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Searching for non-precious metal anode catalysts with high catalytic activity and low cost is essential for direct
borohydride fuel cells (DBFC). The Ni-B alloys with crystalline states prepared by physical methods commonly
exhibit high B content (NiBy, NiBg, etc.). This work first prepared four kinds of amorphous Ni-B alloy with low
boron content by the chemical reduction method. The composition of Ni-B alloy is critical to its performance. Cu
is doped in the Ni-B alloy in a suitable proportion to improve the catalytic activity further. The crystal structure,
microstructure, and composition information of Ni-B and Ni-B-Cu alloys were characterized by X-ray diffraction
(XRD), scanning electron microscope (SEM), transmission electron microscope (TEM), selective area electronic
diffraction (SAED), X-ray photoelectron spectroscopy (XPS), and inductively coupled plasma-optical emission
spectrometer (ICP-OES) tests. The results show that the Ni-B and Ni-B-Cu alloys are amorphous nanoparticles
with particle sizes of about 70 and 50 nm, respectively. The electrocatalytic oxidation BH4 performance of Ni-B
and Ni-B-Cu was studied by cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical impedance
spectroscopy (EIS). It was shown that Ni-B and Ni-B-Cu alloy catalysts have good catalytic activity for BHy
oxidation reaction, and Cu doping improves the catalytic activity of the Ni-B alloy for borohydride oxidation
reaction (BOR). In addition, it is found that the maximum power density (79.124 mW-cm’z) of the direct
borohydride fuel cell using Ni-B-Cu/NF (NF: nickel foam) as an anode electrode is significantly higher than that
of the Ni-B/NF electrode (21.063 mW~cm’2). The Ni-B and Ni-B-Cu alloys with low boron content can be used as
potential anode catalyst materials for DBFC.

1. Introduction friendliness. In particular, the borohydride fuel is carbon-free and has

the characteristics of high hydrogen content (10.6 wt%), high energy

With the continuous progress of human society, the consumption of
fossil energy such as coal, oil and natural gas is increasing, and it is
increasingly urgent to find new renewable clean energy (Hu et al., 2020;
Zhou et al., 2019; Hu et al., 2020). Hydrogen energy is considered the
most promising clean new energy in the 21st century. Research related
to hydrogen energy has attracted more attention from experts and
scholars in recent years. Direct borohydride fuel cell (DBFC) using
borohydride (such as KBH4, NaBH4) as fuel is a device that converts the
chemical energy (hydrogen energy) in the fuel into electrical energy by
electrochemical reaction. This battery is a hydrogen fuel cell with a high
energy conversion rate, convenient fuel carrying and environmental

* Corresponding author.
E-mail address: nsdtx@126.com (X. Tian).

https://doi.org/10.1016/j.arabjc.2024.106059
Received 6 May 2024; Accepted 11 November 2024
Available online 15 November 2024

density (9.3 Wh/g), stable performance in alkaline solution, non-
toxicity, and simple storage and transportation (Harun and Shaari,
2022; Santos and Sequeira, 2011; Oshchepkov et al., 2022; Momeni and
Hassaninejad-Darzi, 2024). Therefore, DBFC is increasingly favored by
researchers.

However, the operation of DBFC mainly depends on the redox
electrochemical reaction of the cathode and anode. The BH; oxidation
reaction (BOR, Eq. 1) occurred at the anode of DBFC, and the O3/H20,
reduction reaction (Egs. 2 ~ 3) occurred at the cathode, and the total cell
reaction was equation 4 ~ 5. The specific electrochemical reaction
equations are as follows:
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Anode: BHy + 80H™ — BO3; + 6H20 + 8e™ E = —1.24 V vs. SHE(1)

Cathode: Oy + 4H20 + 8¢~ — 80H™ E = 0.4 V vs. SHE(2)
4H50, + 8H" + 8e~ — 8H,0 E = 1.77 V vs. SHE(3)
Overall: BH; + 205 — BO3 + 2H0 E = 1.64 V vs. SHE(4)
BH; + 4H,03 — BO3 + 6H30 E = 3.01 V vs. SHE(5)

DBFC transfer 8e~ during operation from the above reaction equa-
tions theoretically. However, in addition to the BOR reaction, a BHy
hydrolysis reaction will also occur on the anode, as shown in equation 6.
The actual battery reaction that happens during DBFC operation is
equation 7. In this way, there is xe™ transferred. The BH; hydrolysis
reaction leads to a decrease in the number of electrons transferred and
fuel utilization. At the same time, the hydrogen generated by hydrolysis
will bring hidden dangers to the safety of DBFC.

BH; + 2H,0 — BO3 + 4H,1(6)
BHz + xOH™ — BO3 + (x — 2) HyO + (4 — x/2) Hy + xe™(7)

Thus, the anode catalyst is the key factor to determine the perfor-
mance of DBFC. The research on DBFC is also mainly carried out around
the anode catalyst. Initially, noble metal materials such as Au
(Finkelstein et al., 2013; Caglar et al., 2023; Xue et al., 2024), Pt (Liu
et al., 2014; Verma et al., 2024; Kuang et al., 2024) and Pd (Braesch
etal., 2018; Kaya et al., 2022; Saha et al., 2021) were commonly used as
DBFC anode catalysts, and they also exhibited excellent catalytic per-
formance. However, large-scale commercial production is challenging
due to the price and reserves of precious metals. With the further
development of catalytic materials, some non-noble metal materials (Ni,
Co, etc.) (Ko et al., 2024; Li et al., 2023; Guo et al., 2017) and hydrogen
storage alloys (Ji et al., 2024; Zhang et al., 2018) also display promising
catalytic performance. They are progressively applied in DBFC anode
catalyst materials. Particularly, non-noble metal materials have received
extensive attention from researchers due to their low cost, simple
preparation and low catalytic potential.

Metal borides (Ni-B, Co-B, and Fe-B, etc.) were first discovered by
using metal salts (NiCly, CoCly, etc.) to catalyze the hydrolysis of BH4 to
produce hydrogen. Black precipitate was found in the solution, which is
called metal borides (Schlesinger et al., 1953). A large number of
experimental results show that metal borides are a class of non-precious
metal catalyst materials with excellent catalytic performance and can be
used as catalysts for various chemical reactions. For example, Ni-B can
catalyze chemical reactions such as the hydrogenation of styrene (Liu
et al., 2012), the oxygen evolution reaction (Li et al., 2024), and the
electrocatalytic oxidation of glucose (Zhang et al., 2013) and ethanol
(Zhang et al., 2014; Zhang et al., 2014). Co-B can catalyze oxygen
reduction reaction (Liu et al., 2021) and hydrolysis of ammonia-borane
(Chen et al., 2022). Ni-Co-B can be used as a methanol electro-catalytic
oxidation catalyst (Sunitha et al., 2020). At present, the research on
metal borides as DBFC anode catalyst materials is still in the initial stage
of development. Only several borides, such as NiB (Li et al., 2018), CoB
(Guo et al., 2017), and Co-Ni-B (Duan et al., 2021) have been proved to
have specific catalytic activity for the BOR reaction and can be used as
DBFC anode catalysts. Metal borides still have broad research space and
application prospects.

Generally, metal borides synthesized by chemical reduction are
amorphous structures. Amorphous alloy materials have a unique struc-
ture of long-range disorder and short-range order, with the presence of
dislocations and unsaturated atoms bringing excellent catalytic prop-
erties (Jin et al., 2024; Hong et al., 2024; Guo et al., 2024). The first-
principles calculations including spin-polarized density functional the-
ory show that Co, Ni and Cu in 3d transition metals (Cr, Mn, Fe, Co, Ni
and Cu) are more likely to adsorb BH4 due to the strong s-d,; hybridi-
zation between the adsorbate and the metal (Arevalo et al., 2012). The
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catalytic effect is closely related to the surface adsorption of solid ma-
terials. The adsorption of BH4 is an essential step in catalyzing the BOR
reaction. It is speculated that the introduction of Cu may improve the
catalytic performance of Ni-B alloy. However, previous studies are
mostly theoretical speculation and lack experimental verification. On
this basis, an amorphous Ni-B alloy catalyst was synthesized by the
chemical reduction method and used as DBFC anode catalyst. By
analyzing the catalytic performance of the material, the Ni-B alloy
catalyst with the best component ratio was selected as the basic catalyst.
Then Cu was doped into the Ni-B alloy to form a ternary Ni-B-Cu catalyst
by a similar synthesis method. Finally, the structure and catalytic
properties of the synthesized ternary Ni-B-Cu catalyst were investigated
and applied in DBFC to investigate the power density of the cell.

2. Experimental
2.1. Catalyst preparation

A series of Ni-B alloys with different compositions were synthesized
by chemical reduction method using NiCl,-6H,0 and KBH4 as raw ma-
terials. The preparation procedure is illustrated in Fig. 1. Specifically,
NiCl,-6H,0 was dissolved in distilled water (0.85 mol/L, 10 ml), and
KBH,4 with different amounts of substance was dissolved in 0.4 mol/L
KOH aqueous solution (40 ml) to control the composition of the alloy.
Then, KBH4/KOH mixed solution was added dropwise into NiCly-6H50
solution under magnetic stirring. A large amount of gas (Hz) and black
precipitate are generated. Until no gas is generated, the solution is
continuously magnetically stirred for an hour to ensure sufficient reac-
tion. The obtained black precipitate was purified with distilled water
and ethanol to remove by-products and impurities (KOH, KBO», etc).
Finally, the black Ni-B alloy powder with high purity was obtained by
vacuum drying at 55 °C. During the synthesis process, the specific
chemical reaction equations in the solution are as follows:

BHZ + 2Ni%" + 2H,0 = 2Ni + BO3 + 4H' + 2H,1(8)
BHy + Ho0 = B + OH™ + 2.5H1(9)

The substantial reducing property of BHy is utilized to reduce NiCl,
to Ni (Eq. 8). At the same time, BHj is self-reduced into B (Eq. 9) in the
solution, and finally Ni and B form Ni-B alloy in a particular proportion.
The amount of substance and concentration of NiCl, and KOH was kept
constant and the composition of the alloy was controlled by adjusting
the amount of KBH4 (constant concentration). For convenience, the
samples were labeled S1, S2, S3, and S4, respectively. The composition
ratio of Ni-B alloy was tested by ICP, as shown in Table 1. In fact, the
total composition of Ni and B is about 80 % of the mass due to the alloy’s
oxidization. It is similar to the reported by other authors (Yuan and
Zhang, 2009). The normalized atomic ratio of Ni and B in Ni-B are
summarized in Table 1.

Cu-doped Ni-B alloys were synthesized by using a similar synthesis
method mentioned above. In the synthesis process, CuCly-2H,0 was
added to NiCly-6H20 solution by molar ratio. The Ni-B-Cu alloys were
denominated according to the amount of Cu doping and labeled with
Cug g7, Cup.10 and Cug 3, respectively, and corresponded to Ni: Cu
(atomic ratio) = 1:0.07, 1:0.10 and 1:0.13.

2.2. Electrode preparation

Ni-B (Ni-B-Cu) alloy powder, Nafion dispersion, pure water, and
ethanol were mixed into an ink-like slurry by ultrasonic in a particular
proportion. The ink-like slurry was coated on the nickel foam, and the
area was controlled at 1 cm?. The nickel foam coated with Ni-B and Ni-B-
Cu catalysts was dried in a vacuum for 24 h and then connected with a
nickel strip as an electrode. The loading of Ni-B and Ni-B-Cu catalysts
was 60 mg/cmz.
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Fig. 1. Synthetic process of the Ni-B/Ni-B-Cu catalyst.

Table 1
The ICP test results of Ni-B alloys.

Sample Ni (at.%) B (at.%) Ni:B atomic ratio
S1 86.945 13.055 1:0.150
S2 86.228 13.772 1:0.160
S3 85.917 14.083 1:0.164
S4 85.243 14.757 1:0.173

2.3. Structural characterization

The content of nickel and boron elements in the Ni-B alloys was
analyzed using ICP spectroscopy (PerkinElmer Optima 7300 V), and the
alloy samples were subjected to acid dissolution pretreatment prior to
testing. The crystal structures of Ni-B and Ni-B-Cu alloys were charac-
terized by X-ray diffractometer (Philips PW1830) with Cu target (1 =
0.154 nm, 20 = 15° — 80°). The microstructure and composition in-
formation were tested by SEM (Czech TESCAN MIRALMS), and TEM/
EDS (Thermo Fisher Talos F200X G2). The valence state of elements was
characterized by XPS (Thermo Scientific ESCALAB 250Xi), and the
binding energy (BE) was calibrated with C 1 s (284.8 eV) as a reference.

2.4. Electrochemical measurements

The performance of Ni-B and Ni-B-Cu catalysts for the catalytic
oxidation of BHs was tested by cyclic voltammetry (CV) curves, chro-
noamperometry (CA), and electrochemical impedance spectroscopy
(EIS) using an electrochemical workstation (Shanghai Chenhua
CHI660E). The three-electrode system was used in the test, in which the
working electrode was Ni-B/NF or Ni-B-Cu/NF (NF: Nickel foam), the
counter electrode was nickel foam, and the reference electrode was Hg/
HgO. The electrolyte was a mixed solution of 0.1 mol/L KBH4 and 2 mol/
L KOH for CV and EIS test, 0.2 mol/L KBH,4 and 2 mol/L KOH for CA test.
The CV test range was —0.5 V ~ 1.1 V vs Hg/HgO, and the scan rate was
20 mV/s ~ 50 mV/s. The EIS test range is 0.1 Hz ~ 10° Hz, and the
initial potential is the open circuit voltage. The Nyquist plot obtained by
the test is analyzed by Zview 3 software.

2.5. Fuel cell test

The single cell performance test was carried out in the self-made
electrolytic cell (Fig. 2). Ni-B/NF and Ni-B-Cu/NF were used as nega-
tive electrodes, and Pt sheet (1 cm x 1 cm) was used as positive elec-
trode. The anode electrolyte was 6 mol/L KOH and 0.8 mol/L KBHy, the
cathode electrolyte was 4 mol/L Hy02 and 0.5 mol/L H2SO4, and the
separator was Nafion N212. The test temperature is 25 °C. The DBFC
with hydrogen peroxide oxidant is also known as the direct borohydride-

©

Nickel strap

®

Pt sheet electrode

N212

Nickel foam

Ni-B
Ni-B-Cu

'
Fig. 2. The schematic diagram of single cell assembly.
hydrogen peroxide fuel cell (DBHFC).

3. Results and discussion

The XRD patterns of Ni-B and Ni-B-Cu alloys are shown in Fig. 3. As
seen in Fig. 3(a), all Ni-B alloys show two broader diffraction peaks near
33° and 45°, which are characteristic peaks of the amorphous state
formed by metals Ni and B. It proves that the synthesized Ni-B alloy is an
amorphous long-range disordered structure. PDF card #04-0836 rep-
resents the metal copper in Fig. 3(b). The XRD diffraction peaks of Ni-B-
Cu alloys show crystal diffraction spikes of Cu in addition to two
prominent amorphous broad peaks, and the peak intensity increases
gradually with the increase of Cu content. Cu doping reduces the
amorphous degree of the alloy. With the increase of Cu doping amount,
the crystallinity of Ni-B-Cu alloy increases gradually.

The microscopic morphology of a catalyst is significant for its cata-
lytic activity. Fig. 4 is the SEM images of S3 and Cuy ;¢ alloys at different
magnifications. It can be seen that the microstructure of S3 is spherical
nanoparticles. As shown in the part circled with red circles in Fig. 4(b),
the nanoparticles of the S3 sample are arranged in chains, which are not
obvious due to heavy agglomeration. Similarly, the microstructure of
Cug 19 is also spherical nanoparticles, which are significantly smaller
than those of the S3. This may be related to the strong interaction be-
tween Cu and Ni, leading to a decrease in the overall effective radius of
the alloy and a decrease in the particle size. The smaller the particle size,
the larger the relative specific surface area, and the better the catalytic
activity. In addition, the chain structure of Cugjo particles is more
pronounced and the chain arrangement is longer compared to S3. The
chain structure of the sample is mainly related to the magnetic attraction
between adjacent particles. Since the Ni element in S3 and Cug 19 is a
ferromagnetic material, the particles form a chain structure under
magnetic attraction. At the same time, the crystallinity of the material
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Fig. 3. The XRD patterns of catalysts: (a) Ni-B; (b) Ni-B-Cu.

500 nm

Fig. 4. SEM images of the catalysts with different magnification: (a, b) S3; (c, d) Cug 1.

also indirectly affects the formation of the chain structure. The lower the
material’s crystallinity, the worse the magnetic properties, resulting in a
smaller driving force for the formation of the chain structure (Zhang and
Manthiram, 1997). According to the XRD results, the crystallinity of
Cug. 10 is higher than that of S3, the magnetic driving force for the for-
mation of the chain structure is greater, and the chain structure is more
prominent. The chain structure improves the agglomeration of the alloy,
exposes more active sites, and increases the catalytic activity.

Fig. 5 is the TEM bright-field images, the corresponding selected area
electron diffraction (SAED) patterns and relative elemental mappings of
S3 and Cug 19 alloys. It can be seen that the S3 and Cug 19 comprised
uniformly spherical particles with an average size smaller than 100 nm
(about 70 nm and 50 nm, respectively), indicating that the Ni-B and Ni-
B-Cu alloys existed as the nanometer particles. Moreover, nanosized
particles with high surface energy resulted in the particles’ aggregation,
and some alloy particles’ self-aggregation occurred in the image. The
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(h)

Fig. 5. TEM bright-field images, the corresponding selected area electron diffraction (SAED) patterns and relative elemental mappings of S3 and Cug 1 alloys: (a, c-e)

S3, (b, f-i) Cuog.10.

SAED pattern of S3 and Cuyg ¢ displays a typical halo-diffraction of an
amorphous phase rather than distinct dots, indicating the amorphous
long-range order structure, and it is also consistent with the XRD results.
As shown in the HAADF-STEM images and relative elemental mappings
of S3 and Cug 19, Ni, B and Cu are uniformly dispersed throughout the
particles, indicating that the components of the synthesized alloy are
uniformly distributed.

Bonding states and electronic structures of Ni-B and Ni-B-Cu alloys
can be obtained by XPS analysis. Fig. 6 is the XPS survey spectra of S3
and Cug 19 alloys. As shown in Fig. 6, the elements nickel, boron, copper
and oxygen are present in the Ni-B and Ni-B-Cu alloys. The oxygen
element is mainly derived from the oxidation of the alloy surface. Fig. 6
(a) and (b) show the XPS spectra of B 1 s and Ni 2p electronic levels for
the S3 alloy. The spectra reveal that B and Ni exist in both elemental
states, corresponding to binding energy (BE) of 188.16, 852.30 (2p3,2)
and 869.59 (2p;,2) eV, respectively, and oxidized states, corresponding
to binding energy (BE) of 191.81, 855.52 (2ps/2) and 873.29 (2p;2) €V,
respectively. Those oxidized states were formed during the synthesis or
transferred to the measurement chamber. A positive shift of about 1.00
eV compared with the standard BE value of the pure B (187.20 eV) and
negative shift of about 0.30 eV compared to pure Ni (852.60 eV). This
phenomenon for amorphous transition metal borides (TMBs) materials
is commonly explained as the “reverse electron transfer model” (Gunda
et al., 2021). This demonstrates an electron transfer from the alloying B
to the vacant d-orbital of the metallic Ni; which makes the B atom
electron-deficient and the Ni atom electron-enriched. XPS data of Cug 19
are presented in Fig. 6(c—e). As shown in the B 1 s spectrum, the peaks at
194.63, 191.95, and 188.19 eV are attributed to boron-oxide, boron-
suboxide, and boron in the metal bride (Ni-B-Cu), respectively. This is
basically consistent with the Bls results of Ni-B alloy, with only an

additional oxidation peak due to the different degrees of surface
oxidation. It also indicates that Ni-B-Cu has a higher degree of oxidation.
As for the Ni 2p spectrum, the BE of 852.37 eV is assigned metallic Ni in
Ni-B-Cu; the peaks at 855.94 and 873.76 eV correspond to oxidized Ni
2ps3/2 and 2p; o electronic levels. In the Cu 2p spectrum, the BE of
932.38 and 952.28 eV assigned to metallic Cu 2p3,5 and 2p; /3, the peaks
at 933.78 and 954.68 eV attributed to the Cu?' 2ps3/2 and 2pi
(oxidized state). Similar to the Ni-B alloy, a positive shift of for B (1.01
eV), negative shifts for Ni (0.27 eV) and Cu (0.42 eV) compared with
pure B, Ni, and Cu (932.80 eV) indicates an electron transfer from the B
to the Ni and Cu. The above results indicate that Ni-B and Ni-B-Cu alloy
powder was prepared using the chemical reduction method and con-
tained some oxide impurities. For amorphous Ni-B and Ni-B-Cu, elec-
trons are transferred from B and gathered around the metal (Ni and Cu).
Therefore, the electronic interaction between B and the metal enhances
its electrocatalytic performance (Masa et al., 2019).

To investigate the catalytic activity and stability of Ni-B and Ni-B-Cu
alloys in the BOR reaction, cyclic voltammetry (CV) and chro-
noamperometry (CA) tests were performed, respectively. Fig. 7 shows
the CV and CA curves for the Ni-B and Ni-B-Cu alloy samples. Table 2
shows the maximum oxidation peak current density and the corre-
sponding potential value. The results are shown in Fig. 7(a) for a 60 mg/
cm? catalyst loading and a sweep rate of 20 mV/s. All Ni-B alloys have an
oxidation peak at —0.35 V vs Hg/HgO, corresponding to the BHj
oxidation reaction. Among the four Ni-B catalysts, the oxidation peak
current density of S3 is the largest, that is, S3 has the greatest catalytic
activity for BOR reaction. To further explore the influence of scanning
speed and load on the catalytic performance of S3 alloy and explore the
best test conditions, the CV diagrams of S3 alloy at different scanning
speeds and different loads were tested, respectively. The results of
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Fig. 6. XPS spectra of S3 and Cuy ;¢ alloys: (a, b) S3; (c-e) Cug 10.

different scan rates are shown in Fig. 7(b). The catalytic activity of S3
increases with the increase of scan rate in the range of 20 ~ 50 mV/s.
The effect of loading on the catalytic performance is shown in Fig. 7(c).
The larger the loading, the greater the reaction rate and the better the
catalytic activity. The optimum test conditions for the CV test in the
experimental range were 60 mg/cm? and 50 mV/s. To further improve

the catalytic activity of Ni-B alloy, S3 was doped with Cu to synthesize
ternary Ni-B-Cu catalyst. The CV diagrams of Ni-B-Cu catalysts with
different Cu doping amounts are shown in Fig. 7(d). With the increase of
Cu doping amount, the oxidation peak current density increases and
then decreases, and the optimal doping content of Ni: Cu = 1: 0.10.
Among the three components, Cug 19 has the best catalytic performance,
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Fig. 7. CV and CA curves of the Ni-B and Ni-B-Cu alloys: (a) CV curves of Ni-B alloys in 60 mg and 20 mV/s; (b) CV curves of S3 in 20 mg and 20 ~ 50 mV/s; (c) CV
curves of S3 in 20 ~ 80 mg and 50 mV/s; (d) CV curves of Ni-B-Cu in 60 mg and 50 mV/s, (e) CA curves of S3 and Ni-B-Cu catalysts.

and its oxidation peak current density is 1.4 times that of S3. In sum-
mary, S3 has the best catalytic activity in Ni-B alloy, Cug 10 has the best
catalytic performance in Ni-B-Cu, and Cu doping significantly improves
the catalytic performance of the alloy BOR reaction. Fig. 7(e) is the
chronoamperometry (CA) performed at a potential step of 0.4 V for 500
s, which displays the stabilities of the S3/NF and Ni-B-Cu/NF electrodes
towards the electro-oxidation of BHy. In the CA curves, the initial cur-
rent dropped sharply and then decayed slowly. The initial current of the
Ni-B-Cu/NF electrode is higher than that of the S3 electrode. Although
the initial current of Cug 13 is higher, it is significantly reduced after
about 110 s, which proves it is less stable. The current of the Cug 1 is the

highest in the Ni-B-Cu/NF electrode, and no significant attenuation
occurs within 500 s, indicating that the catalytic performance and sta-
bility are the best of the three alloys. It can also observe some fluctua-
tions due to hydrogen bubbles from the hydrolysis of BH; during the
test.

Fig. 8 shows the EIS Nyquist diagram of the BOR reaction catalyzed
by Ni-B and Ni-B-Cu alloys. Since the BOR reaction produces gases
leading to unstable resistance in the low-frequency region controlled by
matter transfer, only the part of the high-frequency region controlled by
charge transfer is given in Fig. 8. The diameter of the semicircular arc in
Fig. 8 is positively correlated with the magnitude of the impedance. In
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Table 2
The maximum oxidation peak current density and corresponding potential of Ni-
B and Ni-B-Cu catalysts.

Text Alloys  Peak potential (Vvs Hg/  Peak current density (mA/
Condition HgO) cm?)
60 mg, 20 S1 —0.361 8.78
mV/s S2 —0.349 9.39
S3 —0.355 12.09
S4 —0.353 11.03
60 mg, 50 S3 —0.363 22.08
mV/s Cug.o7 —0.353 11.52
Cupio  —0.355 31.03
Cugi3  —0.355 16.67

the equivalent circuit diagram, R represents the internal resistance of
the solution, R represents the charge transfer resistance, and constant
phase angle element (CPE) is used to represent the non-ideal behavior of
the double-layer capacitance. The specific resistance values fitted by the
equivalent circuit diagram are listed in Table 3. From Fig. 8(a), it can be
seen that the semi-circular arc of the impedance spectrum of S3 is the
smallest, indicating that S3 in Ni-B alloy is more conducive to the
electrooxidation of BH4. The charge transfer resistance of Ni-B-Cu alloy
is smaller than that of Ni-B alloy (Fig. 8(b)). This is due to the fact that
Cu doping improves the conductivity of the alloy, and the corresponding
resistance becomes smaller. A smaller value of resistance facilitates the
transfer of charge, and the more charge is transferred, the more catalytic
activity of the catalyst. Therefore, the catalytic activity of S3 in Ni-B is
the best, while Cug 19 in Ni-B-Cu is the best, which is also consistent with
the CV test results.

To investigate the performance of Ni-B and Ni-B-Cu alloy catalysts in
DBFC, the polarization curves and power density tests were carried out
on S3 and Cuyg 19, which have the best catalytic activity among Ni-B and
Ni-B-Cu, and the test results are shown in Fig. 9. It can be seen from the
polarization curves that the open circuit potentials of S3 and Cuyg ;¢ are
1.275 V and 1.845 V, respectively, which are smaller than the theoret-
ical potential of the direct borohydride-hydrogen peroxide fuel cell
(DBHFC, 3.01 V). This is due to mixing the BOR reaction and BHj hy-
drolysis reaction potential. According to the power density curve, the
maximum power density shows that Cu doping increases the power
density of the alloy. The maximum power density of Cug 19 is 79.124
mW-cm’z, which is about 3.8 times that of $3 (21.063 mW-cm ™~ 2). The
maximum power density of Cug o is also higher than that of some
precious metal catalysts (Duan et al., 2015). The results show that Ni-B-
Cu can be used as a DBFC anode catalyst with excellent performance.
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4. Conclusion

Ni-B alloy catalysts were prepared by chemical reduction method,
and Cu was doped to synthesize ternary Ni-B-Cu alloy catalysts. The
structure and properties of the catalysts were compared and analyzed,
and the reasons for improving performance were explored in this paper.
The results show that amorphous Ni-B alloy with low boron content has
electrocatalytic oxidation performance for BOR reaction. Both from the
analysis of the oxidation peak current density of the CV diagram and
electron transfer impedance value, S3 has the best catalytic activity
among the four Ni-B alloys. This is mainly attributed to the higher

Table 3
The charge transfer resistance values of Ni-B and Ni-B-Cu catalysts.

Alloys R, (Error%) CPE-T (Error%) CPE-P (Error%) Re¢ (Error%)
S1 0.39 (1.52) 2.35 x 1073 (1.95) 0.83 (0.43) 93.09 (1.26)
S2 0.20 (2.28) 2.44 x 1073 (1.85) 0.86 (0.37) 80.98 (1.33)
S3 0.25 (2.20) 421 x 1073 (2.38) 0.77 (0.54) 71.26 (1.71)
S4 0.31 (1.97) 3.19 x 1072 (2.56) 0.84 (0.56) 86.28 (1.85)
Cug.07 0.33 (0.86) 7.16 x 1072 (1.37) 0.76 (0.34) 31.66 (0.71)
Cuop.10 0.25 (1.06) 9.54 x 107° (1.72) 0.80 (0.41) 17.33 (0.74)
Cupis  0.42(1.39)  7.29 x 1073(2.16)  0.77 (0.56) 48.16 (1.58)
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Fig. 9. Cell polarization curves (black) and power density curves (green) of the
DBFC using S3 and Cug; anode catalysts at 25 °C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. AC impedance diagram of catalysts at open circuit potential: (a) Ni-B; (b) Ni-B-Cu.
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degree of amorphous matter and the smaller resistivity caused by
chemical composition. With the doping of Cu, the microstructure of the
alloy changes from agglomeration to chain arrangement, and the par-
ticle size of the alloy decreases. Furthermore, the conductivity and sta-
bility of the Ni-B-Cu alloys are further enhanced. As a result, the
catalytic performance of the Ni-B-Cu alloys is improved. And this
enhancement is related to the amount of Cu doping. The Cug 19 showed
faster electro-transfer kinetics and better stability for the BOR reaction.
A large doping amount may cover part of the active center of Ni, which
reduces the catalytic activity. Also, the amorphous degree of the alloy is
significantly reduced, resulting in a decrease in the active site. In addi-
tion, the stability of the electrode is also poor. The Cug 19 has the best
catalytic activity among the three Ni-B-Cu alloys. The reverse electron
transfer model between boron and metal leads to the enrichment of
electrons around metal, which increases the Ni and Cu catalytic active
sites and improves the catalytic activity. The maximum power density of
DBFC with Cug 19 as anode catalyst was 79.124 mW-cm ™2, which was
significantly higher than that of S3. In conclusion, both Ni-B and Ni-B-Cu
have catalytic activity for BOR reaction and can be used as DBFC anode
catalyst materials, and the performance of DBFC with Ni-B-Cu as catalyst
is better than that of Ni-B alloy. The investigations of Ni-B and Ni-B-Cu
alloy catalysts provide new ideas and a theoretical basis for the devel-
opment of DBFC catalysts made of non-precious metal materials.
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