest exchange current density
nd lowest cathodic slope were observed for LCS in this medium
nd at this temperature.

From these values the best electrocatalyst for HER is LCS, in
greement with the results presented in Fig. 4 and explain that
he observed effects are due to a charge transfer process involved
n the electroreduction of the proton.

The cathodic slope (βc) values obtained in these Tafel plots
an also be extremely elucidative. Fig. 5 shows the dependence
f the βc with the IL concentration. The lower polarization
nergy is observed at 10 vol.% and this is an elegant explanation
s to why this is the optimal IL concentration for HER.

The mechanism of the reaction of hydrogen production
epends on the nature of the metal. Bockris considers the Pt
lectrode as a “soft” metal in acid solution, and then a Volmer’s
echanism becomes the main hydrogen evolution pathway. By

his mechanism, the hydrogen production has two pathways. At
rst, there is a proton discharge onto the surface sites, a chemical
eaction follows in which adsorbed H atoms diffuse to each other
cross the electrode surface and undergo a chemical reaction to

orm H2(g) [27].

Bockris and Khan studied the rate of the HER in H+-
ontaining solutions (H2SO4 1.0 mol L−1) and concluded that
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Fig. 5. The cathodic slope (βc) values of different IL concentrations with a
low carbon steel electrode obtained by Tafel plots. Conditions: sweep linear
voltammetry at 1 mV s−1 under static conditions (PtQRE).

Fig. 6. Efficiency and current density of different electrodes used in HER.
Conditions: BMI.BF4 10 vol.% in water and −1.7 V (PtQRE).

Table 3
Hydrogen production efficiencies (η%) determined at −1.7 V (PtQRE) during
60 min at room temperature, for all electrocatalyst using a 10 vol.% BMI.BF4

aqueous solution

Electrode HER efficiency (η, %)

Pt 88.5
LCS 95.5
N
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Fig. 7. Effect of the applied cathodic potentials on the: (a) charge recorded and (b) hyd
of BMI.BF4 in water observed with the platinum (�); 304 stainless steel (�); low ca
i 97.1
S 96.1

he observed rate was characteristic of a rate-determining dis-
harge rather than that of desorption [27]. The value of the
xchange current density for the platinum electrode observed by
hese authors was 7.9 × 10−4 A cm−2 [28]. In our case, with Pt
lectrodes the exchange current value was 1.6 × 10−6 A cm−2,
hich means that the HER occurs more slowly in the system
MI.BF4 than H2SO4. In opposition, using a LCS electrode the
xchange current density was 3.5 × 10−5 A cm−2, which is a
ate similar to the observed with H2SO4.

.3. Efficiency of the HER with different electrocatalysts

Table 3 shows the HER efficiency (η) for all electrocatalysts
tudied at −1.7 V (PtQRE) in 10 vol.% IL at room temperature.

It is worth noting that the HER efficiency depends on the
otential and concentration of the IL solution. At more cathodic
otential ranges and using more dilute IL solutions the efficiency
f platinum increases up to 100%.

Fig. 6 shows that different electrodes give similar efficiencies
ut different current densities. These data have been obtained
rom the chronoamperometric curves.

As observed in Fig. 6 the highest current density values were
btained with the LCS electrode. This effect confirms that LCS
lectrode is the best electrocatalyst for water electrolysis in this
edium.

Fig. 7 shows the dependence of the charge (Q) and the volume

f hydrogen produced (VH2 ) with the potential. The platinum
lectrocatalyst, which is a very stable and efficient material,
xperienced a drawback at −2.0 V (PtQRE) for water electrol-

rogen volume production during water electrolysis using as electrolyte 10 vol.%
rbon steel (�); nickel (�) working electrodes in 1 h.
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ig. 8. SEM evidences of the corrosiveness of the low IL concentration solution
b) after 5 days immersed in 1 vol.% of IL in aqueous solution.

sis, evidenced by a loss of efficiency. Comparing this behavior
ith that of the LCS electrode, the latter showed the high-

st charge value and the highest hydrogen production with an
ncrease in the applied potential. Taking this into account these
esults, the LCS electrode, a cheap electrode, represents an inter-
sting alternative material for the production of hydrogen by
ater electrolysis.
The low carbon steel electrocatalyst showed the highest val-

es of charge (Q) regarding to the HER over almost all of the
otential range as well as the highest hydrogen volume evolu-
ion (VH2 ). The LCS electrocatalyst gave very high efficiencies,
etween 95 and 99%. These results are in agreement with the jo
alues observed for this metal in this medium.

The charge and hydrogen volume associated with the HER
btained with the SS electrocatalyst were lower than LCS, over
he full potential range. This phenomenon is probably associated
ith the known capacity of stainless steel to form a protecting
lm originating from the chromium in its composition [23]. The
fficiency observed with SS is in the range 87–96%. The same
omments can be made from the nickel electrocatalyst. Active
etals such LCS in aqueous solutions are susceptible to corro-

ion processes. It should be pointed out that the pH of aqueous IL
olutions decreases slowly with storage time. For example, the
H measured in a 10 vol.% BMI.BF4 solution immediately after
reparation was 6.54 and after 3 h at room temperature the pH
ropped to 3.95. This effect was previously described by other
uthors and is due to the hydrolysis of the imidazolium cation
29] which causes deprotonation of the imidazolium ring. Sur-
risingly, the expected corrosion of the LCS was observed only
ith the 1 vol.% IL solution. Fig. 8 shows the micrographies of

he LCS electrode before contact with the electrolyte solution
a) and the electrode corroded after 30 h of HER operation (b).

The corrosion of LCS in these aqueous solutions of imida-
olium ionic liquids was expected since it is known that these
ompounds produce acids by deprotonation of the carbon 2 of
he imidazolium ring in water, producing HBF4. This acidity

eads to the corrosion of the electrode. Otherwise, it is worth
oting that the corrosion phenomenon is not observed during
lectrolysis performed with more concentrated solutions. The
bsence of corrosion under such conditions was unexpected and
w carbon steel electrode: (a) without immersion in the electrolyte solution and

hould be ascribed to an inhibitor effect, as has been described
or many imidazolium derivatives [30].

. Conclusion

It has been shown that hydrogen production can occur effi-
iently from the reduction of water in the presence of low
oncentrations of IL using different electrode materials. The
udicious combination of an electrolyte and electrocatalyst, solu-
ion concentration and electrode materials should lead to a high
fficiency system with low cost, in order to enable technological
pplications. The high efficiency and current density observed
t low concentrations of the 1-n-butyl-3-methylimidazolium
etrafluoroborate (BMI.BF4) ionic liquid in water makes this
ystem extremely attractive.

The best combination of IL and electrocatalyst was obtained
t 10 vol.% IL in water, giving current densities (j) as high as
2 mA cm−2 for LCS, with hydrogen efficiencies between 95
nd 99% and high stability.

The major point of these studies is the economical attrac-
iveness of performing water electrolysis using an inexpensive
lectrode such as low carbon steel and a very stable IL. The
ystem constituted by these elements has to be considered as an
lternative to the currently employed technology for the produc-
ion of high purity hydrogen through HER.
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