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Abstract: Cu-Ni-P alloys with different atomic ratios of Ni:P (2:1, 3:1, 4:1 and 5: 1) were designed, and the microstructure
characteristics and phase extraction treatments of ingots and melt-spun ribbons were discussed. Results show that Cu-xNi-4.5P ingots
are composed of Cu and multiple Ni-P phases, including Ni,P,, Ni,,P, and Ni,P. With melt-spun process, the phosphides mainly exist

in the form of Ni,P, and Ni,P compounds. Meanwhile, further increasing nickel concentration of alloys can cause the structure-
coarsening of phosphides in some degree. By controlling the solidification behavior and phase extraction process, Ni-P particles with
multistage pore structure can be obtained, in which the pores are formed due to the etching of Cu dendrites and Cu existing in eutectic

structure and solid solution region. Thus, phase extraction from metallic alloys provides a new controllable method to synthesize

functional multistage porous phosphides.
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Recently, the synthesis of hydrogen, as an alternative
energy source, has drawn considerable attention. However, the
slow kinetics of oxygen evolution reaction (OER) at the anode
has become a considerable obstacle to the hydrogen
production process, and Pt-group materials were used as the
preferred catalyst due to their excellent activity and long-
lasting durability™?. The rising cost of Pt has resulted in
significant efforts to find low-cost alternatives.

Transition-metal phosphides (TMPs) have been considered
as optimal substitutes for electrode materials for energy
conversion and energy storage owing to their typical metalloid
features, rather high activity and chemical stability™*. Among
these compounds, nickel phosphides with multiple
stoichiometric ratios are the most remarkable products
because of their significant role in the catalytic field,
including Ni,P, Ni,P, Ni,P,, Ni,P, and Ni ,P.” "*. Now there are
some wonderful researching results focused on the
controllable synthesis methods. Mi et al® achieved Ni,,P, and
Ni,P selective preparation using a solvothermal route with
nickel chloride and white phosphorus as the starting reactants.

Tian et al "” reported an alternative approach to obtain Ni,P
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with a sulfur-containing surface through reduction of nickel
hexathiodiphosphate (Ni,P,S,). Ledendecker et al'" synthe-
sized a highly ordered Ni,P, with nanoarchitectures on Ni foil
through a contact-conversion system. Furthermore, the
controllable synthesis of nickel phosphides with various sizes,
phase composition and morphologies has gained increasing
attention, which may have a remarkable impact on the
catalytic performance. Based on these reports, it is found that
an effective strategy for improving catalytic efficiency and
electrochemical performance is to construct phosphides with
high specific surface area, and to possess multistage porous
structure is even better> ",

To obtain porous structures, especially nanoporous
structures, the electrochemical and chemical dealloying have
been recognized as the optimal methods based on the
difference in standard electrochemical potentials of
components and the tunable porous structure can be obtained
through changing the microstructure and composition of
precursor and dealloying process parameters'*'”. This highly
effective approach has been widely applied to fabricate

various nanoporous systems, mainly including Pt"", Au™%'",
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Ag'® Cu™, Ni®" and Pd®". Recently, some researchers have
gradually discovered that functional phosphides can be
successfully synthesized using dealloying routes™ >,

In contrast to those conventional dealloying systems, novel
synthesis of honeycomb Ni-P compounds through phase
extraction of Cu-Ni-P alloys was reported. This versatile route
not only benefits the simple and convenient recovery of
element phosphorus but also acts as a promising synthetic
method for hierarchical porous materials. Meanwhile, the
influences of atomic ratio between Ni and P and dealloying
process parameters on the phase composition and structure
characteristic of Cu-Ni-P systems were also discussed.

1 Experiment

1.1 Materials and processing

The highly pure Cu, Ni and Cu-14P alloys were used to
prepare a series of Cu-Ni-P alloys in a vacuum arc melting
furnace under argon atmosphere (all compositions quoted in
this work are in mass fraction unless otherwise stated). The
phosphorus was added in the form of Cu-14P master alloy,
which was supplied by Hunan Rare Earth Metal Research
Institute. Based on different atomic ratios of Ni/P as 2:1, 3:1,
4:1 and 5: 1, a series of Cu-Ni-P alloys were designed,
including Cu-17.1Ni-4.5P, Cu-25.6Ni-4.5P, Cu-34.INi-4.5P
and Cu-42.6Ni-4.5P. In arc melting furnace, the raw materials
were melted four to five times to obtain the optimal
compositional homogeneity of alloys. Subsequently, Cu-Ni-P
alloys molten in quartz tubes were quenched by a rotating Cu
roller with a speed of 1000~2500 r/min, and a series of Cu-Ni-
P ribbons were obtained.

1.2 Phase extraction treatments

Through the
temperature, Cu-Ni-P ribbons were immersed in 3.2 mol/L

water bath to control environmental
ferric chloride aqueous solution. After a period of corrosion
operation, Cu in the ribbons would be etched away due to
lower reducibility. Subsequently, the residual powders were
collected, washed with ethanol and distilled water 5~7 times
and put in a vacuum drying set. Finally, the Ni-P samples were
collected and systematically characterized.

1.3 Microstructure and phase characterization

The typical microstructural characterizations of ingot-like
Cu-Ni-P alloys were carried out using high scope video micro-
scope (HSVM). The phase compositions of precursor alloys
were characterized by X-ray diffraction (XRD, D8 Advance)
and the corresponding microstructure analysis was conducted
by a field emission scanning electron microscope (FESEM,
FEI Quanta FEG 250) equipped with energy dispersive X-ray
spectrometer (EDS). In addition, the special characterizations
of pore structure of Ni-P particles were evaluated from at least
five FESEM images of powder samples and in each area
about 10 Ni-P products were detected.

2 Results and Discussion

2.1 Phase compositions of Cu-Ni-P alloys
Fig. 1 shows the XRD patterns of types of Cu-Ni-P ingots
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Fig.1 XRD patterns of Cu-Ni-P samples with different Ni: P ratios:
(a) alloy ingots and (b) melt-spun ribbons

and melt-spun ribbons. Based on the diffraction peaks in
Fig. 1a, it is observed that these Cu-Ni-P ingots are composed
of Cu and multiple nickel phosphides with different
stoichiometric ratios, including Ni,P,, Ni,P; and Ni,P. Since
chemical activity of element nickel is higher than that of
copper, phosphorus in these metallic melts will prefer to react
with nickel to form corresponding Ni-P compounds through
in-situ reaction. While no other copper phosphides are
detected in whole metallic systems. In addition, it is found
that the nickel phosphide in Cu-17.1Ni-4.5P ingot (atomic
ration of Ni and P as 2:1) mainly exists in the form of Ni,P,
accompanied with trace Ni P, according to the intensity of X-
ray diffraction peaks. With further increasing the addition
levels of element nickel, the phosphides are mainly present in
the form of Ni,P, and Ni,P compounds which possess
relatively higher atomic ratio of Ni and P.

As we all know, the melt-spinning technology with extre-
mely high solidification rate sometimes up to 10°~10° K-s”
has obtained a wide application in nanocrystalline and amor-
phous alloys™?*!, metastable phase synthesis®, dealloying
system precursors”? etc. After melt-spinning process, the
corresponding XRD patterns of Cu-Ni-P ribbons are
illustrated in Fig.1b. It is found that the phosphides in ribbons
are almost transformed to Ni,P, and Ni,P compounds,
indicating that the non-equilibrium condition provided by
melt-spun treatment may have an obvious influence on the
precipitation and growth behavior of phosphides during the
solidification process.

2.2 Microstructure characterization of Cu-Ni-P ingots

The typical microstructures of Cu-Ni-P ingots are illustrated
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in Fig.2. As clearly indicated in Fig.2, besides primary a-Cu
matrix, there are lots of grey dendritic compounds, which can
be deduced to be nickel phosphides based on XRD analysis in
Fig. 1. Due to the rapid solidification rate in vacuum arc
melting process, some dendrites grow in a certain direction, as
shown in Fig. 2b. Furthermore, with increasing the nickel
content from 17.1% to 25.6%, 34.1%, and 42.6%, the average
widths of Ni-P dendrites as indicated by dotted lines are about
7.58, 11.11, 15.66 and 20.20 pm, respectively. Based on this,
it can be deduced that the higher concentration of nickel will
promote the formation and precipitation behavior of Ni-P
compounds.

As shown in Fig. 3, FESEM analysis of Cu-34.1Ni-4.5P
ingot indicates further identify of dendritic precipitations. It
can be seen clearly that the fine lamellar eutectic structure
composed of Cu and Ni-P compounds is embedded in Cu
matrix, and the partially enlarged detail of eutectic structure is
illustrated in the inset of Fig.3a. From the distributions of
element Cu, P and Ni in Fig.3b~3d, it is found that the solid
solution state of Cu and Ni in each other can be clearly
detected due to their ultimate mutual solubility. Furthermore,
it can also be observed that the distributions of elements Ni
and P are rather uniform and the multiple nickel phosphides

25 pm

containing Ni,P,, Ni,P, and Ni,P cannot be clearly
distinguished between each other. Based on the element
distritutions for separate element along the line from M to N
in Fig.4a, it is observed that the relative ratio of Ni and P in
Ni-P positions fluctuates within a range. Furthermore, the
solid solution state of both elements is further proved
according to the broad base line of element distribution of Cu
and Ni in Fig.4b and 4d.

The detailed FESEM analyses of Cu-17.1Ni-4.5P ingot are
illustrated in Fig. 5. As for Cu-17.INi-4.5P ingot, the
phosphide mainly takes the form of Ni,P, with a trace amount
of Ni,P; according to XRD analysis in Fig. 1. The atomic
ratios of Ni and P in Fig. Sc and 5d are 1.38 and 1.41,
respectively, which are in the range of 1.25 (Ni,P,) and 2.40
(Ni,,P,). Based on this, it can be deduced that the chemical
compositions of multiple nickel phosphide dendrites are
gradually changed.

2.3 Morphology characterization of Ni-P compounds

extracted from ingots
In order to investigate the 3-dimensional (3D) morpho-
logies of Ni-P compounds, the phase extractions of Cu-Ni-P
ingots were carried out and the detailed FESEM images of
Ni-P particles are shown in Fig.6. As illustrated in Fig.6a and

Fig.2 Typical microstructures of Cu-17.1Ni-4.5P (a, b), Cu-25.6Ni-4.5P (c, d), Cu-34.1Ni-4.5P (e, f), and Cu-42.6Ni-4.5P (g, h) ingots with Ni/P

atomic ratios of 2:1, 3:1, 4:1 and 5:1

Cu/Ni-P gutecti¢ structure @

N

Cu

Fig.3 Typical FESEM image of Cu-34.1Ni-4.5P ingots (a) and element distributions of Cu (b), P (c), and Ni (d)
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Fig.4 FESEM image of Cu-34.1Ni-4.5P ingot (a) and element distributions of Cu (b), P (c), and Ni (d) along the line from M to N marked in Fig.4a
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Fig.5 Typical FESEM image (a) of Cu-17.1Ni-4.5P ingot and the results of EDS analyses of spots 1 (b), 2 (c), and 3 (d) marked in Fig.5a

Fig.6 FESEM morphologies of multistage porous Ni-P particles extracted from different Cu-Ni-P ingots at room temperature: (a, b) Cu-25.6Ni-
4.5P sample and (c, d) Cu-34.1Ni-4.5P sample

6¢, the porous Ni-P particles obtained from Cu-25.6Ni-4.5P within the particles and the exposed interface formed during
and Cu-34.1Ni-4.5P ingots are about 299.58 and 245.42 pum in the phase extraction process is illustrated by the dotted line in
size, respectively. Furthermore, it is found that the porous Fig. 6a. By statistic analysis for the partial enlargement in
structure on the surface layer is slightly different from that Fig. 6b, the macropore diameter mainly decreases within the
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range from 0.99 um to 3.41 um, as indicated by the arrows.
Besides these macroporous regions, plenty of mesopores, as
marked by the circles, are also observed with uniform
distribution on the ligaments, which are produced by the
etching away of Cu within the eutectic structure (Cu+Ni-P).
Meanwhile, the removing of Cu in the ligaments may have an
influence on the framework stability of Ni-P particles and the
corrosion cracks are also observed which might be caused by
the corrosion stress. With the increase of solid solution of Cu
in Ni-P regions, more Cu atoms need to be removed from the
ribbons during the phase extraction process, resulting in more
corrosion stresses left. Based on these aspects, the average
sizes of Ni-P particles will be reduced due to the development
and penetration behavior of cracks. With further increasing the
nickel concentration, the anti-corrosion property of Cu-Ni-P
alloys will be improved because the self-corrosion potential of
nickel is higher than that of Cu. As clearly indicated in Fig.6d,
a passivation layer with 3.89~7.16 um in thickness is detected.
Kosinova et al®™ synthesized porous gold nanoparticles
covered with a thin and conformal alumina layer and reported
that the passive alumina film has an improvement effect on
the thermal stability of nanoporous structure. According to the
references, element nickel can form a relatively chemically
stable passivation layer in air and under many acidic and

[30,31

alkaline environments®**", As for Cu-Ni-P metallic system,
ferric chloride aqueous solution is chosen as the etching agent,
indicating that these ingots are immersed into acid solution.
After the Cu matrix is etched away, Ni-P particles with
macroporous structure will be obtained, and then with
extending erosion time, more and more Cu in the eutectic

structure will be corroded, which is helpful to the formation of

pores on the ligaments. Furthermore, the passive film is also

detected at the interface between the frameworks and acidic

etching solution during the corrosion process.

2.4 Multistage porous Ni-P particles obtained from Cu-Ni-
P ribbons

Fig. 7a~7d show the FESEM morphologies of the fracture

surface of Cu-Ni-P ribbons. Based on the statistic analysis, the
thicknesses of Cu-25.6Ni-4.5P and Cu-34.1Ni-4.5P ribbons is
about 21.76 and 23.11 um, respectively. Through the rapid
solidification, the microstructures of Cu-Ni-P ribbons are
obviously refined. Meanwhile, it can be observed that the
elements Cu, P and Ni are homogeneously distributed in
ribbon samples according to the EDS analysis in Fig.7e~7g.

In order to get more information about the phase extraction
process, the influence of etching temperature on the powder
product of Cu-Ni-P systems was also studied. Fig. 8 shows
the typical 3D morphologies of Ni-P particles obtained from
Cu-34.1Ni-4.5P ribbons etched at 50 and 80 °C. It is worth
noting that the extraction product has an obvious dependency
with the temperature of etching solution. As illustrated in
Fig. 8a~8c, with appropriate etching temperature and time,
porous Ni-P particles with clear outlines are obtained. The
average size of Ni-P particles extracted from Cu-34.1Ni-4.5P
ribbons is about 25.37 pm through statistic analysis.
Meanwhile, some pores with 63.16~126.32 nm in size are
found in the ligaments due to the dissolution behavior of Cu,
and small corrosion cracks are also detected, as marked by
circles in Fig.8b and 8c. Based on the rapid cooling rate for
alloy ribbons, more Cu can be dissolved into Ni-P regions
during the solidification process, which means that more
corrosion stresses may be left due to the removing behavior of
more Cu in these areas. As corrosion time prolongs, the
multistage porous structure of Ni-P ligaments will be ruptured
due to the accumulation of corrosion stresses, resulting in
obvious decrease of particle size, as illustrated in Fig.8a. With
further increasing the temperature of corrosion solution to
80 °C, it is found that the Ni-P ligaments become remarkably
thinner with the pores becoming larger, which is caused by the
improved mobility of atoms due to higher environment
temperature. From circles indicated in Fig.8d, some cleavage
planes in the ligaments are clearly observed which may result
in a significant reduction in particle size of extracted
phosphides. In addition, it is found that for the phase

Fig.7 FESEM morphologies of the fracture surface of Cu-25.6Ni-4.5P (a, b) and Cu-34.1Ni-4.5P (c, d) ribbons; corresponding element

distributions of Cu (e), P (f) and Ni (g) in Fig.7d



Zuo Min et al. / Rare Metal Materials and Engineering, 2021, 50(10):3512-3519 3517

" Multistage porous

(d

Fig.8 FESEM morphologies of multistage porous Ni-P particles obtained from Cu-34.1Ni-4.5P ribbons etched at 50 °C for 4 h (a~c) and 80°C

for 2.5 h (d~f)

extraction at higher temperature, for example 80 °C, the
formation of passive films adhered to Ni-P frameworks are
also observed after etching for only 2.5 h, as illustrated by the
arrows in Fig. 8f. Based on this, it can be concluded that the
pore structure of Ni-P particles can be tuned through con-
trolling the etching environment, which has a corresponding
relationship with the surface diffusivity of substrate>**],

2.5 Formation process of multistage porous Ni-P frame-

works

During the melt-spun process, the solidification rate of
metallic melt can be significantly increased with the change of
rotating speed of Cu roller. In these Cu-Ni-P alloys, the
nanoporous Ni Fe, -P hybrid phosphides can be obtained after
the extraction treatment of metallic ribbons solidified with
2500 r/min of Cu roller. The typical morphologies of
nanoporous Ni Fe, -P particles obtained from Cu-Ni-P ribbons
are shown in Fig. 9. As for Cu-17.INi-4.5P sample, the
nanoporous Ni-P powders are successfully obtained through
etching at 50 °C for 5 h. With increasing the concentration of
Ni in basic alloy, the interconnectivity state of Cu in the
metallic alloy is decreased, resulting in the time prolongating
for the whole corrosion of Cu dendrites and Cu existing in
eutectic structure and solid solution region, as indicating in
Fig. 9c. As the corrosion process proceeds, the replacement
reaction between Fe and Ni atoms on the ligaments is found
due to the higher chemical activity of Fe compared to Ni,
which can be proved by the corresponding high content of Fe
and P from EDS analysis listed in Fig.9d. Additionally, it is

reported that the bimetallic phosphides might show an activity
superior to mono-metallic phosphides due to the synergistic
effect®*”. Li et al® found that the incorporation of Fe into
Ni,P nanosheet arrays as bifunctional catalysts has an
improvement effect on the catalytic performance for overall
water splitting, which is attributed to the high intrinsic activity
and super-aerophobic surface property. Kan et al®” reported
that NiCoP-0.01Fe nanospheres possess excellent bifunctional
water splitting catalytic performance and the doping of Fe has
an influence on the surface topographies and chemical binding
energy, resulting in the evolution of electrochemical
performance.

The formation process of multistage porous Ni-P particles
obtained from Cu-Ni-P alloys can be deduced as follows.
Through the in-situ reaction, Ni reacts with Cu,P from raw
materials to form the corresponding Ni-P compounds, which
exhibit typical three dimensional continuous structures.
During the extraction process in ferric chloride aqueous
solution, Cu matrix of ribbons may be gradually corroded
away because of the stronger reducibility of Cu, resulting in
the Ni-P compounds left. Furthermore, it is found that the
configuration state of Ni-P products can be tuned through the
control of basic microstructure of ribbons and corrosive
environment. After melt-spinning process, Cu-Ni-P ribbons
with rather fine microstructure are immersed in ferric chloride
aqueous solution at 50 °C for a certain time and phosphides in
the ribbons may react with FeCl, to form the corresponding
Fe-P compounds. The high chemistry activity of original
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Fig.9 Typical morphologies of nanoporous Ni Fe, -P networks obtained from Cu-Ni-P ribbons: (a) Cu-17.1Ni-4.5P, etched at 50 °C for 5 h;

(b) results of EDS analysis for spot 1 in Fig.9a; (c) Cu-25.6Ni-4.5P, etched at 50 °C for 8 h; (d) result of EDS analysis for spot 2 in Fig.9¢c

ultrafine structure of Ni-P powders may have an improvement
on the replacement behavior between Fe and Ni during this
extraction process. The reaction equations of these ribbons
during extraction process are listed as follows. Due to the
solubility of Fe,P in hot water, it can be found that FeP
compounds will be left in the solution after the long time
holding. According to the EDS analysis of product in Fig.9d,
it is found that the relative atomic ratio of Fe and P is about
1.24:1, which is close to the ratio of FeP compound. This fur-
ther proves the formation of FeP compounds from the phase
extraction of Cu-Ni-P ribbons with rather fine microstructure.
Furthermore, this appearance also provides a novel route to
synthesize Ni Fe, -P phosphides, significantly broadening the
application potential of functional phosphides.

Cu + 2FeCl, = CuCl, + 2FeCl, (1
Ni,P + 2FeCl, = 3NiCl, + Fe,P )
Ni,,P, + 8FeCl, = 12NiCl, + 3Fe,P + 2FeP 3)

3 Conclusions

1) Bulk Cu-Ni-P ingots with different atomic ratios of Ni:P
(2:1, 3:1, 4:1 and 5:1) are composed of Cu and various Ni-P
compounds, including Ni;P,, Ni,P;and Ni,P. In the melt-spun
ribbons, the main existence forms of phosphides change to
Ni,P; and Ni,P compounds due to the non-equilibrium
condition during melt-spun process.

2) Cu-Ni-P systems have similar microstructures, all of
which contain Cu matrix and Ni-P dendrites with various

stoichiometric ratios. With further increasing nickel
concentrations from 17.1% to 42.6%, the microstructures of
these alloys have no obvious change.

3) Through the phase extraction process, the multistage
porous Ni-P particles can be obtained from Cu-Ni-P ingots,
which are formed through the dissolution behavior of Cu
dendrites and Cu existing in eutectic structure and solid
solution.

4) With rather fine structure of original ribbons, the
replacement reaction between Fe and Ni atoms on the Ni-P
ligaments can be detected due to the higher chemical activity
of Fe than that of Ni, which may provide a novel route to
synthesize Ni Fe, -P phosphides and significantly broaden the

application potential of functional phosphides.
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