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Nanoparticles**

Adriana Mendoza-Garcia, Huiyuan Zhu, Yongsheng Yu, Qing Li, Lin Zhou, Dong Su,

M. J. Kramer, and Shouheng Sun*

Abstract: A facile approach to bimetallic phosphides, Co-Fe-P,
via high-temperature (300°C) reaction between Co-Fe-O
nanoparticles and trioctylphosphine is presented. The growth
of Co-Fe-P from the Co-Fe-O is anisotropic. As a result, Co-
Fe-P nanorods (from the polyhedral Co-Fe-O nanoparticles)
and sea-urchin-like Co-Fe-P (from the cubic Co-Fe-O nano-
particles) are synthesized with both nanorod and the sea-
urchin-arm dimensions controlled by Co/Fe ratios. The Co-Fe-
P structure, especially the sea-urchin-like (Coys,Feg 4),P, shows
enhanced catalysis for oxygen evolution reaction in KOH with
its catalytic efficiency surpassing Ir catalyst. Our synthesis is
simple and may be readily extended to the preparation of other
multimetallic phosphides for important catalysis and energy
storage applications.

-rransition-metal phosphides (M-Ps) are an important class
of functional materials with interesting catalytic, magnetic,
electronic, and mechanical properties.!! In recent years,
notable efforts have been devoted to the study of nano-
structured M-Ps as potential noble-metal free magnets® for
permanent magnet applications, as new catalysts for hydro-
genation® and electrochemical reduction/oxidation reac-
tions,** and as conductive supports to improve Li-ion battery
performance.!! Nanostructured M-Ps are often prepared by
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reacting a metal complex with inorganic phosphorus or an
organic phosphine." They can also be produced by reacting
metal oxide particles with an organic phosphine, in which the
metal oxide particles are dissolved to facilitate the M-P
formation.”! Despite the synthetic controls achieved on size,
composition, and structure, it has been difficult to extend
these methods to prepare multimetallic phosphides (M'M?-
Ps). A common issue in the attempted synthesis of M'M>-P is
the uncontrolled formation of a variety of phases that are
often difficult to separate, making it impossible to study
synergistic effects of different metals on physical and
chemical properties of the M'M>-Ps.

Recently, we became interested in studying the multi-
metallic effect on magnetic and catalytic properties of nano-
structured phosphides. We tested the synthesis of Co-Fe-Ps in
a high-temperature organic phase reaction with pre-made Co-
Fe-O NPs as precursors, aiming to achieve the desired phase,
dimension, and composition controls. We found that after
mixing metal oxide Co-Fe-O nanoparticles (NPs) with
trioctylphosphine (TOP) and allowing them to react at
300°C, O was exchanged by P, leading to total phosphidation
of these Co-Fe-O NPs into Co-Fe-P. The Co/Fe ratio in the
final Co-Fe-P product was controlled by the amount of Co
and Fe in the precursor NPs. More interestingly, we noticed
that the phosphide growth direction was anisotropic and one-
dimensional nanostructures were formed. The final shapes of
the Co-Fe-Ps were controlled by the initial morphology of the
oxide NPs. The polyhedral oxide NPs yielded Co-Fe-P
nanorods while the cubic NPs led to the formation of sea-
urchin-like Co-Fe-P. These phosphides, and particularly the
sea-urchin-like (Co,s4Feg46)-P, exhibited interesting catalytic
properties towards the oxygen evolution reaction in 0.1m
KOH, with higher activity than Co,P, Fe,P, and even the
commercial Ir catalyst.

The Co-Fe-O NPs were cobalt ferrite (CoFe,0,)-based
and the Co/Fe ratios were controlled so that Co-Fe-O could
have different Co/Fe compositions from Co-rich to Fe-rich,
denoted as Co,Fe;_, O, (0 <x <2). Composition-independent
25-30 nm oxide NPs were synthesized by thermal decom-
position of [Fe(acac);] and [Co(acac),] (acac = acetylaceto-
nate) in benzyl ether® (Supporting Information). Polyhedral
NPs were formed when oleylamine and oleic acid were used
as surfactants. Adding sodium oleate into the reaction
solution led to the formation of cubic NPs. In both cases,
the x in Co,Fe;_ O, was controlled by the molar ratio of
[Co(acac),]/[Fe(acac);]. Figure 1 A shows a typical transmis-
sion electron microscopy (TEM) image of about 25 nm
Co, 14Fe; 40, polyhedral NPs. Elemental mappings taken by
energy-filtered TEM (EFTEM) show the uniform distribu-
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Figure 1. A) TEM image of the as-synthesized polyhedral Co, ,,Fe; 50,
NPs and B)-D) their E FTEM elemental mappings, illustrating the
distribution of B) Fe, C) Co, and D) O across the NPs. E) TEM image
of the as-synthesized cubic Co, ;,Fe, s0, NPs and F)—H) their corre-
sponding EFTEM elemental mappings, showing the distribution of

F) Fe, G) Co, and H) O across the cubes. 1),]) HRTEM images of

a single polyhedral Co,,,Fe; 50, NP (1) and cubic Co, 3,Fe; 504 NP ().
Scale bars on EFTEM images correspond to 50 nm.

tion of Fe, Co, and O across each NP (Figure 1B-D). Similar
characterizations were also performed on circa 30 nm cubic
Co, y,Fe; 304 NPs (Figure 1F-I). The cubes are uniform in
size and shape with Fe, Co, and O homogeneously distributed.
High-resolution TEM (HRTEM) images of a polyhedral NP
(Figure 11) and a cube (Figure 1J) further confirm the
formation of single crystalline structure, both having lattice
fringe spacings of 0.29 nm, which corresponds to the inter-
planar spacing of (220) planes from the inverse spinel variant
of ferrite.

To convert Co-Fe-O into Co-Fe-P, 20 mg of Co-Fe-O NPs
were dispersed in a mixture of 10 mL of 1-octadecene, 2 mL
of oleylamine, and 4 mL of TOP (10 mmol), and the
dispersion was heated at 300°C for 12 h to allow a complete
phosphidation process (Supporting Information). As phos-
phidation occurs, the polyhedral NPs grow into nanorods. The
composition, as well as the length and thickness of these
nanorods were ‘determined by the molar ratio of Co/Fe from
the oxide NPs. For example, reacting Coy,,Fe, 70, NPs with
TOP produced (Coy6Fezs),P nanorods with length of circa
450 nm and an average diameter of 5Snm (denoted as
450 nm x 5 nm- nanorods, Figure 2A). When the starting
oxide NPs were Co,;Fe O, or Co,qFe O, NPs,
330 nmx 10 nm (Co, 4 Feys3),P nanorods (Figure 2B), or
150 nm x 14 nm  (Coy-oFe(4),P nanorods (Figure 2C) were
obtained. The distribution of the elements on the
(Coy47Feys3),P nanorods was studied by EFTEM (Fig-
ure 2D-F). The uniform Fe, Co, P mappings shown across
individual rods indicate that all three elements are uniformly
distributed along the rod, confirming the formation of a solid
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Figure 2. A)-C) TEM images of the Co-Fe-P nanorods, showing the
composition dependence of the length and thickness:

A) (Coo6Fepss),P, B) (CooasFenss)zP, and C) (CopssFega),P. D)-

F) EFTEM elemental mappings of (Co, 4,Feys;),P, illustrating the distri-
bution of D) Fe, E) Co, and F) P in the structure. G)—I) TEM images of
the sea-urchin-like Co-Fe-P, showing the composition-dependent
dimension change of the nanourchin arms: G) (Cog,4Feq ) 2P,

H) (CogssFepas),P, and 1) (CogssFegss),P. J)-L) EFTEM elemental map-
pings showing distribution of Fe, Co, and P across a representative
(Cog.s4Fe0.46)2P sea-urchin structure. M), N) HRTEM images of the
section of a (Coy4;Feys3),P nanorod (M) and the arm of one
(CogssFegag)-P nanourchin (N), with their respective insets showing

a zoom-in of a representative local area. Scale bars shown in all of the
EFTEM images correspond to 25 nm.

solution structure in Co-Fe-P. However, if the x value exceeds
0.79 in (CoFe,_,),P, the nanorods could not be formed;
instead, the phosphide adopted a morphology similar to that
of hollow spherical Co,P NPs (Supporting Information,
Figure S1 A).

After reacting Co-Fe-O nanocubes with TOP, sea-urchin-
like Co-Fe-P were formed. The urchin-arm dimensions were
controlled by the amount of Fe, which is similar to the case
when the polyhedral Co-Fe-O NPs were used to grow Co-Fe-
P; the more Fe in the structure, the longer and thinner the
arms. For example, reacting Co4,Fe, 30, with TOP yielded
sea-urchin-like (Coy,,Fe),P with the average dimension of
each arm being 200 nm x 2 nm, denoted as 200 x 2 nm nano-
urchins (Figure 2G). Phosphidation of Co, j,Fe, 0, gave
80 nm x 5 nm (Coy s,Fey 4),P nanourchins (Figure 2H), and of
Co, ysFe; ;0,4 produced 60 nm x 10 nm (Co,;sFeq,s),P nano-
urchins (Figure 21). The center of the sea-urchins appears to
be hollow (Supporting Information, Figure S2), indicating
that during the P/O exchange process the O outward diffusion
is faster than the P inward diffusion, similar to what is
described in a typical nanoscale Kirkendall effect.”) To verify
the formation of a single phosphide phase, the distribution of
the elements within a representative (Co,ssFey4),P sea-
urchin was studied by EFTEM (Figure 2 K-L). The elemental
mappings imply again the formation of a homogeneous solid
solution in the Co-Fe-P structure. The uniformity of the
nanorods and the sea-urchin arms was also characterized by
HRTEM. Figure 2M shows the HRTEM of a section of
a (Coy47Fe(s3),P nanorod, and Figure 2N shows a representa-
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tive arm of a (CoyssFe(4),P nano-
urchin. In both structures, the lattice
fringe distance was about 0.22 nm,
which is close to the interplanar
spacing of (111) planes in the hex-
agonal Fe,P and of (121) planes in
orthorhombic Co,P. We should note
that the sea-urchin formation is x-
dependent. If x in the (Co,Fe,_,),P
composition falls outside of the Cona
range of 0.24 <x <0.75, the Co-rich (m);

(A)

@311)
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product adopts Co,P-like hollow SRRV 1/ M
. . . 20 30 40 50

spherical shape while the Fe-rich

phosphide has the Fe,P-like nano-

wire structure (Supporting Informa-

tion, Figure S1 A-B).

To wunderstand the Co-Fe-O
shape-dependent growth of Co-Fe-
P, the growth process was monitored
by collecting samples at different
reaction times for TEM analyses, as
summarized in the Supporting Information, Figure S3. When
polyhedral NPs react with TOP (Supporting Information,
Figure S3A-E), some rods are formed after only 1.5h of
reaction. Also, in some NPs, it is possible to see how “rod-
like” protuberances emerge from their surface, indicating the
growth of M-P from the M-O surface. Images after 3, 6, and
12 h of reaction show the progressive formation/elongation of
the rods as a consequence of the phosphidation of all of the
oxide NPs. The exposed planes on these single-crystal
structures (generally (311) or (111))®! are readily available
for P diffusion, and therefore growth along a single direction
is observed. On the other hand, when the nanocubes are used
as seeds (Supporting Information, Figure S3F-J), it can be
seen that after 1.5h of reaction the cubes initially adopt
concave shapes that later grow into the sea-urchin structures.
It is known that oleate binds slightly more strongly to (100)
planes on metal oxide surfaces."”! During the early stage of
phosphidation, the oleate hinders the P diffusion on the (100)
planes, favoring the M-P growth along <111>/<110>
directions into the concave shape and further into the sea-
urchin structure. The nanourchin structure formation is due to
the associated growth of the circularly distorted Co,P and the
wire shaped Fe,P!'!l (Supporting Information, Figure S1). 1l
Hok’HE

The complete transformation of the Co-Fe-O nanocubes
into Co-Fe-P nanourchins was confirmed by X-ray diffraction
(XRD) patterns (Figure 3 A). The patterns show the change
from a face-centered cubic ferrite structure into a Fe,P-Co,P
solid solution structure.'” Similar results were found when
polyhedral oxide NPs were converted into phosphide nano-
rods (Supporting Information, Figure S4). The structural
transformation was further verified by the change of magnetic
properties of the samples (Figure 3B). The as-synthesized
Co,3,Fe, 30, nanocubes show a room temperature coercivity
of 545 Oe and a saturation magnetization of 35 emug'. These
values are considerably reduced after a full conversion into
(CoyssFeg46),P that have no coercivity and very low magnet-
ization of 0.35 emug™!, which is consistent with the weak

Angew. Chem. Int. Ed. 2015, 54, 1-5
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Figure 3. A) XRD patterns of the as-synthesized Co; 3,Fe, 3,0, nanocubes, (CogssFeqqe),P sea-
urchins, and standard Fe,P (JCPDS 51-943) and Co,P (JCPDS 32-306). B) Room-temperature
magnetic hysteresis loops showing the transition from the Co, 3,Fe; 304 nanocubes to
(Cogs4Fepas),P sea-urchins: As-synthesized nanocubes (—s=s), after 3 h of reaction (—), after 6 h
of reaction (see«s) and after 12 h of reaction (-----). Inset: Hysteresis loops of the samples collected
after 3, 6, and 12 h of reaction.

magnetic behavior observed from (Co-Fe),P.™? Similar results
were also observed when polyhedral oxide NPs were con-
verted into the phosphides (Supporting Information, Fig-
ure S4).

M-Ps have regained great attention as earth-abundant
active catalysts for water splitting.'”} Theoretical studies
predict that the synergistic interaction between Co and Fe
can help to weak the adsorption energies of some catalytic
species, decreasing the overpotential of the oxygen evolution
reaction (OER) in alkaline media.'¥ Our Co-Fe-P can serve
as an ideal model for the study of Co-Fe effect on OER. Here
we selected the Co-Fe-P nanourchins for the initial tests. The
catalyst was loaded on Ketjen carbon (C) and further on
a glassy carbon rotating-disk electrode (Supporting Informa-
tion). Its OER catalysis was evaluated in Ny-saturated 0.1M
KOH solution. The Co-Fe-O, Co,P, and Fe,P catalysts were
also prepared and studied similarly. Figure 4 A summarizes
the polarization curves of these catalysts as well as the
commercial Ir catalyst. CoO and Fe;O, are even less active
than the Co,P and Fe,P (Supporting Information, Figure S5).
We can see the (Coys,Feg4).P requires the lowest oxidation
potential to generate the same level of the OER current.

The performance of an OER catalyst is commonly
measured by the overpotential required to achieve
a 10 mA cm? current density per geometric area at ambient
temperature and standard pressure.™ By varying the volume
of the (Coys4Fe4),P dispersion deposited on the electrode,
we obtained the lowest potential, 1.60 V (equal to an over-
potential of 0.37 V at 10 mAcm ) when the NP amount
equals 20 pg (measured by inductively coupled plasma atomic
emission spectroscopy, ICP-AES; Supporting Information,
Figure S6). This overpotential value is also lower than those
obtained from Co, ;,Fe; (O, and commercial Ir (Figure 4B).
Given the enhanced activity of the Co-Fe-P system with
respect to Co-Fe-O and Ir, we conclude that the metal
phosphide structure helps to improve the electronic conduc-
tivity of the catalyst. The OER catalysis of the (Cogs,Fe46),P
could be further increased if the OER was studied in an

www.angewandte.org
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Figure 4. A) OER polarization curves of the (Coys4Feq46),P, commercial Ir, Co,P, Co, 5,Fe; ¢sO,, and
Fe,P catalysts. B) Overpotentials of the (CogssFegs),P, CopsFe, 604 and commercial Ir catalysts for
the OER at 10 mAcm™2. For all of the tests, the catalyst amount on the glassy carbon electrode

was 20 pg of NPs (equivalent to 200 ug (NPs+C) cm™ loading) and the catalysts were evaluated

in Ny-saturated 0.1 M KOH at a scan rate of 10 mVs™' at 1600 rpm.

alkaline solution with higher KOH concentration (Supporting
Information, Figure S7). For example, in 1.0M KOH, the
oxidation potential at 10 mA cm 2 is lowered to 1.51 V, which
is equal to an overpotential of 0.28V (029V for the
commercial Ir). These observations support the previous
prediction that Co and Fe in the Co-Fe-P structure do show
a synergistic interaction that enhances the OER catalysis.

In summary, this work presents a facile approach to
nanostructured bimetallic phosphides via high-temperature
(300°C) reaction of metal oxide NPs with TOP. In the
synthesis, the co-presence of Co and Fe in the Co-Fe-O NPs
facilitates the growth of Co-Fe-P anisotropically into either
nanorods (when the Co-Fe-O NPs are in polyhedral shape) or
sea-urchins (when the Co-Fe-O NPs are in cubic shape). The
dimensions of the nanorods and the arms of the nanourchins
are controlled by Co/Fe ratios. The Co-Fe-P NPs show
enhanced catalysis for OER and the catalytic efficiency of the
(CoyssFeg 46),P nanourchin even surpasses the Ir-catalyst. Our
synthesis is simple and general to prepare uniform M'M?-Ps.
It can be potentially extended to the preparation of other M-
Ps and metal phosphates as well, providing a new approach to
metal phosphides and phosphates with control of nanoscale
structure and dimension for important catalysis and energy
storage applications.

Keywords: cobalt—iron phosphides -
metal oxide phosphidation - nanorods -
oxygen evolution reaction
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Anisotropic bimetallic Co-Fe-P: Aniso-
tropic Co-Fe-P nanorods and sea-urchin
shapes were synthesized by controlled
phosphidation of Co-Fe-O nanoparticles
of polyhedral and cubic shapes, respec-
tively. The Co-Fe-P showed greatly
enhanced catalysis for the oxygen evolu-
tion reaction. The synthesis may be
generalized to prepare metallic phos-
phides/phosphates for catalysis and
energy storage applications.

Anisotrope Co-Fe-P-Nanostibe und
andere Objekte wurden durch kontroll-
ierte Phosphidierung von polyedrischen
oder kubischen Co-Fe-O-Nanopartikeln
erhalten. Die Produkte waren gute Kata-
lysatoren der Wasserstoffentwicklung.
Der Ansatz kénnte zu einer allgemeinen
Herstellungsmethode fiir Metall-
phosphide/phosphate fiir Katalyse und
Energiespeicherung weiterentwickelt
werden.
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