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Abstract: The development of low cost, earth-abundant and efficient catalysts for overall 

water splitting, involving hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER), attracts tremendous attention in recent years. Herein, this work reports the preparation 

of Mn-Co phosphide (Mn-Co-P) bifunctional catalysts with a yolk-shell structure by a facile 

hydrothermal route. The as-prepared catalysts exhibit excellent catalytic activity with low 

overpotentials of 66 mV at 10 mA cm
-2

 for HER and 355 mV at 50 mA cm
-2

 for OER in 1 M 

KOH, along with outstanding stability. More importantly, the cell voltage of 1.74 V can 

achieve the current density of 10 mA cm
-2

 when assembled as an electrolyzer for overall 

water splitting. Such superior performance makes the Mn-Co-P being a promising candidate 

to replace Pt-based noble metal catalysts for electrocatalytic applications.  

 

1. Introduction 

The excessive usage of fossil fuels results in inevitably energy crisis and environmental 

pollution.
[1]

 Nowadays, searching for clean and renewable energy has been urgent.
[2-4]

 With 

the merits of cleanliness and reproducibility, hydrogen energy has been proposed as a 

promising alternative to fossil fuels.
[5-7]

 Currently, electrocatalytic water splitting is 

considered as a facile and efficient way to produce hydrogen.
[8]

 However, the slow kinetics of 

two half reactions (HER and OER) restrict the efficiency of overall water splitting.
[9-12]

 

Precious metal-containing compounds, such as Pt and IrO2/RuO2, are the state-of-the-art 

catalysts for HER and OER, respectively.
[13-15]

 However, their high cost and scarcity severely 
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limit their practical application.
[16-22]

 Hence, developing low-cost, earth-abundant and 

efficient non-noble metal catalysts for both HER and OER in alkaline media is urgent yet 

challenging.
[16,23-27] 

 

Transition metal phosphides have emerged as the highly active catalysts for HER due to 

similar structure of hydrogenase and high durability.
[28,29]

 Moreover, transition metal 

phosphides also have been confirmed to have good OER activity recently.
[30,31]

 Jiao et al. 

reported that CoP/rGO displayed excellent catalytic activity towards overall water splitting in 

alkaline solution.
[32]

 Song et al. demonstrated that Cu0.3Co2.7P/NC exhibited prominent OER 

and HER activity with small overpotentials.
[33]

 Furthermore, compared with binary transition 

metal phosphides, ternary materials exhibit better catalytic activity and afford lower 

overpotential.
[34]

 With the consideration of these, we have synthesized the yolk-shell 

structured Mn-Co-P bifunctional catalysts by a facile method for overall water splitting 

applications. As a novel material, this core-shell structure has been widely used in electronic 

and catalytic fields owing to high specific surface area and favorable surface activity.
[35]

 

However, the rational design of yolk-shell structures as efficient bifunctional catalysts has 

rarely been reported.
[28]

 More importantly, the as-prepared Mn-Co-P yolk-shell catalysts 

exhibit satisfactory performance toward HER and OER, as well as good stability in 1 M KOH.  

 

2. Results and discussion 

2.1. Structural characterization 

The synthesis of Mn-Co-P is illustrated in Scheme S1. The Mn-Co precursor was 

prepared by hydrothermal method (Figure S1). Then, the Mn-Co-P product was obtained by 

the thermal phosphidation of as-prepared Mn-Co precursor. As we can see from Figure 1a, 

all the diffraction peaks are indexed to the phases of MnCoP (JCPDS no. 41-0809) and CoP 

(JCPDS no. 29-0497), respectively.
[36]

 XPS was further measured to study the chemical states 

of the yolk-shell structured Mn-Co-P. For Mn 2p spectrum (Figure 1b), a spin-orbit doublet 

of Mn 2p1/2 and Mn 2p3/2 located at 654.1 and 641.8 eV can be fitted into both Mn
2+

 and Mn
3+
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while the peak with binding energy of 645.7 eV is indexed to satellite peak (indicated as 

ñsat.ò).
[26,37]

 In the spectrum of Co 2p (Figure 1c), two satellite peaks close to two spin-orbit 

doublets at 796.5 and 781 eV correspond to the Co 2p1/2 and Co 2p3/2,
[26,38]

 respectively. In 

detail, the peaks positioned at 780.8 and 796.4 eV show the existence of Co
3+

 while the peaks 

at 782.9 eV and 799 eV are typically ascribed to Co
2+

. In the P 2p spectrum (Figure 1d), the 

peak at 130.4 eV is assigned to metal phosphides, the peak at 133.5 eV is originated from the 

oxidized P species.
[39]

  

 

Figure 1. (a) XRD patterns of Mn-Co precursor and Mn-Co-P. (b) Mn 2p, (c) Co 2p, and (d) 

P 2p XPS spectra of Mn-Co-P.  

The scanning electron microscopy (SEM) and high-resolution transmission electron 

microscopy (HRTEM) were employed to observe the morphologies of the as-synthesized Mn-

Co-P samples. As shown in Figure 2a and 2b, Mn-Co-P is composed of yolk-shell structured 

spheres with size of about 5 ɛm in diameter. Energy dispersive spectrometer (EDS) spectrum 

supports that yolk and shell share identical elemental composition (Figure S2). Additionally, 

elemental mapping analysis confirms uniform distribution of Mn, Co and P elements (Figure 

2c). The influence of reaction temperatures on the morphologies and phase composition of 

Mn-Co-P spheres was further studied (Figure S3, S4 and S5). It is noted that there are no 
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significant differences in phase composition for Mn-Co-P calcined at different temperatures. 

However, the samples synthesized at 350 °C compose of broken spheres whereas the one 

synthesized at high temperature (450 °C) tend to aggregate, suggesting that 400 °C is the 

optimal calcination temperature in our system. From HRTEM (Figure 2d), the lattice 

spacings of 0.224 and 0.283 nm correspond to the (112) plane of MnCoP and the (011) plane 

of CoP, respectively, further demonstrating the successful preparation of Mn-Co-P spheres 

with yolk-shell structure.  

 

Figure 2. (a,b) SEM, (c) Elemental mapping and (d) High-resolution TEM images of the Mn-

Co-P spheres.  

2.2. Electrocatalytic performance toward HER 

To investigate the HER performance of Mn-Co precursor and Mn-Co-P, linear sweep 

voltammetry (LSV) curves are tested at a scan rate of 5 mV s
-1

. Owing to the optimal 

phosphidation temperature, the Mn-Co-P catalysts obtained at 400 °C show the best catalytic 

performance, in accordance with SEM observations (Figure S6). As shown in Figure 3a, the 

Mn-Co-P catalysts exhibit excellent catalytic activity with a small overpotential of 66 mV at 

10 mA cm
-2

, which is lower than Mn-Co precursor (294 mV). Furthermore, this performance 

is also comparable to or even better than that of other recently reported catalysts (Table S1), 
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such as CoP NW/Hb (113mV at 10 mA cm
-2

), CoP/CC (115 mV at 1 mA cm
-2

) and CoS2 

NA/Ti (140 mV at 10 mA cm
-2

).
[17,23,22]

 The electrocatalytic kinetics of Mn-Co precursor and 

Mn-Co-P are evaluated using Tafel plots where the Tafel slope of Mn-Co-P (82 mV dec
-1

) is 

much smaller than that of Mn-Co precursor (157 mV dec
-1

), indicating a fast HER kinetics 

(Figure 3b). To estimate the electrochemically active surface area (ECSA) and understand the 

contribution of active site to HER performance, we further evaluate the double layer 

capacitances (Cdl) by a simple cyclic voltammetry method (Figure 3c, S7a and S7c). Clearly, 

the Mn-Co-P has a much higher Cdl (60.1 mF cm
-2

) than that of Mn-Co precursor (14.5 mF 

cm
-2

), thus resulting in a significant improved catalytic activity. Moreover, the normalized 

polarization curves (Figure S8) suggest the superior intrinsic activity of Mn-Co-P, which 

could be due to enhanced electrical conductivity (Figure S9). Besides, the Mn-Co-P catalysts 

display 91% of its initial activity retention after 24 h continuous operation at 10 mA cm
-2

 

(Figure 3d). In addition, the polarization curves in Figure S10a show slight deviation 

compared with the initial one after 5000 cycles, again suggesting excellent durability toward 

HER. We further perform the post-cycled SEM (Figure S11a), TEM (Figure S12a), XRD 

(Figure S13) and XPS (Figure S14a-c) characterizations, where no significant changes are 

found after HER.  
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Figure 3. Electrochemical HER activity of Mn-Co-P and Mn-Co precursor:  (a) iR-corrected 

polarization curves (b) Corresponding Tafel plots, (c) Scan rate dependence on current density 

difference and (d) Chronopotentiometric curve at a constant current density of 10 mA cm
-2

 for 

24 h. 

2.3. Electrocatalytic performance toward OER 

The OER electrocatalytic performance of as-prepared Mn-Co-P and Mn-Co precursor 

was also investigated. The similar result was obtained where the Mn-Co-P catalysts prepared 

at 400 °C displayed the superior OER performance (Figure S15). From Figure 4a, it can be 

found that the Mn-Co-P catalysts require a much lower overpotential of 355 mV to deliver the 

current density of 50 mA cm
-2

 compared to Mn-Co precursor (523 mV), which is also 

superior to that of commercial RuO2 (380 mV at 50 mV cm
-2

), CoP NR/C (320 mV at 10 mA 

cm
-2

), and NiCo LDH (367 mV at 40 mA cm
-2

) (see Table S2 for details).
[40,41]

 The Tafel 

slopes of Mn-Co-P, RuO2 and Mn-Co precursor are 58, 88 and 191mV dec
-1

, respectively 

(Figure 4b), suggesting that the Mn-Co-P catalysts have the fastest OER kinetics. Figure 4c 

compares the Cdl calculated from Figure S7b and S7d of Mn-Co precursor and Mn-Co-P. In 

good agreement with better OER activity, the Mn-Co-P catalysts show a larger Cdl (14.6 mF 

cm
-2

), nearly 1.5 times as that of Mn-Co precursor (9.9 mF cm
-2

), indicating a higher surface 

active area and more exposed active sites. Moreover, the Mn-Co-P electrode shows a 

negligible decrease at 10 mA cm
-2

 after 24 h continuous operation (Figure 4d). And the 

polarization curve, morphology and structure after 5000 cycles shows no significant change 

(Figure S10b, S11b, S12b and S13), implying the outstanding stability. The XPS 

characterizations of post-cycled catalysts clearly suggest that Mn
2+

 and Co
2+

 were oxidized to 

Mn
3+

 and Co
3+

 (Figure S14d-f), showing the formation of metal oxides that are the real active 

species for OER on the surface.
[42]   
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Figure 4. Electrochemical OER activity of Mn-Co-P and Mn-Co precursor: (a) iR-corrected 

polarization curves, (b) Corresponding Tafel plots, (c) Estimated values of double layer 

capacitance and (d) Chronopotentiometric curve at a constant current density of 10 mA cm
-2

 

for 24 h.  

2.4. Overall electrochemical water splitting 

 

 

Figure 5. (a) Polarization curves and (b) Chronopotentiometric curve at 10 mA cm
-2

 for 24 h 

of Mn-Co-P||Mn-Co-P electrolyzer for overall water splitting.  

Encouraged by the impressive performance of Mn-Co-P catalysts toward both HER and 

OER, we further investigate the activity of overall water splitting by using Mn-Co-P as both 

the cathode and anode. As presented in Figure 5a, this Mn-Co-P pair affords the current 

density of 10 mA cm
-2

 at the voltages of 1.74 V. Although this value is a little higher than that 

of Pt/C||RuO2 (1.55 V), it also compares to some materials reported, such as Mn-Co 
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LDH/graphene (~1.7 V at 10 mA cm
-2

), Cu0.3Co2.7P/NC (1.74 V at 10 mA cm
-2

) and 

Co@Co3O4-NC (2 V at 10 mA cm
-2

) (also see Table S3).
[33,43,44]

 The durability test indicates 

that the current density barely changes even after 24 h, indicating that the Mn-Co-P||Mn-Co-P 

electrolyzer possesses exceptional stability toward overall water splitting (Figure 5b). Such 

superior electrocatalytic activity can be attributed to the following aspects: (1) Unique yolk-

shell structure not only increases the effective contact area between catalyst and electrolyte 

and enables more active sites to be exposed, but also facilitates the charge transfer, thus 

promoting the electrocatalytic performance;
[30,45]

 (2) The buffer between yolk and shell avoids 

structural collapse during electrocatalysis process;
[46]

 (3) The synergistic effect of Mn and Co 

improves the catalytic activity and stability.
[16]

 The presence of Mn in close proximity to Co 

could lower the activation barrier needed for the formation of intermediates whereas the 

presence of Co might also improve the stability of Mn.
[47]

 

     

3. Conclusion 

In this work, we have synthesized the yolk-shell structured Mn-Co-P bifunctional 

catalysts for water splitting electrocatalysis. Owing to the unique yolk-shell structure and 

synergistic effect between Mn and Co, the optimized Mn-Co-P catalysts exhibit outstanding 

performance toward both HER and OER. More importantly, a low cell voltage of 1.74 V is 

needed to achieve a current density of 10 mA cm
-2

 when Mn-Co-P is employed for overall 

water splitting. Our work not only establishes a yolk-shell structured Mn-Co-P as HER/OER 

bifunctional catalyst towards overall water splitting, but also provides a fabrication procedure 

that can be extended to other ternary transition metal phosphides. 

 

4. Experimental Section 

Materials synthesis: In a typical synthesis process, manganese acetate tetrahydrate (0.25 

mmol, Mn(CH3COO)2·4H2O), cobalt nitrate hexahydrate (0.5 mmol, Co(NO3)2·6H2O) and 

urea (8 mmol) were dissolved in ethylene glycol (15 mL). After continuous magnetic stirring 
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for 30 min, the solution was transferred into a Teflon-lined stainless-steel autoclave and kept 

at 180 °C for 8 h. After cooling down to room temperature, the purple Mn-Co precursor 

powder was collected by centrifugation and then washed by deionized water and ethanol for 

several times, followed by being dried at 60 °C. Finally, the precursor was annealed in a 

quartz furnace under flowing Ar with heating rate of 2 °C min
-1

 at 400 °C for 2 h to obtain the 

black Mn-Co-P products. 

Material characterization: The morphologies were observed by scanning electron microscopy 

(SEM, ZEISS Sigma) and transmission electron microscopy (TEM, PEI Tecnai F30) equipped 

with energy dispersive spectrometer (EDS). Powder X-ray diffraction (XRD) patterns were 

recorded using a Rigaku X-ray diffractometer. X-ray photoelectron spectroscopy (XPS) was 

performed to investigate the chemical composition using a PHI Quantum-2000 spectrometer. 

Electrochemical measurements: The electrocatalytic activity was evaluated with a typical 

three-electrode setup in 1 M KOH where a saturated calomel electrode (SCE) and a graphite 

electrode were used as the reference electrode and counter electrode, respectively. The Mn-

Co-P power (2 mg) was dispersed in 100 ɛL solution containing deionized water (30 ɛL), 

ethanol (50 ɛL) and Nafion solution (0.5 wt.%, 20 ɛL), and then vibrated with ultrasonic for 

10 min to get homogenous suspension. Afterwards, the homogenous suspension was coated 

onto conducting carbon paper (CP, 1 cm × 1 cm) and dried under ambient temperature. The 

catalyst loading amount is about 1.7 mg cm
-2

. All the potentials were referred to a reversible 

hydrogen electrode (RHE) based on the conversion equation (ERHE = ESCE + 0.0591 × pH + 

0.2415). 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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