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The synthesis of NiS/Ni,P/CC hybridsand the performance
of water electrolysis

PAN Yi, ZHANG Ming
(College of Material and Textiles,Zhejiang Sci-Tech University,Hangzhou 310018,P.R.China)

Abstract: Electrolysis of water is a high-efficiency method to obtain hydrogen and oxygen by splitting
water. The development of economical, proficient, and highly stable catalysts to substitute the
expensive noble metal electrodes for large-scale applications of electrocatalytic water-splitting is an
important factor. In this context, we obtained NiS/Ni,P hybrid anchored on carbon cloth fibers through
hydrothermal method and chemical vapor deposition method. The as-obtained NiS/Ni,P/CC hybrid
material showed excellent electrocatalytic activity both in hydrogen evolution reaction(HER) and
oxygen evolution reaction(OER). The overpotential of this catalyst is only 91 mV in HER, and the
slope of Tafel is approximately 103.9 mV dec™’. The catalyst also exhibited excellent electrochemical
stability. The formation of large defects and edge active sites after the phosphorization and
sulfurization processes, as well as the charge redistribution in the NiS/Ni,P hybrid forming Ni sites,
were both the major factors of enhanced electrocatalytic activity of NiS/Ni,P/CC hybrid.

Keywords. water electrolysis; hydrogen evolution reaction; oxygen evolution reaction; carbon cloth;
NiS/Ni,P/CC
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BOND 2 —MidESE, FHRRIT SRR 2 %0, WA e
T B PR N ORI AL ), R IR EE ), Btk B mik.
WALV o AR B AL 0 TR A 5 1 5 e P 7 (DR 8 B R T R AT AL 5 . Schaak
Lewis A1 Hu U4 #5 84 1R0E I NioP (9 4% 7 30K J0E 0 HER B kA", B
% M G R B LI K R HR T 1 S HER 4L 712, 703 &R BB AL S K e
BB S MOARRE R, NiSL NiS,M L NisSyl™l NipSel Rl NigSq!' 4%, &
ATTER Ay 1 i ) 4% D v SR T 6 e £ 2 i T AT 0 PR AL A2 B2 60 . b NS
AN BT () HER W& PRSI A BT OER & IENY, 2 —Fh B 4F iy s ik i & PO A
ALY, 554G (carbon cloth) [RIILHHA AT IZRIINE . FRINLGRE . RF M T Btk
R >, DARAR BRI AR, e OO — Pl B SRk B AR A JE AR, B AT AR 4R 4
AR PR B2 TR I R 7 3 H bt e f A7)

AR B 5 1 B g K AL e RE &5 LB R R A BUmR i SR, G HRAE
WA b6 NioP, FHilid CVD VK ARG JS, il 4 NiS/NioP Z< b4k, Jl i 5 45 4 2 [7]
FL R 2 % R P, S5 ) 1) SO 5 R 3R, gk — B SR TR A TR P A A A A 1 o ST &5 SRAIE WY
NiS/Ni,P/CC ZA AR ] 2 R $2 - 1 H AT AT S TS

1 s

11 e R AR

111 sSERER
S i A 2 RHNER 1 TR

& 1 NiS/Ni,P/CC Z ALk A RS 71

Table 1 The raw materials and reagents for the preparation of NiS/Ni,P/CC hybrids
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K 2 NiS/Ni,P/CC 21k} By A 2% S &

Table 2 The experimental instruments and equipments for the preparation of NiS/Ni,P/CC hybrids

ER ks TR
I3 TR JA2603B IR R R ER AR H R A A
Tt 19k 2% B5-1# i ERAB T RA
FHL A IR S TR A DHG-9076A bR 2 S W A AT PR A
CVD & Jp JYG-MODEL A7 B bR 52 5 (L) A PR A A
T FE T A KQ-400KDE Bl A s E PR A
LA AR v CHI660E RS ERAF

1.2 FEmEHEERE
1.2.1  Ni(OH),/CC Kt &

FREL 3 mmol AHERERE. 8 mmol JRZ LA 15 mmol #ALEE, IIAZF] 30 mL £ & -F/KH4,
il FHEE 20 S0P SRERZIE IR KR N R ISR S G NI, RN — 3k
N2 emx2 em B HOBRAT, F RN EE T 120°C HIK AT o URUSE 6 /NI . 43 S R TR BV
HJF, FEacAm B IF 2K e B, i BRI Ni(OH),, #RH 4 Ni(OH)»/CC.
1.2.2  Ni,P/CC Fl NiS/ICC K%

Fe IR K & B AT Ni(OH)/CC BT =%k 488, BNER g, EH
B BN R B ANESE, SRR 0.5 ¢ BEIREN . 7R P FE T UART, SELL 150
scem (IR 218 40 740 ¥ s A G LLHES I kR 23S, R PR FEFLL 5 °C/min [ FHE H 2
THE 350 C, FHRFFZR PR | /NN, FEREPES RS ARV HE =R, 45008, BHE
NiP/CC. [FIREHL, REKH S B BAT NG A rh T = b o, 7280 =0 B s — A
INABL, A —EEE 0.2 g FHERMESS B T8 NINABIIALE . 6 FRE Al Je HERR
PPN, RIETFEREFFLL S C/min B THEERTHE 2 550 'C, il 5 21k 550 °C ANk
BB I 234 170 °C, B RN AR 2 /N, 5 25 AR5 96 1 AR VA 20, RIRIA54F i NiS/CC.
1.23  NiS/Ni,P/CC it %&

PAZK #0243 1 Ni(OH)/CC N RTIRMA, TRAER A E T =gy, R0 & Bk
R E —%H 0.4 g WKHERRBANTESY, & 24k LA BUh BN —HEF 0.2 g FHERR M E ST
JE B 2R P RTSE LA 150 scem [R9 380E 40 438 i 4G, 4R 5 R R FE P4 20 BL S °C/min
(PR E 350 °C GHATHEMD , R 1 /D JE462E20L 5 °C/min [FIER TR S 550 C,
[ E I#ABLE R 2 170 °C GEATERAL) , A2 A B A ORI 2 /N S 45 SRR E 24
AH, B3 2IFE 5 NiS/NiP/CC.

1.3 Ni,P/CC. NiS/CC F1 NiSINi,P/CC Ze4k btk )R AE IR,

131 MR
Wi RS T B8 (FE-SEM, JSM-6700F, JEOL, Japan) WLEEH: i 2 [ F O

JESR, P MEE RN 3kV; EEN BT EME (TEM, JSM-2100, JEOL, Japan) SR %2
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B S RO S5 44, PR DI LR Dy 200 KV o 38 I 51 A 1 318 -1 0% G L 2048 (Tecnai G2
F30 S-Twin, Philips-FEDD 7E 300 kV J B & T & 7 HER G =W (STEM-EDX) X i
(TG 3R S A AT AT
132 FEmBEMRAE

A X SFRATHAL (Bruker AXS D8 DISCOVER) S St #-AT WM Sk 45 ¥ 20 ¥, 13
Cu 4 K, BHRIE (h=1.5406A) , FAHETEEN 10°% 70°, %A 5° min”, fEEHE Tk
TR I X SR E R T RERE (Kratos Axis Ultra DLD) SHFF 5 22 THI AL 27 45 R 4 R AT
ST, R ALFE K, F2RIF (1486.6eV) , TAEHL A TAEHF 7N 15 kV 1 10 mA.

133 FEMMEAELNR
FE S M S AT AR K CHIG60E  HAL 22 TAE b3 TR, I HSRERR T

(25 CHAD BEAT . BERAARAER) = Al ik REEAT I,  FBARBOY IM KOH i, Z i
P VAT H 7k Fa AR, o AR b AN K] % S FRRE il AT e BY ol 3 TR/ SR S A
VRN AR R, AT S AT S e

2 ZREWR

2.1 NiSINi,P/ICC KITESR 5451

il FE-SEM R4 T WL EE FT Uk Ak . e Bk A £b 5 5 ELARE RN NiS/Ni,P/CC, B 3.1 4
A el EREERE. Bl la 2502 KRJE5 211 Ni(OH),/CC 17 SEM K, W53
XA R B A AT AR K IR, AR B EBOR, IRECK, (AR R
HILHaKk, BiZgk A B8onei i B 1b & NipP/CC (11 SEM K, K ILRTIRIAL b2
JG s BRI RANFIAR I B AL, TR T SA B IEHE3, R i — A% 5
(17U B 1e /2 NiS/CC 1) SEM B, RILEA G0k AR, H EPii T REM
Ki; [ 1d /& NiS/Ni,P/CC ] SEM K&, BI@VK ) Jefa @ B MR 5, 99K v B ERITHE
B B LA S /N L, ERIEANBE R, RBP4 (/N FLE TR AL 5 38 5 Bl AL, Tk
PR IAPURE > Bk IX P G2 R 90K K RE B 8 B8 2 A S MR AL A5, X JLAEAE
YEREEIRFHER
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120

B 1 AREFEES Y FE-SEM &:  (a) Ni(OH),/CC; (b)Ni,P/CC; (c)NiS/CC; (d)NiS/Ni,P/CC
Figure 1 FE-SEM images of samples: (a) Ni(OH),/CC hybrid; (b) Ni,P/CC hybrid; (c¢) NiS/CC hybrid; (d)
NiS/Ni,P/CC hybrid

i H TEM BRAIR T NiS/NiP/CC A B 1 . B 2a 5 A EMILAE %1 TEM
125 B, AL SR B G0K R TA VR 2 BT /NLRI 4R, X ST SEM B &, X
/N PR B AL 5 BT 20 A5 B BT, Al R R 22 F ESE I, FARBRIZM
K. B 2b AR IR R AR FLIR AL EAT A SR S0 X S A KR AT
Kl 2¢ A1 2d i) HRTEM W] LIS R, AS[RAL B AFAEAN A d i ) BE B0 A 2R 20, 18] 2¢ v [
FEAE A% (B EE A 2.58 AL 2.21 A T 2.03 A R ERA& 2640, 43 ot JRiAE 757 d & NiS 1) (101)

130 IR ST B &R NigP (19 (11D @A (201) dhifls B 3.2d FRAALE A% TR B M 2.93 A
2.65 AF11.97 A WE% KL 73 X RIE /N TT i & NP 19 (1100 FATHFIZNJT éi & NiS (1)

(002) A1 (102) {HH .
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& 2 NiS/Ni,P/CC 44t 418 1 TEM & HRTEM [&: (a« b) TEM &; (c. d) HRTEM &
135 Figure 2 TEM and high magnification TEM images of NiS/Ni,P/CC hybrid: (a,b) TEM images; (c,d) The high

magnification TEM images
K FH e 1 BE IR T I 4 - 19 6 12 5 v 1 B SR 8% NiS/NLP/CC AUk Py 4,
H STEM MICERAMER (B 3) k1, ZR BRI A Niv S, PocER, JHFHITERD
i85, JTCRAAIER XIRE SR, RFHFR B NIS A NP AR 53, 23— 0E T
140 NiS 1 Ni,P 7E [7]— [X 42k 4 [F] I A7 72

K 3 NiS/Ni,P/CC %44k #1#1 1) HADDF-STEM & % % M 3 [X [f) 7 & mapping
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Figure 3 HAADF-STEM images of NiS/Ni,P/CC hybrid and the corresponding mapping images in the selected

arca

fii ] XRD 43 H1r FBOREAE NiS/CC. Ni,P/CC LA NiS/NipP/CC Z bR ik 45 4y,

WA 4 R T 1% =Rkl AT it B, @ik xf EbAR it PDF K F (JCPDS no.75-0613 11 JCPDS
n0.74-1385), A LU I NiS/CC Hl NipP 43 7% 7577 il £ 1 NiS F17577 i £ 1 NipP. NiS/CC
40T 30.15°, 34.67°. 45.91°F 53.55° Kb (AR BURFIEE 73 il T A& 7S 5 i & NiS (1) (100D <

(101> (102> A (110> Ffl, Ni,P/CC AT 30.49°. 40.71°, 44.61°, 47.36°F1 54.20°
b BRI 23 6 B N BB AR (110« (111« (201 (210> A1 (300) . il
I NiS/Ni,P/CC MIATHHIE A3 NiS Fl Ni,P KEB /> (RN, R U204 R A 77
7 NiS 1 NiyP ik

Wi XPS RSk — D A T A BRI S B = A& . Ni 2p BiE (&

4b) "', NiS/Ni,P/CC Z= MR 1S 455 e 853.1 eV IR B2 T~ NioP 1) Ni 2psp
BiE, MAL T 855.9 eV 1 873.8 eV [FIRFEUE NI J&E T Ni A HI+2 15 1 Ni 2ps o A1 Ni 2pyjs
AR R R R T ALY, i NiP/CC 19 Ni 2p 4k A 62T 870.7 eV /N,
XS NigP 1) Ni 2pyn FF1EIE . NiS/NipP/CC ZeAb A EH Ni 2p EE (B 400 TR, fFIEHA
AL T456 888 129.3 eV 1 130.1 eV FIRHIEWE, 53X BT NigP (1] P 2ps, F1 P 2py, H €A,
ML T 45468 133.7 eV HJIEZE BT NipP 15 23 S H Al i 20T 50 B3 1) S8 A W AR ALE
W23, B 3.4d 2 XPS 19°S 2p HIHEIE, PIAMYT 162.5 eV H1 163.6 eV [R5 52 NiS [
2NAHIS 2p3n F1S 2py, HIHFAEIERC, HHIE 4b ATAI1, NiS/Ni,P/CC Z4AL AR Ni 2py, A1
Ni 2psp FFAEWEXT EE T NipP/CC 1 NiS/CC ¥4 45 & RE T /NP J7 W] T fmF% , IESE T NiS 1 Ni,P
FIA B 2 AL R R B T Ni G4 1, BRAR T R, WA, Hik
NiS/NipP/CC Z4Ab ARl 5 R 45 K v BT AEAE K Ni 3% PR s A 15 20 Ak 77 10 B /K A 2
(ELT
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a v NiS b Ni.P/CC ) Ni 2p
@ Nip 2 f

NiS/CC

Yy

NiS/Ni,PICC

Ni .291:2 Ni 2._p3f2 et

M p Ni2p,,
NiS/CC '

e N

Intensity(a.u.)
Intensity (a.u.)
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26/degree Binding Energy (eV)
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'} 1 L i 1 1
140 136 132 128 172 168 164 160
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Kl 4 RFEIFER I XRD & XPS : (a) NiS/CC. NipP/CC #1 NiS/Ni,P/CC /] XRD [&:  (b) NiS/CC. Ni,P/CC
FT NiS/Ni,P/CC ] XPS Ni 2p Eli#;  (c¢) NiS/Ni,P/CC [ XPS P 2p Ei; (d) NiS/Ni,P/CC ] XPS S 2p
Pt
Figure 4 The XRD patterns and XPS spectrum of samples: (a) The XRD patterns of NiS/CC, Ni,P/CC and
NiS/Ni,P/CC hybrids; (b) The XPS spectrum of Ni 2p of NiS/CC, Ni,P/CC and NiS/Ni,P/CC hybrids; (c) The
XPS spectrum of P 2p of NiS/Ni,P/CC hybrid; (d) The XPS spectrum of S 2p of NiS/Ni,P/CC

2.2 NiS/NiP/CC ZAtph i B AR /K 1 BERFF 5T
221 NiSINi,PICC ZAbit BT S RERT 7T

FREF R, AR YE EAK K BRI EE NiS I NP dhfk, gtk
TGS SR 7R NiS 1 NP #HA B 8 fait, I BB BREENIK A b, 99K
LB ABRAL J5 B8 51 N EE 2 Bk P RO G5 YA R, I 3G 5z 2 AR ) L g /K AL
TEPERR R . 9 7 A NiS/NiP/CC A AL AR FL K P RE, AT S AN AT S80I 25 45 F A v
=R R, ZAAARIR A AR M, B Syt eitl, HoRER NS L.
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0.16
a b
0 —— NiS/Ni,PiCC »
—— Ni,piCC
o2 nNisice
_am} ——PtC
E s‘ 0.08
"é —— NiS/NLP/CC =
=200 — Ni,P/CC
——NisiCcC et
Ni{OH),/icC
-300 | —Ptic
1 1 1 1 0.00 L . . L . L " I
0.4 0.3 0.2 0.1 0.0 0.2 0.4 D -3 0.8 1.0 1.2
E (V vs. RHE) loa(| i /ImA em™®)
30
¢ d
9L = NSNLPICC
® NiPiCC LAy, 20
4 NiS/CC i & E
i 4 Q
A A o
B A A E 10 -
E dpoe, " 2
E l‘ '1 & %
iy - L2 : o °r
S 3 .' A E
.. ry I=-
" ’,_——«——-——-“ﬂ-"“'_"_'_"—"‘——-mmﬂ‘*“’“'“’—*—
f\ \ X a1
D L 1 1 1 1 1 _2“ 1 1 1 1
[i] 5 10 15 20 25 30 ] 5 10 15 20 25
Z'(ohm) Time (h)

5 NiS/Ni,P/CC At RHI AT ENERE B ()R db BT U LR B A Hh 285 (D) BT X B2 () Tafel #4545 (o)FF i EIS
HE) Nyquist #128;(d)NiS/NipP/CC ZeAb Ak B4k 585 e PR K]
Figure 5 The HER properties of NiS/Ni,P/CC hybrid: (a) The HER polarization curves of all samples after IR
correction; (b) The corresponding Tafel slope is calculated using (a); The Nyquist plots of electrochemical

impedance spectra (EIS) for samples; (d) The electrochemical stability test of NiS/Ni,P/CC hybrid
NiS/NiyP/CC Z kAR & B i Akt i (LSV #hZR) 2 7E 1.0 M KOH &, L2 mV s

A E S TS . Wl 5a B, NiS/NipP/CC 2+t T B 5 1 HER #& 1%, 7
AR BAZES (91 mV) HIES] T 10 mA em™ (IR, it A ST PYC HIK
A TG AL (51 mV) . NiS/Ni,P/CC ()i iz 343/ F NiS/CC (151 mV)
Ni,P/CC (112 mV) FI Ni(OH),/CC (326 mV) (il Hifz. ATEURIL, Ni,P/CC HItra bt
BEZL T NiS/CC, i Ni(OH)/CC [t At i %, 10 mA em™ i {3 B A7 55t o
Tafel RIZERNRIL T AFEMEHOTEGEZ, Tafel #h2k M HIZIRIE Tafel 230
(n=blogj+a) TEEIfFH . Kl 5b ZH & ANPEAHF Tafel #128, NiS/Ni,P/CC Z&H BHAH L
F NiS/CC #1 Ni,P/CC 45 H /M1 Tafel #5814 103.9 mV dec”', Ni,P/CC FI NiS/CC [f] Tafel
RS54 143.3 mV dec™ F1148.9 mV dec™, 1 NiS/Ni,P/CC 2L b kA B i S 2,
BT H Tafel RIFZAT 40-120mV dec” (ITEREIPY, FTLL NiS/NiP/CC AR (T L F2 2
Volmer-Heyrovsky #L¥#, HHAL¥EMH (Hygte +H,0—-OH+H,) R g, g, A
W FC B S BIS SR VP Al H sk 5 S B R b R L R RS RE . B Se BoR
NiS/Ni,P/CC ZAb i RHA FEAR 1 Ffr % 7 FELFH Ret (6.038Q) , /NT- NiS (24.479Q) FI NipP
(16.785Q) , KW T NiS/NLP/CC BA &N FHME CRFHE#ERE)D LR HEAEN.
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AL LA R NiS/Ni,P/CC At RHIAR 2 1, 18] 5d BoRiZar B IR mrAs
24 h G BEIL B WIAA LA LI 94.1%, IX W] NiS/Ni,P/CC 2t BHEA BRI S AL

FasEtE.

2.2.2  NiS/Ni,P/ICC Z:4k BT B RERF
6, NiS/CC. NiP/CC A1 NiS/Ni,P/CC Z4 b AR AT S8 1% BE AL B 1 B Ayt 347k

Bl 6a S iX =FARL LSV #iZk, WL F I AA — A, R R AL R
TS AT R RAE TR B MR LG H, NiS/Ni,P/CC AL FIZE 100 mA em™ HLIfE%
FE R I LA AR 456 mV, /T NipP/CC A7 (518 mV) F1 NiS/CC #E4L71) (574 mV)
HAES AL NiS/Ni,P/CC AL FIM IR B 3 R i K . B 6b RAREIZAR Ak il 28 T i A3-11)
Tafel BB, HTHRKMEAIEHITEIE, % Tafel BIFRAGHL MK, NiS/Ni,P/CC 244kt
BHI Tafel BERMIN e/, 4 228.0 mV dec™, 1 Ni,P/CC 1 NiS/CC ) Tafel {8 K/NEF—
H, 28247 mV dec”!, HBLATEIE CoSy/CoP/CC AT 4RSN /1 thAI X B K

300

a ——Nis/Nip/cC 050 |y — NISINi,P/CC
——Ni,P/CC | ——Ni,picC
——NiS/CC —NIS/CC
el 0.45 |
£ s
-E ;o.aw =
= 100 -
0.35
0L 1 5 1 1 I 1 5 1 . 1 1
1.2 1.4 1.6 18 1.2 1.4 16, 1.8
E (V vs. RHE) log(] j| /mA cm™?)
50
ol € = NiSNiPICC d
¢ NiS/CC
A NipicC a0
e, E
15 |- . .‘ A ¢ . E
AT Ay * [Z3o}
— 4 "; “?
= 'Y Ay 2 I
s »N As 7}
10 4o Iy = 20
e A = ‘NW\\WW
Ao.f" LI A o
Aoy L = L
L ~ . A 3 w“
sl i 'l-._| s
C 1 1 1 1 1 0 1 1 L I 1

40 50 0 5 20

|239{|j| "mgocm'zl " time () *°
6 NiS/Ni,P/CC i o BRI BT Sk R FEL: ()R T SPUSLSE 0 R A4 B 25 (b) TR L) Tafel R125: (o)bf:dh EIS
T () Nyquist 11 28;(d)NiS/Ni,P/CC ZeAbAH kI i-t
Figure 6 The OER properties of NiS/Ni,P/CC hybrid: (a) The HER polarization curves of all samples after IR

correction; (b) The corresponding Tafel slope is calculated using (a); The Nyquist plots of electrochemical

impedance spectra (EIS) for samples; (d) The electrochemical stability test of NiS/Ni,P/CC hybrid
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B 6¢ =AMEATII Nyquist fHZE1E, B H IR NiS/Ni,P/CC A4 kHF) 2 B B A2 e/,
1M NiS/CC AT [F BAR 2 =& oK, 3] NiS/NLP/CC 22 BHH EL 2 A B 58
WAL SR8y, X 5 HARA I ZE P i AR REARRE . anB 6d Fiw, SRAIE FR TN s i i
T NiS/NiP/CC AUk} 24 /NI IR AL M e R, LR 28 ¥ v % B AN P4 381 T DA vl
T 84.2%, 1XFRH] NiS/NLP/CC ZRAMRHENT SR B B A B A R sE 1, AEf K
I IRI R SR EAT fm R0AR S BT 48U
AW T CARAT N EE RS, A FH K BRI 22 SR DT B D i i) £ 1 Ni,P/CC. NiS/CC Al
NiS/Ni,P/CC A KL, NiS/NLP/CC R A4 BHE A 5 I 14 Ha A KT SR AT S8 S L PRV 128
UEBH T Nip,P/CC it fifb e, HAEREA B —w mitm, HE R m k— B mfitl,
W oK BB 7E H R /K SRS B R o

3 &R
WA 7K PG B HTIR AR Ni(OH),/CC £ WAL 15 3] NipP/CC,  Hi B4 22 i i A U 5 A2 ik
NiS/CC, Tfij NipP Fid i B fb U Gl 75 Hy NiS/Ni,P/CC Ak kl, HoRE B T Bk &
AR BT R, FEAGH PU T 4518

(1) UEBIFTHI# ) NiS/NipP/CC A B BUFIOTEAR,  RIBRA AR 4 bR BLAE KA
BERMILLIIAUK B, HEEZA L9k, BARNKIE LK.

(2) NiS/Ni,P/CC Z AT BI A A2 75T & K NioP FINT7 f R 10 NiS, HA
ZEEE, NiS/NLP/CC MBI & TCR 5, BA R TTHRA M58

(3) B AR ME REIAR 45 LR W, NiS/NiL,P/CC Z4fb bt RLAA I BRI
FIHTEPERE, H HER I OER PN s HAA BARKIE AL BN Tafel REZEFIH/NK
AT, AR AR . WAL A E 2 R ER A Ni GL R, R AR AR
RTH F R A
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