Electronic Supplementary Material (ESI) for Sustainable Energy & Fuels.
This journal is © The Royal Society of Chemistry 2021

Supporting Information

P—Doped CoCO; Nanosheets: An Ultra—active Versatile
Electrocatalyst for Hydrogen Evolution, Oxygen Evolution and

Hydrazine Oxidation Reactions

Fenggang Liu,® Huizhen Li,™ Yunhui Li,” Qinghe Cao™, Xinhua Geng,* Caiqin Gu,*

Wenming Sun™ and Jiahai Wang™®

aGuangzhou Key Laboratory for New Energy and Green Catalysis, School of Chemistry
and Chemical Engineering, Guangzhou University, Guangzhou, 510006, P. R. China.
bCollege of Science, China Agricultural University, Beijing 100193, P. R. China.
°Frontiers Science Center for Flexible Electronics, Institute of Flexible Electronics,

Northwestern Polytechnical University, Xi'an 710072, P. R. China.



Table of Contents

1. EXPERIMENTAL SECTION ....coittiiiiiiiet ettt sttt st 4
IMEALETIALS ..ttt sttt e h e st b e she e st e e bt e sat e et e e sbe e sat e e be e sbeeeareenreas 4
Synthesis of CoCOs; nanosheets on Co FOAM .......cooiiiiiiiiiiiiiiniiiieee e 4
Synthesis of P-CoCO; nanosheets on Co Foam.........c.ccovuirieiniiiiiinieniieeeeeeeee e 4
CharacteriZAtIONS .....c.evveerriiieriirie ettt st sr e b s b e n s nrs 4
Electrochemical MEaSUICMENES .......cccereeriirieniiiiiniiceee ettt s s 5
Computational DEtails ......cccueiircieriiiiiiiee et et e e re e e sreeeees 5
2. SUPPORTING RESULTS ...ttt ettt st sttt st s s 7
Fig. ST SEM image of COCO3/CF. .....ciiiiiiiiiiiiiieiiiee ettt st este e sbe e ssiaeesireesaneesbaessabaeenes 7
Fig. S2 A, B) Low-resolution TEM images; C, D) SAED patterns and E, F) Elemental

mapping images 0of COCO3 and P-CoCO;...c..ceiiiiiiiniiiiieieiiieiieeiee et 8
Fig. S3 TEM—EDS spectra of A) CoCO;/CF and B) P—CoCO3/CF.......ccccceoviriiiniiriineenenne 9
Fig. S4 Full XPS spectra of CoCO;/CF and P—CoCO;3/CF. .....cccccoiiiriiiiiiineiiieenecneceieeieene 10

Fig. S5 CV curves of A) P-CoCO5/CF, C) CoCO3/CF and E) Co Foam at different scan rate

in 1 M KOH in the non-faradaic potential region. Plots of current density versus voltage scan

rate for B) P-CoCOj3/CF, D) CoCO3/CF and F) Co Foam. .......cccccevviiiiieeniiniieiiicnieeeeeeee, 11
Fig. S6. LSV plots of P-CoCOj3, CoCO; and Co foam for A) HER and B) OER. The current

densities are calculated based on ECSA. ......cccoiiiiiieiine e 12
Fig. S7 Quantitative H, and O, measurement via water displacement. ...........cceveeveerercvennennne. 13

Fig. S8 Performance test for overall water splitting conducted in 1 M KOH. A) LSV curves of
the P-CoCO;(+)||P-CoCOs(-) and RuO,(+)||Pt/C(-) electrolytic system toward water splitting.
B) Chronoamperometry of water electrolysis of the P-CoCO;(+)||[P-CoCOs(-) system at a
voltage of 1.63 V versus RHE. ......cccoiiiiiiiiii ettt 14

Fig. S9 LSV plots of P-CoCO5/CF toward different concentrations of hydrazine (0.3~1 M).14

Fig. S10 The overpotentials needed of P—-CoCO3/CF, CoCO;/CF, Co Foam, Pt/C and RuO,
for HZOR (j = 50/100/500 MA CIN2). 1ecueiirieiiirieieieiesiesteeteseesteeseesseesesreessesseessesseessesseessesseens 15

Fig. S11 LSV curves of P—CoCO5/CF for initial and after stability test in 1 M KOH with 0.3
M hydrazine solution. Initial performance of P-CoCOs/CF for HzZOR (black line). The
performance of P-CoCO3/CF after stability test (red line). The performance of P—-CoCOs/CF
after the stability test tested in the newly configured solution (blue line). .......ccccecevvrcvennennee. 15

Fig. S12 A, B, C) Plots of current density versus voltage scan rate for P-CoCO5/CF,
CoCO;/CF, Co Foam. D) Niquist plots for P-CoCO3/CF, CoCO;/CF, Co Foam. All of the
experiments were carried out in 1.0 M KOH with 0.3 M hydrazine...........cccccceevereenvreennennee. 16



Fig. S13. LSV plots of P-CoCO;, CoCO; and Co foam for HZOR. The current densities are
calculated based 0N ECSA . ...t ettt e e are e e e e atre e e e e eanees 17

Fig. S14 A) LSV curves for the P-CoCOs/CF toward different concentrations of hydrazine. B)
LSV curves of P-CoCQO5/CF for the HER and HzOR in 1 M KOH with 0.3 M N,H, solution.

Fig. S15 Faraday efficiency measured for hydrogen production in 1 M KOH with 0.3 M N,H,

RT0] 1015 T ) o VAU 19

Fig. S16 LSV curves for the P-CoCO3/CF(+)||P—CoCO/CF(—) couple for initial and after
stability test in 1 M KOH with 0.3 M hydrazine solution. Initial performance of
P—CoCO;/CF(+)|[P—CoCO5/CF(-) couple for HZOR (black line). The performance of
P—CoCO3/CF(+)||P—-CoCO3/CF(—) couple after stability test (red line). The performance of
P—CoCO5/CF(+)||P—CoCO;/CF(—) couple after the stability test tested in the newly

configured SOIUtion (BIUE TINE).......eevereeiirieniniereeree e 20

Fig. S17 SEM images of P-CoCOs/CF after A, B) HER, C, D) OER and E, F) HzOR stability
1] SO OPU PR PPPPTPPPTRPRt 21

Fig. S18 A) XPS full spectrum of P-CoCO;/CF before and after the anode and cathode
catalysis. B) XPS spectra of Co 2p for P-CoCO5/CF before and after HER test. C) XPS
spectra of Co 2p for P-CoCO5/CF before and after OER test. D) XPS spectra of Co 2p for

P—CoCO3/CF before and after HZOR tESL. .....ccooviviiirriiiiieeeeeeiiccireeeeeee et e ee e e e e e eenenns 22
Fig. S19. Total DOS of CoCO; and P-CoCO; (104) surface. The positive and negative values
of PDOS indicated the up and down spins, reSPeCtiVElY. ..cccvevvvirirreririiieiiiee e e eriee e 22
Table S1 The elements content in P-CoCO5/CF derived from XPS. ....oovviiiiiiiiiiiiiineeeeeeeeeeenn, 23

Table S2 Comparisons of HER performances of P-CoCO5/CF with other cost-effective metal
HER catalysts in 1.0 M KOH. .....cooiiiiiiiiiiiceeeeee ettt st 23

Table S3 Comparisons of OER performances of P-CoCOs/CF with other cost-effective metal
OER catalysts in 1.0 M KOH. .....cccoiiiiiiiicic et 24

Table S4 Comparisons of overall water-splitting performance of P—-CoCO5/CF||P—CoCO5/CF
with other cost-effective metal bifunctional catalysts in 1.0 M KOH........ccccceovrvininicnennee. 25

Table S5. Comparisons of HZOR performances of P-CoCO3/CF with other HzOR catalysts.

Table S6. Lists of applied voltage for H, production from water electrolysis assisted by small

molecules 0Xidation N TECENTE TEPOTLS. ....eervereerreeriereetireerieree st et sttt e s e sbeesresreesresaeenneeanes 27
Table S7. Bond lengths of all the SPECies (A).......cueverriirerriieereiiiereiieeieseie e, 27
REFERENCE ..ottt sttt et e it e st e e s bt e e s st e e s sabeessnseesaneeesaneeenns 28



1. EXPERIMENTAL SECTION

Materials

CO(NH,),, NH4F, KOH, NaH,PO,, hydrazine, ethanol, hydrochloric acid, and
acetone (Sinopharm Chemical Reagent Co., Ltd); Pt/C (20 wt% Pt, Shanghai Macklin
Biochemical Co., Ltd); RuO, (Aladdin Ltd); Co Foam (KunShan Kunag Xun
electronics Co., Ltd) were used as received.

Synthesis of CoCO; nanosheets on Co Foam

A piece of Co foam (1 cm X 4 cm) was sequentially cleaned by sonication in
hydrochloric acid, ethanol and deionized water for 15 min, repectively. First, NH4F
(0.147 g, 5 mmol) and CO(NH;); (0.720 g, 12 mmol) were dissolved in deionized water
(40 mL) with vigorous continuously stirring for 30 min, a clear solution was obtained.
Second, the clear solution with a piece of dried Co foam were placed into a Teflon
autoclave. In an electric oven, the autoclave was heated at 140 °C for 24 h to obtain
CoCO; precursor.

Synthesis of P-CoCOj; nanosheets on Co Foam

To prepare P-CoCO; samples, the CoCOj; precursor was placed at the downstream
side of a tube furnace and NaH,PO, (3 g, 34 mmol) was placed at the opposite side.
Then the samples were heated to 300 °C in Ar atmosphere for 90 min, and cooled down
to room temperature naturally, and the P-CoCO3 nanosheets was obtained.

Characterizations

X-ray diffraction (XRD) was carried out on a Bruker D8 ADVANCE



Diffractiometer (with Cu Ka radiation). X-ray photoelectron spectroscopy (XPS)
measurements was measured on a Thermo Scientific Escalab 250Xi X-ray
photoelectron spectrometer. SEM was implemented on a SUS010. TEM and HRTEM
were conducted on a JEM-2100. EDS and EA were measured in a scanning (STEM)
mode.
Electrochemical measurements

Electrochemical measurements were conducted on a CHI660E electrochemical
workstation (CH Instruments, Inc., Shanghai). P-CoCO3/CF was directly used as the
working electrode, the graphite and saturated calomel electrode (SCE) were used as
counter electrode and reference electrode, respectively. By using the Nernst equation
E(RHE) = E(SCE) + 0.0591 pH + 0.2415 — 0.000761 (T — 298.15) (T: temperature), all
of the data listed in this work were calibrated versus the RHE. LSV curves were
obtained at a scan rate of 2 mV/s. The EIS were recorded at the frequency range of 100
-1 Hz with an AC amplitude of 5 mV.
Computational Details
By using the plane-wave pseudopotential method, DFT computations were carried out.
The interaction of electron—ion was dealed with ultrasoft pseudopotentials, which
created with the PBE functional.! For the electron wave functions, a plane—wave basis
set was used and the kinetic energy cutoff is 380 eV.! The spin—unrestricted method
was used in all calculations. For bulk CoCOs, a 4x4x1 uniform k—point mesh was set
as the Brillouin zone of the supercell. The optimized lattice constants for CoCOj; are a

=b=4.593 A, and c = 15.063 A, which match well with them in database. 2 The (1x2)



CoCOj; (104) slab with six atomic layers thickness (120 atoms included) was modeled
to represent the CoCO5 surface. The vacuum layer (15 A) was used for avoiding the
interactions among periodic images. Dipole moment correction was introduced. During
optimization, only the top three layers were allowed to relax, where the total energy
convergence is below 10 eV, and the maximum atomic forces is smaller than 0.03
eV/A. Bu using the method of Norskov, the free energy diagrams of HzZOR and HER
were calculated according to the following equation AG = AE + AEzpg — TAS (AE: the
calculated total energy change; AEzpg: the calculated change in zero-point energy; AS:
the calculated change in entropy). 3
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2. SUPPORTING RESULTS

Fig. S1 SEM image of CoCO3/CF.



Fig. S2 A, B) Low-resolution TEM images; C, D) SAED patterns and E, F) Elemental mapping
images of CoCOj3 and P-CoCO;.
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Fig. S3 TEM-EDS spectra of A) CoCO5/CF and B) P-CoCO;/CF.
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Fig. S5 CV curves of A) P-CoCO;/CF, C) CoCO3/CF and E) Co Foam at different scan rate in 1
M KOH in the non-faradaic potential region. Plots of current density versus voltage scan rate for
B) P-CoCO3/CF, D) CoCO»/CF and F) Co Foam.
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Fig. S9 LSV plots of P-CoCO3/CF toward different concentrations of hydrazine (0.3~1 M).
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Fig. S17 SEM images of P—-CoCO5/CF after A, B) HER, C, D) OER and E, F) HzOR stability test.
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PDOS indicated the up and down spins, respectively.



Table S1 The elements content in P-CoCO;/CF derived from XPS.

Element Co C (0] P
Rate (%) 14.6 15.6 51.1 18.7

Table S2 Comparisons of HER performances of P-CoCO;/CF with other cost-effective metal
HER catalysts in 1.0 M KOH.

Catalyst j (mA cm?) Potential (V) Refs.
Co/CoP 10 253 S1
NESSP 10 230 S2
0-Co,P 10 160 S3
NizFeN/rGO 10 158 S4
EG/H-CoggsSe | P 10 150 S5
C00.9S0.55P0.42 10 141 S6
Cu@CoS,/NF 10 134 S7
P-Co504 10 120 S8
CoP/NCNHP 10 115 S9
Pg 6-C0304/NF 10 97 S10
Fe-CoP/Ti 10 78 S11
Fe-Ni;C 10 178 S12
VOOH 10 164 S13
CoSe, 10 79 S14
Ni-Co-P 10 107 S15
Cu@NiFe LDH 10 116 S16
FeS, 10 96 S17
Co;Mn,CH 10 180 S18
03-V10-Ni,P 10 147 S19
Ni sFegsP 10 282 S20
CoMoP@C 10 81 S21

P-CoCO5/CF 10 46 This work




Table S3 Comparisons of OER performances of P-CoCO;/CF with other cost-effective metal
OER catalysts in 1.0 M KOH.

Catalyst j (mA cm?) Potential (V) Refs.
Co/CoP 10 340 S1
NizFeN/rGO 10 280 S4
P-Co504 10 280 S8
CoP/NCNHP 10 310 S9
ACP 10 364 S22
CoySg 10 340 S23
CoPS@NPS-C 10 320 S24
Co(OH)F 10 313 S25
Mo-CoOOH 10 305 S26
S:CoP/NF 10 300 S27
NiFeOF 10 295 S28
B,N:Mo,C@BCN 10 290 S29
NiCo@NiCoO,/C 20 366 S30
Co-Ni3N 10 307 S31
NiSe, 10 330 S32

P-CoCO;/CF 10/20 275/285 This work




Table S4 Comparisons of overall water-splitting performance of P-CoCO;/CF||P—CoCO5/CF with

other cost-effective metal bifunctional catalysts in 1.0 M KOH.

Catalyst j (mA ¢m?) Potential (V) Refs.
NESSP| |[NESSP 10 510 S2
Ni3FeN/rGO | | NisFeN/rGO 10 370 S4
EG/H-Cop gsSe | P| | EG/H-Cop gsSe | P 10 410 S5
Co0.9S¢e0.55P0.42 | | CopoSeq 55Po.42 10 360 S6
Cu@CoSNF | | Cu@CoS,/NF 100 570 S7
P-C0304 | | P-Co30, 50 530 S8
CoP/NCNHP| | CoP/NCNHP 10 410 $9
Py.6-C0;04/NF | | Pg ¢-C0304/NF 10 400 S10
Fe-CoP/Ti | | Fe-CoP/Ti 10 370 S11
VOOH | | VOOH 10 390 S13
Ni-Co-P| |Ni-Co-P 10 390 s15
Co,Mn,CH| | Co;Mn,CH 10 450 S18
03-V10-Ni,P| |03-V10-Ni,P 10 333 S19
Ni; sFeosP | | Ni; sFeg sP 10 359 $20
CooSs| | CosSs 10 370 $23
CoPS@NPS-C| | CoPS@NPS-C 10 390 S24
Mo-CoP | | Mo-CoOOH 10 330 $26
S:CoP/NF| | S:CoP/NF 100 550 S27
NiFeOF | | NiFeOF 10 600 $28
C0304-MTA||Co30,-MTA 10 400 S33
Ni Fe -Ol| NiFe;-O 10 410 S34
FeB,||FeB, 10 340 S35
Ni(HPO;3)s(OH)g|| Nij1(HPOs)s(OH)s 10 370 S36
P-CoCOj;/CF|| P-CoCOs/CF 10/50/100 319/471/541 This work




Table S5. Comparisons of HzZOR performances of P-CoCOs/CF with other HzOR catalysts.

Catalyst Electrolyte j (mA ¢cm?) Potential (V) Refs.
CoSe, 1 MKOH+0.5MN,H, 100 170 S14
Ni-Zn alloys 1 M NaOH + 0.1 M N,H,; 300 400 S37
CoNiS 0.lMKOH+2MN,H, 147 1200 S38
Cu;P/CF IMKOH+05MN,H, 50 98 S39
Ni3S,/NF 1 MKOH+0.2MN,H, 100 415 S40
Nip5C0p5Se/CC 1 MKOH+0.5MNH, 50 8 S41
NisSey I1MKOH+0.1 MN,H, 10 370 S42
Ni(Cu)/NF I1MKOH+05MN,H, 50 38 S43
Pty2Nig g 1 MKOH +0.1 MN,H, 44 500 S44
Ni,P/NF I1MKOH+05MN,H, 50 -25 S45
CoP/TiM 1 MKOH +0.1 MN,H, 100 -6 S46
FeP/NF IMKOH+05MN,H, 10 18 S47
CoS,/TiM 1 MKOH+0.1 MN,H, 150 170 S48
NiS,/TiM 1 MKOH +0.5MN;H;, 300 218 S49
3D-PNNF 1 MKOH + 1 M N,H, 250 198.6 S50
P-CoCO;/CF 1 MKOH+03MN,Hs; 50/100/300  -51.5/-42.3/-12.3  This work




Table S6. Lists of applied voltage for H, production from water electrolysis assisted by small

molecules oxidation in recent reports.

Catalyst Electrolyte j (mA Potenti Refs.
cm2) al (V)
CoSe;| | CoSe, 1 M KOH + 0.5 M N,H, 10 0.165 S14
CusP/CF| | CusP/CF 1 M KOH + 0.5 M N,H, 100 0.72 S39
Ni3S,/NF | | Ni3S,/NF 1 M KOH + 0.2 M N,H, 100 0.867 S40
Ni 5C0¢ 5Se,/CC | | Nig5C0g 5Se,/CC 1 M KOH + 0.5 M N,H,4 10 0.14 S41
Ni(Cu)/NF | | Ni(Cu)/NF 1 M KOH + 0.5 M N,H, 100 0.41 S43
Ni,P/NF| | Ni,P/NF 1 M KOH + 0.5 M N,H, 100 0.45 S45
CoP/TiM | | CoP/TiM 1 M KOH + 0.1 M N,H,4 10 0.2 S46
FeP/NF | | FeP/NF 1 M KOH + 0.5 M N,H,4 125 0.5 S47
CoSy/TiM | | CoS,/TiM 1 M KOH + 0.1 M N,H,4 100 0.81 S48
NiS,/TiM | |NiS,/TiM 1 M KOH + 0.5 M N,H, 10 0.34 S49
S-MnO, | | S-MnO, 1 M KOH + 0.5 M urea 10 1.41 S51
Zn,03C00.9,P/TM | | Zng 0sC00.0.P/TM 1 M KOH + 0.5 M urea 10 1.38 S52
NiCoP/CC| |NiCoP/CC 1 M KOH + 0.33 M urea 20 1.25 S53
Ni3N/CC| |NizN/CC 1 M KOH + 0.33 M urea 10 1.44 S54
Ni,P/CC| |Ni,P/CC 1 M KOH + 0.5 M urea 50 1.35 S55
Fe-CoP/CC| | Fe-CoP/CC 1 MKOH + 5mL AE 10 1.44 S56
Ni,P NPA/NF| |Ni,P NPA/NF 1 M KOH + 10 mM HMF 10 1.65 S57
hp-Ni| | hp-Ni IMKOH+ 10 mM EtOH 10 1.50 S58
P-CoCO;/CF| | P-CoCO3/CF 1 M KOH + 0.3 M N,H, 100 0.13 This
work
Table S7. Bond lengths of all the species (A).
Co-N N-N Co-N N-N Clean-surface delta delta
Co-N N-N
free N,H, 1961 1.438 free No,H, 1.438
N,H, 1.896 1.436 N,H, 1.994 1.435 N,H, -0.033  0.001
N,H; 1.825 1.360  N,H; 1.942 1.371 N,H; -0.046  -0.011
N,H, 1.836 1276  NH, 1.841 1.279 NH, -0.016  -0.003
N,H; 1.817 1.247  N,H; 1.826 1.253 N,H;, 0.010 -0.006
N,H, 1.167  NH, 1.818 1.168  N,H, -0.001  -0.001
free N, 1.159 free N, 1.159
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