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ABSTRACT: Generalized synthetic strategies for nanostructures with well-defined physical dimensions and broad-range 
chemical compositions are at the frontier of advanced nanomaterials design, functionalization, and application. Here, we report 
a composition-programmable synthesis of multimetallic phosphide CoMPx nanorods (NRs) wherein M can be controlled to be 
Fe, Ni, Mn, Cu, and their binary combinations. Forming Co2P/MPx core/shell NRs and subsequently converting them into 
CoMPx solid-solution NRs through thermal post-treatment are essential to overcome the obstacle of morphology/structure 
inconsistency faced in conventional synthesis of CoMPx with the different M compositions. The resultant CoMPx with uniform 
1-dimensional (1-D) structure provides us a platform to unambiguously screen the M synergistic effects in improving the 
electrocatalytic activity, as exemplified by the oxygen evolution reaction (OER). This new approach mediated by core/shell 
nanostructure formation and conversion can be extended to other multi-component nanocrystal systems (metal alloy, mixed 
oxide and chalcogenide, etc.) for diverse applications. 

1. INTRODUCTION 

Metal phosphide nanostructures have attracted much at-
tention during the past decades due to their unique magnetic, 
semiconducting, mechanical, and catalytic properties.1-4 
Compared with zero-dimensional (0-D) nanoparticles, 1-D 
metal phosphide nanorods (NRs)/nanowires (NWs) are of 
particular interests, as the strong anisotropic effect presents 
new opportunity to tune their physicochemical properties 
and functionalization potentials.5-8 Among a variety of syn-
thetic approaches, organic phase colloidal synthesis has been 
proven effective in generating size/structure-uniform metal 
phosphide nanocrystals, through either the direct decompo-
sition of metal-phosphine organometallic complexes or the 
indirect process of phosphidation transforming pre-made 
metal/metal oxide to metal phosphide.9-15 Both routes, espe-
cially the former one, are well established for mono-metallic 
phosphide NRs/NWs, including Ni2P, Fe2P, Co2P, MnP, 
etc.16-20 However, it is still rare to produce multimetallic 
phosphide NRs/NWs, because of the variation in the decom-
position temperatures and rates of different metal-phosphine 
complexes and the complex solid growth kinetics of multi-
metallic phosphides, making it challenging to form 1-D 
NRs/NWs rather than 0-D nanoparticles.11-12, 21  

In this article, we report a strategy for the synthesis of 
multimetallic phosphide CoMPx NRs with M programmable 
among Fe, Ni, Mn, Cu, and their binary combinations. Our 
previous study demonstrated that monodisperse Co2P NRs 
can be synthesized and used as seeds to produce Co2P/Pt 
core/shell NRs without changing 1-D shape uniformity.18, 22 
With this success, we anticipate that such a seed-mediated 
synthesis can also lead to the formation of Co2P/MPx while 
preserving with the same level of 1-D structural control. Our 
experiment confirmed this hypothesis, as illustrated in Fig. 
1, leading to a group of Co2P/MPx core/shell NRs with tun-
able M compositions and Co/M ratios. Interestingly, the 
Co2P/MPx NRs can be converted into CoMPx NRs with 
solid-solution structure, after being loaded onto a support 
(e.g. carbon, Al2O3, or TiO2) and a subsequent interfacial dif-
fusion, promoted by thermal treatment. In contrast, the direct 
synthesis of CoMPx by co-decomposing Co- and M-phos-
phine complexes yielded products with uncontrollable 
shapes/structures (Fig. 1). The 1-D shape/structure con-
sistency and programmable composition presented by the 
CoMPx NRs herein make it possible to refine the composi-
tion-property relationship, especially for catalysis, while ex-
cluding the impact of size/shape/structural parameters. Us-
ing the oxygen evolution reaction (OER) as a model reaction, 



 

we demonstrated that the modulation of M composition can 
substantially tune the catalytic performance of CoMPx NRs.  

 
Figure 1. Schematic illustration of conventional synthetic method 
and our new approach to multimetallic phosphide 1-D NRs/NWs. 
(A) Conventional synthesis via direct decomposition of metal-
phosphine complexes, which is prone to the formation of uncon-
trolled nanostructures with irregular morphologies when using 
multimetallic phosphine complexes. (B) New approach to CoMPx 
NRs mediated by core/shell nanostructure formation in this work. 

2. EXPERIMENTAL SECTION  

2.1 Materials. Cobalt acetate tetrahydrate 
(Co(ac)2•4H2O, >98%), benzyl ether (BE, 98%), oleic acid 
(OAc, 90%), tributylphosphine (TBP, 97%), Nafion (5 wt% 
in lower aliphatic alcohols and water) and Titanium (IV) ox-
ide nanopowder (21 nm, P25) were purchased from Sigma-
Aldrich. 1-octadecene (ODE, 90%), copper acetylacetonate 
(Cu(acac)2, 98%) and nickel acetylacetonate (Ni(acac)2, 
96%) were purchased from Acros Organics. Iron acety-
lacetonate (Fe(acac)3, 99%) and manganese acetylacetonate 
(Mn(acac)2, 95%) were purchased from Strem Chemicals. 
Isopropanol (99.5%) and hexanes (98.5%) were purchased 
from Fisher Scientific. Multi-walled carbon nanotubes (8 nm 
in diameter) were purchased from CheapTubes. Vulcan-72 
carbon black was obtained from Fuel Cell Store. Aluminum 
oxide (13nm, 99.8%) was purchased from Alfa Aesar. All 
chemicals and materials were used without further purifica-
tion.  

2.2 Synthesis of Co2P NRs. All wet-chemical syntheses 
were performed using standard Schlenk techniques. 2 g of 
Co(ac)2•4H2O was mixed with 80 ml of BE (or ODE) and 8 
ml of OAc. The mixture was magnetically stirred and heated 
to 140°C under the flow of N2. After the full dissolution of 
Co(ac)2•4H2O, the mixture was cooled to 100°C and kept 
under vacuum for 1 hour to remove moisture and impurities. 
The system was then filled with N2 and heated to 220°C at a 
rate of ~ 5°C min-1. Subsequently, 12 ml of TBP was injected 
into the solution and the mixture was aged at 260°C (in re-
flux) for 2 hours. After cooling down to the room tempera-

ture, the NRs were separated by adding isopropanol fol-
lowed by centrifugation (8000 rpm, 8 min). The NRs were 
further purified by 2-3 cycles of dispersion (using hexane) 
and precipitation (by adding isopropanol). The Co2P NRs 
were re-dispersed and stored in hexanes for further use. This 
synthesis produces Co2P NRs with an average length of 24.7 
nm. Using ODE as a solvent and performing reaction at 
280°C yield Co2P NRs with an average length of 36.5 nm. 

2.3 Synthesis of Co2P/MPx core/shell NRs. In a typical 
synthesis of Co2P/NiPx core/shell NRs, a certain amount of 
Ni(acac)2 was dissolved in the mixture of 10 ml of BE and 
0.2 ml of OAc at 100ºC under vacuum for 1 hour. Under N2, 
a hexane solution containing Co2P seeds was injected into 
the reaction solution. The system was then briefly vacuumed 
for 5 minutes to remove hexane, and refilled with N2. Sub-
sequently, 0.3 ml of TBP was injected into the system and 
the mixture was heated to 260°C at a rate of 2°C min-1 and 
maintained at that temperature for 1 hour. The Co2P/NiPx 
core/shell NRs were collected and purified using the same 
procedure for Co2P NRs. Using Fe(acac)3, Mn(acac)2 or 
Cu(acac)2 precursors, or their binary combinations, the 
Co2P/MPx core/shell NRs with different M compositions 
were synthesized. The as-prepared Co2P/MPx NRs were 
stored in hexane. By tuning the amount of Co2P seed and 
metal precursor, the Co/M ratio in the as-obtained core/shell 
NRs was readily designed and adjusted, as summarized in 
Table S1.  

2.4 Converting Co2P/MPx core/shell NRs to CoMPx 
solid-solution NRs. In a typical process with carbon nano-
tube (CNT), an equal weight of Co2P/MPx NRs and CNT 
were sonicated together in 30 ml of hexane for 1 hour. The 
CNT-supported NRs (CNT-Co2P/MPx) were then collected 
by centrifugation, dried under vacuum, and annealed under 
forming gas (5% H2 in N2) at 400°C for 2 hours to generate 
CNTs-supported solid-solution CoMPx NRs (CNT-CoMPx). 
Other supports, such as Vulcan-72 carbon black, Al2O3, and 
TiO2, can be used in the same manner, and the corresponding 
supported NRs are denoted as C-, Al2O3-, and TiO2-
Co2P/MPx or CoMPx, respectively. The CNT was specifi-
cally used as a supporting material for electrocatalysis in our 
studies. 

2.5 Material Characterizations. Quantitative elemental 
analyses for the composition of NRs were carried out with 
inductively coupled plasma optical emission spectrometry 
(ICP-OES) on a Perkin Elmer Avio-200 ICP spectrometer. 
Transmission electron microscopy (TEM) images were ob-
tained using a FEI Tecnai Spirit (120 kV). Scanning trans-
mission electron microscopy (STEM) analyses were carried 
out using a Hitachi HD2700C (200 kV) with a probe aberra-
tion-corrector, in the Center for Functional Nanomaterials at 
Brookhaven National Laboratory. The electron energy-loss 
spectroscopy (EELS) mappings were collected using a high 
resolution Gatan-Enfina ER with a probe size of 1.3Å. A 
power law function was used for EELS background subtrac-
tion. X-ray photoelectron spectroscopy (XPS) was carried 
out on a Phi X-tool instrument with Mg Kα (hν =1253.6 eV) 
as the excitation source. The binding energies obtained in the 
XPS spectral analysis were corrected for specimen charging 



 

by referencing C 1s to 284.8 eV. The synchrotron radiation 
X-ray diffraction (SR-XRD) was performed at 7BM QAS 
beamline at National Synchrotron Light Source II (NSLS-
II), Brookhaven National Laboratory. The X-ray was mono-
chromated with silicon 111 crystal to 20 keV. The diffrac-
tion pattern was collected in a transmission way with a 
PerkinElmer 1621 area detector about 294 mm away from 
the sample. LaB6 powder was used to calibrate the distance 
and the tilting of the detector. The diffraction patterns were 
integrated and analyzed by the DIOPTAS software.  

2.6 Electrochemical Characterizations. The electro-
chemical analyses were performed on a Biologics VMP3 po-
tentiostat in a three-electrode system consisting of a glassy 
carbon rotating disk electrode (RDE, 5 mm in diameter), a 
Hg/HgO reference electrode (1.0 M KOH), and a platinum 
foil counter electrode. The Hg/HgO (1.0 M KOH) electrode 
was calibrated vs. reversible hydrogen electrode (RHE) prior 
to electrochemistry to allow all potentials to be reported vs. 
RHE in this work. To prepare a working electrode, 5 mg of 
CNT-supported catalyst was dispersed in a mixture of water, 
isopropanol and Nafion (500 μl, 500 μl and 5 μl, respec-
tively) by sonication to form a catalyst ink. An appropriate 
amount of the ink was then dropcast onto the surface of 
RDE, forming a uniform catalyst layer with a metal mass 
loading of 10 μg. The OER performances of catalysts were 
then investigated in an O2-saturated 1.0 M KOH via a linear 
polarization from 0.926 to 1.726 V vs. RHE at 10 mV s-1 and 
1600 rpm. We also evaluated the OER activity of these cat-
alysts using a Ni foam electrode, on which the as-prepared 
catalyst ink was dropcast with a mass loading of 1 gmetal cm-

2. The electrode was sealed with epoxy with an exposed area 
of 1 cm2. Then the stabilities of these catalysts were assessed 
by chronopotentiometry at a constant current density of 20 
mA cm-2 for 10 hours, followed by at 50 mA cm-2 for another 
10 hours in an O2-saturated 1.0 M KOH electrolyte. 

3. RESULTS AND DISCUSSION 

    The synthesis of multimetallic phosphide NRs/NWs, us-
ing CoNiPx as an example, was first studied via the direct 
co-decomposition of Co- and Ni-TBP complexes in a one-
pot reaction. This procedure is derived from our previous 
synthesis of Co2P NRs (Experimental section).18 We found 
that the addition of Ni precursor, even in a small amount 
(Co:Ni molar ratio in reactants = 19:1 or 14:1), led to the 
formation of 0-D nanoparticles (Fig. S1). The nanoparticles 
become the primary product when increasing the Ni content. 
For example, at the molar ratio of Co:Ni = 1:1, monodisperse 
nanoparticles with a diameter of 3 nm were obtained. Other 
irregular morphologies were observed when replacing Ni 
with different M (M = Fe, Mn, Cu) precursors (Fig. S2), in-
dicating that this one-step process is insufficient to prepare 
well-defined multimetallic phosphide NRs/NWs. 

    The new approach highlighted in Fig. 1B takes advantage 
of the templating effect of pre-made Co2P NRs to achieve 
the dimension control via the seed-mediated growth (Exper-
imental section). In the first step of synthesizing Co2P NR 
seeds, using different synthesis temperatures, we obtained 
Co2P NRs with a constant width of 3.2 ± 0.9 nm and a tuna-

ble length of 24.7± 3.7 nm and 36.5 ± 7.2 nm at 260°C (re-
action in BE or ODE) and 280°C (reaction in ODE), respec-
tively, as shown in the TEM images in Fig. 2A and S3. The 
Co2P/MPx core/shell NRs were then produced by the decom-
position of M-TBP complex in the presence of Co2P seeds. 
We found that the Co2P NRs efficiently serve as a template 
to guide the uniform coating of MPx. Fig. 2B-C and S4 show 
the representative TEM images of Co2P/NiPx, Co2P/MnPx 
and Co2P/FePx, confirming that these Co2P/MPx NRs well 
retained the 1-D shape of seeds. Moreover, the M concentra-
tion within Co2P/MPx NRs can be simply tuned by adjusting 
the molar ratio of Co2P seeds and M precursors. As clearly 
seen in the TEM images in Fig. 2D-F and S5, similar NRs 
were obtained with Co:M atomic ratio tunable in a wide 
range from ~ 3:1 to ~1:1, as examined with ICP-OES (Table 
S1). In addition, the sizes of Co2P/MPx are also controllable 
by using Co2P seeds with different lengths (Fig. S4-S5).  

 
Figure 2. (A) TEM image of Co2P NRs with an average length of 
36.5 nm. (B, C) TEM images of as-synthesized Co2P/MPx NRs 
with MPx being NiPx (B) and MnPx (C); The Co:M atomic ratios 
are ~ 2:1 in these NRs. (D-F) TEM images of Co2P/FePx NRs with 
Co:Fe ratio of ~ 3:1 (D), ~2:1 (E) and ~1:1(F) in these NRs. All 
syntheses were carried out using 36.5 nm Co2P seeds. 

    The STEM high-angle angular dark-field (HAADF) im-
ages of as-synthesized Co2P/MPx NRs in Fig. S6 and S7 
demonstrate that the uniform core/shell structures are gener-
ated, with a crystalline core surrounded by an amorphous 
shell for all observed NRs. The core/shell architectures are 
further characterized by the STEM electron energy loss 
spectroscopy (EELS) 2-D elemental mapping, as shown in 
Fig. 3. For Co2P/NiPx, it is clearly seen that Co is concen-
trated in the core region, which is encapsulated by a Ni shell 
(Fig. 3D, G, J). Such a core/shell structure is also confirmed 
with a high-resolution EELS 1-D line scan across an indi-
vidual Co2P/NiPx NR (Fig. 4A, B), which presents a typical 
Co-core and Ni-shell distribution. Similar results are also ob-
served on other Co2P/MPx NRs in both 2-D elemental map-
pings (Fig. 3E, F, H, I, K, L) and 1-D line scans (Fig. S8). 
Interestingly, these MPx shells are amorphous regardless of 
M compositions, even after a reaction at high temperature 
(280°C ). It is probably due to the crystal lattice mismatch 
between Co2P and MPx, which favors the formation of amor-
phous shell, rather than crystalline one, to minimize 
core/shell interfacial energy. This substrate-induced crystal 



 

structure change was also reported in previous studies of 
metal/metal and metal sulfide/metal core/shell nanomateri-
als.23-25 

    This seed-mediated growth was further extended to make 
more complex Co2P/MPx NRs. For example, trimetallic 
phosphide Co2P/FeNiPx and Co2P/MnNiPx NRs were pro-
duced using the corresponding mixed M precursors in the 
reaction (Fig. S9). As demonstrated in Fig. S10, a shell con-
sisting of both Fe and Ni was observed in STEM EELS 2-D 
elemental mapping. It suggests that this approach is a gener-
alized synthetic strategy for Co2P/MPx core/shell NRs with 
unprecedented tunability in M composition.  

  

Figure 3. (A-C) STEM-HAADF images and (D-L) EELS 2-D el-
emental mappings of Co2P/NiPx (A, D, G, J), Co2P/FePx (B, E, H, 
K), and Co2P/MnPx (C, F, I, L) NRs. These Co2P/MPx core/shell 
NRs have Co:M atomic ratios of ~2:1. Scale bars are 10 nm. All 
syntheses were carried out using 24.7 nm Co2P seeds. 

Based on the programmable synthesis of core/shell NRs, 
we found that they can be easily converted into solid-solu-
tion CoMPx NRs via thermal annealing in a reductive gas 
environment. Prior to this conversion, the Co2P/MPx NRs 
were loaded onto a supporting material to prevent the aggre-
gation of NRs at high temperatures. The reductive gas envi-
ronment (forming gas, 5% H2 balanced in N2) was used to 
minimize the oxidation of NRs. With a CNT support and an 
annealing treatment at 400 °C, the resultant NRs exhibited 
well-preserved size and shape and typical solid-solution 
structure. These characteristics are observed in their STEM 
HAADF images (Fig. S11) and 2-D elemental mapping 
(Fig. 4E-H), where Co and Ni elements are uniformly dis-
tributed in a treated CNT-Co1.30Ni0.70Px NR (Co:Ni ratio is 
~2:1). High resolution 1-D line scan on a treated 
Co1.30Ni0.70Px NR also reveals a clear transition from 
core/shell to solid-solution structure through atom diffusion 
in this process (Fig. 4A-D). 

Furthermore, this strategy can be used with different sup-
porting materials, including carbon black (Vulcan-72), 
Al2O3, and TiO2 (P25), as evidenced by the consistent NR 

size and shape of samples after thermal treatments (Fig. S12). 
It is worth noting that the wide adaptability of this method 
with various supporting materials is important for the appli-
cation of CoMPx in different areas. For example, CNT- and 
C-CoMPx NRs can be used for electrocatalysis due to the 
excellent electrical conductivity of carbon supports.26-27 
Al2O3 and TiO2 are widely used in supporting thermal cata-
lysts while providing distinct surface properties, such as sur-
face oxygen reactivity, surface adsorbate profile, and acid-
ity/basicity.28-30 Our CoMPx NRs supported on different 
metal oxides is likely to open up new opportunities for mod-
ulating heterogeneous catalytic properties.  

 
Figure 4. (A, B) STEM-HAADF image and 1-D line scan crossing 
a Co2P/NiPx NR (Co:Ni ratio is ~2:1). (C, D) STEM-HAADF im-
age and 1-D line scan crossing a Co1.30Ni0.70Px NR (Co:Ni ratio is 
~2:1) after treatment in forming gas at 400°C for 2 hours. (E-H) 
STEM-EELS elemental mapping for Co1.30Ni0.70Px. Both samples 
were supported on CNT, and the synthesis was carried out using 
24.7 nm Co2P seeds.  

The crystal structure of Co2P/MPx core/shell, bimetallic 
CoMPx, and trimetallic CoM1M2Px NRs were investigated 
using SR-XRD analysis (Fig. 5A). Previous studies on metal 
phosphide NCs, including our study on Co2P NRs, revealed 
that metal phosphide is subject to surface oxidation and can 
easily form an amorphous oxide shell on the surface.31-32 
This amorphous shell can result in an attenuated signal and 
weak diffraction intensity in lab-XRD analysis.33 Similarly, 
our solid-solution CoMPx NRs produced by thermal anneal-
ing also have an amorphous layer in the surface due to the 
oxidation (Fig. 4C and S11), and cannot be precisely charac-
terized by lab-XRD. Compared with the lab X-ray sources, 
high brilliance and high energy synchrotron X-ray photons 
enable rapid and accurate evaluations of crystal structure.34 
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Therefore, the Co2P/MPx core/shell and solid-solution 
CoMPx NRs are carefully characterized with SR-XRD here, 
instead of lab-XRD, to obtain increased diffraction intensity 
and signal-to-noise quality. For pristine Co2P NRs supported 
on C (Fig. S13), we observed a typical orthorhombic-phase 
Co2P pattern (JCPDS 00-054-0413), with the peaks at 16.1° 
and 20.7° indexed to Co2P (111) and (002) lattices, respec-
tively. The peak at 17.7° was also seen, corresponding to an 
overlap of Co2P (021) and carbon background. After the 
seed-mediated growth to core/shell NRs, these Co2P charac-
teristic peaks are presented without major changes in the C-
Co2P/NiPx and Co2P/FeNiPx core/shell NRs since the syn-
thesized MPx shells are amorphous (Fig. 5A). Interestingly, 
the conversion to C-CoMPx NRs causes negligible change in 
SR-XRD pattern shape but a slight peak shift. It suggests that 
the incorporation of M only has an impact on lattice distance 
and the resultant CoMPx NRs possess a high structural ro-
bustness in crystal phase (orthorhombic).  

We also performed XPS analysis to understand the sur-
face chemical features of Co2P, Co2P/MPx, and CoMPx NRs 
(Fig. S14 and S15). Fig. S15 shows high resolution Co 2p3/2 
spectrum of the C-Co2P NRs. The peak at 778.7 eV is as-
signed to the binding energy of Co 2p3/2 in the Co2P, while 
another peak at 781.9 eV is related to Co2+ or Co3+ in the 
CoOx that is generated from the surface oxidation. On the C-
Co2P/FePx core/shell NRs, three additional peaks are ob-
served in the Fe 2p3/2 region (Fig. 5C), corresponding to Fe3+ 
(711.2 eV), Fe2+ (713.8 eV), and the satellite peak (717.9 
eV).9, 35-37 However, we observed no shift in Co 2p3/2 peak 
positions (Fig. 5B), indicating that negligible or very weak 
electron transfer occurs between the crystalline Co2P core 
and the amorphous FePx shell. After the annealing treatment, 

the as-obtained C-Co1.33Fe0.67Px NRs show a downshift on 
both Fe3+ (710.7 eV) and Fe2+ (712.6 eV) peaks (Fig. 5E), as 
well as a slight upshift in Co-P (778.9 eV) and Co2+/3+ (782.2 
eV) peaks (Fig. 5D), implying an electron transfer from Co 
to Fe in the solid-solution NRs. Similar peak shifts of Co-P 
and Co2+/3+ are also observed in bimetallic C-Co1.10Fe0.90Px 
(Fig. S16), C-Co1.30Ni0.70Px (Fig. S17), C-Co1.25Mn0.75Px 
(Fig. S18), C-Co1.25Cu0.75Px (Fig. S19), as well as trimetallic 
C-Co1.01Fe0.43Ni0.56Px (Fig. S20), indicating that the strong 
coupling between Co to M associated with solid-solution 
structure is universal in our CoMPx NRs.  

As an important class of catalytic materials, metal phos-
phides hold great potential in many thermal catalytic (e.g. 
hydrogenation, hydrodesulfurization and hydrodenitrogena-
tion reactions) and electrocatalytic (e.g. hydrogen evolution 
reaction (HER), oxygen reduction reaction (ORR) and oxy-
gen evolution reaction (OER)) reactions.9, 38-40 Many previ-
ous studies point out that bimetallic materials exhibit more 
excellent catalytic activities than the monometallic ones, es-
pecially for the OER.21, 41-42 However, an accurate search for 
optimal bimetallic or multimetallic phosphide candidates for 
a specific catalytic reaction has been obstructed by the lack 
of synthetic strategy that can isolate the composition effect 
from others variables (size, shape, crystal phase etc.). Using 
the OER as a model reaction, we demonstrate that the pro-
grammable synthesis of CoMPx NRs with highly consistent 
1-D morphology and structure can provide an unprecedented 
opportunity to rapidly screen the multicomponent composi-
tion effect. 

 

Figure 5. (A) SR-XRD patterns of C-Co2P/NiPx (Co:Ni ratio is ~2:1) and C-Co2P/NiFePx (Co:Fe:Ni ratio is ~2:1:1) NRs and their 
annealed samples (C-Co1.30Ni0.70Px and C-Co1.01Ni0.43Fe0.56Px). (B-E) High resolution XPS spectra of C-Co2P/FePx (Co:Fe ratio is ~2:1) 
before (B, C) and after annealing (D, E). All syntheses were carried out using 36.5 nm Co2P seeds. 



 

The bimetallic CNT-CoMPx NRs were systematically 
studied in the electrochemical system described in the Ex-
perimental Section. Fig. 6A shows the linear polarization 
curves of CNT-Co2P and -CoMPx NRs under the same con-
ditions. The pristine CNT-Co2P NRs require an OER over-
potential (η) of 372.2 mV to achieve a current density (j) of 
10 mA cmgeo

-2 (geo indicates current density normalized 
over electrode geometric area). In the control experiments 
without Co2P or CoMPx NRs, negligible current is seen on 
the CNT and RDE in the investigated potential range (Fig. 
S21). The OER activity is largely improved on the bimetallic 
CNT-CoMPx NRs and is tunable by altering M compositions 
(Fig. 6A, B). Keeping the NR composition constant with 
Co:M ratio of ~2:1, we found that the highest OER activity 
is achieved on the CNT-Co1.33Fe0.67Px (η =293.4 mV), which 
is superior to the CNT-Co1.30Ni0.70Px (η =338.2 mV), CNT-
Co1.25Mn0.75Px (η =362.5 mV) and CNT-Co1.25Cu0.75Px (η 
=369.0 mV) NRs catalysts at 10 mA cmgeo

-2 (Fig. 6B). 
Clearly, Fe is a more suitable component than others to be 
coupled with Co to improve the OER kinetics. It can be fur-
ther evidenced by the lower Tafel slope of CNT-
Co1.33Fe0.67Px (42.5 mV dec-1), compared with other bimetal-
lic catalysts when Co:M ratio is ~2:1 (Fig. S22). 

Figure 6. (A, B) OER polarization curves (A) of CNT-Co2P, -
Co1.30Ni0.70Px, -Co1.33Fe0.67Px, -Co1.25Mn0.75Px and -Co1.25Cu0.75P 
NRs and the comparison of their overpotentials at current density 
of 10 mA cmgeo-2 (B). (C, D) OER polarization curves (C) of CNT-
Co2P, -Co1.45Fe0.55Px, -Co1.33Fe0.67Px, -Co1.10Fe0.90Px and -
Co0.54Fe1.46Px NRs and the comparison of their overpotentials at 
current density of 10 mA cmgeo-2 (D). All electrochemical tests were 
performed in 1.0 M KOH. 

The enhancement from Fe incorporation was further opti-
mized by controlling Fe content. As described in Fig. 6C and 
6D, a volcano-like OER activity with respect to Fe content 
is exhibited, with the lowest overpotential achieved on 
Co1.33Fe0.67Px (Co:Fe ratio of ~2:1). Adding more or less Fe 
decreases OER activity of NRs. The critical role of Fe may 
be contributed by its unique functionality in promoting the 
formation of active *O radical intermediate.43-44 Recent 

computational study of (Ni,Fe)OOH using state-of-the-art 
grand canonical quantum mechanics has indicated that, un-
der high potential of OER condition, Fe is converted into Fe 
(IV) along with the deprotonation of absorbed *OH species, 
stabilizing the resultant *O radical intermediate.45 The *O 
reacts with H2O, allowing subsequent O-O coupling. Ac-
cording to theoretical calculation results, Fe (IV) is more ef-
ficient in stabilizing *O than other transition metals, while 
become less favorable for O-O coupling. This may explain 
the best activity of CNT-Co1.33Fe0.67Px in our system, where 
Fe and Co surface sites provide two different functionalities 
essential to OER, forming an *O radical and catalyzing the 
O–O coupling, respectively. Fe outperforms other Ms in 
such a synergy with Co. Furthermore, the balanced ratio of 
Fe and Co contents in the case of Co1.33Fe0.67Px makes it pos-
sible to maximize the synergetic cooperation between Co 
and Fe.  

 

Figure 7. (A) OER polarization curves of pure nickel foam and the 
one modified with CNT-Co1.33Fe0.67Px NRs. (B) Chronopotentiom-
etry test of nickel foam modified with CNT-Co1.33Fe0.67Px NRs. All 
electrochemical tests were performed in 1.0 M KOH. 

The CNT-Co1.33Fe0.67Px NRs were also loaded onto large-
area Ni foam electrode for mimicking a practical device con-
dition with large current densities (Fig. S23).46 As shown in 
Fig. 7A, the CNT-Co1.33Fe0.67Px catalyst delivers an excel-
lent OER activity, with a η=299 mV at 100 mA cmGeo

-1. The 
long-term stability was evaluated via chronopotentiometries 
at 20 mA cmGeo

-2 for 10 hours, followed by another 10-hour 
testing at 50 mA cmGeo

-2. As illustrated in Fig. 7B, the CNT-
Co1.33Fe0.67Px exhibits an activation stage with a slight de-
crease in the overpotential at the beginning of stability test, 
and presents a stable water oxidation afterwards with negli-
gible change of overpotential. The activation stage is associ-
ated with the electrochemical surface oxidation. It is widely 
recognized that metal or metal phosphides can be further ox-
idized in the surface under oxygen electrochemistry condi-
tions, in addition to the oxidation caused by air exposure. 47-

50 After the stabilization of the surface oxide layer, the 
Co1.33Fe0.67Px catalyst becomes highly stable without any ac-
tivity decay in the testing. The STEM-HAADF image and 
EELS 2-D elemental mapping of catalyst after the stability 
test indicate that the NR maintained the 1-D morphology 
with phosphide/oxide core/shell structure. (Fig. S24). The 
underlying phosphide core is a critical enabler for the excel-
lent OER performance. It can improve the electrical conduc-
tivity, which is a common issue for oxide-based electrocata-
lysts.40, 47, 51 Meanwhile, the 1-D structure of the NRs can 
provide a larger contiguous area to the supporting materials 



 

and is thus beneficial to enhance the catalyst-support inter-
action, mitigating the migration-induced nanocatalyst ag-
glomeration and activity decay.52-53 These structural factors, 
plus the Fe and Co synergy, make Co1.33Fe0.67Px NRs highly 
efficient for OER catalysis. 

4. CONCLUSION 

In summary, we have developed a robust synthetic ap-
proach to producing multimetallic phosphide CoMPx NRs 
with a uniform 1-D structure as well as programmable chem-
ical composition. We found that using a two-stage synthesis, 
mediated by Co2P/MPx core/shell NRs formation and subse-
quent conversion, is the key to minimizing the NCs mor-
phology and structure inconsistencies across a broad-range 
of bimetallic and trimetallic compositions, which is not oth-
erwise accessible through conventional methods. The mor-
phology uniformity and the composition tunability of 
CoMPx NRs set a unique arena to accurately refine the com-
position-activity relationship for catalysis. Supported on 
CNT, the resultant CoMPx NRs show M composition and 
concentration dependent electrocatalytic properties for the 
OER, with the best activity being achieved on Co1.33Fe0.67Px. 
Given the wide adaptability presented by this method with 
diverse supporting materials (carbon materials and metal ox-
ides), new opportunities can be expected to optimize these 
multimetallic phosphide NRs for other electrocatalytic and 
thermocatalytic reactions and beyond.  
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Table S1. Quantities of Co2P seeds (36.5 nm) and metal precursors for the synthesis of Co2P/MPx 
NRs and Co2P/M1M2Px.  

Co2P/MPx Reactants 
Co:M 

(Expected) 
Co2P seeds M(acac)x 

Co:M 

(ICP result) 

Co2P/NiPx Ni(acac)2 

1:1 40 mg 0.12 mmol 0.83:1 

2:1 40 mg 0.06 mmol 1.86:1 

3:1 80 mg 0.08 mmol 3.36:1 

Co2P/FePx Fe(acac)3 

1:3 20 mg 0.23 mmol 1:2.72 

1:1 20 mg 0.13 mmol 1.22:1 

2:1 40 mg 0.11 mmol 1.99:1 

3:1 40 mg 0.10 mmol 2.63:1 

Co2P/MnPx Mn(acac)2 

1:1 20 mg 0.16 mmol 1.22:1 

2:1 40 mg 0.16 mmol 1.68:1 

3:1 40 mg 0.10 mmol 3.32:1 

Co2P/CuPx Cu(acac)2 

1:1 20 mg 0.20 mmol 0.95:1 

2:1 40 mg 0.12 mmol 1.67:1 

3:1 40 mg 0.06 mmol 2.96:1 

Co2P/NiFePx 

 

Ni(acac)2 2:1 

2:1 
40 mg 

0.08 mmol 2.34:1 

+ Fe(acac)3 0.11 mmol 1.83:1 

Co2P/NiMnPx 

 

Ni(acac)2 3:1 

3:1 
40 mg 

0.10 mmol 2.96:1 

+ Mn(acac)2 0.20 mmol 2.83:1 
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Figure S1. (A-E) TEM images of CoNiPx NCs synthesized via the co-decomposition of Co- and 
Ni-TBP complexes. The Co:Ni precursor ratio is controlled to be (A) 1:1, (B) 4:1, (C) 9:1, (D) 
14:1, (E) 19:1.  

 

 

 

Figure S2. (A-C) TEM images of (A) CoFePx, (B) CoMnPx, and (C) CoCuPx NCs synthesized via 
the co-decomposition of Co- and M-TBP complexes. The Co:M precursor ratio is controlled to be 
1:1.  
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Figure S3. TEM images of Co2P NRs synthesized at 260°C in (A) BE and (B) ODE. 

 

 

 

Figure S4. TEM image of Co2P/FePx core/shell NRs with Co:Fe ratio of ~ 1:3, using 36.5 nm 
Co2P seeds  
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Figure S5. TEM images of (A – C) Co2P/NiPx NRs; (D – F) Co2P/MnPx NRs; and (G – I) 
Co2P/CuPx NRs. The Co:M ratios are ~ (A, D, G) 3:1; (B, E, H) 2:1; and (C, F, I) 1:1. All syntheses 
were carried out using 36.5 nm Co2P seeds.  
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Figure S6. HAADF-STEM images of Co2P/NiPx NRs using 24.7 nm Co2P seeds and Co:Ni ratio 
of ~ 2:1, at different magnifications. 

 

 

Figure S7. HAADF-STEM images of Co2P/FePx NRs using 24.7 nm Co2P seeds and Co:Fe ratio 

of ~ 2:1, at different magnifications. 
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Figure S8. HAADF-STEM coupled with EELS line scans of (A, C) Co2P/FePx; and (B, D) 
Co2P/MnPx NRs. Syntheses were carried out using 36.5 nm Co2P seeds with Co:M atomic ratio of 
~ 2:1. 

 

 

Figure S9. TEM images of trimetallic (A) Co2P/NiFePx (Co:Ni:Fe ratio is ~2:1:1), and (B) 

Co2P/NiMnPx (Co:Ni:Mn ratio is ~3:1:1). Syntheses were carried out using 36.5 nm Co2P seeds. 
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Figure S10. STEM-EELS elemental mapping of CNT-Co1.01Ni0.43Fe0.56Px, using 36.5 nm Co2P 

seeds. 

 

 

Figure S11. HAADF-STEM images of CNT-Co1.30Ni0.70Px NRs, using 24.7 nm Co2P seeds. 
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Figure S12. TEM images of Co1.30Ni0.70Px NRs supported and annealed on (A-B) Vulcan-72 
carbon black; (C-D) Al2O3; and (E-F) TiO2 (P25) in forming gas at 400°C for 2 hour. Syntheses 
were carried out using 36.5 nm Co2P seeds. 

 

 

Figure S13. SR-XRD pattern of C-Co2P NRs (36.5 nm). 
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Figure S14. XPS survey scans of (A) C-Co2P/FePx (Co:Fe ratio of ~2:1); (B) C-Co1.33Fe0.67Px; (C) 
C-Co1.01Fe0.43Ni0.56Px NRs. (B, C) are samples after annealing. Syntheses were carried out using 
36.5 nm Co2P seeds. 

 

 

 

Figure S15. High resolution Co 2p XPS spectrum of C-Co2P NRs (36.5 nm). 

 

 

Figure S16. High resolution XPS spectra of (A) Co 2p and (B) Fe 2p of C-Co1.10Fe0.90Px NRs, 
using 36.5 nm Co2P seeds. 
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Figure S17. High resolution XPS spectra of (A) Co 2p and (B) Ni 2p of C-Co1.30Ni0.70Px NRs, 
using 36.5 nm Co2P seeds. 

 

 

Figure S18. High resolution XPS spectra of (A) Co 2p and (B) Mn 2p of C-Co1.25Mn0.75Px NRs, 
using 36.5 nm Co2P seeds. 

 

 

Figure S19. High resolution XPS spectra of (A) Co 2p and (B) Cu 2p of C-Co1.25Cu0.75Px NRs, 
using 36.5 nm Co2P seeds. 
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Figure S20. High resolution XPS spectra of (A) Co 2p, (B) Ni 2p and (C) Fe 2p of C-
Co1.01Ni0.43Fe0.56Px NRs, using 36.5 nm Co2P seeds.  

 

 

Figure S21. OER polarization curve of CNT-Co2P NRs (36.5 nm), compared with blank glassy 
carbon rotating disk electrode (RDE) and blank CNTs, in 1.0 M KOH. 
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Figure S22. (A) Tafel slopes of C-Co2P, -Co1.45Fe0.55Px, -Co1.33Fe0.67Px, -Co1.10Fe0.90Px and -
Co0.54Fe1.46Px NRs catalysts. (B) Tafel slopes of C-Co2P, -Co1.30Ni0.70Px, -Co1.33Fe0.67Px, -
Co1.25Mn0.75Px and -Co1.25Cu0.75Px NRs catalysts.  Syntheses were carried out using 36.5 nm Co2P 
seeds, in 1.0 M KOH. 

 

 

 

Figure S23. SEM images of CNT-Co1.33Fe0.67Px NRs modified nickel foam, at different 
magnifications.  
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Figure S24. (A) STEM-HAADF image and (B-F) EELS 2-D elemental mappings of CNT-
Co1.33Fe0.67Px NRs after the stability test. 
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