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Abstract: Quasi-one-dimensional NiO with a hierarchically porous structure was synthesized through a facile
coordination—precipitation method with the coupling effect of ammonia and a post-calcination treatment. The
electrocatalytic properties of NiO fibers for the oxidation of ethanol were compared with those of NiO spheres. The
results show that the fibrous NiO possesses a larger specific surface area of 140.153 m%g and a lower electrical
resistivity of 4.5x10° Q-m, leading to an impressively superior electrocatalytic activity to spherical NiO for ethanol
oxidation in alkaline media. The current decay on fibrous NiO at 0.6 V in 100—900 s was 0.00003%, which is much
lower than that of spherical NiO, indicating its better stability. The unique morphology and hierarchically porous
structure give the fibrous NiO great potential to be used as an anodic electrocatalyst for direct ethanol fuel cells.
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1 Introduction

Direct ethanol fuel cells (DEFCs) have
attracted considerable attention as one of the most
promising energy storage and conversion devices in
terms of their numerous advantages including high
efficiency, moderate operating conditions and green
emissions [1,2]. However, there still remains a big
challenge to achieve the total oxidation of ethanol
directly to carbon dioxide, which involves the
cleavage of C—C bonds and the transfer of 12
electrons per molecule [3]. The development of
anode catalysts with high performance and good
stability is undoubtedly critical for the
commercialization of DEFCs. Precious metals such
as Pt, Pd and their alloys or composites have been

intensively investigated due to their high
electrocatalytic  activity for ethanol/methanol
oxidation [4—6]. Nevertheless, the drawbacks,
including the high cost due to the scarce reserves
and the poor durability resulting from self-
poisoning by absorbing intermediates such as CO,
impede their industrial production and daily
application [7,8]. As a result, many alternative
cost-efficient electrocatalysts such as non-precious
transition metals, especially nickel-based materials,
have been exploited for the direct electro-oxidation
of alcohols [9—-13].

Nickel oxide (NiO) is regarded as one of the
most applicable catalytic materials because of its
low cost, good durability, easy fabrication and
acceptable electrochemical properties [14,15].
However, due to the high electronic resistance and
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low charge transfer rate, bulk NiO usually exhibits
low electrocatalytic activity, which largely limits its
application in alcohol oxidation. To solve this
problem, apart from dispersing NiO particles in a
conductive substrate, such as carbon materials, to
form the composites [10], the conductivity and the
electrocatalytic activity of NiO can also be
effectively improved by endowing it with unique
morphologies and structures. Generally, the
construction of one-dimensional (1D) nano-
structures such as nanowires [16], nanorods [17],
and nanotubes [18] is beneficial to enhancing the
performance of electrocatalysts due to the
efficiently shortened mass transportation pathways
and the increased conductivity [19]. Additionally,
compared with dense materials, the porous structure
could enlarge the specific surface area of catalysts
and expose richer active sites, which tremendously
benefits the interfacial contact between the
electrode/electrolyte and improves the efficiency of
the electrocatalysts [20,21]. Thus, the construction
of a porous 1D structure would greatly ameliorate
the aforementioned drawbacks of NiO particles,
making it a great potential material to be used as the
anodic electrocatalyst in DEFCs.

In our previous work [22—24], the synthesis
conditions that affect the morphology of precursors
and the final NiO products, as well as the related
thermodynamic systematically
investigated. It was concluded that the introduction
of ammonia is a key to shape the precursors into the
fibrous morphology. In this work, we will mainly
focuse on the electrocatalytic activity of the
as-prepared fibrous NiO powders for ethanol
oxidation according to the advantages of its unique
morphology and structure. Meanwhile, the
electrocatalytic activity and conductivity of the
spherical NiO will be involved for comparison.

issues  were

2 Experimental

2.1 Reagents and materials

Nickel chloride hexahydrate (NiCl, -6H,0),
oxalic acid dihydrate (H,C,04:2H,0), ammonium
hydroxide (NH;-H,0), polyvinylpyrrolidone (PVP),
sodium hydroxide (NaOH) and ethanol (C,HsOH)
were purchased from Changsha Sublimation
Scientific Research (Changsha, China). Nafion
(0.5 wt.%) was purchased from Alfa Aesar Co. Ltd.
All reagents are of analytical grade and used as

received without further purification. All solutions
were freshly prepared with deionized water.

2.2 Synthesis of materials

In a typical synthetic experiment, 7.564 g of
H,C,04-2H,0 (0.6 mol) and 0.500 g of PVP were
completely dissolved in a mixed solvent of 50 mL
ethanol and 50 mL deionized water, and followed
by the addition of 100 mL NiCl,-6H,O solution
(0.5mol) at a rate of 2mL/min with the
temperature maintained at 333 K in a water bath.
The pH value was adjusted in the range of 6.0-9.0
by adding NH;-H,O and the suspension was stirred
continuously for 60 min after the feeding. The
precipitate was washed with water and ethanol,
respectively, and dried under vacuum at 373 K for
24 h. Finally, the precipitate was annealed at 723 K
in air for 1 h to obtain the NiO fibers (NiO-f).

The spherical NiO (NiO-s) for comparison was
synthesized through the hydrothermal method using
urea according to the literature method [25,26].

2.3 Characterization

The morphology of the as-prepared samples
was observed via field-emission scanning electron
microscopy (FESEM, Tescan MIRA3),
transmission electron microscopy (TEM, FEI
Tecnai G2 F20) and high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai G2 F20).
An X-ray powder diffractometer (Rigaku-TTRIII)
(Cu K,, 41=0.154056 nm) was used to determine the
phase structure and the composition of the
precursors and final products. The resistivity of
samples was measured using a four-point probe
tester (RTS—S8). The specific surface areas and
average pore sizes were determined via N,
adsorption/desorption analysis (Quadrasorb SI,
Quantachrome). The Brunauer—Emmett—Teller
(BET) specific surface areas were calculated from
the adsorption isotherms, and the Barrett—Joyner—
Halenda (BJH) pore size distribution was analyzed
with the adsorption branch data.

2.4 Preparation of modified electrode

To make the electrocatalyst ink, 50 mg of
as-prepared porous NiO fibers were ultrasonically
dispersed into 2 mL deionized water. Then, 4 uL of
the ink was transferred onto the surface of a
pre-polished glassy carbon electrode (GCE, 5 mm
in diameter) using pipette. After the solvent was
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evaporated at the room temperature, the fibrous
NiO was covered by 2 uL of Nafion solution
(0.5 wt.%) to obtain the modified glassy carbon
electrode (NiO-f/GCE). A spherical NiO modified
glassy carbon electrode (NiO-s/GCE) was also
prepared through the same method. The mass
loading of each electrode is about 0.51 mg/m’.

2.5 Electrochemical measurement

The electrocatalytic performance of the
as-prepared samples for ethanol oxidation was
evaluated with an electrochemical workstation
(CHI660B) using a conventional three-electrode
setup where the modified glassy carbon electrodes
(NiO-f/GCE and NiO-s/GCE) were used as the
working electrodes, while a saturated calomel
electrode (SCE) and a Pt plate electrode were
selected as the reference and counter electrodes,
respectively. All of the electrochemical tests were
performed at (25+2) °C.

3 Result and discussion

3.1 Preparation and physical characterization of
NiO fibers and spheres
Figure 1 shows the FESEM images of the NiO
precursors obtained by coordination—precipitation
method at different pH values. When the pH is
adjusted to 6.0 by adding NH5-H,O, an aggregated
granular morphology is observed (Fig. 1(a)). Then,

the precursors transfer into flower-like particles
accumulated by numerous nanorods when pH=7.0
(Fig. 1(b)). With the further increase of the pH
value (pH>8.0), the precursors display a fibrous
morphology with the diameter of 0.1-0.3 pm and
an aspect ratio of 20—30 (Figs. 1(c, d)). However,
the aspect ratio of the fibers decreases when the pH
reaches 9.0, which may result from the dissolution
of the precipitate due to the high concentration of
ammonia in the suspension. These results indicate
that the change of pH values due to the addition of
NH;'H,O may have a significant effect on the
morphology of the precursors.

According to the thermodynamics analysis
[24], Ni(Il) ions mainly exist as the form of
Ni[NH;],”" (n=1-6) at pH>7.0, and the complexing
ion Ni[NH;]," (m=3—6) dominates only when
pH>8.0. Thus, for the reaction system of Ni(Il)
_Czoii_NH3_NH:{_H20, different coordination
numbers of ammonia in Ni[NH;];" (n=1-6) may
affect nickel oxalate species precipitated from the
system, further influencing their morphologies. At
certain pH values (8.0-8.4 for example), the
quasi-one-dimensional precursors will be formed
with the composition of nickel oxalate containing
ammonia [22].

The NiO fibers were obtained through the
post-calcination treatment of the fibrous nickel
oxalate precursor precipitated at pH=8.0. Figure 2
shows the XRD patterns of the as-prepared NiO

Fig. 1 FESEM images of NiO precursors obtained at different pH values of 6.0 (a), 7.0 (b), 8.0 (¢), 8.4 (d) and 9.0 (e)
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Fig. 2 XRD patterns of NiO fibers and NiO spheres

fibers and the spherical NiO for comparison. The
diffraction peaks of the fibrous NiO correspond
perfectly to facets indexed to the pure phase of
face-centered cubic (fcc) NiO (JCPDS No.
73-1523). No other diffraction peaks are observed.
Similarly, the XRD patterns of NiO spheres can
also be assigned to the NiO phase without
impurities detected.

The FESEM images of the NiO fibers are
presented in Fig. 3(a). It is shown that the prepared
NiO powders are in a well-dispersed fibrous
morphology with an average diameter of 200 nm

(2)

0.241 nm

. W\

where numerous pores distribute uniformly
throughout the whole fibers, which can be ascribed
to the release of NH; and CO, during the calcination
process. The porous structure is also confirmed by
the TEM image (Fig. 3(b)) which shows that the
NiO fibers are constructed by many interconnected
nanoparticles at the length scale of 10—20 nm.
Meanwhile, it can be observed in HRTEM image
(Fig. 3(c)) that the distance between the adjacent
discerned lattice fringes is 0.241 nm, which can be
indexed to the (111) crystal plane of NiO. Moreover,
the SAED pattern (inset of Fig. 3(c)) exhibits well-
defined diffraction rings, suggesting polycrystalline
characteristic of NiO fibers. These rings can be
indexed to the (111), (200), (220), (311), (222)
planes of the NiO phase, which matches well with
the above XRD results. For comparison, the
morphology of the NiO-s sample was also observed
(Fig. 3(d)), exhibiting aggregated irregular spheres
with an average diameter of 1 um and no distinct
pores. It is expected that porous structure of NiO
fibers obtained by the coordination—precipitation
and post-calcination method could greatly boost the
transportation of ions and electrons both at and
beneath the electrolyte/electrode interface, which
would facilitate the electro-oxidation of ethanol on
the NiO modified electrode.

o

Fig. 3 FESEM image (a), TEM image (b) and HRTEM image (inset: SAED pattern) (c) of prepared NiO-f sample, and

FESEM image of NiO-s sample (d)
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The suggested one-dimensional growth
mechanism of fibrous NiO precursor and the
formation of the porous structure on the final NiO
powders are illustrated in Fig. 4. Here, we put
forward that the coordination of ammonia into
nickel oxalate is the key factor, and the aggregation
of thousands of tiny crystals gives rise to the
orientated growth of precursors due to the different
energies of the crystal surfaces, which is similar
to the precipitation reactions of other oxalate
salts [27,28]. During the calcination process, through
the release of volatile gases such as NH; and CO,,
the NiO fibers display a unique porous structure, as
shown by the FESEM and TEM images.

To further confirm the existence of the pores,
N, isotherms and pore size distributions of
as-prepared NiO fibers are depicted in Fig. 5.
According to the International Union of Pure and

NH, . Crystal
Coordination structure
O
Porous
structure
Thermal
decomposition

Giving out
volatiles

NiO fibers

1619

Applied Chemistry (IUPAC) classification [29], the
isotherms of NiO fibers can be classified as Type IV
with Hj hysteresis loop corresponding to the feature
of mesoporous structure, indicating more active
catalytic sites existing in NiO particles for the direct
electro-oxidation of ethanol. The steep rise of the
isotherms when P/P, approaches 1 indicates the
presence of macropores in fibrous NiO powders,
which allows for the efficient transportation of
reactants and by-products at the interface of the
electrode and electrolyte. The specific surface area
of the sample is calculated to be 140.153 m%g,
which is much larger than that of the spherical
NiO (35.305 m?g) and NiO reported in other
studies [30—32]. As shown in Fig. 5(b), the pore
diameter of the NiO fibers mainly distributes
around 3.34 and 23.67 nm where the former is
dominant. The average pore diameter and the pore

‘ Crystalllzatlon

Aggregation

Orientated
growth

N ) N —

—

Nickel oxalate
precursors

Fig. 4 Schematic illustration of growth mechanism of fibrous precursors and formation of porous structure on NiO

powders
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volume are 3.343nm and 0.00521 cm’/g,
respectively. Furthermore, the electrical
conductivity measurement of the NiO samples was
conducted using a four-point probe tester.
Impressively, the resistivity of NiO fibers is
measured to be 4.5x10° Q-m (corresponding to the
conductivity of 2.2x107° S/m), which is one order
of magnitude lower than that of NiO spheres of
3.6x10° Q-m (corresponding to the conductivity of
2.7x1077 S/m). This might be due to the one-
dimensional and porous structure which could
effectively lower the percolation threshold [19,33]
and enhance the electrical conductivity of NiO by
offering a network built with the conductive loops.

3.2 Electrocatalytic properties of NiO fibers and
spheres

Figure 6(a) shows the cyclic voltammograms
(CVs) of the NiO fiber modified glassy carbon
electrode (NiO-f/GCE) in 1 mol/L NaOH in the
absence and presence of 0.1 mol/L ethanol recorded
at a scan rate of 10 mV/s. A pair of redox peaks at
0.36 and 0.47 V exist in the absence of ethanol,
which can be ascribed to the transformation
between Ni*" and Ni’** [9,34]. When 0.1 mol/L
ethanol is added, a significantly increased anodic
peak current is observed at about 0.58 V, indicating
the involvement of ethanol in the electrochemical
reaction on the surface of NiO-f/GCE. For
comparison, CVs of the spherical NiO modified
glassy carbon electrode (NiO-s/GCE) in 1 mol/L
NaOH in the absence and presence of 0.1 mol/L
ethanol are also shown in Fig. 6(b). Similarly, an
increased anodic current is observed in the presence
of ethanol. However, the current increment is much
smaller than that of NiO-f/GCE, indicating its
inferior electrocatalytic activity for the electro-
oxidation of ethanol.

The following mechanism is put forward for
the ethanol oxidation on NiO/GCE. First, a layer of
Ni(OH), forms rapidly in NaOH solution at low
potentials during the anodic sweeping. At a certain
higher potential, the redox reaction of Ni*"/Ni**
occurs according to Eq. (1) [35,36]. Then, ethanol is
oxidized on the electrode surface via Eq. (2) [37]:

Ni(OH),+OH =NiOOH+H,0+e¢ )
NiOOH+ethanol==Ni(OH),+product 2)

The CV curves of NiO-f/GCE and NiO-s/GCE
in the presence of 0.1 mol/L ethanol in 1 mol/L
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Fig. 6 CVs of NiO-f/GCE (a) and NiO-s/GCE (b),
and comparison between NiO-f/GCE and NiO-s/GCE (c)
in 1 mol/L NaOH in absence and presence of 0.1 mol/L
ethanol (scan rate: 10 mV/s)

NaOH solution are shown in Fig. 6(c) for further
comparison. It can be seen that the CV curve of
NiO-f/GCE shows a larger enclosed area,
representing a higher current density for ethanol
oxidation than that of NiO-s/GCE. In addition, the
onset potential for the ethanol oxidation reaction on
NiO-f/GCE is lower than that of NiO-s/GCE. Both
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of them indicate the superior -electrocatalytic
activity of NiO-f/GCE to NiO-s/GCE, implying that
the larger surface area and the better electrical
conductivity derived from the quasi-one-
dimensional morphology and hierarchical porous
structure of NiO fibers are beneficial for the
electrocatalytic oxidation of ethanol in alkaline
media.

To further investigate the electrocatalytic
performance of NiO-f/GCE, the effects of both
ethanol concentration and scan rate were
investigated by CV measurement. The CVs of
NiO-f/GCE in 1 mol/L NaOH solution varying with
increasing concentrations of ethanol are shown in
Fig. 7(a). It can be observed that the anodic peak
currents in the voltage range of 0.4-0.6 V vary
linearly with the concentration of ethanol in the

electrolyte (the inset image of Fig. 7(a)).
=11.82107x+0.19252
@) 120081
2.0t 08
E
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Furthermore, the CVs of NiO-f/GCE at different
scan rates with the electrolyte mixture of 0.1 mol/L
ethanol and 1 mol/L NaOH are shown in Fig. 7(b).
As observed, the peak current gradually increases as
the scan rate varies from 10 to 50 mV/s. The inset
image of Fig. 7(b) shows that the anodic peak
currents are linearly proportional to the square root
of the scan rates as well, implying that the kinetics
of the ethanol electro-oxidation reaction on
NiO-f/GCE is controlled by the diffusion of ethanol
from the electrolyte to the electrode/electrolyte
interface.

The current—time (/—f) curves of NiO-f/GCE
and NiO-s/GCE were measured to compare their
stability. As shown in Fig. 8(a), the current on
NiO-f/GCE decreases rapidly during the first
100 s, which might be due to the adsorption of
intermediates such as CO or CHO on the active
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Fig. 7 CVs of NiO-f/GCE in 1 mol/L NaOH solution: (a) In presence of ethanol with various concentrations at scan rate
of 10 mV/s (inset: dependency of anodic peak current on concentration of ethanol in 1 mol/L NaOH solution); (b) In
presence of 0.1 mol/L ethanol at different scan rates (inset: dependency of anodic peak current on square root of scan

rate)
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Fig. 8 /-t curves of NiO-f/GCE and NiO-s/GCE [26] (inset) (a) and Nyquist diagram of NiO-f/GCE and NiO-s/GCE
(inset: corresponding equivalent circuit) (b) in presence of 0.1 mol/L ethanol in 1 mol/L NaOH solution
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catalytic sites during the ethanol oxidation process.
Shortly afterwards, the current stabilizes at a
limiting value in the subsequent time range. Similar
behavior of the current is observed for NiO-s/GCE
(inset). However, the result of NiO-f/GCE shows a
significantly larger current within the whole test
time range, which further confirms the superior
electrocatalytic activity of NiO fibers. In addition,
almost no current decay (0.00003% in 100—900 s)
is observed from the /-t curves of NiO-f/GCE,
while the current decay on NiO-s/GCE is about
0.075% [26], implying the better stability of NiO
fibers than the NiO spheres.

Furthermore, the electrochemical impedance
spectroscopy (EIS) was applied to investigating the
charge transfer behavior of NiO-f/GCE and
NiO-s/GCE. As shown in Fig. 8(b), a depressed
semicircle is observed from the results of
NiO-s/GCE, which is related to both the charge
transfer resistance and the double layer capacitance.
NiO-f/GCE demonstrates a different diagram
composed of a small semicircle at the high
frequency region (arrow-pointed area) and a larger
one within the middle—low frequency region.
Similarly, the depressed semicircle at the
high-frequency  region corresponds to the
combination of charge transfer resistance and the
double layer capacitance due to the blocking effect
of the rough electrode surface. The larger semicircle
at the middle—low frequency region is ascribed to
the diffusion impedance. It can be clearly seen that
the diameter of the first semicircle for NiO-f/GCE
is much smaller than that of the semicircle of
NiO-s/GCE, indicating its lower charge transfer
resistance. To further investigate the kinetics of
ethanol oxidation on NiO-f/GCE, an equivalent
circuit compatible with the EIS results is presented
in Fig. 8(b). In the circuit, R, R and Ry represent
the solution resistance, charge transfer resistance
and diffusion resistance, respectively. The CPE; and
CPE, are the constant phase elements
corresponding to the double-layer capacitance. The
Ry and R, values obtained by fitting the
experimental data are 7.981 and 77.17Q,
respectively. Similarly, the R; (9.29 Q) and R
(156.6 Q) for NiO-s/GCE are also obtained (inset in
Fig. 8(b)). The similar fitting solution resistance
(R;) for these two electrodes indicates their identical
electrolyte conditions, while the R, value of
NiO-f/GCE is only about half that of NiO-s/GCE,

implying the faster charge transfer characteristics of
fibrous NiO than spherical NiO, which reconfirms
the boosting effect for electro-oxidation of ethanol
through the construction of quasi-one-dimensional
and hierarchically porous structure in NiO powders.

4 Conclusions

(1) The NiO fibers can be synthesized through
a facile template-free method, which involves the
precipitation of the ammonia-containing nickel
oxalate precursor and the post-calcination treatment.
The introduction of ammonia plays the key role in
obtaining the quasi-one-dimensional morphology
and hierarchically porous structure of NiO samples.

(2) The synthesized NiO fibers has a higher
specific surface area of 140.153 m*/g and a lower
resistivity of 4.5x10° Q-m than NiO spheres, which
are beneficial to enriching the active catalytic sites
and the diffusion and transportation of ions and
electrons.

(3) Profiting from the unique quasi-one-
dimensional porous structure, the NiO fibers exhibit
higher electrocatalytic activity and better stability
than NiO spheres for electro-oxidation of ethanol in
alkaline media, making it a promising anodic
catalyst material for the high-performance DEFCs.
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