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A cobalt phosphide catalyst for the hydrogenation of nitriles

A well-defi ned nano-cobalt phosphide serves as a new 
class of catalysts for the hydrogenation of nitriles to 
primary amines. While earth-abundant metal catalysts for 
nitrile hydrogenation generally suff er from air-instability 
(pyrophoricity), low activity and the need for harsh reaction 
conditions, nano-Co2P shows both air-stability and high 
activity with an excellent turnover number exceeding 58000, 
which is over 500-fold greater than that of those previously 
reported. Moreover, nano-Co2P effi  ciently promotes the 
hydrogenation of various nitriles to the corresponding 
primary amines even under an atmospheric pressure, 
far milder than the conventional reaction conditions.
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ide catalyst for the hydrogenation
of nitriles†

Takato Mitsudome, *a Min Sheng,a Ayako Nakata, b Jun Yamasaki,c

Tomoo Mizugaki a and Koichiro Jitsukawa a

The study of metal phosphide catalysts for organic synthesis is rare. We present, for the first time, a well-

defined nano-cobalt phosphide (nano-Co2P) that can serve as a new class of catalysts for the

hydrogenation of nitriles to primary amines. While earth-abundant metal catalysts for nitrile

hydrogenation generally suffer from air-instability (pyrophoricity), low activity and the need for harsh

reaction conditions, nano-Co2P shows both air-stability and remarkably high activity for the

hydrogenation of valeronitrile with an excellent turnover number exceeding 58000, which is over 20- to

500-fold greater than that of those previously reported. Moreover, nano-Co2P efficiently promotes the

hydrogenation of a wide range of nitriles, which include di- and tetra-nitriles, to the corresponding

primary amines even under just 1 bar of H2 pressure, far milder than the conventional reaction

conditions. Detailed spectroscopic studies reveal that the high performance of nano-Co2P is attributed

to its air-stable metallic nature and the increase of the d-electron density of Co near the Fermi level by

the phosphidation of Co, which thus leads to the accelerated activation of both nitrile and H2. Such

a phosphidation provides a promising method for the design of an advanced catalyst with high activity

and stability in highly efficient and environmentally benign hydrogenations.
Introduction

The development of efficient, sustainable and cost-effective
chemical processes is one of the ultimate goals of chemical
research in both academia and industry. In this regard, the
advance of catalytic hydrogenation processes of carboxylic acid
derivatives is a major step towards developing green technology
for producing numerous valuable chemicals and fuels.1,2 In
particular, the hydrogenation of nitriles represents a signi-
cantly important and straightforward method with 100%
atomic efficiency for the synthesis of primary amines, which are
ubiquitous motifs and are widely used in industry as solvents,
surfactants, polymer intermediates, dyes, and important
building blocks for pharmaceuticals.3–5 In industrial nitrile
hydrogenation processes, earth-abundant metal catalysts, Ni
and Co-based sponge metals (RANEY® catalysts), have been
mainly employed.6 However, these metallic (zero-valent)
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catalysts have the fatal issue of air instability (pyrophoricity),
which results in the difficulty of catalyst handling,7 and thus
makes the chemical processes complicated. Furthermore, these
catalysts show low activity, requiring harsh reaction conditions
such as high H2 pressures (200–400 bar) with limited substrate
scope, and tend to signicantly deactivate during storage.8

Hydrogenation of nitriles is facilitated by precious metal
catalysts mainly based on Pt,9–11 Ru,12 Rh,13,14 Re15 and Ir.16 These
catalysts are active under mild conditions; nevertheless, the
constituent metals are expensive and rare. Alternatively, some
improvements using homogeneous earth-abundant metal
catalysts have been reported.17–26 However, these catalysts still
require high H2 pressures and have practical drawbacks, such
as difficulty of catalyst recovery and reuse, the need for
synthetically complex ligands and the contamination risk of
dissolved metals. Heterogeneous catalysts have numerous
advantages over homogeneous catalysts, which include their
high durability, facile separation from the reaction mixture and
subsequent reusability. In recent studies on heterogeneous
catalysts, surface modication of metal nanoparticles by
pyrolysis, as a means to improve air stability, was successfully
explored.27–31 The pyrolysis of metal–nitrogen complexes27–30

and metal–organic frameworks (MOFs)31 can provide Co and Ni
nanoparticles with an N-doped carbon layer, which serve as air-
stable and reusable catalysts for nitrile hydrogenation.
However, owing to the shielding of surface active sites by the
carbon coating, the air stability comes at the expense of activity,
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Side view TEM image of nano-Co2P showing a nanorod
morphology. (b) Top view TEM image of nano-Co2P showing the
hexagonal phase structure. (c) HRTEM image of nano-Co2P with
a SAED pattern (inset). Elemental mapping images of (d) Co and (e) P. (f)
Composite overlay image formed from (d) and (e).

Fig. 2 (a) Catalytic performance of various metal phosphides and Co
oxide nanoparticles in the hydrogenation of 1a. (b) Catalytic perfor-
mance of nano-Co2P and nano-Co2P on different supports. Reaction
conditions: catalyst (metal: 4.2 mol%), 1a (0.5 mmol), 2-propanol (3
mL), NH3 aq. (1.2 mL), 130 �C, 40 bar H2, 1 h.
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and these state-of-the-art catalysts still suffer from insufficient
activity with a turnover number (TON) of less than 62.28

Therefore, earth-abundant metal heterogeneous catalysts with
both high stability and activity have not yet been developed,32

and the establishment of a promising means to break the trade-
off between air stability and activity remains a great challenge.

Herein, we show that the nano-sized cobalt phosphide (nano-
Co2P) serves as a highly efficient heterogeneous catalyst for nitrile
hydrogenation under mild conditions. The well-dened nano-
Co2P catalyst has a unique metallic nature with air stability and
shows a remarkably high activity with an excellent TON exceeding
58000. Moreover, nano-Co2P is shown, for the rst time, to
promote the ambient pressure hydrogenation of various aromatic
and aliphatic nitriles, including di- and tetra-nitriles, which
represents a breakthrough in overcoming the limitations of
conventional catalysts. Metal phosphides are less common
metals that extend beyond traditional metal (0) and metal oxide
materials. Although metal phosphides have recently emerged as
new electro- and photo-catalysts for the hydrogen evolution
reaction33–37 and hydrotreatment catalysts in the petroleum
industry,38–41 their catalysis for organic synthesis remains largely
unexplored despite their unique characteristics.42–46 Therefore,
nano-Co2P reported here can be categorized as a new class of
catalyst for the hydrogenation of nitriles that is quite different
from conventional catalysts of modied metal nanoparticles,
sponge metals and metal complexes.

Results and discussion
Preparation and characterization of nano-Co2P

A nano-Co2P was newly synthesized based on a previous report
with some modications.47 Briey, CoCl2$6H2O was added to 1-
octadecene in the presence of hexadecylamine and triphenyl-
phosphite. The mixture was then stirred with increasing the
temperature to 300 �C under an Ar atmosphere, which gave
a black colloidal solution. The precipitate was collected by
centrifugation and washed with acetone and chloroform,
affording the nano-Co2P. Transmission electron microscope
(TEM) images of the obtained nano-Co2P from the side view
showed that nanorods with an average size of 20� 9 nm (length
� width) were regularly formed (Fig. 1a) and the hexagonal
phase of nano-Co2P was observed from the top view (Fig. 1b).
The rod-length of nano-Co2P is slightly shorter than the 33 nm
length of Co2P previously reported.47 The high-resolution TEM
(HRTEM) image further revealed that lattice fringes with a d-
spacing of 0.22 nm corresponded to the (121) plane of the di-
cobalt phosphide (Co2P) and the selected area electron diffrac-
tion (SAED) pattern (Fig. 1c inset) showed that the diffraction
rings were indexed to (121), (002), (312) and (322) planes of the
Co2P crystal, in agreement with the XRD pattern (Fig. S3a†).48

Scanning transmission electron microscope (STEM) with
elemental mapping of nano-Co2P conrmed the presence of the
constituent elements cobalt and phosphorus, which were
distributed homogeneously within each nano-Co2P (Fig. 1d–f).
The corresponding energy dispersive X-ray (EDX) spectrum also
revealed that the atomic ratio between Co and P was close to
2 : 1. All these results strongly demonstrated the successful
This journal is © The Royal Society of Chemistry 2020
synthesis of a nano-sized Co2P. The fabricated nano-Co2P was
stable and could be treated in air.
Catalytic performance of nano-Co2P in nitrile hydrogenation

The catalytic activity of various metal phosphides was investi-
gated in the hydrogenation of valeronitrile (1a) as a model
substrate in the presence of NH3 aq. under an H2 pressure of 40
bar at 130 �C without any catalyst treatment before the reaction.
The results are shown in Fig. 2a. It is noted that nano-Co2P
exhibited high catalytic activity, which produced the corre-
sponding amine (1b) in high yield. Nano-cobalt phosphide with
different compositions, nano-CoP also promoted the hydroge-
nation, giving a lower yield of 1b compared with nano-Co2P. In
sharp contrast to CoxP (x ¼ 1 or 2), other Ni-, Cu-, and Fe-based
metal phosphides showed poor activity. Furthermore, the Co
nanoparticles (NPs) without phosphidation, CoOx NP and bulk
Co2P, were hardly active. These results clearly showed a specic
behavior of nano-CoxP that was distinguished from the other
metal phosphides and the conventional Co catalysts. This work
is the rst demonstration of a metal phosphide capable of the
hydrogenation of carboxylic acid derivatives. The incorporation
Chem. Sci., 2020, 11, 6682–6689 | 6683
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Scheme 1 (a) Hydrogenation of 1a under ambient pressure of H2. (b)
Gram scale experiment.

Table 1 Hydrogenation of nitriles using the nano-Co2P/HT catalysta

Entry Substrate Time (h) Product Yieldb (%)

1 1 94 (93)c

2 2 99 (82)c

3 4 88

4 4 91 (84)c

5 1 93 (89)c

6 1 99

7 2 92

8 5 92 (85)c

9 4 95 (88)c

10 2 93
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of phosphorus atoms into cobalt generated high catalytic
activity for nitrile hydrogenation.

To evaluate the support effects of nano-Co2P with the highest
activity, nano-Co2P supported on various materials was inves-
tigated in the hydrogenation of 1a (Fig. 2b). Co2P dispersed on
supports all showed an improved activity from nano-Co2P itself
in the yield of 1b owing to the increase of surface area of Co2P by
dispersion. Hydrotalcite (HT: [Mg6Al2(OH)16]CO3$4H2O) was
the best support among various materials.

With the optimized nano-Co2P/HT catalyst in hand, the
catalytic performance was investigated under several reaction
conditions. Remarkably, the high activity was demonstrated
under much milder reaction conditions, with the hydrogena-
tion of 1a proceeding to give a high yield of 1b even when the H2

pressure was decreased to just 1 bar (Scheme 1a). This is the
rst example of an earth-abundant metal catalyst promoting
ambient pressure hydrogenation of nitriles. Furthermore,
increasing the nitrile amounts to 5.0 g resulted in a high yield
production of 1b with excellent TON exceeding 58000 based on
the active surface Co atoms of nano-Co2P. This TON value is
over 20- to 500-fold greater than those of the homogeneous and
heterogeneous earth-abundant catalysts developed to date
(Table S2†), which demonstrates the high activity and stability
of this catalyst even under prolonged heating at elevated
temperatures (Scheme 1b).

Aer the reaction, nano-Co2P/HT was easily recovered and
proved to be reusable without any catalyst pre-treatment unlike
Fig. 3 (a) Reuse experiments of nano-Co2P/HT in the hydrogenation
of 1a to 1b. (b) Hot filtration experiment of nano-Co2P/HT in the
hydrogenation of 1a to 1b. (blue line) In the presence of nano-Co2P/
HT, and (red line) remove nano-Co2P/HT at 20 min. Reaction condi-
tions: nano-Co2P/HT (0.1 g), 1a (0.5mmol), 2-propanol (3 mL), NH3 aq.
(0.8 mL), 130 �C, 40 bar H2, 1 h.

6684 | Chem. Sci., 2020, 11, 6682–6689
previous reports29 and retained its high activity and selectivity
even aer the 7th reuse (Fig. 3a). The initial reaction rate was
also maintained during the reuse experiments (Fig. S4†).
Furthermore, the TEM image of the used nano-Co2P/HT showed
that the rod-structure of nano-Co2P with an average size of 26 �
8 nm (length � width) was very similar to that of the fresh one,
revealing the high durability of nano-Co2P (Fig. S1†). To deter-
mine whether the hydrogenation proceeded heterogeneously,
nano-Co2P/HT was removed from the reaction mixture by
11 1 93 (87)c

12 2 92 (83)c

13 2 90 (90)c

14 2 94

15d 5 88 (87)c

a Reaction conditions: nano-Co2P/HT (0.1 g), substrate (0.5 mmol), 2-
propanol (3 mL), NH3 aq. (1.2 mL). b Determined by GC using
biphenyl as the standard. c Isolated yield as a hydrochloride salt.
d NH3 aq. (0.4 mL). All the substrates achieved complete conversions.
Less than 5% alcohol and amide were detected as byproducts.

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Hydrogenation of nitriles using the nano-Co2P catalyst
under ambient pressure of H2. Reaction conditions: nano-Co2P/HT
(0.1 g), substrate (0.5 mmol), 2-propanol (3 mL), NH3 aq. (1.2 mL) and
yield determined by GC using biphenyl as the standard. a 130 �C. b NH3

aq. (0.6 mL). c 16 h. d Nano-Co2P/HT (0.2 g), NH3 aq. (0.6 mL).
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ltration at 35% yield of 1b. The ltrate was again treated under
hydrogen reaction conditions, and provided no formation of
additional amine products, which clearly supported that the
above hydrogenation occurred on the Co2P surface (Fig. 3b).

Next, the nano-Co2P/HT catalyst was examined for the
hydrogenation of various nitriles. The results summarized in
Table 1 demonstrate the remarkably wide scope of this catalyst:
aliphatic (Table 1, entries 1–4) and aromatic nitriles (Table 1,
entries 5–15), including benzonitriles having electron with-
drawing or donating groups, were efficiently converted to the
corresponding primary amines in high yields. Heteroaromatic
nitriles, including nitrogen and oxygen atoms, were also good
substrates and the desired amines were obtained in high yields
(Table 1, entries 7–10). Furthermore, nano-Co2P was evaluated
in the chemoselective hydrogenation of nitriles containing
easily reducible functional groups, which is known as a highly
challenging objective because of its low functional group
tolerance.18 Notably, nano-Co2P showed high chemoselectivity:
functional groups, such as ketone and ester moieties, were
tolerant, and gave the corresponding amines in high yields
(Table 1, entries 14 and 15).

Nano-Co2P/HT was also applicable to the hydrogenation of
multinitriles (Scheme 2). Adiponitrile was hydrogenated to 1,6-
hexamethylenediamine (16b), which is an important building
block for the production of Nylon-6,6. Sebaconitrile, which can
be obtained from biomass derivatives,49 was converted selec-
tively to 1,10-diaminodecane (17b). Aromatic dinitriles, ter-
ephthalonitrile and isophthalonitrile sufficiently provided
diamines (18b and 19b). A tetra-nitrile, 3,30,300,3000-(butane-1,4-
diyldinitrilo)tetrapropanenitrile, was also sufficiently trans-
formed to its corresponding amine with all CN end groups
hydrogenated (20b).

Moreover, various nitriles underwent an atmospheric pres-
sure hydrogenation in the presence of nano-Co2P/HT, giving
excellent yields of amines (Scheme 3), which demonstrated the
generality and the high catalytic performance of nano-Co2P.

To investigate the origin of the unique catalytic properties of
nano-Co2P, X-ray absorption ne structure (XAFS) analysis was
carried out under an air atmosphere. The Co K-edge X-ray
absorption near edge structure (XANES) spectra of nano-CoP
Scheme 2 Hydrogenation of multinitriles using the nano-Co2P cata-
lyst. Reaction conditions: nano-Co2P/HT (0.1 g), substrate (0.5 mmol),
2-propanol (3 mL), NH3 aq. (1.2 mL), yield determined by GC using
biphenyl as the standard. a Isolated yield as a hydrochloride salt. b NH3

aq. (0.6 mL), 4 h. c 4 h. d 10 h. e Substrate (0.07 mmol), 100 �C, 50 bar
H2, 3 h and yield determined by NMR using biphenyl as the standard.

This journal is © The Royal Society of Chemistry 2020
and nano-Co2P exposed in air are depicted in Fig. 4a. The
absorption edge energies were much lower than that of CoO and
very similar to that of Co foil, which suggested that the Co
species in nano-CoP and nano-Co2P represented metallic states
even under atmospheric conditions.50 Fourier transformation
(FT) of the k3-weighted extended X-ray adsorption ne structure
(EXAFS) data of nano-CoP and nano-Co2P showed two main
peaks around 1.8 and 2.3 Å, which were attributed to Co–P and
Co–Co scattering,51 respectively (Fig. 4b). A metallic nature with
hydrogenation ability of nano-Co2P can be derived from the
construction of the metal–metal bond.52 The higher peak
intensity of the Co–Co bond of nano-Co2P than nano-CoP may
account for the superior activity of nano-Co2P to nano-CoP in
the nitrile hydrogenation.53

The electronic state of surface Co in nano-Co2P was also
investigated by X-ray photoelectron spectroscopy (XPS). The Co
2p spectrum of nano-Co2P showed a typical pair of Co 2p3/2 and
Co 2p1/2 (Fig. 5a). The Co 2p3/2 and 2p1/2 binding energy peaks
were located dominantly at 777.7 eV and 792.9 eV, respectively,
which were very close to those of metallic Co 2p3/2 (777.9 eV) and
2p1/2 (793.5 eV). Thus, there were reduced Co species in the
nano-Co2P surface that were partially negatively charged (Cod�).
These data are consistent with the XANES results (Fig. 4a).54 The
XPS spectrum of P 2p showed an asymmetric peak, which could
Fig. 4 (a) Co K-edge XANES spectra of nano-Co2P, nano-CoP, Co foil,
and CoO. (b) Fourier transformation of the k3-weighted EXAFS of
nano-Co2P, nano-CoP, Co foil, and CoO.

Chem. Sci., 2020, 11, 6682–6689 | 6685
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Fig. 5 (a) Co 2p XPS spectrum of nano-Co2P. (b) In situ FT-IR spec-
troscopy of CO adsorption on nano-Co2P.
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be split into two peaks located at 129.0 and 130.0 eV attributed
to P 2p3/2 and P 2p1/2 in Co2P,55 and another peak that split into
two peaks located at 133.3 and 134.4 eV, which represented the
phosphate species due to the surface oxidation (Fig. S5†).56

FT-IR spectroscopy of CO adsorption is another important
tool to investigate the electronic state of Co. Fig. 5b shows the
FT-IR spectrum of CO chemisorption on nano-Co2P. An
absorption band was observed at 2056 cm�1, which lay at lower
frequencies than that of gaseous CO (2143 cm�1) owing to the
back-donation of electrons to the 2p* antibonding molecular
orbital of CO. This red-shi was attributed to CO linearly
adsorbed on an electron-populated cobalt center.57

Taken as a whole, these results clearly showed that nano-
Co2P has an air-stable metallic nature (Cod�) much different
from the conventional earth-abundant metals (0) with air
instability. Therefore, nano-Co2P enables easy catalyst handling
with a safety in air and no requirement for pre-treatment with
H2 at high temperatures before the hydrogenation.
Fig. 6 (a) Projected density of states of the Co atom (Co-PDOS) in
bulk Co (black), bulk Co2P (blue) and on the Co2P surface (red). (b)
Differences of Co-PDOSs (DCo-PDOS) between bulk Co and bulk
Co2P (blue) and between the bulk Co and Co2P surface (red). (c)
Simulated unit cell of bulk Co2P (Co in blue and P in pink). Co sites have
tetrahedral (T) and pyramidal (P) geometries in the hexagonal Co2P,
and the DOSs of the Co atoms at T-site are shown in (a) and (b) (the
others are in the ESI†). Fermi level is set to be zero. (d) Initial and
optimized structures of the H2 molecules on Co2P (0001) T-site
surface with the height of 1.2 Å and the distances between the
hydrogen atoms (rH–H). Several other structures are presented in the
ESI.†

6686 | Chem. Sci., 2020, 11, 6682–6689
Finally, the structure–activity relationship of nano-Co2P was
investigated by the density functional theory (DFT) calculations
(see the ESI† for DFT calculation details). Fig. 6a and b show the
projected density of states (PDOS) of Co d-orbitals in bulk Co,
bulk Co2P, and Co2P (0001) surfaces, and their differences,
respectively. It is noted that Co atoms at the Co2P surface
exhibited larger amplitudes of the d-orbital PDOS around the
Fermi level compared with the Co atoms both in the bulk Co
and in bulk Co2P.58 This increase of the d-electrons around the
Fermi level favors the donation of the electrons to the lowest
unoccupied molecular orbital (LUMO) of nitrile, which disso-
ciates the C^N bond.59 We also investigated H2 dissociation
around the Co atoms at the Co2P surface. The H2 molecule at
the hollow site of the Co2P was dissociated, where the distance
between two H atoms was increased from 0.79 Å to 2.02 Å
(Fig. 6d). The dissociative adsorption energy of H2 on the Co2P
surface was calculated to be 26 kcal mol�1, which was larger
than that on the Co surface.60 This indicated that Co2P
enhanced the H2 dissociation compared with Co metal through
the electron transfer from Co2P to the s* orbital of H2. These
calculation results well support the high activity of nano-Co2P
in the hydrogenation of nitriles, where the increase of the d-
electrons in nano-Co2P would enhance the back-donation to
the p* orbital of nitrile, which weakens the C^N bond. The
activated C^N bond may easily be hydrogenated by the dis-
sociatively adsorbed hydrogen at the Co site.

Conclusions

We report a new, general and green sustainable methodology
for producing primary amines from nitriles by developing
a well-dened nano-Co2P catalyst. The fabricated nano-Co2P
uniquely has air stability and high catalytic activity for a wide
range of nitriles to the corresponding primary amines under
mild conditions. Typically, the catalyst could be operated under
an H2 pressure of just 1 bar, far milder than the conventional
harsh reaction conditions, which represents the rst example of
an earth-abundant metal catalyst for ambient pressure hydro-
genation of nitriles. XAFS and DFT calculations reveal that the
nano-Co2P catalyst originally has a metallic nature with a high
d-electron density of Co, which leads to high activity with air
stability through the accelerated activation of both nitrile and
H2. Our ndings not only provide a new category of nitrile
hydrogenation catalysts, but also represent the rst attempt to
use metal phosphides as air-stable heterogeneous catalysts for
the hydrogenation of carboxylic acid derivatives, which might
lead to a new paradigm in the development of efficient,
sustainable and cost-effective hydrogenation of various
compounds, especially other carboxylic acid derivatives.

Experimental
Materials

All precursors and solvents were used as received, without
further purication. CoCl2$6H2O and 1-octadecene (technical
grade 90%) were purchased from Nacalai Tesque, Inc., and
Sigma-Aldrich. Co. Hexadecylamine and triphenyl phosphite
This journal is © The Royal Society of Chemistry 2020
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were purchased from Tokyo Chemical Industry Co., Ltd.
Hydrotalcite (AD 500NS) was purchased from Tomita Pharma-
ceutical Co., Ltd. Al2O3 was purchased from Sumitomo Chem-
ical. TiO2 (JRC TIO-9) was provided by the Catalysis Society of
Japan as a reference catalyst. SiO2 (Q-9) was purchased from Fuji
Silysia Chemicals Ltd. All nitriles were commercially available.
Tokyo Chemical Industry Co., Ltd.: valeronitrile (>98%), dec-
anenitrile (>98%), phenylacetonitrile (>98%), anisonitrile
(>98%), 4-(triuoromethyl)benzonitrile (>98%), methyl-4-
cyanobenzoate (>98%), adiponitrile (>98%), sebaconitrile
(98%), and isophthalonitrile (>98%). FUJIFILM Wako Pure
Chemical: 1-adamantanecarbonitrile (97%), benzonitrile
(>98%), 3-cyanopridine (>98%), 4-cyanopridine (>98%), 2-fur-
ancarbonitrile (98%), 5-cyanopridine (96%), 4-acetylbenzoni-
trile (>98%), and terephthalonitrile (>95%). Sigma-Aldrich:
cyclohexanecarbonitrile (98%) and 4-bromobenzonitrile (99%).

Synthesis of nano-metal phosphides

All reactions were carried out under an argon atmosphere using
standard Schlenk line techniques. In a typical synthesis,
CoCl2$6H2O (1.0 mmol) and 2.4 g (10 mmol) of hexadecylamine
were combined with 10.0 mL of 1-octadecene and 2.6 mL (10
mmol) of triphenyl phosphite in a Schlenk ask. The mixture
was heated to 150 �C under an argon ow and maintained for
1 h. The temperature was then increased to 300 �C and kept at
this temperature for 2 h, which yielded a black colloidal solu-
tion. The mixture was then cooled in air to room temperature.
The obtained colloid was isolated by precipitation with acetone,
and the redispersion and precipitation cycles continued using
a chloroform and acetone mixed solvent (chloroform : acetone
¼ 1 : 1) until the supernatant liquid was transparent. The ob-
tained powder was dried in vacuum overnight at room
temperature to give nano-Co2P. The other nano-sized metal
phosphides were prepared in a similar way to nano-Co2P by
using the corresponding metal precursors (Ni: NiCl2$6H2O, Cu:
CuCl2$2H2O, and Fe: Fe(CO)5).

Preparation of the nano-Co2P/support

Typically, nano-Co2P (0.04 g) was dispersed in hexane (50 mL)
and stirred with hydrotalcite (1.0 g) for 2 h at room temperature.
The obtained powder was dried in a vacuum overnight at room
temperature to give nano-Co2P/HT as a gray powder. The same
procedure was used to prepare other nano-Co2P/support cata-
lysts (support ¼ Al2O3, TiO2 and SiO2).

Synthesis of nano-CoP

In a typical synthesis, under a ow of argon, Co(acac)2 (1 mmol),
1-octadecene (5 mL, 15.6 mmol) and oleylamine (10 mL, 30.4
mmol) were placed in a Schlenk ask. The mixture was stirred
and heated to 120 �C and kept at this temperature for 1 h. Then,
triphenylphosphine (5 mL, 11 mmol) was added to the above
solution and heated to 340 �C for 4 h. Aerwards, the mixture
was allowed to cool in air to room temperature. To remove as
much organics as possible, redispersion and precipitation
cycles continued until the supernatant liquid was transparent
using a hexane and ethanol mixed solvent (hexane : ethanol ¼
This journal is © The Royal Society of Chemistry 2020
1 : 1). The obtained powder was dried at room temperature in
a vacuum overnight. The corresponding EDX spectrum revealed
that the atomic ratio between Co and P was close to 1 : 1.

Preparation of CoOx

All reactions were carried out under an argon atmosphere using
standard Schlenk line techniques. Tri-n-octylphosphine oxide
(0.1 g) and 0.09 g (0.32 mmol) of oleic acid were dissolved with
12 mL of 1,2-dichlorobenzene in a Schlenk ask. The mixture
was heated to 180 �C under an argon ow and maintained for
10 min. 0.52 g (1.52 mmol) of Co2(CO)8 dissolved in 4 mL of 1,2-
dichlorobenzene was quickly injected and stirred for 4 min.
Aerwards, the mixture was allowed to cool in air to room
temperature. The obtained powder was puried by using
ethanol and centrifuged. Then the supernatant was removed
and the powder was redispersed in hexane. The precipitation/
redispersion process was performed twice overall.

Procedure for catalytic hydrogenation

A typical reaction procedure for the hydrogenation of nitrile
using nano-Co2P/HT was as follows. Nano-Co2P/HT powder (0.1
g) was placed in a 50 mL stainless-steel autoclave with a Teon
inner cylinder, followed by addition of nitrile (0.5 mmol), 2-
propanol (3 mL) and NH3 aq. (25%, 1.2 mL). The reaction
mixture was stirred vigorously at 130 �C under 40 bar of H2.
Aer the reaction, the reaction solution was analyzed by GC to
determine the conversion and the yield using biphenyl as an
internal standard. Aer reaction, to obtain the hydrochloride
salts, the crude reaction mixture was ltered to remove the
catalyst and the ammonia was removed under vacuum condi-
tions. The mixture was then added to a hydrogen chloride
solution (1.25 M, 1,4-dioxane). The solvent was removed leaving
behind the corresponding salt, giving the pure hydrochloride
salts, which were subjected to NMR analysis.

Characterization

Gas chromatography (GC-FID) and GC-mass spectrometry (GC-
MS) were performed using a Shimadzu GC-2014 instrument
equipped with an InertCap for amines (30 m � 0.32 mm i.d.)
and a GCMS-QP2010 SE instrument equipped with an InertCap
WAX-HT capillary column (30 m � 0.25 mm i.d.). The oven
temperature was programmed as follows: 120 �C starting
temperature, kept for 3 min, temperature ramp at 10 �C min�1

to 260 �C, then at �20 �C min�1 to 120 �C. Other conditions
were as follows: 2.44 mL min�1 column ow rate, 10.0 split
ratio; vaporization chamber temperature of 250 �C; detector
temperature of 260 �C. 1H and 13C nuclear magnetic resonance
(NMR) spectra were recorded using a JEOL JNM-ESC400 spec-
trometer. Transmission electron microscopy (TEM) observa-
tions were carried out using a JEM-ARM200F instrument
operated at 200 kV. Scanning transmission electron microscopy
(STEM) images with elemental maps were collected using a FEI
Titan Cubed G2 60-300 instrument operated at 300 kV, and
equipped with a Super-X energy-dispersive X-ray spectroscopy
(EDX) detector. Elemental mapping based on quantication
analysis of EDX spectra was carried out using Esprit. The TEM
Chem. Sci., 2020, 11, 6682–6689 | 6687
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sample and STEM sample were deposed without any pretreat-
ment on a holey carbon supported Cu-grid (167 mesh. 30 mm
thickness) and transferred to a microscope. Co K-edge X-ray
absorption spectra were recorded at room temperature at the
BL01B1 and BL14B2 lines, using a Si (311) or Si (111) mono-
chromator, at SPring-8, Japan Synchrotron Radiation Research
Institute (JASRI), Harima, Japan. Data analysis was performed
using the REX 2000 program, ver. 2.5.7 (Rigaku). Fourier-
transform infrared (FT-IR) spectra were recorded using
a JASCO FT-IR 4100 spectrometer equipped with a mercury
cadmium telluride detector. X-ray photoelectron spectroscopy
(XPS) analyses were performed on an ESCA1700R system
equipped with a dual Mg/Al X-ray source and a hemispherical
analyzer operating in a xed analyzer transmission mode.
Spectra were obtained using a pass energy of 58.7 eV; an Al Ka X-
ray source was operated at 350 W and 14 kV. Excess charges on
the samples were neutralized by argon ion sputtering. The
analysis area was 0.8 � 2 mm. The working pressure in the
analyzing chamber was less than 1 � 10�7 Pa. Spectra were
acquired in the Co 2p, P 2p, O 1s, C 1s, and Si 2p regions. The C
1s peak at a binding energy (BE) of 285 eV was taken as an
internal reference.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by JSPS KAKENHI Grant Nos
26289303, 26105003, 24246129, 17H05224, 18H01790 and
20H02523. This study was partially supported by the Coopera-
tive Research Program of Institute for Catalysis, Hokkaido
University (19A1002 and 20B1027). A part of this work was
supported by the “Nanotechnology Platform Program” at Hok-
kaido University (A-19-HK-0039) and Nanotechnology Open
Facilities in Osaka University (A-19-OS-0060), Ministry of
Education, Culture, Sports, Science and Technology (MEXT),
Japan. The TEM experiments were performed at the Research
Center for Ultra-high Voltage Electron Microscopy, Osaka
University. The DFT calculations were performed on the
Numerical Materials Simulator at NIMS and the computer
resource offered under the category of General Projects by
Research Institute for Information Technology, Kyushu
University. We thank Dr. Ina (SPring-8) for XAFS measurements
(2019A1390, 2019A1649 and 2019B1560) and R. Ota of Hok-
kaido University for STEM analysis. We express our thanks to
Prof. Nakajima in Hokkaido University for useful discussion.
Notes and references

1 A. P. G. Kieboom, F. van Rantwijk and H. van Bekkum,
Hydrogenation and Hydrogenolysis in Synthetic Organic
Chemistry, Del University Press, Del, 1977.

2 J. Pritchard, G. Filonenko, R. Putten, E. Hensen and E. Pidko,
Chem. Soc. Rev., 2015, 44, 3808–3833.
6688 | Chem. Sci., 2020, 11, 6682–6689
3 J. L. Legras, G. Chuzel, A. Arnaud and P. Galzy, World J.
Microbiol. Biotechnol., 1990, 6, 83–108.

4 S. A. Lawrence, Amines: Synthesis Properties, and Application,
Cambridge University Press, Cambridge, 2006.

5 S. D. Roughley and A. M. Jordan, J. Med. Chem., 2011, 54,
3451–3479.

6 S. Nishimura, Handbook of Heterogeneous Catalytic
Hydrogenation for Organic Synthesis, Wiley-VCH, New York,
2001.
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