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Abstract

Glucose oxidation reaction is kinetically sluggish and demands a highly efficient catalyst. Herein, we report a direct glucose
alkaline fuel cell (DGAFC) using physically mixed Ni,Co nanoparticles and reduced graphene oxide (Ni,Co-rGO) supported
on nickel foam as an anode to promote glucose oxidation. The DGAFC with the Ni,Co-rGO anode delivered a remarkably
enhanced peak power density of 40.44 W/m? at room temperature, which was 74.91% higher than the control (23.12 W/m?).
Different techniques including XPS, SEM, linear sweep voltammetry, and electrochemical impedance spectroscopy were
used to explore the physiochemical and electrochemical properties of the catalyst. Our results demonstrate that Ni,Co-rGO
exhibits an excellent activity toward glucose oxidation in alkaline medium, leading to a drastic improvement in the anode
performance. There should be a synergistic effect between rGO and Ni,Co. In the Ni,Co-rGO nanocomposite, tGO not only
acts as a support for the Ni,Co nanoparticles and also promotes the electron transfer during the glucose oxidation process.
This study can promote the development of bi-transition metal-based catalysts for DGAFCs.
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1 Introduction

The environmental pollution and diminishing conventional
fuel sources make it more attractive for considering renewa-
bles as alternative energy sources. Fuel cells are electro-
chemical devices that convert chemical energy to electricity
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catalysts for DGAFC.
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and thermal energy. These systems are efficient, scalable
to a wide range of sizes, environmentally friendly [1-4].
Although pure hydrogen is the most widely utilized substrate
in fuel cells, its shortcomings such as hard storage and low
production efficiency limit its large-scale application [5-7].
Biomass and biomass-derived fuels, such as ethanol, metha-
nol, biodiesel, glycerol, and various carbohydrates, can be
used directly or indirectly by fuel cell, representing one of
the most promising energy supply systems in the future [8].
In the existing biomass-derived fuels, glucose is the most
abundant monosaccharide in nature with an energy density
of 4430 Wh/kg, which is even comparable to that of the most
common substrate for direct fuel cell like methanol (6100
Wh/kg) [9, 10].

Glucose is categorized as a substrate into three main types
of fuel cells based on the catalyst materials [11], including:
microbial [12, 13], enzyme [14, 15], and abiotic fuel cells
[16, 17]. Enzyme fuel cells are often applied in the field of
miniaturization such as biosensors [18, 19]. Its main draw-
backs are high cost and highly susceptible to environmental
conditions [20-22]. Although microbial fuel cells do not
easily being deactivated and poisoned, the slower speed and
low efficiency of electron transfer from microorganisms to
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electrodes lead to poor performance [23, 24]. Compared
with microbial and enzymatic fuel cells, direct glucose
alkaline fuel cell (DGAFC) has the advantages of strong
durability, high stability, and simple structure.

In the existing metal catalysts for glucose oxidation, a
variety of noble metals (Pd, Pt, Au, and Ag) have excellent
performance. Basu et al. used NaBH, reduction technique
to add Pd and Au with Pt precursor to form Pt—Pd-Au/C
(metal ratio 1:1:1) catalyst that can efficiently electro-oxi-
dize glucose in direct glucose fuel cell [25]. Rafaideen et al.
formed Pd/C by water-in-oil microemulsion [26]. Escalona-
Villalpando et al. prepared Au-GO by electrodeposition to
improve its oxidation performance to glucose [27]. However,
the cost of noble metal catalyst is high and they are easily
be poisoned by reaction intermediates, which hinders their
practical application [16]. Recently, researchers found that
NiCo composite catalysts exhibit good electrocatalytic activ-
ity for glucose oxidation. Gao et al. reported the fabrication
of Ni-Co composite catalyst by using NaBH, reduction tech-
nique [28]. With it as the anode catalyst, the fuel cell can
achieve 23.97 W/m? peak power density in 1 M glucose and
3 M KOH solution. Sarwar et al. prepared a Co—Ni/graphene
catalyst by N,H, reduction technique and tested its perfor-
mance in a methanol fuel cell [29]. He found that increasing
the concentration of nickel in Co—Ni/graphene can signifi-
cantly promote the oxidation of methanol. Therefore, nickel
and cobalt were used as catalyst precursors in this study for
robust catalyst development.

Graphene has attracted significant attention due to its
excellent properties. It demonstrated a certain electrocata-
lytic ability for redox reactions. More importantly, it has
been proved to be an excellent supporting material to sta-
bilize various electrocatalysts such as metal nanoparticles,
metal oxides, and polymers [30, 31]. For example, Sun
et al. used the technique of atomic layer deposition (ALD)
to synthesize the monoatomic catalyst Pt/graphene, which
improved the performance of the catalyst nearly ten times
[32]. Baronia et al. used a graphene-based platinum-cobalt
alloy catalyst prepared by chemical reduction to electro-
catalytically oxidize methanol. It almost tripled the power
density with respect to commercially available Pt/C catalyst
[33]. It is suggested that graphene can play an important role
both in the synthesis of metal catalysts and in its electrocata-
lytic process [34].

In this paper, a nickel-cobalt nanoparticle supported
by reduced graphene oxide (Ni,Co-rGO) was chemically
synthesized and physically mixed as a catalyst for the glu-
cose oxidation reaction. The thus-obtained composite cata-
lyst demonstrated super performance than our previously
developed catalysts based on transitional metals. Although
tremendous work has been conducted on the fabrication of
high-performance catalysts for glucose oxidation reaction,
most of the fabrication processes need complex chemical
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doping and group modification, which not only need sophis-
ticated instruments, but also take time and effort. The ratio
of transition metals to rGO was optimized. UV—Vis, Raman,
XRD, XPS, and SEM were used to characterize the physic-
chemical and morphological properties of the catalyst. Elec-
trochemical impedance spectroscopy (EIS), linear sweep
voltammetry (LSV), power density, and polarization curve
tests were used to evaluate the performance of the catalyst
in DGAFC and unveil the possible underlying mechanism.

2 Experimental
2.1 Materials

Graphite powder (purity: 99.95%, mesh: 325) was purchased
from Jinrilai Graphite Co. Ltd (Qingdao, China). A total of
60 wt% PTFE solution was provided by Heshen Inc. (Shang-
hai, China). Activated Carbon (AC) powder (YEC-8A) was
obtained from Yihuan Carbon Co. Ltd (Fuzhou, China).
Nickel foam was purchased from Liyuan New Material Co.
Ltd (Changde, China) (purity: 99.9%, number of pores per
inch: 110, density: 380 g/m?, average pore size: 590 nm,
thickness: 1.7 mm). Glucose, NiSO4-6H,0, Co(NO3),-6H,0,
NaBH, and other chemicals were all of the analytical grade.
Deionized water (Millipore, Milli Q, 18.3 MU) was used to
prepare all the solutions.

2.2 Preparation of Ni,Co composite

Gao et al. have reported that the composite of nickel and
cobalt had the best performance when Ni:Co=2:1 [28].
Therefore, this ratio was directly used in this study without
further optimization. The detailed procedure is as follows.
A total of 500 mL of 0.04 M NiSO, and 0.02 M Co(NOs),
was prepared in deionized water, and then, 0.15 g of citric
acid was added. The solution was ultrasonically agitated for
10 min at 30 °C, and then purged with nitrogen for 15 min.
After that, 20 mL of 2 M sodium borohydride solution was
drop wisely added with magnetic stirring and a black pre-
cipitate was formed. After 3 h, the black precipitate was
washed with deionized water 3 to 5 times and vacuum dried
at 50 °C for 12 h to obtain a powdery nickel-cobalt com-
posite catalyst.

2.3 Preparation of reduced graphene oxide

GO was prepared via the modified Hummer’s method
(Preparation.S1) [35, 36]. Glucose was employed as a green
reducing agent to produce rGO, which was also reported in
various other studies [37, 38]. Take 40 mL of 7 mg/mL GO
and dilute to 200 mL with deionized water and sonicate for
1 h. A total of 3.2 g of glucose was added to the diluted GO



Biomass Conversion and Biorefinery (2024) 14:525-537

527

solution, stirred magnetically for 30 min, and then 4 mL of
ammonia was added and stirred for several minutes. The
mixed solution was magnetically stirred in a 90 °C water
bath for 1 h to form a black precipitate. The black precipitate
was suction filtered with 500 mL of deionized water and
freeze-dried to obtain rGO.

2.4 Fabrication of the Ni,Co-rGO modified anode
for DGAFC

The prepared graphene and nickel cobalt are mixed into the
activated carbon, and loaded onto the foamed nickel by roll
pressing, as shown in Fig. 1 [39]. Six experimental groups
(rGO: Ni,Co=100:0/75:25/50:50/25:75/10:90/0:100) were
set according to different mass ratios of rGO and Ni,Co, and
bare AC was used as the control group.

2.5 Electrochemical measurements

Electrochemical characterization is tested on electrochemi-
cal workstations, (CHI 660E, CHI Instrument Co. Ltd,
Shanghai, China). Conventional three-electrode system
was employed including a platinum sheet as the counter
electrode, an Hg/HgO electrode as the reference electrode,
and an anode used as the working electrode. LSV of all
the anodes were tested from open circuit potential (OCP)
to 0 V (vs Hg/HgO) with a scan rate of 1 mV/s. EIS of
all the anodes were conducted over a frequency range of
100 kHz-10 MHz at the OCP, and the data was analyzed
using ZSimpWin by fitting the EIS curve with an equiva-
lent circuit. For cyclic voltammetry (CV) analysis, cata-
lyst ink was prepared and coated onto the GCE as previ-
ously described [40]. The CV test was conducted under the

Fig. 1 Fabrication of the
Ni,Co-rGO modified anode for
DGAFC
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conditions of 3 M KOH and 1 M glucose solution, with
a potential range of —0.7~0.1 V (vs Hg/HgO), and scan
rate of 50 mV/s. The electrochemically active surface area
(ECSA) of the catalyst is proportional to the electrochemi-
cal double-layer capacitance (Cy)). For Cy, CV curves were
measured at scan rates of 20, 40, 60, 80, and 100 mV/s in
the non-Faradic region, and C, (mA/cm?) was obtained by
plotting the current difference (Aj) relative to the scan rate.
The ECSA (normalized by mass) was estimated by the fol-
lowing equation [41].

Cq = d(4))/2dVy, ()

ECSA =C,/C, )

where Cg refers to the double layer capacitance (mF) and
V, is the scan rate. ECSA denotes to the actual area of the
working electrode (cm?), and Cs represents the specific
capacitance of the catalyst (mF/cm?). Cy was measured
by CVs at the different scan rates of 20, 40, 60, 80, and
100 mV/s. The C, generally refers to~0.04 mF/cm? in 3 M
KOH [42]. The power density and polarization curve of fuel
cell were measured by external resistance method (Calcula-
tion.S2) [43].

2.6 Physical characterizations

Scanning electron microscope (SEM, HITACHI/S-4800)
was used to investigate the morphology and specific sur-
face area. Brucker D8 diffractometer was used to investi-
gate X-ray diffraction (XRD) spectrum. X-ray photoelectron
spectroscopy (XPS) spectra were with an Al Ka radiation by
Thermo Scientific Escalab 250Xi instrument. Raman spec-
trometer (the RM2000 from Renishaw in the UK) was used
for the characterization of nanocomposites.

4

60% PTFE
]
i l
|UltrasonicHeating
oy [
stirring ‘

Rolling

—

Ni2Co-rGO

Nickel foam modified anode

@ Springer



528

Biomass Conversion and Biorefinery (2024) 14:525-537

3 Results and discussions

3.1 Electrochemical performance of Ni,Co-rGO
anode in DGAFC

As shown in Fig. 2A, according to the slope of the LSV
polarization curve, the experimental groups were signifi-
cantly better than the control group, and the performance
of 25 mg rGO + 75 mg Ni,Co group was the best. At the
same time, when the anode potential is —0.4 V (vs Hg/
HgO), the current density of the optimal group is as high
as 24.57 mA/cm?, 35% higher than the Bare/AC (18.2 mA/
cm?), and 4.53 mA/cm? higher than the 100 mg rGO
2.18 mA/cm? higher than the 100 mg Ni,Co, indicating
that both catalysts play a significant role in promoting glu-
cose oxidation and that there may be synergies between the
two. The ligand effect improved the electronic structure
of the bimetallic catalyst, whereas the strain effect modi-
fied the electronic structure by varying the orbital overlap.
Second, adding rGO increased its electrical conductivity,
catalytic capacity for glucose oxidation, and current den-
sity. For an anode with only graphene and Ni,Co catalysts,
although both have a certain amount of electrocatalytic
performance, the current density of Ni,Co is still signifi-
cantly higher than that of graphene.

After comparing the respective and common catalysis
of nickel—cobalt graphene in Fig. 2A, the ratio between
Ni,Co and rGO was adjusted in Fig. 2B for comparison.
Figure 2B shows that the anode performance increased
with the addition of Ni,Co. And when the amount added
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exceeded 75 mg (: 1 g AC), the performance decreased.
This proved that a smaller amount of graphene could
improve its performance effectively. And when its content
was too high, it will impair the performance of Ni,Co. At
the same time, compared with the blank group, the higher
open circuit voltage also proved its performance improve-
ment on the other hand.

Unlike LSV, EIS evaluates electrode performance by
obtaining information about electrode reaction kinetics
and electrode interface structure by measuring impedance
changes over a wide frequency range. Figure 3 shows the
Nyquist plot of all anodes treated by the equivalent circuit
method. In the above equivalent circuit, the total resistance
is composed of five parts, diffusion resistance (R,), pore
adsorption capacitance (C,,), charge transfer resistance (R.,),
layer capacitance (Cy), and ohmic resistance (R,). The vari-
ation of each anode resistance is reflected in Table 1 and
Fig. 3.

It can be seen from Table 1 that whether it is R, R,
R, or R,, these characteristics of the electrode to which the
catalyst is added are significantly improved. The relation-
ship between the four is that R, is the sum of R, R, and R;.
From the R, point of view, the R, variation of each experi-
mental group is consistent with the law shown by LSV. In
Table 1 and Fig. 3B, the R, of the blank group (3.3814 Q)
is 2.13 times that of 25 mg rGO+ 75 mg Ni,Co (1.0805
Q), 1.36 times that of 100 mg rGO(1.4349 Q), and 1.45
times that of 100 mg Ni,Co (1.3778 ). The order of dis-
play of the experimental group in which rGO and Ni,Co
are mixed in different ratios is: 25 mg rGO+ 75 mg Ni,Co
(1.0805 ) <50 mg rGO + 50 mg Ni,Co (1.2508 Q) < 10 mg
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Fig.2 A LSV polarization curves for the electrodes with bare AC, Ni,Co/AC, rGO/AC, and Ni,Co-rGO/AC. B LSV polarization curves for the

anodes with different ratio between Ni,Co and rGO
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Fig. 3 A Nyquist plots of EIS for the anodes with bare AC, Ni,Co/AC, rGO/AC, and Ni,Co-rGO/AC. B Nyquist plots of EIS for the anodes with

different ratio between Ni,Co and rGO

st nodesbasd on he RO GO RO GO RO RO
equivalent circuit Bare AC 1.186 0.00035 0.6484 3.239 1.5470 3.3814
100 mg rGO 0.8855 0.00181 0.1906 37.82 0.3588 1.4349
100 mg Ni,Co 0.8069 0.00154 0.1748 73.90 0.3961 1.3778
25 mg rGO + 75 mg Ni,Co 0.6289 0.04535 0.0441 94.31 0.4075 1.0805
10 mg rGO +90 mg Ni,Co 0.7419 0.00362 0.3453 57.45 0.1687 1.2559
50 mg rGO + 50 mg Ni,Co 0.7683 0.03455 0.0549 84.09 0.4276 1.2508
75 mg rGO +25 mg Ni,Co 0.7925 0.00028 0.2876 48.39 0.2261 1.3061

rGO +90 mg Ni,Co (1.2559 Q) <75 mg rGO +25 mg Ni,Co
(1.3061 Q)< 100 mg Ni,Co (1.3778 Q)< 100 mg rGO
(1.4349 Q) <Bare AC (3.3814 Q). According to the obtained
results, it is apparent that the addition of Ni,Co-rGO can
significantly facilitate the electrons transfer process by the
reduction of R,. These results are highly consistent with LSV.

It can be seen from Table 1 that the trend of R, is com-
pletely consistent with R,, which is R, of 25 mg rGO+75 mg
Ni,Co and 46.97% of that of the blank group. The R and
R, of the experimental group were optimized from differ-
ent directions, although they were different from the trend
of Rt. In the end, 25 mg of R, decreased by 93.19%, and
R, decreased by 73.66%, compared to Bare/AC. From this
point of view, the most important effect in reducing R, is the
reduction of R . R, represents the resistance of the thin lig-
uid film in the pore structure of the activated carbon layer to
the transfer of electrolyte ions and internal charges. It can be
seen that the addition of rGO and Ni,Co gives the electrode
a faster electron transfer rate.

The influence of the scan rate on glucose oxidation
was further determined by using CV (Fig. 4A-B). CV of
Ni,Co-rGO was performed by varying scan rates from 20
to 100 mV/s. The oxidation peak current was increased by
increasing the scan rate as demonstrated in Fig. 4A. Fig-
ure 4B shows the linearity in the anodic current peak of all
the catalysts versus square roots of the scan rate, revealing
that the electrochemical oxidation of glucose is a diffusion-
controlled process [44].

The Cg4 was calculated by CV curves at different scan-
ning rates, and the corresponding fitting lines of 3 samples
plotted by capacitive currents versus scan rates were shown
in Fig. 4C. Ni,Co-rGO/AC exhibited higher ECSA (~98.0
m?/g) than Ni,Co/AC (~86.0 m*/g) and rGO/AC (~67.8
m?/g). A higher ECSA value means that there is a larger
contact area between the electrocatalyst surface and the elec-
trolyte, which makes a positive effect on electrocatalysis,
indicating the composite catalyst of Ni,Co-rGO has more
active reaction sites.
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The previous tests on EIS and LSV were for half-
cell tests. After the same cathodes were assembled with
the above anodes, the subsequent power density curves
(Fig. 5A) and anode/cathode polarization curves were tested
(Fig. 5B). Figure 5 shows that the best performance of the
25 mg rGO+ 75 mg Ni,Co group is still the most prominent
among the power density and anodic polarization curves.
Its maximum power density (40.44 W/m?) is 74.91% higher
than the blank group (23.12 W/m?), 35.89% higher than
the 100 mg rGO group (29.76 W/m?), and 29.87% higher
than the 100 mg Ni,Co group (31.14 W/m?). In the case
of a very close cathodic polarization curve, the changing
trend of the anode polarization curve whose peak value is
105.1 A/m? (Bare AC) < 115.88 A/m? (rGO) < 123.64 A/

@ Springer

m? (Ni,Co) < 143.84 A/m* (Ni,Co-rGO) confirms that the
change of the power density curve is caused by the improve-
ment of the performance of the anode.

3.2 Physical characterization of electrode

UV-vis absorption spectroscopy is used here first to monitor
the synthesis of GO and rGO. In Fig. 6, the graphite solu-
tion was detected to have only one horizontal line, and the
GO solution after the hummer treatment showed a distinct
peak at 230 nm and 300 nm. This proves that the hummer
method successfully converts C—C in graphite into C=C
double bond and C =0 double bond in GO. Otherwise, in
Fig. 6A, as the concentration of GO increases, the peaks of



Biomass Conversion and Biorefinery (2024) 14:525-537

531
A 50 0.8 B
_-0.15- t‘w 2
~4a04 5 Cathode
N wﬁ o)) ———a— Bare/AC e
g 0 406 I 0301~ ~ —a— 100 mg rGO/AC SV
< 30- R S D —m—a 100 mg NigCo/AC
> : @ s o g 25 mg rGO+75 mg NipCo/AC
% D > .0.45-
S 20 s>
S 148 2
o] AR = £ 060
2 10- N \\ N\ c 0
———a— Bare/AC ) °
& —=—=— 100 mg rGO/A: '\ \ A Joz & 4. o
0- —/——4— 100 mg Ni2Co/A! et
———p— 25 mg rGO+75 mg Ni2Co/AC
20 0 20 40 60 80 100 120 140 160 0 30 60 90 120 150 180
Current density (A/m2) Current density (A/m2)
Fig.5 Power density curves (A) and polarization curves (B) of DGAFCs equipped with different anodes
A B
20— 2.0
230 23,0 :270 GO
——0.005 mg/mL GO ! rGO
1.6 ——0.0075 mg/mL GO _ 164/ Graphite
- ——0.015 mg/mL GO S
5 ©
S 2] = 1.2-
2 3
= 5
38 o8- S 08-
? ?
Qo Qo
< 0.4 < 0.4
0.0 1 004 T —_—
200 300 400 500 600 700 800 200 300 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

Fig.6 A UV-vis absorption spectra collected GO with different concentrations. B UV—vis absorption spectra collected GO, rGO, and graphite

both peaks increase in a certain gradient, indicating that GO
is dispersed uniformly in aqueous solution, and there is no
obvious impurity [28].

Then, the graphene reduced with glucose was centrifuged
and washed to prepare a suspension, which was tested in
UV-vis to obtain the curve in Fig. 6B. The peak appearing
at 300 nm in this curve is the GO being reduced. During the
disappearance of the oxygen-containing functional group,
the sp? electron conjugated bond was restored and a new
lattice was formed [45]. In brief, under the monitoring of
UV-vis, it is very smooth from graphite to GO to rGO.

Figure 7 is SEM images of nickel-cobalt alloy and gra-
phene in the catalyst, respectively. Figure 7A-D shows that

the nickel—cobalt material is uniformly distributed in a nano-
spherical shape with a diameter of about 20 nm, and the
diameter of the nickel-cobalt is reduced by 60% compared
with the diameter of the nickel material alone [28]. The char-
acteristics of these surfaces indicate that the nickel-cobalt
material can be well dispersed with graphene and activated
carbon. Additionally, the composite has a comparable net-
work structure and many linked channels, which helps ions
diffuse from the bulk solution to the porous material inner
surface. These reactions created a large amount of free space
and electroactive surface sites; both metals size and atomic
weight are nearly same, which may cause ionic contact
between Ni and Co. This sympathetic structure may increase
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Fig.7 SEM images of Ni,Co
nanocomposite (A-D) and rtGO
(E-H)

surface contact with the substrate, promote substrate mass
movement inside the dynamic material, and improve elec-
trochemical performance.

The electron micrograph of the graphene powder reduced
by glucose is shown in Fig. 7E-H, and the graphene has
a multi-pleated and multi-pleated sheet structure. The
graphene under the electron microscope is like a peony
flower, and the layered structure of graphene is the petal
of the peony flower. This structure causes graphene to hold
a large number of electrons and ions or even amorphous

@ Springer

nickel—cobalt particles, thereby promoting the mass transfer
process. The SEM and corresponding elemental mapping
images of the Ni,Co-rGO display the uniform dispersion of
0, Co, and Ni (Fig. 8A-E).

The XRD profile of Ni,Co-rGO is shown in Fig. 8F.
Three sharp peaks (20= ~13°/16°/27°) were found in the
XRD pattern of Ni,Co-rGO. The peaks indexed at~27°
signify the crystalline structure of graphite [46, 47]. Mean-
while, the peaks of GO and rGO are at~ 10° [38, 46, 47].
So the peak (20 = ~13°) means that GO or rGO may exist.
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And the peak (20= ~16°) is a typical diffraction peak of
NiCo [48, 49].

To further study the morphology of the catalyst, the acti-
vated carbon was physically mixed with the catalyst, and
XPS was used to indicate the surface structure of the cata-
lyst. Since this XPS test was performed after the catalyst was
mixed with activated carbon, the nickel—cobalt noise was
relatively large, but the approximate morphology could be
distinguished. First, in Fig. 9A, the XPS of C 1 s shows the
carbon elements with different energies in different states in
the test sample. There are 284.2 eV (C-C), 286.1 eV (C-0O),
273.3eV (C=0), and 289 eV (O-C=0). It can be seen that
the oxygen-containing functional groups in the graphene in
the catalyst still have some residual, but the content is not
high and does not affect the properties of the graphene itself.

While Fig. 9B and C are the XPS results of Co 2p and Ni
2p in the catalyst, respectively, both elements have detected
different binding energies, which indicates that there is more
than one form of nickel and cobalt present in the catalyst.
In the XPS diagram of nickel, the peak of Ni 2p;, is about
855.9 eV and the peak of Ni 2p,,, is 873.9 eV, which is
attributed to Ni** of NiOOH. Adjacent, the peak of Ni 2psp
is about 857.6 eV and the peak of Ni 2p,,, is 875.65 eV,
which corresponds to Ni%* in Ni(OH),. The other four Ni
2p,,, and Ni 2p;,, peaks in the figure are the satellite peaks
of NiOOH and Ni(OH), described above. Concerning

the XPS image of cobalt in Fig. 9C, there are two peaks
of 783.8 eV and 786.2 eV in the Co 2p;,, portion and two
peaks of 798.8 eV and 801.2 eV corresponding to the Co
2p,,, portion. The remaining four peaks in the picture are
satellites. These are the characteristics of divalent cobalt.
At last, according to the results of fitting the XPS data on
the Avantage software, the nickel element mass accounts for
60.39% of the total amount of nickel and cobalt.

In addition to UV, Raman is also used to detect the
internal structural characteristics of the material. In addi-
tion, Raman can provide different information such as
the number of layers of material structure. As shown in
Fig. 9D, very distinct G-bands and D-bands appear at
1584 cm™! and 1344 cm™!, which represent sp? carbon
in the plane and sp® carbon in the out-of-plane vibration,
respectively [50]. It is also shown from the literature that
the ratio of the intensity of the D band to the G band is
the key to distinguishing the state of the graphene, and
the I/1;> 1 in the figure indicates that the graphite in the
material has been converted into graphene [51, 52]. For
the nickel element, two related broad peaks appear in the
figure, which are 1064 cm™! and 512 cm™' respectively.
According to the literature, the longer wavelength repre-
sents the presence of Ni’ and the shorter wavelength is
mainly the performance of Ni,O5. On the other hand, the
peak ratio of the two places indicates that the form of
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Fig.9 The C 15 (A), Ni2p (B), and Co 2p (C) XPS spectra of Ni,Co-rGO. Raman of Ni,Co-rGO(D)

nickel in the material is mainly Ni’. The last remaining
weak broad peak 341 cm™! proves the presence of cobalt.

3.3 Catalytic mechanism of Ni,Co-rGO

In the Ni,Co-graphene catalyst, the catalytic action of
nickel-cobalt mainly comes from the process of electron
transfer generated by the process of converting into the
respective hydroxide under alkaline conditions. The pro-
cess is as follows:

@ Springer

Ni(OH), + OH™ — ¢~ —» NiOOH + H,0
NiOOH + glucose — Ni(OH), + glucolactone
Co(OH), + OH™ — ¢~ - CoOOH + H,0
CoOOH + glucose — Co(OH), + glucolactone

What occurs mainly at the anode of the DGAFC is the
process of electrochemical oxidation of glucose, but this
process is significantly inhibited by the process of electron
transfer, and the key to improving efficiency is to ensure that
the reaction of glucose with OH™ is sufficient and efficient.
The above four reaction equations indicate that nickel-cobalt
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Table 2 Perforrpance Anode catalyst P ox (W/m?) OCV (V) Glucose (M) Membrane T (°C) Ref

parameters of different anode

catalysts for various DGAFCs Au/Ni-foam 226.0 0.83 0.5 Yes 70 [54]
FCO-AC 359 0.79 1.0 No 25 [39]
Pt/rGO 10.8 0.94 0.05 Yes 25 [55]
NiCo-AC 24.0 0.80 1.0 No 25 [28]
Carbon fiber 14.5 0.80 04 Yes 25 [56]
Ag 20.3 0.59 1 Yes 80 [57]
Ni,Co-rGO/AC 40.4 0.73 1.0 No 25 This work

oxidation at the anode is mainly dependent on the two redox
pairs of Ni(IT)/Ni(IIl), Co(I[)/Co(III). It represents a process
in which both Ni(II) and Co(III) can combine with OH™ to
form NiOOH and COOOH under alkaline conditions and
release electrons. NiIOOH and CoOOH participate in the
reverse reaction while converting glucose to glucolactone.

Simultaneously, there should be a synergy between the
two pairs of reversible reactions. Among them, nickel is
believed to play a main role in the electrocatalytic oxidation
of glucose; however, the presence of cobalt is crucial to help
form a nanoscale composite and create more active sites. As
to rGO, high conductivity, outstanding charge carrier rates,
large surface area, and unique two-dimensional structure
make it good support for metal catalysts [53]. Therefore,
these characteristics allow rGO to remarkably promote the
activity of nickel and cobalt for the glucose oxidation reac-
tion. These results suggested that the Ni,Co-graphene com-
posite are electrocatalytically active and stable for glucose
oxidation, and applicable for prospect energy devices.

Table 2 is a summary of recently reported anodic catalysts
for direct glucose fuel cells. The data of this work are also
displayed. These results revealed that the composite cata-
lyst of Ni,Co-rGO would dramatically enhance its electro-
chemical performance.

4 Conclusion

Fabrication of composite catalysts usually involves complex
chemical doping and group modification, which not only
takes time and effort, and increases the product cost. In this
study, a high efficient composite catalyst, Ni,Co-rGO, was
prepared by using a simple physically mixing method, which
greatly boosts the catalytic oxidation glucose in a DGAFC.
When rGO:Ni,Co=2.5:7.5, the catalyst achieved the high-
est efficiency under room temperature, and its power density
reached 40.44 W/m?, which was 74.91% higher than the con-
trol (23.12 W/m?). The excellent performance of Ni,Co-rGO
came not only from the excellent catalytic ability of nickel
and cobalt, but also from their synergistic effect with rGO,
which had the fluffy porous structure and excellent conduc-
tivity. This low-cost non-noble metal combination has great

potential to replace noble metal catalysts such as platinum
in the future development of DGAFCs.
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