
1

Electronic Supplementary Information (ESI)

Confined Bimetallic Phosphide within P, N Co-doped Carbon Layers 

towards Boosted Bifunctional Oxygen Catalysis

Shuang Yang, Qun He, Changda Wang, Hongliang Jiang,* Chuanqiang Wu, Youkui Zhang, Teng Zhou, 
Yu Zhou, Li Song*

 National Synchrotron Radiation Lab, CAS Center for Excellence in Nanoscience, 

University of Science and Technology of China, Hefei, Anhui 230029, China.

*E-mail: jhlworld@ustc.edu.cn; song2012@ustc.edu.cn

‡S. Yang and Q. He contributed equally to this work

Fig. S1 XRD patterns of control samples CMP@PC, MP@PNC and CP@PNC.
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Fig. S2 (a) TEM image and (b) magnified TEM image of CMP@PNC.

Fig. S3 HRTEM image of CMP@PNC.

Fig. S4 (a) SEM image and (b) magnified SEM image of CMP@PNC.
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Fig. S5 SEM images of (a) CMP@PC, (b) PNC, (c) CP@PNC, (d) MP@PNC.

Fig. S6 TEM images of (a) CMP@PC, (b) PNC, (c) CP@PNC, (d) MP@PNC.
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Fig. S7 EDX spectrum coupled with TEM for CMP@PNC.

Fig. S8 EDX spectrum coupled with SEM for CP@PNC.

Fig. S9 EDX spectrum coupled with SEM for MP@PNC.

It can be identified from the EDX spectrum that Mn, Co, P, C, N, O coexisted in 

CMP@PNC (Fig. S7, signal of Cu came from the test substrate), and the content of C 

dominated in this hybrid. The EDX spectra of control samples show that Mn, P, N, C, 

O coexisted in MP@PNC (Fig. S9) and Co, P, C, N, O coexisted in CP@PNC (Fig. S8), 

signals of Pt and Si came from the test substrates.



5

Fig. S10 XPS fitting spectrum of C 1s of CMP@PNC.

Fig. S11 Raman spectra of rGO and P, N co-doped carbon.

the Raman spectra of PNC and initial carbon template GO show two splitted D-band 

(1337 cm-1) and G-band (1579 cm-1), the increased intensity ratio (ID/IG) of D- and G- 

band of PNC (0.99) indicates more defects than that of GO (0.91).1,2

Fig. S12 XPS fitting spectrum of N 1s of CMP@PNC
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Fig. S13 XPS spectrums of MP@PNC. (a) survey spectrum; (b) spectrum of Co 2p; (c) 

spectrum of P 2p; (d) spectrum of N 1s; (e) spctrum of C 1s; (f) spectrum of O 1s.

It can be seen that Mn, P, C, N, O existed in MP@PNC (Fig. S13a), which is in line with 

the EDX spectrum result of MP@PNC (Fig. S9). Combining with XRD pattern, TEM and 

SEM images (Fig. S1, S5d, S6d), we suggest the existence of amorphous Mn based 

phosphides in MP@PNC. Mn 2p, P 2p, N 1s and C 1s XPS lines (Fig. S13b-d) show similar 

shapes with CMP@PNC, with a decrease intensity of P 2p3/2 and P 2p1/2 peaks 

(probably due to its undetectable low crystallinity signal).3
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Fig. S14 XPS spectra of CP@PNC. (a) survey spectrum; (b) spectrum of Co 2p; (c) 

spectrum of P 2p; (d) spectrum of N 1s; (e) spctrum of C 1s; (f) spectrum of O 1s.

The coexistence of Co, P, C, N, O in CP@PNC is proved by XPS survey spectrum (Fig. 

S14a), agreeing with EDX spectrum of CP@PNC (Fig. S8). The Co 2p, N 1s, C 1s curves 

show similar sharps with CMP@PNC (Fig. S14b, d, e), and P 1s has obvious P 2p3/2 and 

P 2p1/2 peaks. Combining with the XRD pattern (Fig. S1), TEM and SEM images (Fig. 

S5c, S6c), the existence of CoP nanoparticles in CP@PNC can be strongly confirmed.
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Fig S15 Co K-edge (a) XANES and (c) EXAFS oscillation functions, Mn K-edge (b) 

XANES and (d) EXAFS oscillation functions.

Fig. S16 Thermogravimetric analysis curves of the initial CMP@PNC and acid-leached 

CMP@PNC.
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Fig. S17 TEM images of the acid-leached CMP@PNC.

To confirm the accessibly defective carbon of CMP@PNC, thermogravimetric analyses 

were recorded on the initial CMP@PNC and acid-leached CMP@PNC (stirred with 1 M 

HNO3 solution under 50 °C for 7 h), as shown in Fig. S16. Before 400 °C, the mass loss 

is attributed to the removal of water and hydroxy groups probably adsorbed on the 

surface of the composite. The continuous mass loss from 400 °C to 800 °C is caused by 

the burning of carbon and oxidation of phosphide to oxides.4 Therefore, the content 

of Co/Mn based compositions are about 50 wt% and 9 wt%, respectively in CMP@PNC 

and acid-leached CMP@PNC hybrid. This result suggests that HNO3 solution has 

dissolved most of metal compounds, further provide the existence of accessible 

defects in carbon. TEM images of the acid-leached CMP@PNC clearly show the 

absence of CoMnP4 nanoparticles (Fig. S17), a number of pore can also be observed. 

Based on the above analyses, we can conclude that the carbon of CMP@PNC are 

accessibly defective, which can provide fully contact between CoMnP4, P, N co-doped 

carbon and electrolyte.

javascript:void(0);
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Fig. S18 (a) CV curves of CMP@PNC, CMP@PC, PNC, 20 wt% Pt/C and (b) CP@PNC, 

MP@PNC in O2-saturated 0.1 M KOH measured with a scan rate of 5 mV s-1.

Fig. S19 LSV curves of CP@PNC and MP@PNC in O2-saturated 0.1 M KOH with a rate 

of 5 mV s-1.
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Fig. S20 LSV curves of (a) CMP@PC, (b) PNC, (c) CP@PNC, (d) MP@PNC measured at 

different rotation speeds in O2-saturated 0.1 M KOH with a scan rate of 5 mV s-1. 

Fig. S21 K-L plots of CMP@PNC, CMP@PC, PNC, CP@PNC, MP@PNC, 20 wt% Pt/C. 

(inset: the kinetic-limited current densities of CP@PNC and MP@PNC at 0.5 V (vs. 

RHE)).
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Fig. S22 RRDE polarization curves of CMP@PNC and 20 wt% Pt/C at the rotating rate 

of 1600 rpm.

Fig. S23 RRDE polarization curves of CMP@PNC and CMP@PC, PNC, CP@PNC, 

MP@PNC measured at the rotating rate of 1600 rpm.

Fig. S24 Tafel plots of CP@PNC and MP@PNC calculated from LSV curves.
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Fig. S25 I-t curves of CMP@PNC and 20 wt% Pt/C at 0.65 V (vs. RHE).

Fig. S26 TEM images of CMP@PNC a) before and b) after cycles.

Fig. S27 TEM images of CMP@PC a) before and b) after cycles.
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Fig. S28 ORR methanol crossover tolerance test of CMP@PNC and 20 wt% Pt/C at 

0.65 V vs. RHE.

Fig. S29 LSV curves of CP@PNC, MP@PNC in N2-saturated 0.1 M KOH measured with 

a scan rate of 5 mV s-1.

Fig. S30 Tafel plots of CP@PNC and MP@PNC calculated from LSV curves. 
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Fig. S31 (a-e) Cyclic voltammetry curves of different samples with different scan 

rates at the potential range from 1.10 to 1.30 V vs. RHE upon OER catalysis for the 

determination of the double layer capacitance. (f) The corresponding capacitive 

current densities at 1.20 V vs. RHE plotted as a function of scan rates and the 

calculated double layer capacitances.
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Fig. S32 The polarization curves of CMP@PNC and control samples before (a) and 

after (b) ECSA correction.

Fig. S33 The LSV polarization curves for CMP@PNC before and after 7000 cycles.

Fig. S34 I-t curves of CMP@PNC at 1.55 V (vs. RHE).
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Fig. S35 XPS spectrum comparisons of (a) Co 2p before and after OER, (b) Mn 2p 

before and after OER.

It can be observed that an obvious peak shift and the disappear of satellite peak (Fig. 

S35a), suggesting the increased oxidation state from Co2+ to Co3+.5,6 The obvious peak 

shift from 641.3 eV to 643.0 eV (Fig. S35b) suggested the oxidation from Mn3+ to 

Mn4+.7,8 And there a negligible signal of phosphides in P 2p spectrum (Fig. S35c) after 

OER, indicating the phosphides have changed. The above results indicate the 

transformation of CoMnP4 to corresponding oxyhydroxides during OER process.9
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Fig. S36 ORR and OER performcances examined in 0.1 M KOH solution. (a) ORR 

polarization curves of initial CMP@PNC and acid leached CMP@PNC; (b) OER 

polarization curves of initial CMP@PNC and acid leached CMP@PNC; (c) (d) Tafel 

slopes of each catalyst calculated form ORR and OER polarization, respectively; (e) 

LSV polarization curves showing the bifunctional ORR/OER activities of initial 

CMP@PNC and acid leached CMP@PNC.

Fig. S37 LSV curves showing the bifunctional ORR/OER activities of CP@PNC and 

MP@PNC.
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Table S1. Comparison of bifunctional performance of CMP@PNC with different 

reported elecrtocatalysts.

Catalyst EOER (V)a

10 mA cm-2

EORR (V)b

-3 mA cm-2

ΔE (V)c

(EOER- EORR)

Ref.

NGM-Co 1.700 0.750 0.950 10

N-Co9S8/G 1.640 0.760 0.880 11

Co@Co3O4/NC-1 1.650 0.800 0.850 12

NiCo2S4/N-CNT 1.600 0.800 0.800 13

CoO0.87S0.13/GN 1.590 0.830 0.760 4

NiFe-LDH/Co,N-CNF 1.645 0.893 0.752 14

S,N-Fe/N/C-CNT 1.600 0.850 0.750 15

CMP@PNC 1.560 0.810 0.750 this work

(a) The potential at OER current density of 10 mA cm-2; (b) The potential at ORR 

current density of -3 mA cm-2; (c) Potential difference calculated between EOER and 

EORR.

Supplementary References

1 J. Zhang, Z. Zhao, Z. Xia, L. Dai, Nat. Nanotech. 2015, 10, 444-452.

2 D. Kim, O. L. Li, N. Saito, Phys. Chem. Chem. Phys. 2015, 17, 407-413.

3 F. Hu, S. Zhu, S. Chen, Y. Li, L. Ma, T. Wu, Y. Zhang, C. Wang, C. Liu, X. Yang, L. Song, 

X. Yang, Y Xiong, Adv. Mater. 2017, 29, 1606570.

4 X. Han, X. Wu, C. Zhong, Y. Deng, N. Zhao, W. Hu, Nano Energy 2017, 31, 541-550.

5 Y. Chen, S. Zhao, Z. Liu, Phys. Chem. Chem. Phys. 2015, 17, 14012-14020.

6 H. Qin, X. Qian, T. Meng, Y. Lin, Z. Ma, Catalysts 2015, 5, 606-633.

7 S. Todorova, A. Naydenov, H. Kolev, J. P. Holgado, G. Ivanov, G. Kadinov, A. Caballero, 

Appl. Catal. A: Gen. 2012, 413, 43-51.



20

8 G. Liu, J. Li, K. Yang, W. Tang, H. Liu, J. Yang, R. Yue, Y. Chen, Particuology 2015, 19, 

60-68.

9 Q. He, H. Xie, Z. Rehman, C. Wang, P. Wang, H. Jiang, W. Chu, L. Song, ACS Energy 

Lett. 2018, 3, 861-868.

10 C. Tang, B. Wang, H. F. Wang, Q. Zhang, Adv. Mater. 2017, 29, 1703185.

11 S. Dou, L. Tao, J. Huo, S. Wang, L. Dai, Energy & Environ. Sci. 2016, 9, 1320-1326.

12 A. Aijaz, J. Masa, C. Rösler, W. Xia, P. Weide, A. J. R. Botz, R. A. Fischer, W. 

Schuhmann, M. Muhler, Angew. Chem. Int. Ed. 2016, 55, 4087-4091.

13 J. Fu, F. M. Hassan, C. Zhong, J. Lu, H. Liu, A. Yu, Z. Chen, Adv. Mater. 2017, 29, 

1702526.

14 Q. Wang, L. Shang, R. Shi, X. Zhang, Y. Zhao, G. I. Waterhouse, L. Z. Wu, C. H. Tung, 

T. Zhang, Adv. Energy Mater. 2017, 7, 1700467.

15 P. Chen, T. Zhou, L. Xing, K. Xu, Y. Tong, H. Xie, L. Zhang, W. Yan, W. Chu, C. Wu, C. 

Wu, Y. Xie, Angew. Chem. Int. Ed. 2017, 56, 610-614. 


