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ABSTRACT

A series of iron, cobalt and nickel metal phosphides of chemical formula Fe,P, Co,P and Ni,P with
high specific surface areas of 331.1, 294.2 and 228.0 m? g~ ', respectively, was firstly synthesized
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by phenol-formaldehyde resin route. It was found that the as-prepared Co,P and Ni,P samples

synthesized using phenol-formaldehyde resin as a carbon source showed much higher BET surface
areas than those prepared using other carbon sources reported before, including cinnamic strong
alkali anion exchange resin, p-phenylenediamine and hexamethylenetetramine. This phenol-formal-
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dehyde resin route was proved to be as universal as traditional H, reduction method.

GRAPHICAL ABSTRACT
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Introduction

Transition metal phosphides have attracted considerable
attention for recent years because these materials are widely
used in various fields, including photonics, magnetism, elec-
tronics, catalysis and so on.""*I In particular, metal phos-
phides have shown high catalytic activities for several
reactions such as hydrogenation and hydrotreating,! >
N,H, decomposition,” ! NO reduction"*'"! hydrogen evo-
lution reaction,'>** and dry reforming of methane.!"®
With the development of metal phosphide materials in vari-
ous application fields, more and more efforts have been
focused on synthetic methods for preparing metal phos-
phides. During the last twenty years, the major methods for
the preparation of metal phosphides have been summarized
by Carenco et al.'”) Among these routes, several synthetic
methods, namely the reduction of metal phosphate in H, or
H, plasma,'"® ") the phosphidation of metal or metal oxide

with PH3/H,®" and the thermal decomposition of metal
oxide and hypophosphite precursor,’*?! were usually used
for the synthesis of transition metal phosphides for use as
catalysts. With the increase of carbon materials as promising
supports in many metal phosphide-related catalyst sys-
another strategy was to develop a carbothermal
reduction method using various carbon sources (such as
active carbon,'*”! carbon nanotubes (CNTs),!** p-phenylene-
diamine,'*” hexamethylenetetramine (HMT)"®' and resor-
cinol/formaldehyde®) for the synthesis of carbon
supported phosphide catalysts.

Recently we developed a novel resin (e.g. cinnamic strong
alkali anion exchange resin and phenolformaldehyde resin
(PFR)) based carbon source for the synthesis of carbon sup-
ported phosphides.*>**! Only two types of carbon supported
phosphides (MoP/C and Ni,P/C) can be prepared using the
resin carbon sources. In this study, we further expand the
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Figure 1. XRD patterns of the Co,P-containing resin precursor with a Co:P molar
ratio of 2 and a PFR:Co mass ratio of 2.3 treated at 900°C under an
Ar atmosphere.
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Figure 2. XRD patterns of the Ni,P-containing resin precursors with a Ni:P molar
ratio of 2, 1.5 or 1 and a PFR:Co mass ratio of 2.3 treated at 900 °C under an
Ar atmosphere.

application of phenolformaldehyde resin as a carbon source
for the preparation of several iron group transition metal (Fe,
Co and Ni) phosphides supported on carbon. This phenolfor-
maldehyde resin route was found to be as universal as H,
reduction method!'*?°! (the most common method for the
preparation of various phosphide catalysts).

Results and discussion
Microstructural characterization

Figures 1-3 shows the XRD patterns of the various M,P-
containing resin precursors (M:P molar ratio= 2, 1.5 or 1
and PFR:M mass ratio =3.5 or 2.3 (M=Fe, Co and Ni))
treated at 900 °C under an Ar atmosphere. It can be seen
from Figure 1 that the as-obtained product (Co/P-2-2.3)
showed the main diffraction peaks at 40.7, 41.0, 43.3, 44.1,
48.7, 50.4, 51.5 and 52.0°, corresponding to the (121), (201),
(211), (130), (031), (310), (131) and (002) reflections of
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Figure 3. XRD patterns of the FeP-containing resin precursors with a Fe:P
molar ratio of 2 or 1 and a PFR:Fe mass ratio of 2.3 or 3.5 treated at 900°C
under an Ar atmosphere.

Co,P (PDF-00-032-0306), respectively. There were no peaks
that can be assigned to Co oxides, Co phosphates or other
Co phosphides, indicating that the pure Co,P can be
obtained using the current synthesis conditions.

In the case of the Ni,P-containing resin precursors
(Figure 2), when the Ni:P molar ratio was 2 and the PFR:Ni
mass ratio was 2.3, the as-obtained product (Ni/P-2-2.3)
demonstrated the diffraction peaks of Ni,P (major,
20=40.7, 44.7, 474, 54.2, 55.0 and 74.8°, corresponding
respectively to (111), (201), (210), (300), (211) and (400)
planes, PDF-01-074-1385), Ni;,Ps (20 =384, 41.7, 47.0 and
49.0°, corresponding respectively to (112), (400), (240) and
(312) planes, PDF-01-074-1381) and Ni (very minor,
20=44.3 and 51.7°, corresponding respectively to (111) and
(200) planes, PDF-01-070-1849). In view of the fact that the
loss of phosphorus was unavoidable in the preparation pro-
cess of Ni phosphide,****! the excess phosphorus might be
necessary in the preparation of phase-pure Ni,P.**) In order
to obtain phase-pure Ni,P, the Ni:P molar ratio was
decreased to 1.5 and 1. When the Ni:P molar ratio was
decreased to 1.5, a very small amount of Ni;,Ps and Ni
phases were also observed. With a further decrease in the
Ni:P molar ratio, the Ni;,P5s and Ni phases completely dis-
appeared, and the pure Ni,P phase can be obtained at a
Ni:P molar ratio of 1.

As for the Fe,P-containing resin precursors (Figure 3),
when the Fe:P molar ratio was 2 and PFR:Fe mass ratio was
2.3, the as-obtained product (Fe/P-2-2.3) was a mixture of
Fe,P (main diffraction peaks at 20 =40.3, 44.2, 47.3, 53.0,
54.1 and 54.6°, due respectively to (111), (201), (210), (002),
(300) and (211) planes, PDF-01-088-1803), Fe;P (main dif-
fraction peaks at 20=41.0, 42.1, 2.3, 44.5, 45.8, 49.7, 51.1
and 51.8°, assigning respectively to (321), (330), (112),
(420), (141), (222), (150) and (312) planes, PDF-01-089-
2712) and Fe3(PO,), (main diffraction peaks at 20 =26.0,
29.6, 30.6, 30.7, 31.4 and 32.8°, corresponding respectively
to (130), (10-2), (11-2), (131), (221) and (31-1) planes, PDF-
00-035-0357). The result indicated that the amount of PRF
might be not enough for the reduction reaction due to the



Table 1. Metal phosphide phases obtained from the precursors with different
M:P molar ratios and PFR:M mass ratios (M = Fe, Co, Ni).
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Table 2. BET surface areas of metal phosphides synthesized using different
solid-state carbon sources.

Metal phosphide

Sample phases JCPDS cards

CoP-2-2.3 Co,P 00-032-0306

NiP-2-2.3 NiyP, Ni;oPs, Ni 01-074-1385, 01-074-1381, 01-070-1849
NiP-1.5-2.3  Ni,P, Ni;;Ps, Ni 01-074-1385, 01-074-1381, 01-070-1849
NiP-1-2.3 Ni,P 01-074-1385

FeP-2-2.3 Fe,P, FesP, Fe3(PO,), 01-088-1803, 01-089-2712, 00-035-0357
FeP-2-3.5 Fe,P, FeP (very minor)  01-088-1803, 01-078-1443

FeP-1-3.5 Fe,P, FeP, Fe,P,0; 01-088-1803, 01-078-1443,01-072-1516

formation of Fe;(PQ,),. When the PFR:Fe mass ratio was
increased to 3.5, the product was almost Fe,P with a very
small amount of FeP impurity. In order to try to obtain sin-
gle-phase FeP, the PFR:Fe mass ratio remained unchanged
and the Fe:P molar ratio was adjusted to 1:1. Unfortunately,
the resultant sample was just the mixed phases of Fe,P,
FeP, Fe,P,0,.

For the sake of comparison, Table 1 lists the various metal
phosphide phases obtained in the study. It was clear that pure
Co,P can be obtained from its corresponding precursor with a
stoichiometric ratio of 2:1 Co:P and a lower PFR:M (M = Co)
mass ratio of 2.3. However, the preparation of Ni,P and Fe,P
was not as easy as that of Co,P because it depended on the ini-
tial M/P molar ratio or the PFR:M mass ratio (M = Ni or Fe).
Fortunately, the pure Ni,P can be obtained by decreasing Ni:P
molar ratio from 2 to 1, and the Fe,P product can be obtained
by increasing PFR:Fe mass ratio from 2.3 to 3.5.

The BET surface areas of as-prepared Co,P, Ni,P and
Fe,P samples using PFR as a carbon source were measured
by surface area analyzer, and they were compared with those
of corresponding phosphides prepared using other carbon
sources in previous studies. It can be observed from Table 2
that the specific surface areas of Co,P, Ni,P and Fe/P
obtained in this work were 331.1, 294.2 and 228.0 m*g ",
respectively. Since the specific surface area of the carbonized
PFR resin was reported to be very low (2.5 m*-g "), these
high specific surface areas should be attributed to the forma-
tion of metal phosphides. It was worthy to note that the
Co,P and Ni,P synthesized using PFR showed much higher
BET surface areas than those prepared using other carbon
sources (e.g. D201, pPDA and HMT).

Subsequently, the morphologies of as-prepared Co,P,
Ni,P and Fe,P samples using PFR as a carbon source were
characterized by SEM and TEM. Figure 4 shows the SEM
images of Co,P, Ni,P and Fe,P obtained in this study and
the corresponding EDX analysis results are listed in Table 3.
It can be observed from Figure 4 that the morphologies of
Co,P, Ni,P and Fe,P were very similar and they were com-
posed of dispersed near-spherical nanoparticles with the size
range below ~500nm. Noticeably, it was clear that these
divided nanoparticles connected with each other through
thin sheets. These sheets might be carbon deposites from
resin decomposition because a large amount of carbon was
detected by EDX (Table 3). And the EDX gave the product
composition including M, P, C and O elements (M = Co, Ni
and Fe). It was also indicated that the M/P molar ratios
were 2.06, 2.02 and 2.05 for Co,P, Ni,P and Fe,P, respect-
ively, which were a little higher than the expected

Carbon source Metal phosphide Sger (M%-g™") Ref.
PFR Co,P 331.1 This work
PFR Ni,P 294.2 This work
PFR Fe,P 228.0 This work
D201 Ni,P 69.3 1321

pPDA Ni,P 203.2 129

HMT Ni,P 191.7 1301

HMT Co,P 436 1301

PFR = phenol-formaldehyde resin; D201 = cinnamic strong alkali anion exchange
resin; pPDA = p-phenylenediamine; HMT = hexamethylenetetramine.

Figure 4. SEM images of (a) Co,P, (b) Ni,P and (c) Fe,P products.

stoichiometric value for Co,P, Ni,P and Fe,P. Wang et al
reported that, although the preparations were carried out
with stoichiometric quantities of phosphorus and metal and
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Table 3. SEM/EDX surface elemental analysis results.

Sample M®(at%) P(at%) O f(at%) C(at%)  M/P atomic ratio®
Co,P 7.2 35 7.5 81.8 2.06

Ni,P 9.9 49 8.9 76.3 2.02

Fe.P 7.6 3.7 6.8 81.9 2.05

M = Co, Ni, Fe.

o

500 ninegs T
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Figure 5. TEM images of (a) Co,P, (b) Ni,P and (c) Fe,P products. The insets
show the corresponding Co,P (020), Ni,P (201) and Fe,P (111) crystal lattices.

even excess phosphorus, the final products tended to be
metal-rich due to the loss of phosphorus in the preparation
processes.?! The SEM results were in good agreement with
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Figure 6. Raman spectra of the Co,P, Ni,P and Fe,P products.
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the observation of TEM images (Figure 5). It can be seen
from Figure 5 that the particle size ranges of Co,P, Ni,P
and Fe,P were 25-150, 80-500 and 50-200, respectively.
Although bigger particles were observed, especially for the
Ni,P sample, they were well dispersed on the carbon. This
was probably the reason why the Co,P, Ni,P and Fe,P sam-
ples showed high BET surface areas (see Table 2).
Additionally, the insets clearly showed that the measured
spacing between any two adjacent lattice fringes were 0.330,
0.202 and 0.223 nm, which were consistent with the d-spac-
ings of the (020) plane of Co,P, the (201) plane of Ni,P and
the (111) plane of Fe,P, respectively.

Finally, the information regarding the carbon formation
during carbonization process was obtained by Raman spec-
troscopy. It can be seen form Figure 6 that there were two
intense bands attributed to the disorder band (D-band) and
the tangential band (G-band) of carbon species. The G-band
(at ~1595cm '), which derived from the vibration of sp2
hybridized carbon in the two-dimensional graphite for
ordered carbon species, and the D-band was highly sensitive
to amorphous carbon or defects in carbon materials and
appeared at ~1340cm.*°™*") The carbon contents of the
Co,P, Ni,P and Fe,P products were determined by CHN-O-
Rapid analyzer. It can be observed from Figure 7 that the
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Figure 8. TG-MS profiles of the metal, P-containing resin precursors ((a) for
Co,P, (b) for Ni,P and (c) for Fe,P).

carbon contents of Co,P, Ni,P and Fe.P obtained in this
work were 53.1, 32.0 and 44.9 wt%, respectively.

Formation process

To investigate the formation process of Co,P, Ni,P and
Fe,P, the thermal treatment processes of the metalP-
containing resin precursors were followed by TG-MS. It was
believed that the carbonization processes of metal,P-
containing resin precursors usually involved two temperature
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Figure 9. Scheme of the formation mechanism of metal phosphides in the
resin-based route.

regions: low temperature range and high temperature
range.’>** In this study, the low temperature range and
high temperature range were <440°C and 440-1000°C,
respectively (see Figure 8). In the low temperature range, a
successive sharp mass loss was observed on the TG pro-
files, which should be due to the dehydration reactions of
resin besides the decomposition of metal and phosphonium
salts,’***¥] because a large quantity of multi-component
gases were detected by MS and the simultaneous signals of
m/z=2, 16 and 18 corresponded to H,, CH, and H,O,
respectively. In the high temperature range, another sharp
mass loss and a large amount of CO (m/z=28) and CO,
(m/z=44) besides H,, CH, and H,O were observed on the
TG-MS profiles. The results indicated that besides the deep
carbonization of the resin, strong redox reactions occurred
at higher temperatures, which led to a complete transform-
ation of oxidized species into Co,P, Ni,P and Fe,P (see
Figures 1-3). Since no signal of PH; was detected in the
MS signal, Co, Ni and Fe species should be phosphided by
PO,, as suggested before.!*>?]

Based on the results of TG-MS, XRD, SEM, TEM and
elemental analysis, the formation mechanism of metal phos-
phides in the resin-based route was described as follows (see
Figure 9): the PFR with a network structure was firstly car-
bonized to produce C, H,, CH, and H,O, and then the M
(M=Co, Ni and Fe),P-containing species mixed with the
PFR were reduced by C above 900°C, to produce metal
phosphides located around carbon, with the release of CO
and CO,.

Experimental
Sample preparation

In this study, the phosphides of metals (Fe, Co and Ni)
were prepared simply in two steps. Firstly, the precursors
for phosphides were prepared by mechanical mixing method
through co-grinding phenol-formaldehyde resin (PFR),
metal oxide (Fe,O3, Co30, and NiO, obtained by calcination
of Fe(NO,);9H,0, Co(NO,),-6H,0, Ni(NOs),-6H,0),
respectively) and (NH,),HPO, (M:P molar ratio= 2, 1.5 or 1
and PFR:M mass ratio = 3.5 or 2.3 (M =Fe, Co and Ni)).
Secondly, the precursor (~0.2g) was heated in a quartz
reactor with an inner diameter of 10 mm from room tem-
perature (RT) to 900°C at a rate of 10°C min~! under an
Ar flow (50 mL min~') and maintained at this temperature
for 1h, followed by cooling to RT under Ar, and then passi-
vated in a 1%0,/Ar flow for 2 h.
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Sample characterizations

X-ray diffraction (XRD) measurements were carried out
using Cu Ko source with a X’Pert Pro MPD diffractometer.
CHN elemental analyses were carried out on a Heraeus
CHN-O-Rapid analyzer and the results were within +0.4%
of the theoretical values. The morphologies of the samples
were characterized by scanning electron microscopy (SEM,
Hitachi S-4800) equipped with energy dispersive X-ray spec-
troscopy (EDX) and transmission electron microscopy
(TEM, Philips Tecnal 10). BET surface areas of the products
were measured by a surface area analyzer (NOVA4200).
Raman spectroscopy was carried out using a Horrba/Jobin-
Yvon LABRAM-HR spectrometer with the 632.8 nm line of
a helium-neon laser as excitation source. Thermogravimetry-
mass spectrometry (TG-MS) experiments were performed
using thermoanalyzer STA 449 F5 Jupiter coupled with
quadrupolar mass-spectrometer QMS 403 D Aeolos. The
samples were heated in a stream of pure Ar gas at a rate of
10°C min~" from 50 to 1000 °C. The traces of masses (#/z)
with the increase of temperature were recorded as follows:

m/z=2, m/z=16, m/z=18, m/z=28, m/z=40 and
m/z=44.
Conclusions

In summary, a simple synthesis of a series of iron, cobalt
and nickel metal phosphides of chemical formula Fe,P,
Co,P and Ni,P with high specific surface areas of 331.1,
294.2 and 228.0 m* g~ !, respectively, was reported. The cur-
rent approach used a phenol-formaldehyde resin as a reduc-
tant instead of H, and employed an inert gas as a feed gas.
This phenol-formaldehyde resin route was found to be as
universal as traditional H, reduction method and it was
worthwhile to investigate their catalytic performance in
the future.
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