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Spinel oxide NiCo,04 firstly has been explored to promote activity of Au for glycerol electrooxidation,
which is supported on a three-dimensional hierarchical porous graphene-like carbon (3D HPG)
material. Addition NiCo0,0, into the Au/HPG catalyst can significantly improve the catalytic
performance for glycerol oxidation. When NiCo,0, is added to the Au/HPG, onset potential is more
108 mV negatively than that on the Au/HPG. Peak current density on the Au/NiCo,04(wt 6:1)/HPG is
5.1 times as high as that on the Au(20wt%)/HPG. The Au/NiC0,0,4 in this work shows a great
potential as electrocatalyst for glycerol electrooxidation in alkaline medium.
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1. INTRODUCTION

Fuel cells have drawn more and more interest for energy and environmental consideration.
More and more people focus on the development of direct alcohol fuel cells (DAFCs) with methanol
as fuel, which can be used as power sources for mobile, stationary and portable application [1, 2].
However, the development of DAFCs with methanol as fuel is facing some problems. So, other
alcohols such as polyhydric alcohols have been used as alternative liquid fuels. Among polyhydric
alcohols, glycerol has drawn more and more attention due to its high boiling point and low toxicity
compared with methanol and abundant availability in great quantities from biodiesel industry waste (ca.
10 wt% of glycerol for the transesterification reaction of vegetable oil) [3]. The direct glycerol fuel
cells (DGFCs) have attracted increasing interest and the DGFCs show some advantages such as low
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fuel cross-over and high power density [4—6]. Qi et al. reported that direct glycerol fuel cell achieves a
peak power density 276.2 mW-cm™, compared with 135.1 mW-cm™ of direct methanol fuel cell with
PdAQ/CNT (0.5 mg Pd per MEA) as anode catalyst at 80°C and ambient pressure [7].

It’s well known that Pt-based catalysts have an outstandingly catalytic performance for
glycerol electrooxidation [8-10]. When we and other groups focused on the development of Pt-free
electrocatalysts for glycerol oxidation, the results showed that Pd-based electrocatalysts show a great
catalytic performance for glycerol oxidation in alkaline media [11-15]. However, the high price and
limited supply of Pt and Pd are the major barriers to the development of DGFCs. Au has drawn more
and more attention because it is abundant and more available than Pt and Pd on the earth [16-18]. The
strongly adsorbed intermediate species such as CO on the surface of Pt and Pd electrodes for fuel cells
poison the catalysts. Au is an excellent catalyst for CO oxidation in alkaline media. We and Habibi’
group have studied the activity and stability of glycerol electrooxidation on the Au-based catalysts in
alkaline media [19,20]. Our previous results showed that glycerol shows a remarkable stability on the
Au electrode [19]. The results demonstrated that the CO is a promoter for glycerol oxidation on the
AU/C electrode. A decay is 50% in the present of CO on the Pt/C electrode and CO will remarkably
poison the Pt/C catalyst. However the current promotion on the Au/C electrode is 14% in the present
CO.

Oxides such as MnO,, CeO,, MnO,, Mn304, NiO, Co304 and TiO, have been used to enhance
the activity of Pt and Pd for glycerol electrooxidation [21-24]. Oxides such as CeO,, MnO,, Mn3Qy,
NiO and Co30,4 have been used to enhance Au activity for glycerol oxidation [19,25,26]. Our previous
results showed that Au/CeQO,/C has great anti-poisoning effect on CO and is a more stable catalyst than
the E-TEK Pt/C for glycerol oxidation in presence of CO [19]. The results showed that a current
promotion on the Au/C electrode is 100% in the present CO. Padayachee et al. have reported the effect
of adding MnO;, to gold-based catalysts for glycerol electrooxidation and the results showed that MnO,
may act as an active co-catalyst by oxygen spillover onto gold, which leads to higher activity and
lower oxidation potential [26]. Among all the oxides to enhance the activity of Pt, Pd and Au for
alcohol oxidation, cobalt oxide and nickel oxide have drawn particular attention because they can
remarkably enhance the activity [27-29]. The spinel oxide NiCo,04 has been used as catalyst for
electrooxidation of methanol [30-33], ethanol [34-36] and ethylene glycol [34]. However, the activity
of spinel oxide for alcohol electrooxidation is very low and negligible compared with that of Pt, Pd and
Au. However, the addition NiCo,0, into the Pt, Pd and Au will result in the activity of Pt, Pd, Au to
disappear for methanol and ethanol oxidation [37]. Gao et al. have studied the activity of Au
nanoparticle-decorated NiCo,04 nanoflower for methanol oxidation [37]. However, the onset potential
for methanol oxidation on the Au/NiCo,O4 composite electrode is approximately 0.31 V (vs. SCE),
which is almost as the same as that on the NiC0,0,4 (0.34 V) electrode in 1.0 mol-L™ KOH with 0.5
mol-L™ methanol. The current on the Au/NiCo,04 electrode is just 1.3 times as high as that on the
NiCo,0, electrode. All the results show that the activity of Au/NiCo,0, is almost same as that of
NiC0204.

Here we will firstly use the NiCo,04 to enhance the activity of Au for glycerol electrooxidation
and also firstly use spinel oxide to enhance the activity of Pt, Pd and Au for alcohol electrooxidation.

Carbon materials are the supporting materials for electrocatalysts of glycerol electrooxidation
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[38,39]. Now, graphene with monolayer or multilayers nanosheets has high specific surface area, high
electronic conductivity, remarkable chemical and electrochemical stability, so the graphene-based
carbon materials are expected to become new-generation supporting materials for the electrocatalysts
for glycerol electrooxidation [40,41]. Kim et al. have reported highly dispersed PtRu nanoparticles on
graphene, which show excellent activity and stability compared with Pt/C and PtRu/C for glycerol
electrooxidation [42]. However, the irreversible aggregation of graphene nanosheets leads to a
seriously reduced performance due to the strong van der Waals forces among individual sheet of
graphene. Currently, three-dimensional (3D) graphene architecture has effective self-supporting
structure to prevent aggregating of graphene sheets [43-45]. Using an efficient ion-exchange-assisted
synthesis method, Shen et al. have got a new three-dimensional hierarchical porous grapheme-like
carbon (3DHPG) material with controllable hierarchical porous structure [43]. The 3D HPG material is
an outstanding support material because of high electrical conductivity, good electrochemical stability,
high specific surface area. The 3D HPG material can provide an structure with a large surface area to
support the oxide nanoparticles and enhance mechanical strength to suppress the aggregation of oxide
nanoparticles during electrochemical process [46]. Here, Au/NiCo,0,4 supported on the 3D HPG
material will be studied as electrocatalyst for glycerol electrooxidation.

2. EXPERIMENTAL

2.1 Materials preparation

Glycerol, KOH, Co(NO3),.6H,0, Ni(NOg3),.6H,0 solution(50 wt%), HAuCl,;, NaBH, in this
work were of analytic grade purity and purchased from Aladdin. The 3D HPG was synthesized by a
one-step ion-exchange/activation combination method using a cheap metal ion exchanged resin as a
carbon precursor according to the Li method [43,47]. NiCo,04/HPG was prepared as following
method. Ni(NO3),-6H,0 of 1.0 mmol, Co(NOs),-6H,0 of 2.0 mmol and 0.4811 g HPG were added
into 40 mL H,0O, then 5.0 mmol NH;F and 12.0 mmol urea were added. After constant vigorous
magnetic stirring for 1.0 h, the mixture was putted into a Teflon-lined stainless steel autoclave, then
heated to 393 K for 6.0 h. The precipitate product was washed with deionized water until pH of the
filtrate became 7, then dried in a vacuum oven for 12.0 h. Finally the product powder was heated at
673 K for 2.0 h in air. The Au/NiCo,04/HPG electrocatalysts were obtained by reduction HAuCl, on
the NiC0,04/HPG powders using an excess 0.01 mol-L™ NaBH, solution.

2.2 Electrode preparation

The electrocatalyst powder with 5 wt% PTFE (polytetrafluoroethylene) was dispersed in
deionized water on the surface of a graphite rod with a geometric area of 0.33 cm?® The loading of Au,
carbon black and PTFE on the electrodes was controlled at 0.1, 0.23 and 0.1 mg-cm .
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2.3 Characterization

X-ray diffraction (XRD) was carried out by a powder X-ray diffractometer (Panalytical X’Pert)
with Cu Ko radiation (4=0.15418 nm). Scanning electron microscopy (SEM) images were obtained by
a Quanta 400 FEG microscope (FEI Company). Transmission electron microscopy (TEM) images
were obtained by a JEOL JEM-2010 (JEOL Ltd.). Raman spectroscopic images were obtained by a
Raman spectrometer (Renishaw Corp., UK) using a He—Ne laser with a wavelength of 514.5 nm. X-
ray photoelectron spectroscopy (XPS) images were obtained by an ESCALAB 250 spectrometer under
vacuum (about 2x10°° mbar).

All electrochemical measurements were carried out using solartron 1287 electrochemical work
station using a standard three-electrode cell at 298 K. Solutions were freshly prepared before each
experiment. A platinum foil (3.0 cm?) and a saturated calomel electrode (SCE, 0.241 V versus SHE)
were used as counter electrode and reference electrode. A salt bridge was used between the cell and
reference electrode.

3. RESULTS AND DISCUSSION

Morphology of the 3D HPG was characterized by SEM as shown in Figure 1. The Figure 1a
shows a unique 3D interconnected macroporous structure. The magnified SEM (Figure 1b) shows that
3D HPG has thin layer graphene-like walls. The TEM images further show that the HPG material has
an interconnected 3D porous structure network (Figure 1c). The thin layer graphene-like wall is
generally 4-6 nm thick as in Figure 1d.

XRD pattern for the Au/HPG, NiC0,04/HPG, Au/NiCo,04(wt 6:1)/HPG are same with our
previous results [47]. Diffraction peak at around 26.4° is correspond to the (002) facet of graphene.
The strong diffraction peaks for the Au/HPG at around 38.1, 44.4, 64.5 and 77.5° are correspond to the
(111), (200), (220) and (311) facets of the face-centered-cubic (fcc) crystallite Au. The strong
diffraction peaks for the NiCo,04/HPG at around 31.4, 36.7, 44.3, 59.1 and 64.6° are correspond to the
(220), (311), (200), (511) and (440) facets of the NiCo0,04. All the XRD pattern peaks of Au and
NiCo,04 can be found in the XRD image for the Au/NiCo,04(Wt 6:1)/HPG, which exhibits the
Au/NiC0,04/HPG has been synthesized successfully.

In the XRD pattern of Au/NiCo,04(wt 6:1)/HPG, the diffraction peaks of Au and NiCo0,0, can
be discovered, which indicates that the Au/NiCo0,04/HPG catalysts have been synthesized successfully.
Chemical bonding states in the NiCo,0O4/HPG were analyzed by XPS as shown in Figure 2. A survey
spectrum of the NiCo,04/HPG is shown in Figure 2a and the peaks are correspond to to binding energy
peaks for C 1s, O 1s, Co 2p and Ni 2p. The binding energy value of C 1s is at 285.2 eV as shown in
Figure 2a, which is related to the graphitic carbon in the 3D HPG. The binding energy values of Ni 2p
are 856.6 and 874.6 eV as shown in Figure 2c, which can be correspond to that of the Ni 2p3,, and Ni
2p12. The chemical bonding state can be assigned to Ni?*, while the satellite peaks at 862.1 and 880.6
eV are two shake-up type peaks at the higher binding energy side of peaks for the Ni 2p1> and Ni 2pz/2
edge [48,49]. The Ni 2p spectra for the two spin-orbit doublet characteristics of Ni?* with low content
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of Ni** are consistent with two shake-up satellite peaks [37]. The binding energy values of Co 2p are
780.6 and 797.6 eV for the NiCo,04/HPG assigned to that of the Co 2ps, and Co 2py, as shown in
Figure 2d, which can be correspond to Co** with low content of Co®* [37,49]. The results indicate that
the NiC0,04/HPG has been synthesized successfully.

Figure 1. (a,b) SEM images and (c,d) TEM of 3D HPG.

The graphitization degree of the HPG was characterized by Raman spectroscopic image,
which has been reported in our previous results [47]. The ratio of the peak intensity of D band for
crystalline graphene layers to that of G band for disordered carbon (Ip/lg) is 1.05 for the HPG. The
value of Ip/lg for the NiCo,04/HPG is a little lower than that for the HPG. It may be related to the
NiCo,04 supported on the surface of the HPG, which leads to decrease graphitic defects in the HPG
[50].

A survey XPS spectrum for the Au/NiCo,04(wt 6:1)/HPG is shown in Figure 2a and the peaks
are correspond to binding energy peaks for Au 4f, C 1s, O 1s, Co 2p and Ni 2p. The binding energy
values of Au 4f are 84.2 and 88.1 eV as shown in Figure 2b, which can be assigned to the Au 4fs;, and
Au 4f;;,, and are typical binding energy values of metallic Au® [51]. The result shows that Au
supported on the surface of NiCo0,04/HPG. The binding energy values of Ni 2p are 857.0 and 876.6



Int. J. Electrochem. Sci., Vol. 13, 2018 9498

eV as shown in Figure 2c, which can be assigned to the Ni 2ps;, and Ni 2py,, and are assigned to that
of Ni%".
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Figure 2. XPS spectra for Au/NiCo,04(wt 6:1)/HPG of (a) survey, (b) Au 4f, (c) Ni 2p and (d) Co 2p.

The Ni 2p spectrum for the two spin-orbit doublet characteristics of Ni** with low content of
Ni** is consistent with two shakeup satellites. The binding energy values of Co 2p are 782.6 and 798.6
eV for the Au/NiCo,04(Wt 6:1)/HPG assigned to the Co 2ps;, and Co 2py, as shown in Figure 2d,
which can be assigned to Co®*" with low content of Co?*. In the XPS spectrum of Au/NiCo,O4(wt
6:1)/HPG, the binding energy values of Au and NiCo,0, can be discovered, which indicates that the
AU/NiCo0,04/HPG catalysts have been synthesized successfully.
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Figure 3. (a,b) TEM images, (c) HRTEM image and (d) SAED) pattern for Au/NiCo,04(wt 6:1)/HPG.

The typical TEM images of the Au/NiCo,O4(wt 6:1)/HPG are shown in Figure 3. The
nanocatalyst particles have a narrow sized distribution of 2-6 nm and they are well dispersed on the
surface of 3D HPG (Figure 3a and Figure 3b). A parallel fringe with a 0.33 nm space can be
correspond to the (002) facet of graphene (Figure 3b). The parallel fringes with spaces of 0.47 and 0.24
nm are correspond to the (111) and (311) facets of the NiCo,0,4 and the parallel fringe with a 0.23 nm
space is correspond to the (111) plane of Au as shown in Figure 3c. From the TEM images, the
nanoparticles of NiCo,0O4and Au can be clearly seen to contact each other or exit in one particle. The
selected area electron diffraction (SAED) pattern of the Au/NiCo,04(wt 6:1)/HPG shows a set of well-
defined rings for face-centered-cubic (fcc) crystallite Au and spinel NiCo,04, indicating its
polycrystalline structure as shown in Figure 3d.

Cyclic voltammetry (CV) measurement for glycerol electrooxidation on the NiCo,04/HPG
electrode is carried out in 1.0 mol-L™* KOH containing 1.0 mol-L™ glycerol solution with a sweep rate
of 5 mV-s™ at a NiCo,0, loading of 0.10 mg-cm™to evaluate the activity of NiC0,0,as shown in inset
figure of Figure 4a. The background is the CV measured in a nitrogen-saturated 1.0 mol-L* KOH
solution without glycerol on the NiCo,04/HPG electrode. Compared with the CV in the absence of
glycerol, a glycerol oxidation peak can be clearly observed in the CV curve on the NiC0,04/HPG
electrode in the presence of 1.0 mol-L™ glycerol. The onset potential (Eonser) is 0.232 V on the
NiCo0,04/HPG electrode. This results is very as similar with that reported by Sun et al. for methanol,
ethanol and ethylene glycol [34,52]. The Eonet is about 0.48 V vs. Hg/HgO(1.0 mol-L™* KOH) for
ethanol and ethylene glycol, 0.536 V for methanol in 1.0 mol-L™* KOH and 0.5 mol-L* alcohol
(methanol, ethanol or ethylene glycol) at 10 mV-s . In the forward scan in the CV curve, oxidation
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current is correspond to the oxidation of freshly chemisorbed species from glycerol adsorption, so the
magnitude of oxidation current indicates the activity of electrocatalyst for glycerol oxidation. A
glycerol oxidation current can be observed in the CV curve on the Au(20wt%)/HPG electrodes in the
Figure 4a. It is obviously that the activity of glycerol oxidation on the Au(20wt%)/HPG electrode is
much higher than that on the Au(20wt%)/C (Carbon Vulcan XC-72) electrode [25]. The Egnset IS -0.412
V on the Au(20wt%)/HPG electrode, which is 157 mV more negative compared with that on the
Au(20wt%)/C electrode (-0.255 V). The lower value of Eqnset Shows easier electrooxidation of glycerol.
The current for glycerol electrooxidation on the Au(20wt%)/HPG electrode begins to rise much more
sharply at more negative potential than that on the Au(20wt%)/C electrode. It demonstrates that
glycerol can be easily electrochemically oxidized on the Au(20wt%)/HPG electrode. Current density at
the potential of -0.3 V (j.o.3v) is 1.8 mA-cm?on the Au(20wt%)/HPG electrode, which is 2.3 times as
high as that on the Au(20wt%)/C electrode, which is 0.8 mA.-cm™. The results show that the HPG is a
good support for electrocatalysts for glycerol oxidation.
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Figure 4. (a) CV curves on the NiC0,04/HPG, Au/HPG and Au/NiCo,04(wt 6:1)/HPG electrodes in
1.0 mol-L™* KOH containing 1.0 mol-L™* glycerol with a sweep rate of 5 mV:s™ (The inset
figure is CV curve on NiCo,04/HPG electrode in 1.0 mol-L™* KOH containing 1.0 mol-L™%), (b)
Plots of Eqnset and j-o.3v in CV curves as a function of the Au weight percent in Au/NiC0,0;.

CV measurement for glycerol electrooxidation on the Au/NiCo,04(wt 6:1)/HPG electrode is
carried out in 1.0 mol-L ™! KOH containing 1.0 mol-L™* glycerol solution with a sweep rate of 5 mV-s™
at a Au loading of 0.10 mg-cm™as shown in Figure 4a. A glycerol oxidation peak can be clearly
observed in the CV curve on the Au/NiCo,04(wt 6:1)/HPG electrode. It is obviously that the activity
of glycerol oxidation on the Au/NiCo,04(wt 6:1)/HPG electrode is much higher than that on the
Au(20wt%)/HPG electrode. The Egnset IS -0.520 V on the Au/NiCo,04(wt 6:1)/HPG electrode, which is
108 mV more negative compared with that on the Au(20wt%)/HPG electrode (-0.412 V). The current
for glycerol electrooxidation on the Au/NiCo,04(wt 6:1)/HPG electrode begins to rise much more
sharply at more negative potential than that on the Au(20wt%)/HPG electrode. It demonstrates that
glycerol can be easily electrochemically oxidized on the Au/NiCo,04(wt 6:1)/HPG electrode. Glycerol
has a high value of Eqset On the Au(20wt%)/HPG, so it is difficult to be electrochemically oxidized on
pure Au electrocatalyst. When NiCo,0, is added to the Au/HPG, the value of Egnset is 108 mV more
negative. The peak current density (jp) is 99.2 mA-cm™ (0.088 V) on the Au/NiCo,04(wt 6:1)/HPG
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electrode, which is 5.1 times as high as that on the Au(20wt%)/HPG electrode, which is 19.3 mA-cm™
(0.160 V). The value of jo3v is 5.1 mA-cm?on the Au/NiCo,04(wt 6:1)/HPG electrode, which is 2.8
times as high as that on the Au(20wt%)/HPG electrode, which is 1.8 mA-cm™. The results show that
NiCo,04 can promote activity of Au for glycerol oxidation.

The effect of NiCo,04 content on the Au/NiCo0,04/HPG electrocatalysts for glycerol oxidation
was investigated in a No-saturated 1.0 mol-L™* KOH + 1.0 mol-L™ glycerol solution with a sweep rate
of 5mV-s . Au loading was fixed as 0.10 mg-cm 2. Figure 4b shows the plots of value of Eqnet and j.
03v as a function of NiCo,0,4 loading for glycerol oxidation. It can be seen that value of Egnset for
glycerol oxidation decreases with increase of oxide content in the Au/NiCo,04/HPG catalysts, but
increases again when value of Egns: reaches a minimum value. Meanwhile, the value of jo3v for
glycerol oxidation increases with increase of NiCo,0, content in the Au/NiCo,04,/HPG catalysts, but
decreases again when it reaches a maximum value. The best result is found as weight ratio 6:1 for Au
to NiCo,04 in the Au/NiCo,04/HPG with the lowest onset potential and the highest current density on
the potential of -0.3 V.
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Figure 5. Chronoamperomety curves on NiC0,04/HPG, Au/HPG and Au/NiCo,04(wt 6:1)/HPG
electrodes in 1.0 mol-L* KOH containing 1.0 mol-L ™ glycerol at a potential of -0.3 V.

The chronoamperometry curves from -0.6 to -0.3 V for glycerol oxidation on the
NiC0,04/HPG, Au/HPG and Au/NiCo,04wt 6:1)/HPG electrodes in 1.0 mol-L* KOH solution
containing 1.0 mol-L™ glycerol are shown in Figure 5. It is well-known that the strongly adsorbed
intermediates during glycerol electrooxidation such as acyl species (-CO.4) will be adsorbed and
block the electrode surface, then the current of glycerol oxidation will decrease. The rapid current
decay in the chronoamperometry curves shows a catalyst poison. The current decays rapidly on the
AU/HPG electrode, while the current decays slowly on the Au/NiCo,04(wt 6:1)/HPG electrodes. The
results show that the NiCo,0, can enhance the stability of the Au/HPG for glycerol oxidation.
Nevertheless, at the end of the test, the oxidation current density is 0.24 mA-cm? on the
AU/NiC0,04(wt 6:1)/HPG electrode which is larger than that on the Au/HPG electrode (0.15 mA cm’

2
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The promoted electrochemical performance of glycerol oxidation on the Au/NiC0,04/HPG
catalyst can be attributed to a bifunctional mechanism. Glycerol electrooxidation on the Au electrode
needs both free surface and oxygen-containing species (OH,gs) on the surface of Au [53,54]. However,
the free surface on the Au electrode could decrease by two main causes, which are the Au oxide
formation and the adsorption of reaction intermediates. It is believed that oxides like NiC0,04, have
capacity to generate active OH,qs on the Au surface at a lower potential [53,26]. The strongly adsorbed
intermediate species on the surface of electrode at lower potential can reaction with oxygen-containing
species to species dissolved in water, which will make free surface and active sites for further
electrochemical reaction on the electrode [55].

4. CONCLUSIONS

An active three-dimensional hierarchical porous graphene-like carbon (3D HPG) material has
been prepared using an efficient ion-exchange-assisted synthesis route. The results show that the HPG
is a good support for electrocatalysts for glycerol oxidation. It is obviously that the activity of glycerol
oxidation on the Au(20wt%)/HPG electrode is much higher than that on the Au(20wt%)/C (Carbon
Vulcan XC-72) electrode. The preliminary results indicate that the addition NiC0,0, into the Au/HPG
catalyst can significantly improve the electrochemical performance for glycerol oxidation. When
NiCo0,0, is added to the Au/HPG, the value of Eynset is more 108 mV negatively than that on the pure
AU/HPG catalyst. The value of j.g3v on the Au/NiCo,04(wt 6:1)/HPG electrode is 2.8 times as high as
that on the Au(20wt%)/HPG electrode. The activity and stability of glycerol oxidation on the Au/HPG
are promoted obviously by addition of NiCo0,04. The Au/NiCo0,04 presented in this work may be a
potential as good electrocatalyst with low price for glycerol electrooxidation in alkaline medium in
direct glycerol fuel cells.
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