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Abstract Carbon-supported Ni@Ag core-shell nanoparticles
were synthesized and used as the anode electrocatalyst for
direct borohydride-hydrogen peroxide fuel cell (DBHFC).
The morphology, structure, and composition of the as-
prepared electrocatalysts are characterized by transmission
electron microscopy (TEM), X-ray diffraction (XRD), and
energy dispersive spectroscopy (EDS). Electrochemical char-
acterizations are performed by cyclic voltammetry (CV),
chronoamperometry (CA), linear scan voltammetry with ro-
tating disk electrode (LSV RDE), and fuel cell test. The cata-
lytic behaviors and main kinetic parameters (e.g., Tafel slope,
number of electrons exchanged, exchange current density, and
apparent activation energy) toward BHj oxidation on Ag/C
and Ni@Ag/C electrocatalysts are determined. Results show
that the as-prepared nanoparticles have a core-shell structure
with the average size approximately 13 nm. The kinetics of
NaBH,4 oxidation is faster for Ni@Ag/C than that for Ag/C.
Among the as-prepared catalysts, the highest transition elec-
tron value and the lowest apparent activation energy are ob-
tained on Ni;@Ag,/C; the values are 4.8 and 20.23 kJ molfl,
respectively. The DBHFC using Ni;@Ag;/C as anode
electrocatalyst and Pt mesh (1 cm?) as cathode electrode ob-
tains the maximum anodic power density as high as
8.54 mW cm ? at a discharge current density of
8.42 mA cm * at 25 °C.

< Donghong Duan
dhduan@163.com; duandonghong@tyut.edu.cn

College of Chemistry and Chemical Engineering, Taiyuan University
of Technology, Taiyuan 030024, People’s Republic of China

Keywords Direct borohydride fuel cell - Core-shell
nanoparticles - Borohydride electrooxidation - Silver
catalysts - Kinetic parameters

Introduction

Because of the depletion of fossil fuel resources and
ever-increasing environmental pollution, the use of clean
energy has become an irreversible trend. Compared with
other power sources, fuel cells have attracted consider-
able attention due to their ability to provide an efficient
and harmless environment way of energy generation.
Direct liquid fuel cells, fed with borohydride, methanol
[1], or ethylene glycol [2], have been studied as a sub-
stitute to hydrogen for low-temperature fuel cells.
Although both direct borohydride fuel cell (DBFC) and
direct methanol fuel cell (DMFC) can solve the prob-
lems of hydrogen storage, DBFC supersedes DMFC in
terms of capacity value, electrochemical activity, theo-
retical open circuit voltage, and power performance at
ambient temperature [3]. In addition, DBFC uses alkaline so-
lution as the fuel which has relatively low corrosion activity,
and therefore, it is possible to apply readily available and low-
cost non-precious metal anode catalysts. Besides oxygen, hy-
drogen peroxide can also be used as the oxidant in DBFC. The
reactions are as follows:

Anode : BH} + 80H —BO; + 6H,0 + 8¢ £ =-1.24V (1)
Cthode : H,0, + 2H" + 2e—2H,0, E* = 1.77V (2)

Overall : BHj + 4H,0,—BO0; + 6H,0 E° , =3.01 V (3)
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Obviously, direct borohydride-hydrogen peroxide fuel cell
(DBHFC), which uses borohydride in alkaline electrolyte as
fuel and hydrogen peroxide in acid as oxidant, can yield a
theoretical cell voltage as high as 3.01 V. However, the boro-
hydride oxidation reaction (BOR) pathway occurs depending
on the anode catalyst material, solution composition, temper-
ature, and so on [4-7]. Usually, a quasi-spontaneous hetero-
geneous hydrolysis occurs in competition with the eight-
electron borohydride oxidation reaction. This hydrolysis ap-
parently proceeds as follows [8]:

BH, + H,0—BH;0H + H, (4)

BH;0H" + H,0—BO; + 3H, (5)

In the past few years, various metals have been studied
as the anode electrocatalysts for DBFC, such as Pt [9-11],
Pd [12, 13], Ni [14, 15], Cu [16], Co [17, 18] known as
“catalytic electrodes,” and Au [4, 5, 19, 20], Ag [4, 10,
11, 21], known as “non-catalytic electrodes.” Although
Ag exhibits excellent activity toward the oxidation of bo-
rohydride and is presented as a non-catalytic material with
respect to BH; hydrolysis, the slow electrode kinetics and
low power densities indicate that Ag cannot be used alone
[11, 22]. Thus, it is essential to design new and effective
Ag-based composite catalysts with superior performance.

The combination of noble metals with other non-
noble metals has been developed to make a bimetal
nanocomposite, which gives rise to a significant in-
crease in a catalytic performance compared with
single-component materials. Among the non-precious
metals, nickel has received a lot of attention as catalyst
for electrooxidation of BHy. High performance has been
achieved by DBFC using Ni-based composite catalysts
[23-27]. Wang et al. [26] reported that the higher elec-
trocatalytic activity toward BOR of the PtNi(7:3)/C
could be attributed to the alloy effect and the Pt elec-
tronic structure change due to the addition of Ni.
Sljuki¢ et al. [27] compared the BOR catalytic activities
of Pt/C and Pty 75Mg5/C (M=Ni or Co), and the elec-
trochemical studies revealed beneficial effect of the Ni
metal presence on Pt alloy performances for BH; oxi-
dation, as higher current densities, higher number of
electrons exchanged, and lower activation energies were
obtained at bimetallic Pt alloy electrocatalysts compared
to pure Pt. Therefore, kinds of effective composition of
Ag and Ni are suggested. Feng RX [28] prepared AgNi
alloy by mechanical ball milling method, and the results
showed that the AgNi-catalyzed borohydride fuel cells
exhibited a higher discharge voltage and capacity com-
pared with Ag and the borohydride oxidation on AgNi
surface could transfer 7.4 electrons.
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Especially in recent years, nano-sized core-shell bimetallic
particles have received much attention due to their superior
optical, electronic, catalytic, and magnetic properties com-
pared to their monometallic counterparts [29]. These interest-
ing physicochemical properties result from the combination of
two kinds of metals and their fine structures, evolving new
surface characteristics [30]. Many kinds of core-shell nano-
particles were prepared and used as electrocatalysts for fuel
cells [31-34]. In particular, we prepared Ni@Au/C and
Cu@Ag/C core-shell nanopaticles which were used as anode
electrocatalysts in DBHFC, and the results indicated that the
Ni@Au/C and Cu@Ag/C catalysts exhibit higher catalytic
activity for the direct electrooxidation of borohydride com-
pared with Au/C or Ag/C [35, 36]. Besides, Baletto et al.
[37] found that, in molecular dynamics simulations of the
growth of bimetallic AgNi clusters, AgNi clusters could prefer
to form a core-shell structure because this compound shows a
strong tendency to phase separation in the bulk with Ag seg-
regating at the surface. Thus, evaluation of the catalytic activ-
ities for Ni@Ag/C core-shell catalysts toward BHy oxidation
is valuable.

In this paper, carbon-supported Ni@Ag nanoparticles are
prepared by the impregnation reduction method in aqueous
solution and used as the anode electrocatalyst for DBHFC.
The electrochemical properties were investigated by cyclic
voltammetry (CV), chronoamperometry (CA), fuel cell test,
liner scan voltammetry (LSV) with different electrode rotation
speed, temperature, and NaBH, concentrations to analyze the
catalytic activity and kinetics of core-shell nanoparticles to-
ward BH; oxidation.

Experimental

Ag/C nanopaticles were prepared as follows: 0.0786 g AgNO;
(Chemical Reagent, Tianjin) and 5 mg PVP (Wind boat,
Tianjin) dissolved in 10 ml doubly distilled water, and then,
this solution was ultrasonically dispersed for 30 min. While
dispersing, 10-ml reducing agent containing 1 M NaOH
(Sigma-Aldrich, 99 %)+ 2 M NaBH, (Sigma-Aldrich, 99 %)
was added to the solution dropwise under nitrogen atmo-
sphere. After 30 min, 0.2 g XC-72R (Cabot Corp.,
250 m* g ') was added into the solution and before dispersing
for another 30 min. Then, the resultant nanoparticles were
separated by centrifugation and washed twice with water
and ethanol. These procedures were performed at 25 °C.
Finally, the powder was dried at 80 °C for 12 h in a vacuum
and then cooled naturally to 25 °C. As a result, the Ag/C
catalyst was obtained. Ni@Ag/C nanopaticles were prepared
as follows (molar ratio of Ni to Ag is 1:1): 0.0713 g NiCl,:
6H,0 (Sigma-Aldrich, 99 %), and 5 mg PVP was dissolved in
10 ml doubly distilled water; then, this solution was ultrason-
ically dispersed for 30 min. While dispersing, 10-ml reducing
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agent containing 1 M NaOH + 2 M NaBH, was added to the
solution dropwise under nitrogen atmosphere. After 30 min,
the Ni ions were reduced completely, and then, the solution
composed 0f 0.051 g AgNO; and 10 ml doubly distilled water
was added dropwise under nitrogen atmosphere. After
reacting completely, 0.2 g XC-72R was added into the above
solution and dispersed for 30 min. Then, the resultant nano-
particles were separated by centrifugation and washed twice
with water and ethanol. The procedures above were performed
at 25 °C. Finally, the powder was dried at 80 °C for 12 hina
vacuum and then cooled naturally to 25 °C. As a result, the
Ni@Ag/C catalyst was obtained and marked as Ni;@Ag,/C.
According to the preceding method, Ni@Ag/C catalysts of
different molar ratios of Ni to Ag were prepared as the above
method and marked as Nij@Ag; s/C, Ni; s@Ag,/C, and
Ni,@Ag,/C. The loading amount of metals in all catalysts is
20 wt.% of total catalyst weight.

Glassy carbon is the basic material of working electrode.
Before using, it was wiped by Al,Os suspension then ultra-
sonic washed three times in absolute alcohol and distilled
water, respectively, to remove the impurities. A total of
10 mg Ag/C or Ni@Ag/C powers were ultrasonically dis-
persed for 1 h in 1-ml blend solution containing 0.95 ml of
ethanol and 0.05 ml of Nafion (5 wt.%). Then, 5 pl of sus-
pension was carefully applied on glassy carbon electrode sur-
face. The dispersed Ag/C or Ni@Ag/C electrocatalyst on the
glassy carbon surface was dried at 70 °C. The loading mass of
Ag/C or Ni@Ag/C electrocatalyst was 0.25 mg cm 2.

The structure and morphology of the prepared
electrocatalysts were examined by transmission electron mi-
croscopy (TEM), using JEM-2010 microscope at 200 kV. The
Ni-Ag atomic ratio of Ni@Ag/C was determined by energy
dispersive spectra (EDS) analysis. X-ray diffractometer (D/
max 2500) was employed with Cu K« radiation (A=
0.154056 nm) and a graphite monochromator at 40 kV,
100 mA to obtain X-ray diffraction (XRD) patterns of the
samples. The 260 angular regions between 10° and 80° were
explored at a scan rate of 8°min '

Electrochemical characterization was performed on a stan-
dard three-electrode cell using an AFMSRXIE-536 rotating
disk electrode (PAR Company, USA) connected to a
VMPIII multichannel potentiostat. Pt net (50 meshes, 1 cm?)
was used as counter electrode, and Hg/HgO (1 M NaOH) was
used as the reference electrode. The cyclic voltammograms
were taken at a scan rate of 50 mV s~ ', and the potential range
was varied between —0.9 and 0.7 V (vs MOE) Ag/C. The CA
was taken at 0.2 V and lasted for 60 s. The linear scan volt-
ammograms (LSVs) were taken using a rotating disk electrode
at a scan rate of 3 mV s . CV, CA, and linear sweep volt-
ammetry were tested in solution composed of 2 M NaOH +
0.1 M NaBH,4.

The performance of the direct NaBH4/H,O, fuel cell was
evaluated by a homemade electrochemical testing system at

25 °C. A schematic diagram of the experimental setup was
shown in Fig. 1. A compartment cell was used in which the
activated NRE-212 cation membrane compressed between the
anode and cathode compartment (3 cm x4 cm X 5 cm). The
cell composed of the Ni@Ag/C working electrode, a Pt net
(1 em x 1 cm) as counter electrode and Hg/HgO (1 M NaOH)
as the reference electrode. A total of 2 M NaOH+0.1 M
NaBH,; was on the anode side, and 2.0 M HCI+4.5 M
H,0, was on the cathode side. High purity nitrogen gas was
bubbled in the anolyte for 30 min before tests to eliminate O,
and CO,. The cell testing was performed using American
Princeton VMPIII constant potential rectifier, and the data
were analyzed by EC-Lab.

Results and discussion

Physical characterization of the carbon-supported
electrocatalysts

The XRD spectra of different carbon catalysts are shown in
Fig. 2. There are four diffraction peaks positioned at 26 =
38.3°, 44.3°, 64.3°, and 77.3° on the spectra of Ag/C and
can be indexed to the Ag(111), Ag(200), Ag(220), and
Ag(311) planes, indicating the fcc structure of Ag. From
Fig. 2, we can see clearly that the peaks on spectra of
Ni;@Ag,; 5/C, Nij@Ag,/C, Ni; s@Ag;/C, and Ni,@Ag,/C
match well with those on Ag/C, and the peak value becomes
higher with Ag content increasing. No diffraction peaks of Ni
or its oxides are observed for Ni;@Ag; s/C, Ni;@Ag;/C,
NilAS@Agl/C: and le@Agl/C

The mean diameters of Ag/C and Ni@Ag/C catalysts can
be estimated from the Scherrer equation using the diffraction
peak of Ag(111):

b 09\

" Bcosf (6)

U U

Fig. 1 The schematic illustration of the direct NaBH4/H,0, fuel cell. /
Anode electrode; 2 cathode electrode; 3 reference electrode; 4 0.5 M
NaBH4+2 M NaOH; 5 4.5 M H,0,+2.0 M HCI; 6 the activated
Nafion 212 membrane
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Fig. 2 XRD spectra of different
carbon catalysts (a) Ag/C Ag(1 1 )
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where D is the average crystal size (nm), A is the X-ray
wavelength (1.54056 A for Cu K radiation), B is the
full width at half-maximum in radians (FWHM), and 6
is the Bragg angle (rad). The calculated mean crystal
sizes of Ag/C, Nij@Ag, s/C, Ni;@Ag,/C, Ni,s@Ag,/
C, and Ni,@Ag,/C were 17.1, 15.1, 13.2, 12.9, and
12.7 nm, respectively.

Figure 3a, b is typical TEM and HRTEM images of the
Ni;@Ag,/C nanoparticles. It could be clearly seen that most
of the metal nanoparticles are roughly spherical in shape; ag-
glomerates with different sizes are visible. Figure 3¢ shows
the histogram of the diameter distribution of the nanoparticles.
From the histogram, the average diameter of the nanopaticles
was estimated to be 14 nm. The measured particle size was
consistent with the XRD results. EDS was used to determine
the chemical composition of the Ni@Ag/C catalysts, and re-
sults showed that the atomic ratios for Ni;@Ag; 5/C,
Ni;@Ag,/C, Ni; s@Ag;/C, and Ni,@Ag;/C are 39:61,
51:49, 42:58, and 67:33, respectively. These ratios are in good
agreement with the original inputs.

Cyclic voltammetry

The CVs recorded for the Ag/C, Nij@Ag, s/C,
Niy@Ag;/C, Ni; s@Ag;/C, Ni;@Ag;/C, and Ni/C elec-
trodes with 2 M NaOH and 2 M NaOH +0.1 M NaBH4
solution at a scan rate of 50 mV s ' in the potential
range of —0.9 to 0.7 V (vs MOE) are shown in Fig. 4.
As shown in Fig. 4, the shapes of the voltammograms
of borohydride oxidation on Ni;@Ag,; s/C, Ni;@Ag,/C,
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Ni; s@Ag;/C, and Ni,@Ag;/C electrodes were similar
to those of the Ag/C electrode. In absence of NaBHy,
a pair of redox peaks bl (about 0.4 V) and b5
(0~0.1 V) in Fig. 4a was assigned to Ag/Ag,O redox
couple in alkaline media [10], which coincided with that
in Nil@Agl_S/C, Nll@Agl/C, Nil_5@Ag1/C, and
Ni,@Ag,/C. Another peak b3 in Fig. 4a that also could
be seen in Fig. 4b—d could be attributed to the reduction
of higher Ag oxides [38]. In Fig. 4b—f, a pair of redox
peaks b2 and b4 appearing at 0.5 and 0.3 V have also
been observed in alkaline solution, which correspond to
the oxidation-reduction processes of nickel hydroxide
[24, 35]. The occurrence of nickel hydroxide indicated
that the Ni nanoparticles were not wrapped up by Ag
completely. In the presence of NaBH,, peak al in
Fig. 4a was the oxidation peak of BHj, and the current
still increased with the formation of Ag,O. So, the di-
rect oxidation of BH; mainly took place upon multilay-
ered Ag,O, which coincided with that in Fig. 4b—e. The
mechanism could be expressed as following [39]:

2Ag + 20H —Ag,0 + H,0 + 2¢” (7)

Ag,0 + BH; 4+ 60H —2Ag + BO; + SH,0 + 66 (8)

Obviously, there was another peak a2 (about 0.5 V)
in the positive potential sweep on the Nij@Ag; s/C,
Ni;@Ag,/C, Ni; s@Ag,/C, and Ni,@Ag,/C, which co-
incides with peak b2. The reason might be that the
nanoparticle of a core-shell structure had dual
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physicochemical performance as core metal Ni and as
coating shell metal Ag.

In the reverse potential sweep, peaks cl and c3 coincide
with the peaks b3 and b5, which were the reduction peaks of
Ag oxides.

The onset oxidation potentials and peak current den-
sities of BHj; for Ag/C, Ni@Ag/C, and Ni/C catalysts
are summarized in Table 1. According to Table 1, the
onset potentials of BH; for Ni;@Ag; s/C, Ni;@Ag,/C,
Ni; s@Ag;/C, and Ni,@Ag;/C were more negative than
Ag/C and Ni/C catalyst, suggesting the improved cata-
lytic activity of the core-shell nanoparticles. Although
the content of Ag in Ni@Ag/C catalysts was less than
that in Ag/C, the peak current density at Ni@Ag/C cat-
alysts did not reduce. Among the six electrodes, the
peak current density on the Ni;@Ag,/C was the highest.

Chronoamperometry

Figure 5 shows the chronoamperograms of different carbon
catalysts at 0.2 Vin 2 M NaOH + 0.1 M NaBH,. As shown

in Fig. 5, a decrease in the current with time was found in each
catalyst electrode. After the application of the set poten-
tial for 30 s, the current tended to be stable. The current
values of Ni@Ag/C electrode were higher than those of
Ag/C. This result indicated that using Ni as the core
metal can greatly improve the catalytic activity for the
BH; electrooxidation. The order of electrocatalytic ac-
tiVity was Nl]@Agl/C > N115@Ag1/C > le@Agl/C >
Nij@Ag, s/C > Ag/C. The current densities were 15.8,
10.1, 6.8, 5.2, and 2.2 mA cm 2, respectively. It was
clear that Ni;@Ag;/C would exhibit the best catalytic
performance among all the four electrodes.

Kinetic parameters for BH, electrocatalytic oxidation
reaction

With the aim to determine the kinetic parameters and
the total number of the electrons, the linear scan volt-
ammetry with rotating disk electrode (LSV RDE) was
performed. Figure 6 shows the results of RDE LSVs of
the five electrodes recorded in 0.1 M NaBH;+2 M

@ Springer
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Fig. 4 Voltammograms of different anode catalysts in 2 M NaOH and 2 M NaOH + 0.1 M NaBH,4: a Ag/C, b Ni;@Ag; 5/C, ¢ Ni;@Ag,/C, d

Nil'S@Agl/C, € le@Agl/C, fNi/C

NaOH solution at 0.003-V s~ ' scan rate and using elec-
trode rotation speed (w, rpm) in 1400 rpm at 25 °C. At
high potentials, the borohydride is depleted inside the
porous electrode structure and is not replenished by
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the rotation effects, thus leading to a bell-shaped curve

[40].

The data from LSVs recorded using different rotation
speeds were used to determine the kinetic parameters of
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Table 1  The peak potential and peak current of BH; on Ag/C and
Ni@Ag/C catalysts

Catalysts Main peak potential(V) Main peak current(mA cm 2)
Ag/C 0.100 12.1
Ni@Ag/C1:1.5 —0.003 8.1
Ni@Ag/Cl:1  —0.017 21.2
Ni@Ag/C1.5:1 —0.011 13.1
Ni@Ag/C2:1  —0.004 113

the BOR at the investigated electrocatalysts. The num-
ber of electrons exchanged, n, was calculated using the
Koutecky—Levich equation (Egs. (9-10)), which defines
the overall current density dependence on the value of
diffusion-limited current density (i) and kinetic current
density (i) [41], where 7 is the disk current density (4),
n the total number of electrons exchanged, F the
Faraday constant (96,485 C mol "), k the apparent rate
constant (cm s '), Co the concentration of the borohy-
dride (mol cm™>), 4 the area of the electrode, D the
diffusion coefficient of the electrochemically active spe-
cies (1.6 x 107 cm? s™') [4], w the angular rotation rate
of the electrode (radians s '), and v is the kinematic
viscosity of the solution (1.19x107% cm? s ').
According to Eq. (10), the plot of the reciprocal value
of the disk current density i ' versus w /? should be
linear, and Fig. 7 shows the results of the five elec-
trodes obtained in 0.1 M NaBH,+2 M NaOH solution
at 0.003 V s ! scan rate and using electrode rotation
speed (w, rpm) in the range from 200 to 2600 rpm.

The slopes of the /' versus w % plot were used to

calculate n, and Table 2 summarizes the results.

1 1 1
—= -+ o 10
i nFAKCY  0.62nFADY3y1/6Cw!/2 (19

It was noticed that the n values transferred on Ag/C
was lower than that measured in Ref [4, 10, 11]. The
reason might be that the ratio of [OH ]/[BH3] was a
little low and leading to negligible BH;OH and H,
production. The adsorbed intermediates might block
the electrode surface for further oxidation of borohy-
dride. Ag/C nanoparticles do not show any significant
activity toward H, oxidation. So, the higher n values
reported for Ni@Ag/C than for Ag/C might originate
from the trapping of the BOR intermediates in the ac-
tive layer, increasing their “residence time” and improv-
ing their subsequent oxidation [11]. According to Table
2, the n value of Ni@Ag/C is close to that calculated
for the other Ag-based in the literature. The n value of
Ni;@Ag,/C was higher than that of the other three cat-
alysts, indicating better BOR performance than the other
three catalysts.

Figure 8 shows the Tafel plots for Ag/C and Ni@Ag/
C catalysts generated from points of the Tafel region of
the corresponding LSV data at 1400 rpm. The mass-
transfer-corrected (kinetic) current density i, was

Fig. 5 Chronoamperometry of
different carbon catalysts at 40
—-02Vin2MNaOH+0.1 M
NaBH,4

w
o
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Fig. 6 Linear scan 60
voltammograms with rotating | :
disk electrode (RDE LSVs) of the (a) NI1@Ag1/C (a) .
studied electrocatalysts recorded 50 - b) Ni Aa./C et
in 0.1 M NaBH, +2 M NaOH at a (b) 1-5@ 9
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calculated from the measured i) value by the stan- 0.12 V dec ! when based solely on electrode kinetic

dard 1/iopay = 1/ix +1/7; (Eq. (9)). The Tafel slopes b
and exchange current density i, were also listed in
Table 2. We can observe in Table 2 that the values of
ip are negligibly small and thus considered meaningless
in evaluating the electrocatalytic activity of anode cata-
lysts [42], and the iy, of the five anodes was rather
smaller than some recently reported results in the liter-
atures [4, 11, 24, 40]. All of the b values were close to
0.12 V dec”', and some were a little higher than

considerations. Higher Tafel slopes may be attributed
to mixed control scenarios, such as electrode kinetics
combined with mass transfer and/or ionic conductivity
effects in the catalyst layer [43, 44]. According to Table
2, the Tafel slopes of Ni@Ag/C were smaller than those
of Ag/C. Since a lower value of Tafel slope is desirable,
high Tafel slope values indicate inferior BOR activities.
Moreover, the exchange current densities calculated for
Ni@Ag/C are higher than those for Ag/C. These data
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Fig.7 Plots of i em*mA ) vs
w ' (radians s7") of the studied 012 4
electrocatalysts for 0.1 M
NaBH, +2 M NaOH solution 1
using electrode rotation speed (w, 0.10
rpm) in the range from 200 to U
2600 rpm J
o
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~
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Table 2 Kinetic parameters from

the borohydride oxidation on the Catalysts B io (mA cm?) n E,” (kI mol ) B Ref.

different electrodes
Ag/C 0.162 475x10°° 2.6 42.22 0.63 This work
Ni,@Ag, 5/C 0.133 141x10°° 32 40.37 0.94 This work
Ni,@Ag,/C 0.117 227x1077 4.8 20.23 0.30 This work
Ni; s@Ag,/C 0.127 547%x107 43 33.83 0.71 This work
Ni,@Ag;/C 0.134 1.07x107° 35 34.75 0.35 This work
Ag/C (10 wt.%) 0.13 2.1%107 - - - [4]
Ag-Pt(20 wt.%) 0.615 0.833 32 - - [40]
Ag-Au(20 wt.%) 0.662 1.28 46 - - [40]
Ag/C 0.15 1.0x 107" 43 - - [11]
PtAg/C 0.20 7.6 3.0 - - [11]
Ni,@Au, 0.37 79%x10° - - - [24]

indicated that the Ni@Ag/C catalysts reduced the influ-
ence of the electrode potential upon the activation ener-
gy of BHj oxidation reaction and made the electrode
reaction much easier [45]. The Ni;@Ag,/C catalyst ex-
hibited relatively smaller 5 value.

LSVs RDE data were also used for evaluation of apparent
activation energy (E5™) for the BOR on Ag/C and Ni@Ag/C
electrocatalysts in 0.1 M NaBH,+2 M NaOH. Data of the
kinetic current density in the temperature region 25-55 °C at
1400 rpm shown in Fig. 9 was used for application of the
Arrhenius equation (Eq. (11)),

oOlogliy|  AEP®

assuming that E£5°° does not depend on temperature and i
does not depend on potential [46]. The E5*P values of the
different electrocatalysts were listed in Table 2; this value
of E3PP is comparable to the values reported on different
electrocatalysts, such as Ag/C Pt/C, Pty ,5Co¢,s, and
Pty 75Nigs (35.0, 25.3, and 20.2 kJ mol™', respectively)
[27, 47]. It was clear seen that Ni;@Ag,/C had the lowest
ESPP among the five catalysts. This value was significantly
lower than that reported for BOR at Au electrode [19, 20].
This phenomenon further demonstrated that Ni@Ag/C
could apparently improve the electrode kinetics for BHy
oxidation, and it may exhibit better BH}; electrooxidation
kinetics than the other catalysts.

(11) The reaction order of the BOR at the investigated
o(1/T) 23R electrocatalysts was determined from LSV data for different
Fig. 8 Tafel plots for Ag/C and 25 L .
Ni@Ag/C catalysts generated . N|1 @Ag1/ C -
from the corresponding LSV data | . s °
at 1400 rpm e Ni, ;@Ag,/C - S a
20 4 Ni,@Ag,/C e '/” P . ~ -
. _ %A
o~ v Ni@AggC  w
£ < Ag/C - o
o 151 A el
e L
~~ v ’
~*10 |
~ |
o -
S «
05 e
~ </4
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Fig. 9 Arrhenius plot for 4.0
borohydride oxidation on Ag/C E T
and Ni@Ag/C electrocatalysts 35 — v
T
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NaBH, concentrations ranging from 0.04 to 0.16 M using Eq.
(12) [19]:

i=zCP

(12)

where z is the constant and [ is the order of the reaction with
respect to BHy. Figure 10 shows the relationship between the
kinetic current density and concentrations of borohydride.
Therefore, the value of 3 can be determined from the slope
of'log i vs log C plot (Table 2).

27

T T T T T T T T T T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340

7!

Cell performance

Figure 11 shows the cell polarization and power density
curves for DBHFC using Ag/C, Ni;@Ag; s/C, Ni;@Ag,/C,
Ni; s@Ag;/C, and Ni,@Ag;/C as anode catalysts. The
anolyte was 2 M NaOH + 0.1 M NaBH, solution, and the
catholyte was 2 M HCl+4.5 M H,O, solution. Main perfor-
mance parameters of the DBHFC are summarized in Table 3.
According to Table 3, the open circuit voltages (OCVs) of the
cell using Ni@Ag/C as the anode catalysts are higher than

Fig. 10 Relationship between the
kinetic current density and
concentrations of borohydride
and hydroxide. The data were
collected at —0.1 V. Other
conditions as shown in Fig. 6
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Fig. 11 Cell polarization and 20 — 10
power density curves of the == N|1 @Ag1/ c
DBHFC using various carbon —o— Ni, @Ag,/C|
anode catalysts - Niz@Ag1/C g
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those of Ag/C. The reason could be that with the introduction
of Ni core, the performance of the core-shell catalysts was
improved compared with Ag catalyst. Obviously, all the
OCVs were lower than the theoretical value of DBHFC
(3.01 V). The low value was probably caused by mixed po-
tential from at the anode and the cathode [48]. As shown in
Fig. 11, the cell voltages of DBHFC decreased with the in-
creasing of current density. The DBHFC with Ni@Ag/C an-
ode had smaller polarization for BH}; oxidation than the one
with Ag/C anode for the reason that Ni@Ag/C core-shell
could improve the performance of DBHFC. It was found that
DBHFC with Ni;@Ag,/C as anode catalyst gave the best
performance. The maximum power density is
8.54 mW cm 2 at a current density of 8.42 mA cm 2.

All the research results show that the core-shell catalyst has
higher catalytic activity than Ag/C catalyst. It is well known
that the presence of another metal in the parent lattice affects
both the electronic nature and the crystal structure, which in
turn influence the catalytic behavior of bimetallic nanoparti-
cles. Both electronic structure and surface atoms involved in
the catalytic performance. The linear relationship between d-
band center energy and chemisorption energy was established

Current density / mA cm”

[49]. C.A. Kuhnen [50] used the density of states (DOS) to
analyze the electronic properties of Ni/Ag bilayers. The results
showed that there existed a strong interaction between s, p,
and d states of Ni with d states of Ag and the charge could
transfer from Ag to Ni sites, since in this manner, the electrons
leave the high energy occupied states at Ag to occupy the
empty d down states at relative low energies at Ni sites. This
electron transformation may lead to the increase in vacancies
at the Ag 4d-obital. The higher-lying d states of the Ag atoms
lowered its average energy and then reveal the moderate ad-
sorption capacity of BHj;, which improves the catalytic
activity.

Conclusion

In the present study, carbon-supported Ni@Ag core-shell
nanoparticles were successfully synthesized by impregnation
reduction method in aqueous solution. The average particle
size was approximately 13 nm. The Ni@Ag/C catalysts rep-
resented higher electrochemical catalytic activity for BH}

Table 3 Main performance

parameters of the DBHFC using DBHFC Open circuit voltage (V) Current density (mA cm ?) Peak power density (mW cm 2)
different anode catalysts

Ag/C 0.95 3.82 1.38

Nij@Ag; 5/C 1.62 8.17 2.61

Ni,@Ag,/C 1.85 8.42 8.54

Ni, s@Ag,/C 1.81 6.20 491

Nib@Ag,/C 1.18 435 343
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electrooxidation than Ag/C catalyst in the alkaline solution for
the reason that core-shell nanoparticles with some shell thick-
ness could significantly improve the electrocatalytic activity
of the catalyst. Among the as-prepared catalysts, Ni;@Ag,/C
revealed the highest electrocatalytic activity to the direct oxi-
dation of BHy as evidenced by higher current densities along
with higher number of electrons transferred during BOR and
lower activation energy. The DBHFC employing Ni;@Ag;/C
as anode catalyst and Pt mesh (1 cm?) as cathode electrode
obtained the maximum anodic power density as high as
8.54 mW cm ? at a discharge current density of
8.42 mA cm "~ at 25 °C.

Therefore, the carbon-supported Ni@Ag nanoparticles
with high performance and low cost are expected to be a
promising anode catalyst for the application of DBFC.
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