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Abstract The activity of the hydrogen evolution reaction
(HER) has been investigated on a polypyrrole-chitosan com-
posite film decorated with a small amount of gold (Au) nano-
particles coated on an aluminium electrode. The facile alumin-
ium modified with such a hybrid nanocomposite and its per-
formance was investigated for hydrogen evolution for the first
time. A simple two-step approach was applied, including the
first co-electrodeposition of polypyrrole and chitosan at a con-
stant current electrolysis accompanied by the electrodeposi-
tion of Au nanoparticles via cyclic voltammetry. The chitosan
(Chi), which is available in abundant quantities as a raw ma-
terial, was incorporated into polypyrrole (PPy) chains, and it
plays a key role in keeping metal nanoparticles highly dis-
persed and interconnected through the formation of a collab-
orative hybrid network. The low loading (≈2 wt%) of Au on
this composite film favoured the related reaction more with a
high cathodic current density and reduced the Tafel slope
(−152 mV dec−1) confirming that the reaction proceeded via
the Volmer-Heyrovsky mechanism with a rate control step by
the Volmer reaction (proton discharge step). In addition, the
long-term durability over 8 h achieved this hybrid composite
as a promising nano-electrocatalyst for HER.
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Introduction

The term ‘hydrogen economy’ refers to the vision of produc-
ing hydrogen from renewable sources by economically appli-
cable methods. Although electrocatalytic hydrogen produc-
tion from water is one of the most efficient technologies
[1–6] among the other hydrogen production techniques, actu-
ally exploring cheap, efficient and stable electrocatalysts for
hydrogen evolution is still a challengeable issue. In general, to
enhance the electrocatalytic HER performance, the most ef-
fective method is to develop nanostructured electrocatalysts
that facilitate the efficient diffusion of the electrolyte and pro-
vide sufficient active sites [1]. It is well documented that the
noble metals, especially Pt-group metals have great catalytic
activity for HER; however, their low abundance and conse-
quently high cost limit their large-scale commercial applica-
tions. There are many works related to electrocatalytic hydro-
gen production on various electrode materials in the literature.
The most important problem is the use of expensive materials
and also quite complicated methods. The challenge is to de-
velop HER alternative catalysts that are both highly effective
and abundant.

Aluminium has been reported to be commonly used in
everyday life and several industrial applications, such as
aluminium-air technology [7], food industry, desalination
plants [8] and corrosion studies [9], due to its low density,
favourable mechanical and environment-friendly properties.
In addition, its high conductivity, easy manufacturing and
low cost make it an appropriate electrode material. The aim
of the present study was to use this inexpensive and conduc-
tive metal as an electrode material for investigating HER, but
modifying its surface with PPy-Chi/Au hybrid nanocomposite
by using a small amount of gold. Chitosan is the second most
abundant polysaccharide natural biopolymer present on the
earth after cellulose, and it is obtained from chitin
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deacetylation. It has been attracting considerable interest for a
broad range of applications, due to its unique properties in-
cluding nontoxicity, biocompatibility, biodegradability and
good film forming ability [10, 11]. It should be mentioned that
there are a few reports on using chitosan modified aluminium
electrodes for electrocatalysis applications [12, 13]. The use of
the chitosan in the electrolyte milieu, which is a biocompatible
polymer with a large number of amino and hydroxyl function-
al groups, enables the simultaneous synthesis of the composite
film with polypyrrole as PPy-Chi. Furthermore, the excellent
film-forming capability of chitosan enabled us to achieve
homogenously distributed Au nanoparticles on PPy-Chi, as a
hybrid nanocomposite film. The formation of nanocomposites
based on abundantly available raw materials, presenting
unique properties not found in the individual compounds, is
an ideal process for the development of cheap materials with
advanced properties [14, 15]. This hybrid nanocomposite,
which only contains a very small amount of Au, presented
comparable electrocatalytic HER activity with the existing

well-developed metallic catalysts. Development of noble-
metal free catalysts or catalysts with small quantities of noble
metals is a good alternative approach to reduce the cost and
enhance catalytic activities and stabilities of HER catalysts.
Thus, our findings will lead a new road toward replacing bulk
noble metal electrodes by alternatives in a wide variety of
applications.

Experimental

Pyrrole was obtained from Merck, and it was purified by vac-
uum distillation prior to use. All the other chemicals were
purchased from Sigma-Aldrich and used without further puri-
fication. All electrochemical measurements were carried out
using an electrochemical workstation system (Gamry
Interface 1000, Gamry Instruments, USA), and a conventional
three-electrode cell assembly containing an Ag/AgCl elec-
trode as the reference electrode, a platinumwire as the counter
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electrode and an aluminium rod (3 mm diameter) as the work-
ing electrode. All potentials in this study are reported vs NHE.
The morphology of the electrode surfaces was characterized
by scanning electron microscopy (FEI Quanta 250 FEG).The
analyses of the chemical composition of the modified elec-
trodes were performed using an energy dispersive spectrome-
ter (EDS) and X-ray photoelectron spectroscopy (XPS) mea-
surements were recorded on a Specs-Flex mode instrument.
The FT-IR spectra measurements were used to obtain the
bonding information of the PPy, chitosan and Au nanoparti-
cles, carried out using a Perkin Elmer Spectrum 100 FTIR
spectrophotometer. The wavenumber range of 4000–
650 cm−1 was applied for the collection of IR spectra.

The aluminium electrode was embedded in an epoxy resin,
and the exposed surface was subjected to mechanical
polishing with emery paper, with successive decreases in the
grain size (180 to 2500). The polishing treatment was contin-
ued with 0.3 μm alumina powder until a mirror finish image
was obtained, and then the electrode was immersed into eth-
anol and washed carefully with distilled water before immers-
ing in the electrolyte solution.

The surface modification of the aluminium electrode was
performed by co-electrodeposition of polypyrrole and chito-
san at a constant current electrolysis (2.5 mA cm−2) for
15 min. The electropolymerization solutions were prepared
in a 0.3 mol L−1 oxalic acid solution containing 0.1 mol L−1

pyrrole and 0.01 g chitosan in a final volume of 10 mL. After
polymerization, the coated electrode was immersed in a
0.5 mol L−1 H2SO4 solution for 5 min to remove the residues.
The electrodeposition of the Au nanoparticles was performed
on the composite film by cyclic voltammetry in the potential

range of −0.5 to +1.0 V, which was applied for two cycles at
50 mVs−1 in a 0.5 mol L−1 H2SO4 solution containing
1 mmol L−1 HAuCl4. The amount of loaded Au was calculat-
ed as 88 μg cm−2 from the electrical charge consumed during
the deposition process from the equation of mAu = QAu.M/nF,
where QAu (C cm−2) is the electrical charge for the reduction
of Au3+, M is the atomic weight of Au (196.96 g mol−1), n is
the number of electrons transferred and F is the Faraday con-
stant (96,485 Cmol−1). The composite films were ready to use
for electrochemical measurements after holding them in the
0.5 mol L−1 H2SO4 solution for a few minutes. We also pre-
pared and performed electrochemical measurements with only
the PPy-coated aluminium electrode for comparison.

Results and discussion

Structural and morphological characterization

The morphological structures of the products were determined
by the SEM images. SEM images of the PPy film aswell as PPy-
Chi and PPy-Chi/Au composite films coated on aluminium elec-
trodes are shown in Fig. 1. The PPy reveals a typical cauliflower-
like morphology (Fig. 1a), which shows a more compact struc-
ture and tighter film in the case of codeposition of PPy and
chitosan (Fig. 1b). As illustrated by the SEM image (Fig. 1c),
the Au particles electrodeposited on the PPy-Chi were distributed
homogenously on the film, and in the magnified image of Fig.
1c, it can be clearly seen that the diameter of the particles ranges
from 25 to 45 nm (Fig. 1d).
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Fig. 2 XPS survey spectra of PPy-Chi and PPy-Chi/Au composite films coated on aluminium electrode
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The energy diffraction spectrum (EDS) of the corresponding
selected area from the PPy-Chi/Au composite film in Fig. 1e
indicates that Au is coexistent, aswell as theC,O andN elements
that originated from the PPy-Chi composite film. It is noteworthy
that even the 2% Au enhances the catalytic activity of the com-
posite film. The X-ray photoelectron spectroscopical measure-
ments were also performed for PPy-Chi and PPy-Chi/Au com-
posite films to analyse their chemical composition. In the case of
the PPy-Chi/Au composite film, signals due to Au, in addition to
those due to C,N andO, are clearly apparent for the PPy-Chi/Au,
which indicates the existence of Au nanoparticles on the com-
posite surface. The result is accordant with the EDS and XPS,
which indicates Au nanoparticles were deposited on the surface
of the PPy-Chi composite film (Fig. 2).

The further structural analyses were performed by FT-IR
spectroscopy. The obtained spectrum of PPy-Chi and PPy-
Chi/Au composite films is shown in Fig. 3.

The stretching peak observed at 1560 cm−1 corresponds to
C=C (pyrrole ring), which is the characteristic absorption peaks
of the polypyrrole. The peaks at 1185 and 1045 cm−1 are related
to the C=N and =C–H stretching vibrations, respectively. The
spectra of the PPy-Chi composite film are also similar to that
of the PPy with a difference in the broadening bands between
3300 and 3400 cm−1 due to the hydrogen bonds between PPy
and chitosan via −NH2 and −OH groups. The characteristic
peaks at 1685 and 1315 cm−1 represent, respectively, C=N and
C–N bonds, which may reasonably be assigned to C=C
stretching that got shifted toward lowerwave numbers in the case
of the PPy-Chi/Au nanocomposite hybrid film.

The overall experimental setup is shown schematically in
Fig. 4.

The electron transfer from the Al electrode to the H+ ion in the
acidic electrolyte medium takes place through the PPy-Chi com-
posite film. The conducting polymeric film acts as a mediator
[16]. The Au nanoparticles, which have a highly catalytic activ-
ity, enhance both the adsorption of the H+ ion and consequently
the current density for the electrochemical reduction process.

HER activity of catalysts

Linear sweep voltammetry (LSV), Tafel polarization curves
and electrochemical impedance spectroscopy (EIS) were
employed to evaluate the electrochemical characteristics of
the prepared electrodes for hydrogen evolution. Figure 5a
shows the measured polarization curves of the PPy film as
well as the PPy-Chi and PPy-Chi/Au composite films. Due
to an oxide layer forming naturally on the aluminium surface,
it is usually not easy to coat the aluminium surface with
conducting polymers, but on the other hand, this layer also
acts as an ionic conductor in the electrolytic solutions [17]. It
can be clearly seen that the current density obtained with the
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PPy-Chi coating is higher than that with just the PPy film. The
functional groups (−OH and −NH2) of chitosan provide easy
incorporation of the chitosan with the other substances [18,
19]. In the presence of the chitosan in the electrolyte medium,
the polymer chains of the chitosan penetrated the PPy chains
via H-bonds, which lead the composite film to be more con-
ductive. This is attributed to the more compact and relatively
less porous surface of the PPy-Chi film; confirmed by the
SEM analysis, as this might increase the electron transfer abil-
ity [20]. In addition to this, the free amino groups of chitosan
also can be responsible for an electrostatic interaction with the
H+ ions in the electrolyte. These would lead to an increase in
the current density for the HER.

After electrodeposition of the Au nanoparticles on the PPy-
Chi surface, the obtained PPy-Chi/Au hybrid film showed the
best HER properties with a lower overpotential and higher cur-
rent flow, which suggests that the HER activities of the Au nano-
particles all contributed to the active coating material on the
aluminium electrode (Fig. 5a). It is well known that the bulk
form of gold is a poor catalyst but the nanosized form has an
excellent catalytic activity [21]. The better activity of the PPy-
Chi/Au hybrid film on HER is due to it having more active sites,
which means it is more capable of providing more reaction sites
to the HER [2]. Moreover, the film-forming capability of chito-
san enables the Au nanoparticles to be highly dispersed, which
are embedded into the polymeric composite matrix and this re-
duces the aggregation process that affects the stability of the Au
nanoparticles [22].

On the other hand, the Tafel slope is an important parame-
ter for the evaluation of the electrochemical HER activity, and
a smaller Tafel slope indicates an enhanced HER rate. The

corresponding Tafel slopes for the PPy film, PPy-Chi com-
posite film and PPy-Chi/Au hybrid film are provided in Fig.
5b.

The HER mechanism in acidic electrolytes has been pos-
tulated to comprise three steps; the first step is the Volmer
reaction, which is related to the discharge of protons
(H3O

+ + e−→Had + H2O, b = 2.303RT/αF = 120 mV,
α = 0.5). Then, two possible steps are proposed: the
Heyrovsky (Had + H3O

+ + e−→H2 + H2O, b = 40 mV) and
Tafel reaction (Had + Had → H2, b = 30 mV) [4–6].

The electrochemical parameters, such as b (Tafel slope),
io (exchange current density) and i (current density at a con-
stant potential), are summarized in Table 1. The Tafel slope
value for the PPy-coated electrode was found to be relative-
ly high (234 mVdec−1), and it decreased to 192 mVdec−1 in
the case of the PPy-Chi coating due to the chitosan pene-
trating the PPy chains that enabled them to carry more
charge and facilitate the charge transfer for the HER. After
the electrodeposition of a small amount of Au (2.09%), a
further reduced Tafel slope of −152 mV dec−1 could be
assigned to the Volmer-Heyrovsky mechanism with a rate
control step by the Volmer reaction (proton discharge step),
and this may result from the strong H adsorption onto the Au
nanoparticles.

The exchange current density characterizes the electrocat-
alytic activity of the electrode at equilibrium conditions.
However, the obtained current density value at a certain po-
tential is more important to compare the electrocatalytic activ-
ity of the electrodes to proceed at a measurable rate for the
HER. Therefore, the current densities for the PPy, PPy-Chi
and PPy-Chi/Au nanostructured film were measured at
−1.0 V; the obtained values were 0.64, 2.45 and
6.12 mA cm−2, respectively, indicating that the current densi-
ties are proportional to the activity of the electrode surface.

To further understand the electrocatalytic activity of the
coated films, electrochemical impedance spectroscopy
(EIS) tests were carried out within the frequency range from
100 to 0.1 kHz with an amplitude of 10 mV at −1.0 V to
investigate the kinetics of the HER. The impedance data are
represented in a form of Nyquist plots in Fig. 6a.
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Fig. 5 Voltammetric
characteristics of PPy, PPy-Chi
and PPy-Chi/Au films (a) LSV
(ν = 20 mVs−1) in 0.5 M H2SO4

and (b) Tafel plots (ν = 1 mVs−1)

Table 1 Electrochemical parameters obtained from Tafel plots

Film −b/mV dec−1 io/mA cm−2 i/mA cm−2 (η = −1.0 V)

PPy 234 0.21 0.64

PPy-Chi 192 0.54 2.45

PPy-Chi/Au 152 1.68 6.12
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All the spectra on the Nyquist plots display a semi-circular
trend, which is consistent with electrochemical impedance
data obtained on various HER electrocatalysts [23, 24]. The
diameter of the semi-circle indicates the charge transfer resis-
tance for the hydrogen evolution reaction. When compared
with the PPy film, the PPy-Chi composite film exhibits small-
er charge-transfer resistances for the HER of approximately
2.1 and 0.9 kΩ, respectively. By adding chitosan within the
polypyrrole chains, the electrical conductivity of the film was
increased and, consequently, the charge-transfer resistance de-
creased. After depositing Au nanoparticles on this composite
surface, the charge-transfer resistance decreased more to
0.6 kΩ. The larger accessible surface area, the higher intrinsic
conductivity by electrodepositing the Au nanoparticles on the
PPy-Chi composite film and the ability of chitosan to bring the
H+ to the electrode surface mainly contribute to enhance the
HER performance and the decrease of the impedance of the
nanocomposite hybrid film.

The potential dependence of the Nyquist diagrams of the
PPy-Chi/Au was also studied at selected overpotentials and
presented in Fig. 6b. The diagrams were recorded at −0.9,
−1.0 and −1.1 V. With an increase in the overpotential, the
diameter of the semi-circle decreases, which expresses a de-
crease in the HER resistance and an increase in HER current,
depending on Ohm’s law [23]. Since the vigorous hydrogen
production rate, scattering data were observed at the potentials
more negative than −1.0 V.

The stability of the developed electrocatalyst is another
key parameter for hydrogen evolution applications,

because the durability is also as important as the high
activity to decide if it is a promising material for electro-
catalytic HER. To investigate the durability of the
electrocatalyst, stability tests were conducted by continu-
ous cyclic voltammetry with the potential range of −0.4 to
−1.3 V for 1000 cycles at an accelerated scanning rate of
100 mVs−1. The polarization curves before and after
1000 cycles are illustrated in Fig. 7a, and they indicate
no significant loss after the cycling test.

Moreover, the durability test was also performed by
electrolysis at a fixed overpotential (Fig. 7b), which rep-
resents the expected catalytic durability of the PPy-Chi/
Au nanocomposite hybrid electrode.

Conclusion

In conclusion, PPy-Chi composite film and PPy-Chi/Au nano-
composite hybrid film have been fabricated on an aluminium
electrode, through a simple two-step approach including the
first co-electrodeposition of polypyrrole and chitosan at a con-
stant current electrolysis (2.5 mA cm−2) accompanied by the
electrodeposition of Au nanoparticles via cyclic voltammetry.
The aluminium, as a not-widely used electrode for HER,
showed high electrochemical HER activity and durability, by
modifying its surface with PPy-Chi/Au nanocomposite hybrid
film; after potential sweep tests for 1000 cycles and catalytic
stability for electrolysis over 8 h, it indicated it could be a
preferable and effective electrocatalyst for the HER
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application. The higher HER activity and stability of the PPy-
Chi/Au hybrid film is mainly due to its large surface area that
allows for the exposure of more active sites and the collabo-
rative network of Au nanoparticles that are highly
homogenously dispersed in the PPy-Chi matrix due to func-
tional groups of chitosan which favours the interaction with
H+ ions in the electrolyte facilitates efficient pathways for
electrolyte and H2 evolution. In addition, using the Au metal
at the nano scale lowers the cost, which means it will be a
more cost-effective electrode material, and this will lead to
more applications in energy conversion.
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