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ABSTRACT  

We report a simple, facile and safe route for preparation of Co-Co phosphide (Co/Co2P) 

nanoparticles and demonstrate their application as efficient low cost catalysts for electrochemical 

water splitting. The catalyst achieves good performance in catalyzing both the cathode and anode 

half-cell water splitting reactions in 1.0 M KOH, and the HER in an acidic electrolyte, 0.5 M 

H2SO4. For the OER in 1.0 M KOH, a current of 10 mA cm
-2 

was attained at 0.39 V 

overpotential on a glassy carbon electrode, while an overpotential of 0.19 V was attained at 50 

mA cm
-2

 when the catalyst was supported on nickel foam.  
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The conversion of electrical energy into portable gaseous or liquid fuels and chemicals, for 

example, by electrochemical water splitting to generate hydrogen and oxygen, is one of the most 

promising practical means to store energy from sources with intermittent intensity.
1,2

 However, 

the production of viable quantities of hydrogen at a meaningful rate through the electrolysis of 

water is extremely energy intensive mostly stemming from the high overpotential required to 

drive the oxygen evolution reaction (OER) at the anode.
3
 Moreover, the present state of the art 

catalysts for electrochemical water splitting, principally platinum group metals,
4
 are not only rare 

but also overly costly. Research efforts continue to unravel ever more promising low cost, non-

platinum group catalysts for electrochemical water splitting, mostly derived from earth abundant 

transition metals, typically Co, Fe, Mn and Ni based oxides or hydroxides for the OER,
5,6

 and 

binary or ternary compositions of Co, Fe, Mn, Mo, W, and Ni with non-metals, typically, (C, N, 

S, P, Se, B, etc, for both the hydrogen evolution reaction (HER) and OER.
7–10

 There are clear 

indications that the presence of non-metal and metalloid inclusions alters the surface electronic 

structure of the host metals and metal oxide or oxyhydroxides, leading to significant en-

hancement of their electrocatalytic ability, although the effects have not been exhaustively 

understood.
11,12

 Metal phosphides are particularly interesting since they are highly active in 

electrocatalyzing both the OER and the HER.
8,12–14

 However, the synthesis of metal phosphides 

presents challenges, particularly due to the fire hazardous nature of elemental phosphorous and 

some of its compounds.
12,15

 Owing to the growing importance of metal phosphides in 

electrocatalysis, the development of simple, safe and scalable methods for their synthesis is 

extremely important.  

We present a simple and safe method for the synthesis of cobalt-cobalt phosphide (Co/Co2P) 

nanoparticles by thermal decomposition of dichloro(triphenylphosphine) cobalt ((PPh3)2CoCl2) 
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under reductive conditions, and demonstrate their application as effective anode and cathode 

electrocatalysts for electrochemical water splitting under alkaline conditions, as well as very 

promising electrocatalysts for the HER under acidic conditions. When supported on nickel foam, 

the catalyst attains 50 mA cm
-2

 during OER at only 0.19 V overpotential, which is remarkable 

for a cobalt-based catalyst.  

A scheme depicting the synthesis of the Co/Co2P nanoparticles is shown in Figure 1a. Thermal 

gravimetric analysis (Fig. S1) revealed that Co(PPh3)2Cl2 begins to decompose at about 180 
o
C, 

losing 80.5 % of its weight at 263 
o
C to form cobalt and cobalt phosphide nanoparticles, which 

were retained in the quartz boat, and a volatile white by-product (triphenylphosphine, PPh3) 

which condensed right outside the heated zone of the CVD reactor. The identity of PPh3 was 

confirmed by MS (m/z at 262 ([M]
+
;100%); Fig.S2)) and NMR (

1
H, 

13
C and 

31
P) analysis 

(Figures S3, S4 and S5). PPh3 was recovered in pure form and can thus be used for further 

synthesis of Co(PPh3)2Cl2 by its treatment with cobalt (II) chloride in alcohols or glacial acetic 

acid. Elemental analysis revealed that the product contained Co and P (Fig. 1b), with 

adventitious C and O (Fig. 2b). Carbon is expected to arise from Co catalyzed thermal 

degradation of the organic moieties of Co(PPh3)2Cl2 while O is due to exposure of the product to 

air. The SEM micrograph in Figure 1b shows the microstructure of Co/Co2P with the elemental 

composition in the overlaid EDX spectrum. Elemental EDX mapping reveals spatial overlap of 

the intensities of Co and P (Fig.1c-e) as would be expected of cobalt phosphide. XRD analysis of 

the product (Fig. 2a), revealed reflections which could be indexed to Co2P (ICCD ref: 03-065-

2380) as well as metallic cobalt (ICDD: 00-001-1255), indicating that the product comprised of 

Co2P and Co nanoparticles. The equation 

(PPh3)2CoCl2 → PPh3 + Co/Co2P + 2HCl(g) 
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is proposed to represent the thermal decomposition of (PPh3)2CoCl2 under synthesis conditions. 

 

 

Figure 1. (a) Schematic representation of the synthesis of Co/Co2P by thermal decomposition of 

Co(PPh3)2Cl2 under reductive conditions, (b) representative SEM image of Co/Co2P with an 

overlaid EDX spectrum, (c) region used for elemental mapping of Co (d) and P (e).  

The chemical state of cobalt, phosphorus and oxygen in Co/Co2P was probed by XPS to get 

insight in the structure-function correlation of the catalyst. The main peak of the Co 2p3/2 region 

is at 778 eV, similar to elemental cobalt and metal phosphides (Co2P and CoP).
16,17

 The 

Isatellite:Icore-line ratio is 2.3, which perfectly fits to Co2P,
16

 consistent with the XRD results. The P 

2p core level region was deconvoluted by two doublets, a sharp one with P 2p3/2 at 130.0 eV and 
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less intense and broad one with P 2p3/2 at 132.8 eV. The former matches both Co2P and CoP 

within error of energy calibration,
16,18

 while the latter can be ascribed to triphenylphosphine.
19

 

The presence of PPh3 in the fresh sample is also obvious from the C 1s spectrum, where a 

distinctive π → π* transition, typical of sp
2
 hybridized organic molecules is observed (Figure 

S6).
 

The synthesis yielded nanoparticles of cobalt, cobalt phosphide and trace 

triphenylphosphine.  
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Figure 2. (a) X-ray diffraction pattern of Co/Co2P, (b) XPS survey spectrum of Co/Co2P with 

the inset showing an enlarged view of the phosphorus region, (c) high resolution Co 2p core 

level spectrum of Co/Co2P before (fresh) and after electrochemical activation (activated), (d) 

high resolution P 2p core level spectra of Co/Co2P before and after electrochemical activation. 

 

Figure 3. (a) Activation of Co/Co2P by continuous potential cycling between 1.0 V and 1.58 V 

at 100 mV s
−1

 in 1.0 M KOH. (b) Linear sweep voltammograms (LSVs) of Co/Co2P in 1.0 M 
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KOH juxtaposed with electrodeposited Co(OH)2 and Co3O4, recorded under similar conditions; 

Inset is showing the corresponding afel plot. (c) LSVs showing the OER activity of Co/Co2P 

supported on nickel foam (NF) (Co/Co2P@NF) by drop coating compared with the OER activity 

of pure NF, (d) LSVs showing the HER activity of Co/Co2P and Pt in 1.0 M KOH (inset is 

showing the corresponding Tafel plot) and (e) in 0.5 M H2SO4. (f) Chronopotentiometric curves 

showing the stability of Co/Co2P supported on glassy carbon during OER and HER at a current 

density of 10 mA cm
-2

. All the LSVs were recorded at a scan rate of 5 mV s
-1

 with electrode 

rotation at 1600 rpm to prevent the accumulation of gas bubbles. 

The surface ratio of P:Co decreased from 0.75 in the non-activated sample to 0.15 in the 

electrochemically activated sample, and the dominant P 2p3/2 peak initially at 130.1 eV 

completely vanished. Only the broad less intense doublet with P 2p3/2 at 133.3 eV (Fig. 2d) 

characteristic of phosphates and pyrophosphates was observed. The OER principally takes place 

on a surface oxide/hydroxide layer, which for metallic species is formed prior to oxygen 

evolution, as demonstrated in Fig. 3a. HRTEM analysis of a Ni2P OER catalyst after 

electrochemical pretreatment disclosed a core-shell (Ni2P/NiOx) structure, where phosphorus was 

concentrated in the core and oxygen was concentrated on the surface.
13

 In the present study, not 

only cobalt but also surface P was oxidized under OER conditions. These observations support 

the prevalence of a core-shell (Co/Co2P@CoOx)–type structure proposed previously for metallic 

phosphides under OER conditions.
6,8,13,20

 In this configuration, the metal oxide/hydroxide layer 

is the active electrocatalytic layer for the OER while the metal phosphide core is believed to act 

as a reservoir to stabilize reaction intermediates and as an electron conduit to promote facile 

charge transfer. 
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The electrochemical performance of Co/Co2P towards water splitting, both OER and HER, 

was evaluated in 1.0 M KOH. Before collecting any data, the electrode was first subjected to 

continuous potential cycling in the potential window of interest until reproducible 

voltammograms were obtained. Figure 3a shows the evolution of the surface properties of 

Co/Co2P with potential cycling at 100 mV s
-1

. The sample undergoes irreversible oxidation 

during the first anodic scan due to formation of a surface oxide, followed by a gradual increase 

of the oxide film in the subsequent scans as manifested by the progressive increase of the anodic 

and cathodic peak currents at about 1.3 V and 1.2 V, respectively, ascribed to the redox reaction 

CoO + OH
-
 ↔ CoOOH + e

-
.
21

  

In a previous study, a lower intensity of the redox peaks after the first cycle was attributed to 

loss of the catalyst from the electrode, which was observed by means of a quartz crystal 

microbalance.
22

 In principle, catalyst loss by physical detachment should be accompanied by 

decrease of the capacitive current. However, we observe the opposite effect, which further 

confirms that catalyst detachment does not suffice to account for the drop in intensity of the 

metal oxidation wave after the first cycle. Whereas we cannot completely rule out the likelihood 

that a similar scenario may partly account for the diminishment in the intensity of the oxidation 

peak after the first scan cycle, the fact that the intensities of both the oxidation and reduction 

waves continue to grow steadily from the second cycle onwards clearly supports the progressive 

growth of an oxide/hydroxide layer.  

The activity of Co/Co2P towards OER is shown in Figure 3b in the form of linear sweep 

voltammograms (LSV), corrected for the electrolyte resistance, along with results for Co3O4 

(Sigma-Aldrich) electrodeposited cobalt hydroxide (Co(OH)2) for the purpose of comparison. 

Co/Co2P attained a current density of 10 mA cm
-2

 at 1.62 V vs. RHE, lower than Co(OH)2 and 
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Co3O4 which attained the same current at 1.66 and 1.68 V vs. RHE, respectively (for further 

comparison see figure S7). This performance is comparable to recently reported performance of 

binary and ternary cobalt based catalysts incorporating a metalloid element or non-metal.
20

 

Nickel foam is increasingly used as a 3D-catalyst support owing to its high surface area and 

complimentary catalysis, leading to very high current densities at low overpotentials.
23,24

 

Co/Co2P achieved 50 mA cm
-2

 at 1.42 V vs. RHE when supported on nickel foam (Fig. 3c). This 

performance matches that of state-of-the art nickel and cobalt based catalysts directly grown or 

supported on nickel foam.
24,25

 A recent study by Dong et al.,
25

 reported a binary Ni-Fe sulphide 

catalyst supported on nickel foam where a current density of 100 mA cm
-2

 was achieved at only 

0.189 V overpotential. Meanwhile, Li and Zhao,
23

 reported an iron doped nickel phosphate 

catalyst supported on nickel foam which achieved 500 mA cm
-2

 at an overpotential of 0.290 V in 

1.0 M KOH. A detailed comparison of the performance of Co/Co2P in relation to state-of the art 

OER catalysts is presented in table S1.  

The outstanding performance of Co/Co2P when supported on nickel foam warrants in-detail 

discussion. As can be seen from Fig. 3a, the oxidation of cobalt, Co
2+

 → Co
3+/4+ 

commences at 

about 1.2 V with a peak at about 1.3 V, earlier than the oxidation of nickel, Ni
2+
→ Ni

3+/4+
 which 

has a peak between 1.4 and 1.5 V (Fig. 3c). When Co/Co2P was supported on nickel foam (Fig. 

3c), the potential for Co
2+

 to Co
3+/4+

 oxidation was essentially similar to that on glassy carbon. 

However, the Ni
2+

 → Ni
3+

 oxidation wave which is obvious on bare nickel foam (Fig. 3c) is 

indiscernible on Co/Co2P@NF. On the one hand, this indicates that nickel foam was almost fully 

covered by Co/Co2P thus preventing the observation of the Ni
2+

 → Ni
3+

 fingerprint. On the other 

hand, synergistic interaction between two cations in metal hydroxides has been observed to cause 

a substantial shift on the potential for oxidation of the cations.
22,26

 In a systematic study by 
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Enman et al.,
27

 on the role of externally added cations on the OER activity of nickel 

(oxy)hydroxide, it was observed that some cations shift the Ni
2+

/Ni
3+

 peaks to higher potentials 

while others shift them to lower potentials, although no direct correlation was found between the 

Ni
2+

/Ni
3+

 redox potential and the measured OER activity. From Fig. 3c, it is therefore reasonable 

to conclude that the wave for Ni
2+

 → Ni
3+ 

oxidation is merged with that for Co
2+

 →  Co
3+

/Co
4+

 

oxidation, and with that for oxygen evolution. In addition to the high surface area of nickel foam, 

which we attribute to be primarily responsible for the enormous increase in the activity of 

Co/Co2P@NF to high catalyst dispersion and enhanced mass transport through the porous 

network, synergetic interaction of activated Co/Co2P and nickel can also contribute to activity 

enhancement. To illuminate on this supposition, we compared the OER activity of Co/Co2P 

supported on a glassy carbon RDE electrode, and on a bulk nickel RDE electrode (Fig. S8). By 

employing Ni as the support, the potential at a current density of 10 mA cm
-2

 decreased from 

1.62 V to 1.59 V, indicating clear existence of a synergetic effect. Activity enhancement of 

transition metal based OER catalysts can potentially accrue from the presence of Fe impurities, 

either in the electrolyte or in the catalyst.
22,26

 In this study, Fe impurities, if any, did not 

pronouncedly affect the OER activity of Co/Co2P@NF. If this was not the case, we would expect 

the OER activity of Ni-foam alone to be comparable to that of Co/Co2P@NF. 

The turn-over frequency (TOF) of O2 evolution by Co/Co2P and Co3O4 was determined to 

evaluate whether the presence of P imparts a unique effect on the electrocatalytic behavior of 

Co/Co2P in contrast to its Co(OH)2 and Co3O4 counter parts. The TOF at 1.65 V was 0.11 s
-1

 and 

0.04 s
-1

, respectively, for Co/Co2P and CO3O4, calculated using the equation: TOF = i(A)/4eN, 

where N is the estimated number of atoms that participate in the reaction, e the electronic charge 

and i the current, and assuming that all the atoms loaded on the electrode participate in the 
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reaction. The obtained TOF of Co3O4 compares very well to reports of the TOF of cobalt based 

catalysts for OER, for example, Co3O4 (0.08 s
-1

), Co (0.04 s
-1

), and CoO (0.04 s
-1

) nanoparticles, 

and related cobalt and nickel catalysts.
28–30

 The results thus indicate that each active site of 

Co/Co2P is potently more active than that of Co3O4 evaluated under similar conditions. Since 

TOF is an intensive catalytic parameter, independent of surface area effects, one would expect 

the TOF of Co/CoP, Co3O4 and electrodeposited Co(OH)2 to be within a similar range if 

phosphorus only played a passive role in Co/Co2P. The fact that the TOF of Co/Co2P is 

substantially higher than for Co(OH)2 and Co3O4 strongly suggests that P most likely plays a 

crucial role in promoting the OER activity of Co/Co2P. Evidently, the interaction of P with Co is 

expected to alter the surface electronic structure of Co and thus its surface reactivity.
31

 The Tafel 

slope of Co/Co2P during OER (Figure 3b inset) was 59.8 mV/dec, substantially lower than that 

for Co3O4 (78.9 mV/dec), and fits well to the theoretical value of 2.303RT/αF (where F is the 

Faraday constant, T is the absolute temperature, R is the universal gas constant and α is transfer 

coefficient), ascribed to the first electron transfer step being limiting.
32

 By contrast, both 

chemical and electron transfer steps are apparently decisive on the kinetics of the OER on Co3O4, 

the Tafel slope of the OER on Co(OH)2, 48.4 mV/dec, indicating that the first electron transfer 

step on this catalyst is kinetically faster than on Co/Co2P. However, the fact that the 

overpotential of the OER was comparatively lower on Co/Co2P compared to Co(OH)2, implies 

that the overall kinetics of the OER was faster on the former. The Faradaic efficiency of the 

Co/Co2P catalyst for the OER was determined by means of RRDE measurements to be 

98.9±3.8 % (for detailed information see the SI). 

To shed further light on the state of the catalyst under OER reaction conditions, post-mortem 

analysis of a film of the catalyst deposited on a clean piece of carbon paper and subjected to 
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electrochemical conditioning (50 CVs between 1.0 and 1.65 V), followed by polarization at 10 

mA cm
-2

 for 300 s was analyzed by XPS. The features of the Co 2p region of the 

electrochemically activated sample (Fig. 2c) fit a Co3O4-like surface structure,
13

 indicating that 

the surface of the catalyst was covered with oxide/hydroxide species after the electrochemical 

activation process.  

Further post-mortem analysis of the catalyst was performed by transmission electron 

microscopy (TEM) with an integrated EDX detector. Figure 4 shows a representative scanning 

TEM (STEM) image of an electrochemically activated Co/Co2P particle with corresponding 

EDX intensity maps showing the distribution of Co, P and O in the catalyst. A clear contrast of 

two morphologies on an individual particle can be seen in the STEM image in Fig. 4a. The EDX 

intensities maps of Co, P, and O show evidence of a core@shell (Co2P@CoOx) structure after 

electrochemical activation of Co/Co2P, which contrasts the image before the activation (Fig. S9). 

The HRTEM image in Fig. 4b shows crystalline domains at the center and a less crystalline 

domain at the periphery. In addition, the atomic columns of the crystalline domain are depicted 

in Fig. 4c.  
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Figure 4. Post-mortem TEM analysis of electrochemically activated Co/Co2P: (a) High 

resolution scanning transmission electron microscopy (STEM) image EDX intensity maps 

showing the distribution of Co, P and O (scale bar represents 200 nm), (b) HRTEM image of 

Co/Co2P, (c) atomic scale HRTEM image taken from the crystalline domain at the center of a 

Co/Co2P particle, (d) selected area electron diffraction (SAED) pattern taken from the center of a 

Co/Co2P particle.   

Selected area electron (SAED) disclosed that the core of the particles was highly crystalline 

(Fig. 4d), while the rim is less crystalline. Notably, the results show that phosphorus remains a 
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part of the activated catalyst. The bulk Co:P ratio determined by TEM/EDX in the activated 

catalyst was 1.69, essentially similar to that of the non-activated catalyst, with a Co:P ratio of 

1.73 (see Fig. S10 and S11).  

The potential of Co/Co2P to catalyze the HER was investigated under both alkaline and acidic 

conditions and the results are presented in Figures 3d and 3e, respectively, and compared with Pt. 

Co/Co2P attained a current density of 10 mA cm
-2

 at overpotentials of 0.295 V in KOH and 

0.186 V in H2SO4, which are 0.150 V and 0.168 V higher than on Pt in the respective 

electrolytes. The Tafel slopes for the HER were 80 mV/dec for Co/Co2P and 28.7 mV/dec for Pt 

in KOH, and 156 mV/dec for Co/Co2P and 56.7 mV/dec for Pt in H2SO4. Thus, under alkaline 

conditions, the HER on Co/Co2P appears to be controlled by a mixed Volmer-Heyrovsky 

mechanism, while the Volmer mechanism appears to be dominant under acidic conditions. In 

contrast, the HER on Pt was governed by the Tafel mechanism under alkaline conditions and 

mainly by the Heyrovsky mechanism under acidic conditions in agreement with the literature.
25

  

The long-term performance of the catalyst was evaluated independently for the OER and HER 

in 1.0 M KOH at an absolute current density of 10 mA cm
-2

 (Fig. 3f). During the durability 

measurements, the electrode was maintained at a rotation speed of 1600 rpm to avoid the 

accumulation of gas bubbles on the electrode surface. The catalyst maintained a very stable 

performance for at least 30 h during both HER and OER without any indication of activity 

degradation.  

 In conclusion, a simple, safe and facile method for synthesis of cobalt phosphide 

nanoparticles, as low cost catalyst for electrochemical water splitting is reported. The synthesis 

involved reductive thermal treatment of dichloro(triphenylphosphine)cobalt (PPh3)2CoCl2) in a 

N2 atmosphere containing 10 % H2. The developed material achieves excellent catalysis of water 
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splitting, at both the anode and cathode under alkaline conditions, as well as very promising 

electrocatalysis of the HER under acidic conditions. When supported on nickel foam, the catalyst 

achieves a current density of 50 mA cm
-2

 at overpotential of only 0.19 V during the OER, which 

is remarkable for a non-platinum group catalyst. Under OER conditions, the surface of the 

catalyst is oxidized to form a surface oxide/oxyhydroxide layer, which is the active layer upon 

which the OER proceeds. The catalyst sustained stable performance at a current of 10 mA cm
-2

 

for at least 30 h, for both the cathode and anode half-cell reactions thus manifesting its potential 

to endure stable performance under practical conditions.  
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