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A B S T R A C T

The oxygen evolution reaction (OER) is a key reaction in hydrogen production through water splitting and in
fuel cells. Nickel nanoalloys are potential low-cost OER electrocatalysts, but their catalytic activity and stability
need to be improved. The doping of nickel catalysts with anionic elements combined with partial amorphization
can improve their electrocatalytic activity. In this study, we report a ternary B-, P- and O-doped amorphous
nickel nanoalloy (BPO-Ni) as an effective electrocatalyst for the OER. Compared with binary boron–oxygen-
doped nickel (BO-Ni) and phosphorus–oxygen-doped nickel (PO-Ni), ternary BPO-Ni has higher OER catalytic
activity and better durability under alkaline conditions. Our results reveal that the high catalytic activity of the
B-, P- and O-doped Ni nanoalloy is derived from the synergistic effects between the ternary heteroatoms and the
Ni atoms, thereby increasing their catalytic activity. This work produces a new non-metal doped amorphous
nickel nanoalloy structure, and offers a way of studying novel inexpensive and efficient OER catalysts.

1. Introduction

Water splitting, one of the most environmentally friendly and ef-
fective ways of meeting future global energy demand, involves the
hydrogen evolution reaction (HER) and the oxygen evolution reaction
(OER) [1]. The sluggish process of four-electron OER is also important
for renewable energy applications such as rechargeable metal–air bat-
teries and regenerative fuel cells [2]. However, the OER step requires
large overpotentials. Currently, the best electrocatalysts for OER are
RuO2 and IrO2, but their high cost restrict their large-scale application
[3–5]. In recent work, attention has been paid to the development of
earth-abundant, low-cost and high-performance metallic materials for
OER. Transition metal compounds, including metal oxides, nitride and
phosphides, have attracted enormous attention because of their high
OER activity [6,7]. Among these transition metal compounds, Ni-based
materials are abundant and cheap with excellent catalytic activity for
the OER [8–14].

Incorporating other elements into electrocatalysts is a way of im-
proving their electrocatalytic water splitting activities, as this could
alter the electronic structure and the surface electronic state [15]. Many
studies have reported that boron and phosphorus can affect the cata-
lytic properties of electrocatalysts [16,17]. In particular, nickel borides
have been intensively investigated as a result of their unique char-
acteristics, such as low cost, low overpotential and superior stability

[18]. Recent reports have shown that Ni-B/Ni foam and Ni-B-O@Ni3B
exhibit effective catalytic activity and stability for both the OER and
HER [18,19]. Nickel phosphides have also received much attention as
new earth-abundant electrocatalysts. For example, Ni2P and Ni5P4 have
been demonstrated to be active toward the OER [13]. Both nickel
borides and nickel phosphides exhibit promising OER activity, due to
the charge transfer between different elements and their modified
electronic structures, thus reducing the kinetic energy barriers to
electrochemical processes [20]. In addition, theoretical calculations
and experimental studies have shown that the activity of the catalyst is
greatly improved if heteroatoms such as N, P, B and S are introduced
into the catalyst crystal lattice [15,21,22]. It is therefore reasonable to
suppose that Ni-based nanomaterials doped with elements such as B, P
and O are likely to be potential OER electrocatalysts [21,23,24].

In the past few decades, amorphous materials have attracted much
research attention. Amorphous materials have complicated structures
including long-range disorder and short-range order, and high con-
centrations of unsaturated coordination sites [14,25,26]. Because of
these features, it has been demonstrated that electrocatalysts with an
amorphous structure have higher activity than those with a crystalline
structure [27,28]. Thus, efforts have been made to form and stabilize
amorphous structures by incorporating metalloids such as B and P into
amorphous alloys, which can affect their electrocatalytic performance
[25]. For instance, amorphous Co2B and CP@Ni-P have been prepared
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and found to be highly efficient bifunctional catalysts with stable per-
formance [13,29]. Tuning the crystallinity of electrocatalysts might
therefore be an effective way of improving their electrocatalytic per-
formance.

Based on the above analysis, we prepared nickel doped with boron,
phosphorus and oxygen (BPO-Ni) using the ice-bath method. Binary
boron–oxygen-doped nickel (BO-Ni) and phosphorus–oxygen-doped
nickel (PO-Ni) were prepared by the same method. The OER electro-
catalytic activity and stability of these catalysts was then studied.

2. Experimental section

2.1. Reagents and chemicals

Nickel chloride hexahydrate (NiCl2·6H2O, 98%), sodium borohy-
dride (NaBH4, 98%), sodium hypophosphite (NaH2PO2, 99%), and so-
dium hydroxide were purchased from the Aladdin Company. All che-
micals were used as received without any further purification.

2.2. Preparation of the samples

2.2.1. Synthesis of BO-Ni
The reaction was carried out using Schlenk vacuum equipment

under an argon atmosphere. 25 ml of NaBH4 (0.38 g) in 1 M NaOH
solution was added to a round-bottomed Schlenk flask and allowed to
react under argon for 30 min while the temperature was maintained at
0 °C using an ice bath. 25 ml of an aqueous solution of 0.5 M
NiCl2·6H2O was then added dropwise into the flask. Instantaneous
formation of a black sediment could be seen. After 1 h, the black se-
diment was washed several times with deionized water and dried at
60 °C for 24 h, to produce BO-Ni.

2.2.2. Synthesis of PO-Ni
25 ml of NaH2PO2 (0.88 g) in 1 M NaOH solution was added to a

round-bottomed Schlenk flask and allowed to react under argon for 30
min while the temperature was maintained at 0 °C using an ice bath.
25 ml of an aqueous solution of 0.5 M NiCl2·6H2O was then added
dropwise into the flask. Instantaneous formation of a grey sediment
could be observed. After 1 h, the grey sediment was washed several
times with deionized water and dried at 60 °C for 24 h, producing PO-
Ni.

2.2.3. Synthesis of BPO-Ni
The steps were similar to the synthesis of BO-Ni, except that 25 ml

of both NaBH4 (0.23 g) and NaH2PO2 (0.35 g) in 1 M NaOH solution
were added to a round-bottomed Schlenk flask (see Fig. S1 in the
Supporting Information). BPO-Ni was ultimately obtained.

2.3. Electrochemical measurements

The electrochemical measurements were carried out using a
CHI760E electrochemical workstation with a three-electrode setup,
including an Ag/AgCl (3 mol/L) reference electrode from BAS instru-
ments, a platinum wire counter electrode and a glassy carbon working
electrode. Details of the preparation of the working electrode can be
found in Section 1.1 of the Supporting Information (SI).

2.4. Characterization

The three catalysts were characterized by XRD diffraction, trans-
mission electron microscopy (TEM), high-resolution transmission elec-
tron microscopy (HRTEM) and scanning electron microscopy (SEM).
The synergistic effect of heteroatoms (B, P and O) with Ni atoms was
studied by XPS and Raman spectroscopy (for further details see Section
1.2 of the SI).

3. Results and discussion

The XRD diffraction patterns of the BO-Ni, PO-Ni and BPO-Ni
electrocatalysts are shown in Fig. 1. For BO-Ni and BPO-Ni, a broad
diffraction peak at around 40°–50° demonstrates that both BO-Ni and
BPO-Ni contain amorphous states of the nickel–metalloid alloy
[16,25,30]. The width of the BPO-Ni broad diffraction peak is broader
than that of BO-Ni, indicating that the BPO-Ni is more amorphous than
the BO-Ni. For PO-Ni, the diffraction peaks at 44.49, 51.85 and 76.38
can be indexed to the (1 1 1), (2 0 0) and (2 2 0) planes of Ni (JCPDS
No. 65-2865). This may be because NaH2PO2 is a strong reducing agent
and can reduce a salt solution to the metallic state. BO-Ni is more
amorphous than PO-Ni because of the atomic sizes and the interaction
between Ni and B is much greater than that between Ni and P [30].
BPO-Ni is more amorphous than both BO-Ni and PO-Ni, which may be
due to self-structure disturbance by the two metalloids [30]. In addi-
tion, the peaks located at around 34° and 60° in all three samples can be
attributed to Ni(OH)2 (JCPDS No. 38-0715), consistent with (1 0 1) and
(1 1 0) crystalline facets [31].

The morphology and structure of BO-Ni, PO-Ni and BPO-Ni were
also characterized by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) as shown in Fig. 2 and Fig. S2. The
TEM image shows that BPO-Ni have a spherical morphology and most
of the BPO-Ni nanoparticles aggregate together as shapeless particles.
From the TEM and SEM images, the average diameter of BPO-Ni par-
ticles is about 20–30 nm. Both BO-Ni and PO-Ni have irregular shapes
due to the particle agglomeration shown in Fig. S2. Furthermore,
HRTEM images and SAED images (Fig. 2c and d) show that BPO-Ni has
no obvious lattice fringes, demonstrating that BPO-Ni contains amor-
phous states of the nickel-metalloid alloy. The sample of BPO-Ni was
also studied by elemental mapping, and the images show that B, P and
O are uniformly distributed (Fig. S3).

X-ray photoelectron spectroscopy (XPS) was used to investigate the
surface chemical compositions and the chemical states of the elements
in BO-Ni, PO-Ni and BPO-Ni, and the results are shown in Fig. 3. The Ni
2p spectra for the three samples can be divided into five characteristic
peaks. The peaks located at 852.35 (BO-Ni), 851.37 (BPO-Ni), and
850.44 (PO-Ni) can be assigned to metallic Ni (852.7 eV). These three
peaks are shifted negatively compared with the pure metallic Ni, which
indicates electron transfer from B to metallic Ni [14,16,17,19,30]. The
area of metallic Ni in BPO-Ni is larger than in the other two samples.
The peaks located at around 855 eV can be ascribed to Ni2+, indicating
the presence of surface oxide or hydroxide species [14,20,28,32,33]. As

Fig. 1. XRD pattern of BO-Ni, PO-Ni and BPO-Ni.
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for BPO-Ni, after incorporating B, P and O into the Ni structure, the
chemical state of Ni has changed owing to the synergistic promoting
effects of the B, P and O elements with the metallic Ni. O 1s can be
detected in all three samples and the result is shown in Fig. S4. These
results show that all three samples are spontaneously oxidized due to
their exposure to air and water, which is consistent with the XRD data.

In the B 1s spectrum, the B 1s can be divided into one peak (191.8 eV)
in BO-Ni and two peaks (187.3 and 190.4 eV) in BPO-Ni. The peaks at
around 187 eV and 190–192 correspond to the elemental boron and
boron oxide species, respectively [16]. The peak at around 187.3 eV is
due to the interaction of boron with nickel [22]. The binding energy of
BPO-Ni shows a small positive shift compared with the binding energy
of pure boron (187.1 eV), indicating that boron gives some electrons to
nickel [16]. In the P 2p spectrum, the peaks at 128.3 can be ascribed to
nickel interacting with phosphorus and the peaks at around 132 eV can
be assigned to oxidized phosphorus. At the same time, the binding
energy of BPO-Ni (128.3 eV) shifts negatively compared to red phos-
phorus (130.4 eV), indicating that phosphorus combines with nickel in
BPO-Ni, and phosphorus accepts electrons from nickel [16]. We cal-
culated the element ratios in BO-Ni, PO-Ni and BPO-Ni, respectively.
The element ratio of Ni:O:B in BO-Ni is about 3:9:2. The ratio of Ni:O:P
in PO-Ni is about 3:9:2. The ratio of Ni:O:B:P in BPO-Ni is about 3:9:1:1.
Further evidence of the synergistic effects of the elements B, P and O
with metallic Ni, in BO-Ni, BPO-Ni and PO-Ni were provided by Raman
spectroscopy. The peaks of BPO-Ni are in agreement with both BO-Ni
and PO-Ni peaks, as shown in Fig. S5.

In order to evaluate the electrocatalytic activity of BO-Ni, PO-Ni and
BPO-Ni for OER in 1.0 M KOH electrolyte, the three samples were studied
by linear sweep voltammetry (LSV) in a standard three-electrode cell at a
scan rate of 0.05 V s−1. As shown in Fig. 4a, BO-Ni, PO-Ni and BPO-Ni all
display small redox waves (peaks around 1.4 V), which can be attributed
to the Ni2+/Ni3+ redox process [34,35]. BPO-Ni shows excellent elec-
trocatalytic activity at a higher current density than both BO-Ni and PO-
Ni, and the BPO-Ni sample has a current density of up to 10 mA cm−2 at
1.60 V vs RHE in KOH (pH = 14). The mass activity (MA, A g−1) was
normalized by the total mass loading (0.25 mg cm−2) (see Section S2 and
Fig. S6 of the SI). BPO-Ni achieves a high MA of 117.943 A g−1 at the η of
0.47 V. In addition, the electrochemical active surface area (ECSA) is

Fig. 2. (a) TEM image of BPO-Ni; (b) SEM image of BPO-Ni; (c and d) HRTEM
images of BPO-Ni (inset: SAED patterns of BPO-Ni).

Fig. 3. XPS spectra of BO-Ni, PO-Ni and BPO-Ni; XPS spectra in the Ni 2p regions of BO-Ni, PO-Ni and BPO-Ni; B 1s regions of BO-Ni and BPO-Ni; P 2p regions of PO-
Ni and BPO-Ni.
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studied by calculating the electrochemical double-layer capacitance (Cdl)
(see Section S3 and Fig. S7 of the SI). The Cdl value of BPO-Ni is 0.665 mF
cm−2, which is higher than that of BO-Ni (0.466 mF cm−2) and PO-Ni
(0.343 mF cm−2). The result demonstrates that BPO-Ni has more exposed
surface reactive sites, which improve the OER activity. Furthermore, the
reaction kinetics for OER performance can be evaluated by studying the
Tafel plots in an alkaline medium; the Tafel plots for BO-Ni, PO-Ni and
BPO-Ni are presented in Fig. 4b. The Tafel slopes are derived from LSV
polarization curves obtained at 0.5 mV s−1. The Tafel slope of BPO-Ni is
90 mVdec−1, which is lower than that of BO-Ni (112 mVdec−1) and PO-
Ni (95 mVdec−1), respectively. A lower Tafel slope value demonstrates
outstanding OER performance with a diminishing overpotential [36]. The
OER performance of BPO-Ni is compared with that of some Ni, B and P
catalysts reported elsewhere – the corresponding catalytic activity para-
meters are listed in Table S1. The overpotential of the three samples up to
a current density of 10 mA cm−2 or 50 mA cm−2 and the Tafel slopes are
shown in Fig. 4c. It can be concluded that the BPO-Ni catalyst has a lower
overpotential and a smaller Tafel slope. The electrocatalytic impedance
spectra (EIS) of the three samples were also recorded, with a frequency
range from 0.1 Hz to 106 Hz, a voltage of 1.60 V and an amplitude voltage
of 5 mV (Fig. S8). According to the Nyquist plot, the excellent electro-
catalytic activity of BPO-Ni can also be understood in terms of decreasing
charge-transfer resistance. Moreover, the long-term stability of catalysts is
very important in practical applications. The electrocatalytic stability of
BPO-Ni for OER was assessed by chronoamperometry for about 8 h at
1.6 V in 1.0 KOH solution. A stability test (Fig. 4d) indicated that BPO-Ni
is a stable catalyst in alkaline conditions at 1.60 V. From these results it
can be concluded that BPO-Ni shows a high current density, a small Tafel
slope and good stability.

4. Conclusion

In summary, we have shown that B, P and O ternary-doped Ni
amorphous nanoalloy (BPO-Ni) is a promising catalyst for OER under

alkaline conditions. BPO-Ni has a higher OER activity than BO-Ni and
PO-Ni, and an overpotential of 370 mV in 1.0 M KOH. The high OER
catalytic performance of BPO-Ni is mainly due to the two factors: firstly,
the ternary doping with B, P and O produces a large number of defects
and regulates the electronic properties to produce an effective catalytic
structure. Secondly, the strong synergistic coupling effect between the
B, P, O species and the Ni amorphous nanoalloy further enhances its
catalytic activity. This work suggests that synergistic B, P, O species and
Ni atoms show great potential as OER catalysts. Thus, the ternary non-
metal (B, P, O)-doped metal Ni nanoalloy offers a promising method of
releasing oxygen in renewable energy fields utilizing new and efficient
OER catalysts.
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