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Sequential synthesis method for carbide-phosphide composites.  
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Figure 1. PXRD patterns of metal phosphide (MP) deposited carbide composites (MP-Mo2C) and the 
corresponding reference patterns with the PDF numbers.  
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Figure 2. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image 
of a Ni2P-Mo2C particle. (b) Electron energy loss spectroscopy (EELS) spectrum image with Ni (red), P 

(blue) and Mo (green). (c) Mo M-edge and (d) Ni L–edge EELS maps. (e) HRTEM image centered along the 

interface, and (f) fast Fourier transform (FFT) with Mo2C(2-21) zone axis and measured Ni2P and Mo2C 
lattice spacing indicated.  
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Figure 3. (a) High resolution XPS Mo 3d plots of carbide-phosphide composites and Mo2C. (b) P 2p and (c-e) 
metal  2p plots corresponding to Mo2C deposited with phosphide. Solid fitting lines represent curves for 
3d5/2 in Mo 3d and 2p3/2 in P 2p plots. The dashed color coded lines are corresponding 3d3/2 and 2p1/2 

curves, respectively.  
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Figure  4. (a) HER polarization curves for Ni2P-Mo2C catalyst in 0.5 M H2SO4. GCE is bare glassy carbon 
electrode and Pt/C is 30 weight % Pt on carbon.  (b) Turn over frequency (TOF) plots of Mo2C (black); and 
FeP (orange), CoP (blue) and Ni2P (purple) loaded CPCs at 0.2 mg cm-2. (c) HER polarization curves for the 

composite catalysts collected after 0 hr (red), 6 hr (blue), 12 hour (green), 18 hr (orange) of constant 
potential electrolysis (CPE) at applied iR corrected potentials corresponding to 10 mA cm-2.  
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Figure 5. HAADF image and EDS maps of fresh (a-d) and spent (e-h) Ni2P-Mo2C. Nickel (green) and 
molybdenum (red) are overlaid in b and f. Particle size distribution of Ni2P in the composite catalyst 
corresponding to i) fresh catalyst with Ni2P deposited on Mo2C j) fresh catalyst with Ni2P not directly 
deposited on Mo2C k) spent catalyst with Ni2P deposited on Mo2C and l) spent catalyst with Ni2P not 

directly deposited on Mo2C. Direct deposition implies overlap of Mo and Ni in EDS maps.  
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ABSTRACT: Composites of electrocatalytically active transition metal compounds present an intriguing opportunity to-
wards enhanced activity and stability. To identify potentially scalable pairs of catalytically active family of compounds, we 
demonstrate that phosphides of iron, nickel, and cobalt can be deposited on molybdenum carbide to generate nanocrys-
talline heterostructures. Composites synthesized via solvothermal decomposition of metal acetylacetonate salts in the 
presence of highly dispersed carbide nanoparticles show comparable hydrogen evolution activities to the state-of-the-art 
non-noble metal catalysts. Investigation of the spent catalyst using high resolution microscopy and elemental analysis 
reveals that formation of carbide-phosphide composite prevents catalyst dissolution in acid electrolyte. Lattice mismatch 
between the two constituent electrocatalysts can be used to rationally improve electrochemical stability. Among the 
composites of iron, nickel, and cobalt phosphide, iron phosphide displays the lowest degree of lattice mismatch with mo-
lybdenum carbide and shows optimal electrochemical stability. Turnover rates of the composites are higher than the car-
bide substrate and compare favorably to other electrocatalysts based on earth-abundant elements. Our findings will in-
spire further investigation into composite nanocrystalline electrocatalysts that implement molybdenum carbide as a sta-
ble catalyst support.  

1. INTRODUCTION 

A critical technological challenge is the production and 
storage of renewable energy to meet the demands of the 
global population. Electrochemical water splitting is one 
of the most promising energy conversion routes towards 
renewable energy storage in the chemical bonds of hy-
drogen.1 To date, platinum deposited on carbon (Pt/C) 
has the optimal catalytic activity towards the hydrogen 
evolution reaction (HER).2 The limited earth abundance 
of such precious metals, however, lowers the economic 
and environmental sustainability of hydrogen generated 
using these materials. Thus, there has been significant 
investment in recent years towards the identification of 
materials based on earth-abundant metals that can ap-
proach the activity and stability of Pt/C for HER.3-6 HER 
using earth-abundant transition metal (TM) catalysts has 
been demonstrated to be almost comparable to Pt/C, al-
beit only when activity is normalized to geometric surface 
area of the working electrode.7 Pt/C outperforms all re-

ported TM catalysts when activity is normalized to the 
electrochemical active surface area (ECSA).8 

Molybdenum carbide is one of the most active and sta-
ble HER electrocatalysts among transition metal carbides 
(TMC).9-11 Although various routes have been developed 
for carbide synthesis, temperature programmed reduc-
tion, using an explosive mixture of H2 and CH4 gases, has 
thus far been the preferred method for preparing Mo2C 
catalysts.12 A more benign and reproducible carbothermic 
reduction synthesis, using inert Ar as the only flow gas, 
has also been developed and shown to prepare active, 
stable, and scalable Mo2C electrocatalysts.13 In addition, 
nanostructured transition metal phosphides (TMP) of Fe, 
Ni, Co and Mo have been prepared from the solvothermal 
decomposition of inorganic and organometallic precur-
sors in the presence of trioctylphosphine (TOP). HER 
active TMP electrocatalysts have been shown to possess 
some of the highest activities reported for materials based 
on earth-abundant metals.14-16 In order to prevent ag-
glomeration during annealing and electrocatalysis, TMP 
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nanoparticles have been immobilized either on metal foils 
or decorated on high surface area carbon structures.17-20  

Highly structured carbon and conductive Ti foils are 
reasonably stable and inexpensive substrates for catalysts, 
but catalytically active substrates provide an intriguing 
alternative towards preparing advanced composites. Such 
catalytically active substrates can either enhance the 
overall mass activity of the material, or more importantly, 
can be used to integrate multiple catalytic processes in 
one complete system. Nanoreactors have been prepared 
that combine solar energy harvesting with electrochemi-
cal water splitting via a composite of an electrocatalyst 
and a semiconductor.21-23 Similarly, one could envision 
using in-situ generated H2 to initiate hydrodeoxygenation 
(HDO) species by immobilizing a HDO catalyst on HER 
active substrates. However, there remain significant chal-
lenges to such a strategy, including identification of com-
patible material pairs, feasibility of scaled up synthesis, 
and stability of the integrated reactors.24-28 Still, compo-
site materials that can enhance or combine catalytic activ-
ities into a single integrated particle are highly desirable. 

Herein, we investigate the deposition of transition 
metal phosphide nanoparticles onto Mo2C nanoparticles 
via solvothermal decomposition. We prepare Mo2C 
nanoparticles using a simple and scalable carbothermic 
reduction method. Our motivation for this material 
combination is to exploit potential lattice matching, 
which we reveal by aberration-corrected high-resolution 
scanning transmission electron microscopy (HRSTEM), 
electron energy loss spectroscopy (EELS), X-ray 
photoelectron spectroscopy (XPS), and powder X-ray 
diffraction (PXRD). Then, we employ the carbide-
phosphide composites (CPC) of FeP, CoP, and Ni2P on 
Mo2C as catalysts for HER in 0.5 M H2SO4 using a three 
electrode rotating disc (RDE) setup. We investigate 
electrochemical stabilities under HER conditions. We 
examine spent catalyst using HRSTEM, energy dispersive 
X-ray spectroscopy (EDS) and analyze spent electrolyte 
using inductively-coupled plasma optical-emission 
spectroscopy (ICP-OES). We also compare the HER 
activities with other non-precious-metal catalysts with 
respect to their intrinsic catalytic properties and active 
site loading. In addition, we estimate catalytic efficiency 
by calculating turn over frequency (TOF) for HER. Finally, 
we investigate the degradation behavior of the composite 
catalysts under electrochemical conditions. 

2. EXPERIMENTAL SECTION  

2.1 Materials. MoO3, 70-80 % C multiwalled carbon 
nanotubes (MWCNT), oleylamine (OLA), 5 % Nafion® 
(IonPower), and methanol were purchased from Sigma-
Aldrich. Ni(acac)2, Co(acac)2 and Fe(acac)3, TOP, 1-
octadecen (ODE) were purchased from Across Organics. 
Hexanes (a mixture of structural isomers) and anhydrous 
ethanol were obtained from Fisher Scientific. 99.999 % 
H2SO4 was purchased from Alfa Aesar. Pt/C (30 weight % 
on Vulcan XC-72) catalyst was purchased from Tanka. 
Ultra-pure nitrogen, 5 % H2 in Ar and Ar were procured 

from Airgas. ICP-OES standards for Mo, Ni, Co, Fe and P 
were obtained from SPEX CertiPrep.  

2.2 Carbide synthesis. Mo2C templated on MWCNT 
was synthesized using a recently reported ball-milling and 
carbothermic reduction method.29 In brief, a 20:1 mass 
ratio of ball to a mixture of MoO3 and MWCNT was ball-
milled for 20 hours at 300 rpm followed by carbothermic 
reduction under Ar atmosphere at 950 ºC. The ramping 
rate was 1 ºC min-1, the Ar flow rate was 0.5 L min-1, and 
the tube furnace was allowed to cool naturally to ambient 
temperature without any dwell time at 950 ºC. The 
nanocrystalline powder was then ground to a fine powder 
using an agate mortar and pestle. 

2.3 Phosphide and CPC synthesis. Ni2P and Ni2P-
Mo2C were synthesized using a direct solvothermal de-
composition method reported by Popczun et al.18 In brief, 
0.250 g (0.98 mmol) Ni(acac)2, 4.5 mL (14.1 mmol) ODE, 
6.4 mL (19.5 mmol) OLA and 2 mL (4.4 mmol) TOP were 
added to a three-neck round bottom flask equipped with 
a thermometer to monitor temperature, condenser, and 
magnetic stir bar. The flask was then refluxed at 120 ºC for 
60 minutes under vacuum while continuously stirred at 
300 rpm. The flask was then filled with N2 and refluxed at 
320 ºC for 120 minutes. The heating mantle was turned 
off, which allowed the mixture to cool to 200 ºC. Then, 
the hot mantle was subsequently removed from under the 
flask to initiate rapid cooling to ambient temperature. 
The nanoparticles were separated from the synthesis mix-
ture by centrifugation at 4000 x g and were subsequently 
washed with 3 portions of a mixture composed of 1:3 (v:v) 
hexane:ethanol. The product nanocrystals were then re-
suspended in hexane for storage. The synthesis of Ni2P-
Mo2C was analogous, except for the addition of 0.1320 g of 
Mo2C. Desired mass of nanocrystalline powders were sep-
arated from hexane via centrifugations and annealed in a 
quartz boat at 450 ºC for 60 minutes to remove organic 
adsorbates. The ramp rate was 10 ºC min-1, and 5% H2 in 
Ar was the flow gas at 0.5 L min-1. The annealed catalysts 
were ground to a fine powder using an agate mortar and 
pestle prior to characterization and catalysis. Synthesis 
and post-synthesis preparation for CoP and CoP-Mo2C 
was analogous to Ni2P and Ni2P-Mo2C, respectively, with 
slight modifications in precursor ratios and decomposi-
tion temperature elevated to 330 ºC. A mixture of 0.500 g 
(1.94 mmol) Co(acac)2, 9 mL (14.1 mmol) ODE, 12.8 mL 
(19.5 mmol) OLA and 8.8 mL (19.4 mmol) TOP constitut-
ed the precursor mixture for CoP and 0.2640 g of Mo2C 
was added to the precursor mixture for the synthesis of 
CoP-Mo2C. The phosphide and composite synthesis and 
preparations for iron were analogous to that of Co and 
CoP-Mo2C systems except for the decomposition temper-
ature of 350 ºC. 0.6851 g Fe(acac)3 was added to afford 1.94 
mmol of iron precursor in the mixture. 

2.4 Control catalyst synthesis. TMP deposited on 
MWCNT (TMP-MW) were prepared by substituting car-
bide with MWCNT in the precursor mixture for sol-
vothermal decomposition. Synthesis and work up of the 
physical mixture of TMP and Mo2C (TMPmixMo2C) was 
analogous to CPC except the decomposition of acac pre-
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cursor was carried out in the absence of carbide. Instead, 
as-synthesized carbide and phosphide nanoparticles were 
mixed via sonication and centrifugation prior to anneal-
ing. Please see supporting information for additional de-
tails. 

2.5 Physical characterization. A Pananalytical 
Empyrean diffractometer with Cu K-alpha 1 source (λ = 
1.5406 Å) was for PXRD. Background from instrumental 
broadening for Scherrer analysis was based upon LaB6 
standard (660) purchased from the National Institute of 
Standards and Technology (NIST). The reference patterns 
were obtained from PDF-4 database from International 
Center for Diffraction Data (ICDD). 

XPS were collected on a Thermo Scientific Model K-
Alpha instrument. The source was monochromated, 
micro-focusing, Al Kα X-ray (1486.6 eV). A 400 µm X-ray 
spot size was used to maximize signal and average surface 
area composition. The detector was a 128 multi-channel 
hemispherical electron energy analyzer. The analysis 
chamber pressure was maintained at or below 2 x 10-9 
mbar, and was lowered to 2 x 10-7 when the flood gun was 
operating. Samples were prepared by dispersing a small 
amount of powder on double-sided tape. Enough powder 
was used to completely obscure the tape. Analyzer pass 
energy was 200 eV for survey spectra and 50 eV for 
specific elemental analysis. Charging was avoided by 
optimizing charge compensation via a combination of low 
energy electrons and low energy argon ions. Initial data 
analysis was performed using the Avantage XPS software 
package (v 4.61) while the high resolution XPS peak 
deconvolution was performed using CasaXPS software (v 
2.3.16). 

ICP-OES measurements were performed on an Optima 
7300 DV spectrometer from PerkinElmer with as obtained 
electrolyte diluted (x10) with carrier solvent, 1.12 M (5 %, 
w/w) nitric acid. 

Scanning electron microscopy (SEM) images were 
collected on a Zeiss EVO instrument equipped with an 
EDS detector from Bruker. SEM samples were deposited 
on double sided carbon tape for analysis. TEM samples 
were prepared by sonicating the powders in isopropanol 
then dropcasting  the solution on Cu-supported lacey-
carbon grids. Electron microscopy characterization was 
performed on a Nion UtraSTEM U100 operated at 100kV 
and equipped with a Gatan Enfina electron energy loss 
spectrometer.  

2.6 Electrochemical characterization. 
Electrochemical analysis was performed on a Pine 
Instrument RDE and VMP-3 potentiostat from BioLogic 
Science Instruments. 5 mm diameter glassy carbon 
electrode (GCE) was the working electrode and a gold 
wire as the counter electrode. The reference was a 
Radiometer Analytical XR-200 Hg/HgSO4 electrode. All 
potentials were adjusted to RHE and the potential of the 
reference electrode was determined by measuring the 
open circuit voltage of a Pt electrode in hydrogen 
saturated electrolyte.29 Catalyst inks were prepared by 
adding 2.6 mg of catalyst to 0.5 ml of methanol and 38 μL 
of Nafion and sonicated for 20 minutes. The required 

volume for the 200 μg cm-2 was determined by depositing 
aliquots of the inks onto Al foil and weighing with a 
Mettler Toledo XP2U balance. GCE working electrodes 
were prepared by polishing sequentially with 5.0 micron 
and 0.05 micron alumina powders, rinsing and sonicating 
in ultrapure water for 5 minutes followed by sonicated in 
0.5 M H2SO4 for 5 minutes. The electrodes were also 
cleaned electrochemically by scanning 10 cyclic 
voltammetry (CV) scans at 50 mV/s between 0.1 and -0.8 
V in N2 saturated electrolyte. The background activity of 
the clean GCE was measured by collecting CVs between 
0.1 and -0.8 V at a scan rate of 5 mV s-1 in H2 saturated 
electrolyte. Working electrodes were rotated at 3500 rpm 
to remove in-situ generated gas bubbles. Afterward, the 
predetermined volume of catalyst ink was deposited onto 
the electrode.  Electrolytes were saturated with H2 
throughout HER. The catalyst surface was first 
electrochemically cleaned in a similar manner to the bare 
GCE with the potential window selected to limit the 
current to 50 mA cm-2. After cleaning, the activities were 
measured by collecting 5 CVs within the same potential 
window at a 5 mV s-1 scan rate followed by 5 HER 
polarization curves. Potentio electrochemical impedance 
spectroscopy measurements were conducted at 0 V for 
each electrode in order to iR correct the data. The ECSA 
of catalysts was determined by measurement of the 
double-layer capacitance described in detail in a recent 
report.29 These measurements were made by collecting 
CVs within the range 0-0.3 V at 100, 50, 20, 10, and 5 mV s-

1 scan rates. The fifth cycle was collected for the first three 
scan rates and the third cycle for the latter two in order to 
ensure stable values were selected. For most catalysts, no 
faradaic processes were observed within these regions. 
The Tafel slopes of each polarization curves were 
determined around the onset potentials according to the 
method described previously.13 The stability experiments 
were conducted for the catalysts by holding the electrode 
at the overpotential corresponding with a 10mA cm-2 
current density. A graphite rod was used as the counter 
electrode for the long term stability tests. After 6 hour, 5 
polarization curves were collected at 5mV s-1 scan rate. 
This process was repeated after each additional 6 hours. 

3. RESULTS AND DISCUSSION 

3.1 Catalyst synthesis. A modified sequential synthesis 
method used to prepapre hydrothermally synthesized 
Ni2P-Mo2C composites and illustrated in Scheme 1 was 
employed to prepare the composites.30 Phosphides were 
synthesized via direct decomposition of their respective 
acetylacetonate (acac) salts in ODE.31-33 We employed 
TOP as both the source of phosphorus and as a stabilizing 
ligands and OLA as the reducing agent. Mo2C decorated 
on MWCNT was separately prepared using a carbother-
mic reduction method.34  We have modified the phos-
phide synthesis to prepare new carbide-phosphide com-
posites by adding Mo2C to the phosphide synthesis pre-
cursor. Carbothermic reduction derived Mo2C contains 
about 40 % by weight of carbide and the rest of the matrix 
is unreacted carbon.13 More descriptive nomenclature for 
carbide and composites would be Mo2C-MWCNT and 

Page 9 of 19

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

TMP-Mo2C-MWCNT, respectively. However, for efficien-
cy, we hereafter refer to the materials as Mo2C and TMP-
Mo2C, respectively. Recently, we reported a hydrothermal 
method to prepare composites of  Ni2P and Mo2C.29 To 
the best of our knowledge, this is the first report on sol-
vothermal decomposition derived synthesis of TMP on 
Mo2C. It is also the first report on synthesis and charac-
terization of the composites of FeP and CoP with Mo2C 
using any synthesis route. 

Scheme 1. Sequential synthesis method for carbide-
phosphide composites. 

 
Among nickel phosphides, Ni2P nanoparticles synthe-

sized using the acac decomposition method show mono-
dispersity centered around 21 nm.18 Mo2C substrate crys-
tallites are also about 21 nm on average, thus facilitating 
EELS investigations. FeP and CoP were selected because 
they have shown enhanced activity towards HER electro-
catalysis in comparison to other iron and cobalt phos-
phide phases.35 16 Nanocrystalline Ni2P formed at 320 ºC, 
but the temperatures for CoP and FeP synthesis had to be 
elevated to 330 ºC and 350 ºC, respectively. The resultant 
nanocrystals of Ni2P remained suspended in hexane for 
days until centrifuged for annealing, but the CoP and FeP 
nanocrystals separated within minutes. All nanocrystal-
line composites also precipitated in hexane within 
minutes.  

3.2 Physical characterization. The PXRD patterns of 
the synthesized phosphide-carbide composites are shown 
in Figure 1. These data indicate the successful synthesis of 
monophasic phosphides on Mo2C. All the peaks in the 
diffractograms for the composite materials can be as-
signed to either the phosphide or Mo2C. This is an indica-
tion that the crystal structure of the carbide remains un-
changed during the solvothermal synthesis and the sub-
sequent annealing step. The broad peaks around 25° in 
the composite diffractograms correspond to graphitic 
carbon from MWCNT, further emphasizing the presence 
of ubiquitous amount of unreacted carbon in carbide ma-
trix.36 Scherrer analysis of the diffraction peaks reveals the 
Mo2C and Ni2P crystallites to be approximately 19 nm and 
17 nm, respectively. Similarly, the crystallite size for FeP 
and CoP are estimated to be approximately 19 and 23 nm, 
respectively. Since the phosphide crystallite sizes are fair-
ly similar, we infer that rapid precipitation of CoP and 
FeP in hexane is probably due to the formation of clus-
ters. 

 

 

Figure 1. PXRD patterns of metal phosphide (MP) deposited 
carbide composites (MP-Mo2C) and the corresponding refer-
ence patterns with the PDF numbers. 

When the synthesis was carried out in the absence of 
Mo2C, biphasic phosphides were obtained (Figure S1). 
Recent investigations to synthesize composites of Ni2P 
and Mo2C using a hydrothermal synthesis method also 
demonstrated that carbide-phosphide interaction is cru-
cial to maintain monophasic phosphide.30 Other investi-
gations of supported phosphides have employed a con-
ductive substrate such as carbon cloth, carbon fibers, and 
nickel foams to maintain monophasic material.37-39 Here, 
we initially employed no support for phosphides to high-
light the importance of immobilizing the catalyst on a 
conductive surface to prevent aggregation and phase in-
homogeneity during annealing. Similar to CPCs in Figure 
1, when MWCNT is used as the phosphide support the 
resulting TMP-MW composites also reveal monophasic 
phosphides (Figure S2). 

The HAADF-STEM micrograph in Figure 2a and EELS 
elemental maps of a composite Ni2P-Mo2C nanoparticle in 
Figure 2b-d show that the constituent materials maintain 
their nanostructures (~ 20 nm) post-annealing. The lattice 
planes forming the interfacial region shown in Figure 2e 
can be identified by analysis of the fast Fourier transform 
(FFT) in Figure 2f. Interfacial structural information is 
particularly beneficial because it provides insight into the 
nature of bimetallic active sites that may arise via interac-
tion between the two materials. Attempts to employ EELS 
studies were limited to Ni2P-Mo2C because CoP-Mo2C and 
FeP-Mo2C composites form significantly bigger clusters, 
perhaps due to the higher temperatures necessary during 
synthesis.  
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Figure 2. (a) High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of a 
Ni2P-Mo2C particle. (b) Electron energy loss spectroscopy 
(EELS) spectrum image with Ni (red), P (blue) and Mo 
(green). (c) Mo M-edge and (d) Ni L–edge EELS maps. (e) 
HRTEM image centered along the interface, and (f) fast Fou-
rier transform (FFT) with Mo2C(2-21) zone axis and measured 
Ni2P and Mo2C lattice spacing indicated. 

XP survey spectra of as synthesized catalysts (Figure S3) 
indicate that the composite surfaces are more oxidized 
than Mo2C surface. O accounts for 9 % of the carbide sur-
face, but the contribution from O ranges from 14 to 21 % 
for the composites (Table S1). High resolution XPS spectra 
of composites and Mo2C surfaces (Figure 3) show that the 
distributions of Mo sites on the composite surfaces are 
similar to previous investigations on Fe, Co, or Ni-doped 
Mo2C (Table S2).40-42 The metals in the phosphides are 
evidently interacting with Mo in carbide. 

Phosphorus 2p spectra in Figure 3b indicates presence 
of phosphide (129 eV) as well as oxidized (133 eV) phos-
phorus species.43 Metal 2p spectra in Figure 3c-e further 
corroborate the presence of metal phosphide (778 eV for 
Co, 707 eV for Fe and 853 eV for Ni) in addition to metal 
oxide bonds at higher binding energies.44-47 Presence of 
metal oxides and oxidized phosphorus species on the cat-
alyst surfaces is typical of metal phosphide nanomaterials 
and has been discussed in detail previously.15 

In a recent report, Shi et al. reported that P doping into 
Mo2C (P-Mo2C) leads to superior electrocatalytic activi-
ties.48 Amorphous MoP is also a good electrocatalyst.49 
PXRD plots in Figure 1 indicate the absence of crystalline 
MoP. The synthesis and annealing temperatures em-
ployed here (≤450 °C) are lower than those in P-Mo2C 
(900 °C). Formation of amorphous MoP would lower the 
binding energy (B.E.) of Mo2+ peaks across the three com-
posites relative to Mo2C, as observed for P-Mo2C.48 The 
inconsistent B.E. for Mo 3d5/2 peaks (Table S2) and the 
overall Mo 3d spectra in Figure 3a are more akin to Mo2C 

Figure 3. (a) High resolution XPS Mo 3d plots of carbide-phosphide composites and Mo2C. (b) P 2p and (c-e) metal  2p plots 
corresponding to Mo2C deposited with phosphide. Solid fitting lines represent curves for 3d5/2 in Mo 3d and 2p3/2 in P 2p plots. 
The dashed color coded lines are corresponding 3d3/2 and 2p1/2 curves, respectively. 
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doped with Fe, Ni, and Co rather than P-Mo2C, further 
indicating the absence of any Mo-P bond formations.  

Thus, it can be inferred that amorphous MoP is also un-
likely to be present.  

3.3 Catalysis. HER activities of unsupported phos-
phides, unadulterated Mo2C, and CPCs were collected in 
acid electrolyte and are presented in Table 1.  The overpo-
tentials, ECSA, and Tafel slopes are an average of at least 
five independent measurements (Table S3). Several fac-
tors, including electrochemical environment, catalyst 
loading, adjustments for internal resistance, and area 
used for activity normalization need to be carefully con-
sidered for accurate comparison of the catalytic activities 
of nanostructured materials.7, 50, 51 CPCs show substantial 
reduction in overpotential when compared to unadulter-
ated Mo2C. These numbers are comparable to other 
phosphide catalysts assessed under analogous electro-
chemical conditions and catalyst loadings (0.2 mg cm-2).16 
Actual phosphide loading is around 0.1 mg cm-2 because 
the phosphide-to-carbide molar ratio is maintained at 
2:1.29 

Table 1. HER overpotentials (iR corrected) for 10 mA/cm2 
activity, ECSA and Tafel slopes in 0.5 M H2SO4. The statisti-
cal errors are indicated in parenthesis. 

 
η10 mA cm

-2
 

(mV) 
ECSA 
(cm2) 

Tafel slope 
(mV/dec) 

Ni2P-Mo2C 154 (1) 22 (1) 83 (<1) 

CoP- Mo2C 158 (1) 34 (1) 56 (<1) 

FeP-Mo2C 169 (1) 29 (2) 62 (<1) 

Ni2PmixMo2C 195 (2) 51 (6) 69 (6) 

CoPmixMo2C 192 (8) 47 (4) 54 (4) 

FePmixMo2C 202 (2) 46 (11) 58 (2) 

Ni2P-MW 243 (9) 15 (6) 72 (7) 

CoP-MW 196 (6) 14 (5) 50 (1) 

FeP-MW 195 (9) 11 (5) 72 (4) 

Ni2P 603 (49) <1 202 (24) 

CoP 426 (15) <1 103 (9) 

FeP 286 (21) 4 (1) 78 (4) 

P-MW 387 (11) 8 (5) 112 (8) 

Mo2C 206 (1) 31 (2) 59 (3) 

 

The HER overpotentials for TMP-MW and physical 
mixtures in Table 1 are lower than unsupported phos-
phides but they are higher than corresponding CPCs. 
Comparison of the ECSA and overpotentials of CPCs with 

physical mixtures indicates that the crucial carbide-
phosphide interaction is established during decomposi-
tion (step 3, Scheme 1) rather than annealing (step 4, 
Scheme 1). Presence of acidic and basic sites on Mo2C sur-
faces has been proposed to facilitate the deposition of 
phosphide on carbides surface by stabilizing reactions 
intermediates in close proximity so that phosphidation of 
in-situ formed metal nanoparticles can proceed.30, 52 

A reduction of 37-52 mV in HER overpotential for CPCs 
when compared to Mo2C is remarkable, but it cannot be 
attributed solely to the substitution of carbide active sites 
with more efficient active sites from phosphides. Addi-
tionally, phosphides deposited on MWCNT also have 
lower activity than the CPCs. Considering previously re-
ported activity for phosphide electrocatalysts and the cat-
alyst loadings used here, the results indicate positive en-
hancements in electrocatalytic activities from the interfa-
cial interaction between carbide and phosphide. Compa-
rable ECSA and Tafel slopes for composite catalysts to 
Mo2C indicate that the phosphide nanoparticles do not 
aggregate when supported on carbide.  The large overpo-
tential required for P-MW in Table 1 indicates that proba-
ble P doping into MWCNT is also not responsible for the 
observed reduction in HER overpotentials for CPCs.  

Overpotentials to reach 10 mA cm-2 activity is one of the 
most widely reported parameters to compare the activi-
ties of nanostructured electrocatalysts.7 However, catalyst 
loading must also be considered, as is apparent from Fig-
ure 4a. An ideal comparison would be to accurately de-
termine the HER active site densities. However, methods 
to properly identify active sites have not been developed 
for the majority of the available nanocrystalline electro-
catalysts. Thus, comparing activity with respect to catalyst 
loading on a working electrode provides the most reason-
able comparison.  

The HER overpotential needed to generate 10 mA cm-2 

current densities can be lowered from 154 mV to 79 mV 
when catalyst loading is increased from 0.2-3 mg cm-2. 
These overpotentials at elevated loadings compare favor-
ably to other non-precious metal based electrocatalysts.16, 

53 Lower overpotentials have been achieved by mostly 
using self-supported materials as working electrodes, re-
sembling even higher catalyst loading than employed in 
Figure 4a. However, unlike the composites discussed 
here, some of the electrode materials also possess very 
low Tafel slopes, which are perhaps a better reflection of 
intrinsic catalytic activity of an active site.8, 54, 55 Future 
endeavors to prepare rationally designed composites of 
carbide and phosphide possessing lower Tafel slopes have 
the potential to drive the overpotentials even lower. 

The enhancement in catalytic activity of CPCs com-
pared to Mo2C, unsupported phosphides, TMP-MW, and 
physical mixtures can either be attributed to an increase 
in surface area, and thus the average number of active 
sites, or to the carbide-phosphide interaction and the 
presence of new and more active interfacial sites. The low 
ECSAs and high overpotentials for unsupported phos-
phides (Table 1) suggest that these agglomerate rapidly 
during annealing. Agglomeration can be prevented by 
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using a high surface area support such as MWCNT; this 
effect is apparent from the increased ECSA for CPCs, 
physical mixtures, and TMP-MW. However, while sup-
porting phosphides on MWCNT improves the activity and 
evidently prevents agglomeration (as is evident from a 
decrease in overpotential and an increase in ECSA, re-
spectively), the ECSA for TMP-MW are still much lower 
than those for CPCs and physical mixtures. Presence of 
carbide in the support matrix leads to increased ECSA, 
but an increase in ECSA alone does not necessarily lead to 
a decrease in overpotential or an increase in catalytic ac-
tivity. In fact, physical mixtures show poorer catalytic 
activities in comparison to CPCs despite their possessing 
higher ECSA. Thus, turn over frequency (TOF) was calcu-
lated to gain additional insight into the possible interfa-
cial active sites. 

In the absence of relevant information to characterize 
and quantify the nature and density of active sites in 
nanostructured heterogeneous catalysts, TOF calculations 
have to be limited to estimation. To determine TOF for 
electrocatalysts that contain Mo, previous reports have 
either considered every atom as an active site or consid-
ered only metal sites to be HER active.53, 56 All metal and 
nonmetal atoms were assumed to be active sites to plot 
TOF curves in Figure 4b (additional details in the sup-
porting information). As shown in Figure 4b and Table 2, 
composite catalysts have higher TOF than Mo2C at all 
relevant HER overpotentials.  

The TOFs for composites are also higher at relevant 
overpotentials than the other modified Mo2C catalysts 
such as S-decorated Mo2C reported by Tang et al.56 The 
actual TOF of composites are likely to be even higher be-
cause not all atoms are likely to be active sites. Measured 
ECSA most probably includes some contribution from 
carbon that does not necessarily take part in HER at the 
relevant overpotentials. The enhancements in TOF can 
also either be attributed to formation of more active car-
bide-phosphide interfacial sites or active sites from de-
posited phosphides intrinsically being more efficient than 

the carbide active sites. The composites have higher activ-
ity and TOF at similar loading and overpotentials than 
previously described unsupported phosphides.14, 57 Evi-
dently, the carbide-phosphide interaction is providing an 
enhancement in catalytic activity.  

Table 2. TOF (H2 s-1 per active site) at 200 mV overpoten-
tials, change in ECSA and HER overpotentials for 10 mA cm-2 
activity before and after CPE for 18 hours, and metal concen-
trations in spent electrolytes (M = Ni/Co/Fe for composites 
and Mo for Mo2C). 

 
Ni2P- 
Mo2C 

CoP-
Mo2C 

FeP-
Mo2C 

Mo2C 

TOF 2.78 1.61 1.30 0.43 

∆η (mV) 65 12 1 -8 

∆ECSA (%) 56 19 4 6 

[M] (ppm) 0.22 0.14 0.07 0.00 

 

3.4 Electrochemical stability. When the composite 
catalysts were evaluated using constant potential electrol-
ysis (CPE) to generate 10 mA cm-2 current densities, FeP-
Mo2C showed the optimal electrochemical stability fol-
lowed by CoP-MO2C (Figure S4). The HER stability trend 
for the composite catalysts in Figure 4c and summarized 
in Table 2 parallels the degree of lattice mismatch be-
tween phosphide and carbide (Table S4). FeP possesses 
two sets of planes with extremely low lattice mismatch 
(<0.2 %) with those in Mo2C. Similarly, CoP has just one 
set of lattice planes with extremely low mismatch and 
shows poorer stability than FeP-Mo2C, but it is more sta-
ble than Ni2P-Mo2C. Ni2P does not have any set of lattice 

Figure  4. (a) HER polarization curves for Ni2P-Mo2C catalyst in 0.5 M H2SO4. GCE is bare glassy carbon electrode and Pt/C is 30 
weight % Pt on carbon.  (b) Turn over frequency (TOF) plots of Mo2C (black); and FeP (orange), CoP (blue) and Ni2P (purple) 
loaded CPCs at 0.2 mg cm-2. (c) HER polarization curves for the composite catalysts collected after 0 hr (red), 6 hr (blue), 12 hour 
(green), 18 hr (orange) of constant potential electrolysis (CPE) at applied iR corrected potentials corresponding to 10 mA cm-2.  
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planes that have lower than 2.2 % mismatch with Mo2C 
lattice planes. The trend indicates that carbide-phosphide 
interaction is responsible for both activity enhancement 
and electrochemical stability. 

The changes in ECSA in Table 2 follow a similar trend, 
with minimal loss in ECSA over 18 h of CPE for FeP-Mo2C. 
The HER activity and ECSA losses in CoP-Mo2C and Ni2P-
Mo2C are unlikely due to the degradation of the carbide 
support, since unadulterated Mo2C shows minimal loss in 
ECSA. Mo is also not detected in the electrolyte after 18 
hours of our stability test. This indicates that Mo2C is ex-
tremely stable under HER electrocatalysis in acid, as we 
have previously reported.27 Post-CPE Mo concentrations, 
measured using ICP-OES for composites, are also similar 
to unadulterated Mo2C.  

CPE plots of MP-MW (Figure S5) and HER polarization 
curves at six hour intervals (Figure S6) further demon-
strate the utility of carbide-phosphide interaction in elec-
trochemical stability. While the electrochemical stabili-
ties of CPCs in Figure 4c show a trend paralleling the de-

gree of lattice mismatch all MP-MW degrade significantly 
under the applied electrochemical conditions in Figure 
S6.  

The activity losses in Table 2 can be attributed to either 
agglomeration of the nanoparticles during the course of 
18 hour CPE or dissolution of catalyst into the electrolyte. 
Large area EDS maps (Figure S7) before and after CPE 
tests do not indicate any agglomeration of carbide or 
phosphide during catalysis. However, ICP-OES measure-
ments for metal ions in the spent electrolyte in Table 2 
suggest that at least some of the activity loss is due to 
phosphide dissolution. Comparison of the Ni2P-Mo2C 
STEM-EDS maps in Figure 5 for fresh (b-d) and spent (f-
h) catalysts with corresponding TEM images (Figure S8) 
reveals that the population of relatively small nickel 
phosphide particles increases significantly after long-term 
electrocatalysis. As-prepared phosphide particles (Figure 
5d) are significantly more homogeneous than those after 
catalysis (Figure 5h). The spent catalyst contains a mix-

Figure 5. HAADF image and EDS maps of fresh (a-d) and spent (e-h) Ni2P-Mo2C. Nickel (green) and molybdenum (red) are 
overlaid in b and f. Particle size distribution of Ni2P in the composite catalyst corresponding to i) fresh catalyst with Ni2P depos-
ited on Mo2C j) fresh catalyst with Ni2P not directly deposited on Mo2C k) spent catalyst with Ni2P deposited on Mo2C and l) 
spent catalyst with Ni2P not directly deposited on Mo2C. Direct deposition implies overlap of Mo and Ni in EDS maps. 
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ture of larger phosphide particles (similar to the fresh 
catalyst) in addition to much smaller particles. 

As shown in Figure 5i-l, the average particle diameter of 
nickel phosphide associated with carbide in the fresh 
sample (i) was roughly the same in the spent catalyst (k), 
whereas the size of unassociated nickel phosphide parti-
cles (j) reduced significantly after testing (l). Similar com-
parison of CoP-Mo2C in Figure S9 for fresh (a-d) and 
spent (e-h) catalyst shows no apparent size reduction in 
phosphide particles while tubular geometry of FeP (Figure 
S10) structures prevents such analysis. Composite EDS 
maps (Figure S9b and S9f) of CoP-Mo2C for the two tran-
sition metals also show better overlap than the corre-
sponding maps for Ni2P-Mo2C (Figure 5b and 5f) with 
very little CoP unassociated with Mo2C. The lower ECSA 
and higher Tafel slopes for Ni2P-Mo2C in comparison to 
other CPCs in Table 1 suggest that higher lattice mis-
match between Ni2P and Mo2C leads to phosphide ag-
gregation during annealing. Better overlap of the CoP 
with carbide in comparison to Ni2P in as synthesized ma-
terials further emphasizes the utility of rational design of 
heterostructures based on lattice mismatch. The FeP crys-
tallites form long tubular structures with smaller particles 
dispersed throughout. It has previously been observed 
that incasing FeP in carbon shell prevents dissolution in 
acid electrolyte.58  While merely supporting FeP on 
MWCNT cannot prevent the electrochemical degradation 
(Figure S6c), formation of CPCs also prevent FeP dissolu-
tion and shows even longer term stability, as evident from 
Figure 4c, Figure S4c and Table 2.  

4. CONCLUSIONS  

In summary, unique carbide-phosphide nanocompo-
sites have been synthesized using a relatively simple and 
scalable sequential method combining carbothermic re-
duction and solvothermal decomposition. Carbide-
phosphide composites formed via solvothermal decompo-
sition of acac salts of Ni, Fe, and Co in the presence of 
nanocrystalline Mo2C can be rationally prepared to de-
velop active electrocatalysts. The bimetallic materials evi-
dently contain new active sites as reflected by higher 
TOF. In conjunction with ICP-OES measurements, we 
infer that carbide-phosphide interactions prevent dissolu-
tion of phosphide particles into the acid electrolyte. Addi-
tionally, a low degree of lattice mismatch is responsible 
for maintaining the carbide-phosphide particles intact, 
which improves long-term electrochemical stability. 
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