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FL AR KT S0 PT DACKE R PHBE . XURE 55 AT 52 R U i 14 B o 7% % 3] S0 3X ol s B ok 285 B 1 T e R R v
NiP, 1 R — B HAT 5 m b & 0 (HER) A £b 396 14 14 B A A6 700 T 45 52 6 . AR SCHFSR T NiPo(100) 1 F 4
(R B RE 35 A 30T 1 E R L SCH L U B AR IR P, A LRI b P Y top A AR AL TE AR S5 IR I
GIMT T AB AR S XS NiPy HE AL I MR 20 1) J T8 L A% 52 50 T Be gl = A iy A8 S L, 3158 1 1% 1 3% 1Y
LA 0 46 1 A5 4 2 R, BRAE NiPy 1t 1% 1) 46 0 A5 AT D4R &y HER (AR RE; 2) 1R T I 48
TCEKAEEBILE (N, C, S) B 24X NiP,y AL PEREM R, & BB % S v] LA 248 = P (1 top {7 45 A9 HER
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FIBRE 25 T AR B 4 i) HER AL TS PEAnfa
FEVE. Aravind %5 Ui 45 T MoP #l MoP-C 44K
F, H: Tafel £%°4 63 mV /dec, [FFERBLHE T
W) HER A5, Wa 25 220 5 1o ] 2 1t 3 FH A
FEmE A T 2 A A R T A (162 m?/g) 1
MoS,-MoP 442Kk /i~ (MoS,-MoP /C), Tafel &£+% K
58 mV /dec, I HAE 102 mV Fl 130 mV Ay H1
T al R HE 1 10 mA /em? Fl 20 mA /em? Y HL
. Xu 5 29 il 5 T NipP /MoP-CC X4
AR, AR pH 5 N 13 B0 A = i H
fb2£ M BE, 7E 0.5 mol/L H,SO,, 1.0 mol/L PBS
1.0 mol/L KOH v 43 Jjil % B i 63 mV /dec,
99 mV /dec #164 mV /dec i Tafel £E%F1 300 mV,
200 mV F1 5 mV AL IS . Wang %5 24 % H
fAT B B T aC e g 15 & B T Mo,C/MoN /NG,
Hod B %l 78.82 mV, Tafel £%4 39.3 mV /dec,
i L A AR 3% A 20%Pt/C A% 30% 25 44 .
Harnisch 55 29 & 8 WC 7E R PE &5 F T (300 mV
THL A E N 26 mA /em?) 290 B I B9 HEAL T
P, A TR pH 40 F WC IR, &
B pH =, WC 7 i s it 7 — e -
FWT WC FERMEFME T FEE. Ojha 5520 H
A1 SR h AL AVE N Z IR, #1451 H 5—8 nm BYRL
TFAH AT Mo,N K54, Al 1A B Mo,N 44
KA m A P AT M (76400 mV T, 28
L 97 mA Jem?).

AR, NiPy i FH & HER fEALIE it
Tl RIBESZ 3 T )32 M 26T 27, Wang %5 28 3 i
Ni-Mn AL PIAE A i 3R 44 18 5l 1 52 7 2 s 1
# 7 Mn 2% NiP, 48K i, 7£ 0.5 mol/L H,SOy,
1.0 mol/L PBS Al 1.0 mol/L KOH /3 | & 8 i
69 mV, 97 mV fl 107 mV {1t 1 #. Tian &5 29
TE B £ 4 4% (AL-NiP,-NSs/CFP) & i T $# 4%
BRONIPy 42K Fr, SR 1 HoA M Rk, IR BT 3R
PR T AT E S, 78 0.5 mol/L Hy,SO, ik
F] 10 mA /em? K E 58 mV KT d 3. R4
NiP, EHLH Ll ) HER AL MR, HAHC A ERIS
THREHEAR A 8301 5 K 245 B AEAR LAl i 158 2
T, PG a5, SR pFSE Anful 4 /5 NiP, i HER
HEAEMEREA AR R IR ZE 25 ().

B2 O W12 R TR Y ARG B Ak 2
PR B Z RIS R I, B2 2 U AR Y
PR TG T 1 A Rag AR B2 BRI, 844 %T NiP, ()

AR TS R ) ANV A, R B TR
A LI FERAR R R ITCRAB I NiP, Bk
T VA FRU 9 52 02— TR IR ) LA 38 3 1
TAE.

EAF TR, AR, A& B L 14 1 i
AT B RS e 8 R HE ), DA T 18] JE 3% 1 P,
Ghpe 334 RS S AL R HER fEfbiE PR —
FRARAG T A 7 o370 AT AN, 4 H0 26T 0
Asxt HER AL BHE RE s i i BRI ot R 5
A RAFIES bl DUE AR 215 A B 4E HER f#
AR A it i 7 A8 g 355 S 193401 HL Lk i A
VPR AR IR, B R A D R

It ASCE ERSE T BRI A% NiPy, HER
PEACTERE R SE AT, DA — 1> ) £ B2 25 S0 T A
H PR HER AL M RE S T LR, kit
FPERE HER #EALFI S 735 Bl

2 HEF*®

AR SR T8 — PR R BT 2, {1 VASP
(Vienna ab initio simulation package) ¥4 1 it
ATAAE M, 38 T PAW (projection enhan-
ced wave) Jy LA B F 5 L Z W B AH BAR
A " M2 §& PBE (Perdew-Burke Ernzerhof) {2
PRI ) SRR BE AL (GGA) 5 35 52 $ A O #4421,
SCHE K T R WA RN HL 43 R Ni(3d84s?),
Co(3d74s?), Fe(3d%4s?), Mn(3d*s?), W(5d6s2),
Mo(4d5s!), Cu(3d!%s!), Cr(3ds!), N(2s22p?),
C(2s2p?), P(3s?3p?®), S(3s?3p*), H(1s"). ~F-Ifi 1 A%
WIREBLE N 450 eV, fER: FIRIEZRIE N 10° eV.
MEH SR F A Hellmann-Feynman 77 /)s
F0.03 eV/A (1 A = 0.1 nm) B, AR IEF] T 6
WSCRT . TR S E N 0.05 eV, SRAILL T xd
R 3 x 3 x 1A ks AR EA T A B X R
g1, IR T 5 R B ) o3 A 3E A RE TR A ) il T
SRS S AR

3 #XR5it%m

3.1 BRiREH

BT BSR4 2 % NiP, (JCPDS
£ A 45 JCPDS No. 21-0590) 1 (100) 2 i i
T TS, NiP, )M (a = b = ¢ = 5.453 A,
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a=03="7=090° ZFMEH: pad) B 12 EFLRL,
HABFET 44, BET 8 4. 7ETH M RHY K m
PERRIE, @57 2 x 2 x 2405 96 N Tl HE D
NiP,(100) FHEH AL (WL 1) J&h 4 )2 T 41
() slab 8 T T (100) 10 1 B 28 2 BN
1.5 nm. NiP, (100) £ A 5 4> H W7 A5, 5
AL 1 (P AY top 74, 745 2 (Ni Y top i
R, 3 (BB — 2PN R m ) P-P Z (A
f) bridge {7 41), 174 4 (55— 2 rPRS ooz 28 2 i
) P-P Z 8] ) bridge {3 s%) A1 8 5 (Ni-Ni Z [A]
[ bridge 1V 5.) KR~

(a) © Pk

Top view Side view

1 (a) NiPy (100) 3 i B0 4L & F NP, (100) 22 0 59 A
[7) W2 K52 5 (b) NPy, (100) 2 1 B9 A6

Fig. 1. (a) Top view of NiP, (100) surface and different ad-
sorption sites on NiP, (100) surface; (b) side view of NiP,
(100) surface.

3.2 NiP,(100) 3= HE AW B gE

S T W B R A b 5 3% TE A I B BB (adsor-
ption energy, AE ) AJ i LR &4 B420:

1
AE = E(surface+nH) - E(surfaceJr(nfl)H) - 5E<H2)’ (1)

KN, Elsurface +ni) TR R T B n 4> H 19 NiPy 1Y
R ERERE. E(surtacet (n—1)m) A& 2% BT n-1 4> H
(%) NiP, (1A R BB, Ea,) &M Hy B SRE R
W BT RE 2R 7R A 1k ) R o W B e ) Y —
BREARLT 1 24 AE/NT 0 B, R0 H BELEMEAL 7]
Fm A KW, T AE (RGBS, A 50 2
H FWR I RE F1 58 24 AE KT 0 B, Uil H ANRE
TEHEALTIZRTE B 2 W, et AE(ERR, L)
FRT H A B RE 7 855

TEAE PR 5506 H /3E NiPy(100)
2] A AS [a) 0 BfE A7 A b A5 24 AR50 2 18 (100)
W B H JE 0 HALAR S B R R S BE i Esurtace-+ni) -
[F) B, X% R W2 B H B9 0y (100) R HE4T T
Ak, 1538 7 T 3RS AR R B BE
E(surface+nH)(n=O)~ By /& Hy AL S HIR FR B
AE. o iR 3AEERARA (1) X, ATAE 3] (100)

R A [FIR R, s AE.

T X H B AEAS [RS8 W B 45 R 2R A5
1k, K PO AR R W B A7 05 3 1) H 7E R4 T 45 M £
bIE BB s 1 1, R H Jo R ke
(100) FZ 1 7 5, 3 b, T R BREE A3 A5 4 R4 A
5 LA H AT A5 AR AL S R 7 A T R B o
MRS, R H R T Ae o B AE (100) 2 1
BN A5, 4 A 5 b, B T 7 R4 TR A Y
Lo, TEZE it aEd, G R 4 GE— 2T
R B R Y P-P Z (8] 1Y bridge £ &) R AL 5
(Ni-Ni Z [8] [ bridge v 55 ) K F£ w5 1) H
FRH(37

MRAER 1T LLAE Y H WA A5 1 fRs
f5, WFHRE/NT 0 (AE = —0.209 eV), £W H 5
P 1Y top 7 s A A RE SRR, X2 TR 8 R
F P WAE SRR P X A R R A S|
T3, A5 B T IRAEAE LR Bl T 7 | F AR TV VR
HAT IE LA B B HOSET PR, B H 22 Ha g
FEFE P B top o7 a5 . 1024 H W RREHE A7 5, 2 B, i
MMEERT 0 (AE = 0.674 V), 38 H 5 Ni 9 top
N ES A RE S, &N &R R T
Ni BA—E W a BT, R L, T HL % 5
WP T H AR BT, R, i 4R R
T Ni 5 HAME AR, £#ICONXT H 3255 10 5 it
J1. R, A7 1 (P A top 17 45) & NiPy(100) 3
T AT DA E W B H AR 7 i

# 1 NiP, (100) FRIH IR RN R FHTE AR
Table 1.  Adsorption energy (AFE ) of different sites of
NiP, (100) surface.

(s AE[eV
-0.209
0.674

R 1
0.596

T W N =

0.614

3.3 NiP, (100) REMEHETEHEE
AT A HAE (AG ) E— R AR R
HER AL P — A B EE AR AT 1047 AG A LA
I DL ARG T B048):
AG = AFE + AEzpp — TASy, (2)
KX AE S H W MAEAE AR R TR T RE, A Ezpg
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N H AR S AR P F iR shfiez 22,
R

n n—1)H 1
AEZPE = Ezg}«: - EéPE H_ §E§P2Ev (3)

X, ERLFIR n A~ HWHAE NiP,(100) 2 1 1)
F R, Euy V" FR no1 4 HHHE NiP, (100)
R LT ARE, B %8 50H Hy 9% SR
A T LR 3, g ) 9, S
NI TEE AL, v RORIRIIIIA, ASy FR A
AR AP R Z R 2, el DU
ARG ASy = —1/25g,, Hr ASy, FRORTERRE
PRGN SAHT Hy 1%

MAGEE/NT 0B, % B Ak 55 2% 1 R Y
H 5 b0 R T i 45 & Besm, #Emi el Hy 1942 sUF
JULRH AR TR RIME; 2 AGIERT 0 B, REEILRR
T BN H S 4R R 2 A 58, ImixE L P
1% Hy; 24 AG I 0 R, 2201 H AW FHR H, B
BF38 I8, S T A A T 750 2R T e A b S
M, AR TAEHE T NiPy(100) 21 1A [0 B 7 5
35 A 3 B RE (UL IR 2), 1 T ) iy 6 A A7 s 2

NiP,(100) KA HER fEALIEPER A 8.
1.0F - . g:;

— — figia
0-81 - s

> 0.6

()

~

]

< 0.4r
0.2+

Reaction coordinate

B 2 NiP, (100) % i A [ % B 47 55 1) AG, 4% R
H 05 BT 1 1) i 7%
Fig. 2. AG on different adsorption sites on NiP, (100) sur-

face, the dashed line indicates the shift of H adsorption site.

M 2 ATLIE HY, 24 H R FAEN 5 1(P Y top
i) B, AGHEEET 0 (AG = 0.074 V), FFLH
Wb () HER #6210 24 H W B AE A7 9, 2(Ni
) top 15) IR, AGIEES 0 (AG = 0.906 eV),
R B 1) HER fEAGIEPE. M1 2 b i g4
G137 H A 2 25 AL ET MR 88 AR — 2 h
P Rz 15 e 11 A P-P 22 8] /) bridge 13 s ) F A5,
5(Ni-Ni Z [a] i bridge v 25) J&, BRI E A AG,

[ AR B0 AR 55 1) HER AL TG . nTIAASE Y
W BRI ANkl S ) HER fEfbPERE 2 A
TIESEA: 2 HWMAEAL A 1 (P Y top fif
S BB, WERE/NT 0 (AE = -0.209 eV), £
W] H AT LA 25 5 MU TR NiPy(100) 2R |, [F]
AF R B e T B /DN, AR AT DL SE A N 45 )
i Hy (9B, PR A 1) HER i fb 35 k.
T 24 H W B AE A a5 (R s, W B g K F 0
(Pis5 2: AE = 0.674 eV; i 4: AE = 0.596 eV;
i 5: AE = 0.614 eV), FHH H W B X 2647 55,
TR, ANEGIE N Hy, ARG EHENT AR
7, T B M A 55 ) HER AL TG . R, A
H (1 We FiEREFN S A 30 H BHRERY M BEER, P 1Y top i
B2 NiP, 125 HER A0 N 0 =B 7 05

3.4 XMHEREE

AP (exchange current density, jo)
SRR AL TS P R AR AR, A Ak
SR AT 25 RIS ) ). A4 L 5% B AT L3 ik
D /N W i - AP

jo = ek*[(1—6)" V6], (4)
Horpjo A EAN SNSRI B, e RS
HLF I FLAT, KO AARHEERE AL, S 200 s tsite !,
o SEAEIE REN, 002 5 MHHRARC ) — . mTEEE
) A A ) 1 T2 2 v S AR B B 7, A SRR
55, SN AN 2 W BREAE R TAT, T G SR R R R s, ]
ISR 6 PRI M. 7 R o6 e 5 e AL R A DG R B L, AT
BT R IH —FpSe L TG N RER K LT AR B 2k
RITTIE G FR 2 o0 KL B R 2. Sl A i e i
RENE LT K IR T R I TSR o T 3 — 2P Ao
ANFL AR PERE, LR T AN RIS A5 A 28 4 L 3
9 AR T LR 2 TS A7 B Y AT RS R
o = 0.45 B, NiPy(100) i AG 5 jo (A k1117
HEEYNEES

M3 FTLE ), 24 H RFIFER A 1 (P Y top
A7 85 B PRSI A0 A e H T 5 B oK
IR P S8 488 FE U 2 B 22 T K LR I ey T,
IR RF ) HER AEAGTEPE. 1024 H BN AR AR
BEFA A (D205 2 (Ni B top f A5, fim 4 (3R — 2
R e B R 1T Y P-P 2Z [8] 9 bridge v 55) FI
#15 (Ni-Ni Z [A]fY bridge 17 £1)) AR, 284
T AR IR O B h S A TN, B RS B A
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Fhf HER HEALTE PR KL PRI TS A AR OR— 7 o iR
B, RIS 1) HER LTI, X — 2518 TR
A1 i DR R 58 555 A1 38 1 e BE 20 AT i P Y top
AL BAT e ) HER AL SO 6 P — 20,

—16
— 18 L
T
2 —20Ff
@
§ — o =0.45
27y i1
o0 a2
o4t a4
fLm5

6
-1.2 —-08 —-04 0 0.4 0.8 1.2
AG/eV

Bl 3 MEmESRER o = 045(BAihZk) i, NiP, (100)
R AGH joy LB, =05 RmEEH AL A
P 8 3RA5 1 SR (L e 11 BILER A8 e H Uil 2 1

Fig. 3. Volcano plot between jo and AG with charge-trans-
fer coefficient o = 0.45 (black solid line) of NiP, (100) sur-
face. The hollow symbols represent the theoretical ex-
change current density of a single site obtained by the value
of Gibbs free energy.

3.5 %t NiP, (100) =HE HER ELiEHE
A

ASCHA T 14 B ICE (Co, Fe, Mn, Mo, Cu,
W, Cr) B8 HdEEEB4: (N, C, S) X NiP, (100)
F I HER #EALPERE RS2, Hrp, 8] 4(a) Fm Xt
NiP, 17t SR B AR &8 B2 )5, 17 A%
L(P 119 top ) 1 AG 284k, Bl 4(b) Fm*t NiP,
ATV &R B AT IS, H 2 5 R A4 5 2(Ni
1) top 7 s5%) FBZ A RIEF L AG, Kl 4(c)
FORXE NiP, #A TR G BB A0 )E , H 430 W e
HLE 1(P /Y top i sd) AHBZE B+ B AG.

M 4(a) AT LA Y, FHEE T 008 1
(P 4 top 1 1) B9 AG, (WBIAEE&EITE S A,
AGHEHEET 0 (AG = -0.007 eV), I H R
) HER fEfb 1 RE, 114522 ¥ 4 )8 7R Mn, Mo,
W, Co, Cr, Fe, Cu XIE4JRITE N, C HIXF I NL
SRR RE A 1.

AR H W 7R 22 n ot I 4R R
LB BT B2 Cu JiTF 51 NiPy(100) 2 1 /) f#
RGP ] ek 22, #8260k I 4 )8 i Co, Fe,
Mn, W, Mo il Cr J&5 19 NiP, (100) & ifi (4 1k 1%
PEAH HF AR B AR HT 9 NiP,y (100) 5 1 B9 A7 5 2

(Ni 1) top 137 i) FOHEAL IS A BT AR T, U H 2
$B2% Mn i F )5, AGH KBTI 0.906 eV 42
-0.065 eV, Mn J T8 44K NiPy JEIE P07 53
AL PERESR TH B ERVE PEAL A (AG = 0.074 V)
[l — A Eie 2, MR- T+ NiP, BRI RE.

0.2
> 0r
o
~
3
70.2 -
—-04F
Reaction coordinate
[ (b)
1.2
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Fig. 4. (a) AG of H adsorbed on site 1 (top site of P atom)
of NiP, (100) surface before and after doping, (b) AG of H
adsorbed on site 2 (top site of Ni atom) and top site of
doped transition metal atom before and after doping trans-
ition metal atom respectively, (¢) AG of H adsorbed on site
1 (top site of P atom) and top site of doped non-metallic
atom on NiP, (100) surface before and after doping non-
metallic atom respectively. The dashed line indicates the
shift of H adsorption site.
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Abstract

Hydrogen production through electrolyzing water can transfer the energy from solar energy, wind energy
and other sustainable energy to hydrogen, a clean energy carrier with high energy density. The NiP, has
attracted much attention as a cheap electrocatalyst with high catalytic performance for hydrogen evolution
reaction (HER). In this paper, the adsorption energy, Gibbs free energy and exchange current densities at
different sites on NiP, (100) surface are calculated. On this basis, the effect of strain and doping on the HER
catalytic performance of NiP, are studied. By calculation, we find that when H is adsorbed on the top site of P
atom on NiP, (100) surface, the exchange current density is the closest to the top of volcanic curve, so the top
site of P atom on NiP, (100) surface is the catalytic active site. The effect of doping and strain on the catalytic
performance of NiP, are analyzed. 1) According to the range of strain produced by the common experimental
technology, the effects of 1% and 3% tensile and compressive strain are calculated. It is found that 1%
compressive strain can improve the catalytic performance of NiP,, while when 3% compressive strain or a 1% or
3% tensile strain is applied, the catalytic performance of NiP, is not enhanced. 2) The effects of doping
transition metal elements (Co, Fe, Mn, Mo, Cu, W, Cr) and non-metallic elements (N, C, S) on the catalytic
performance of NiP, are calculated. It is found that doping non-metallic element S can significantly improve the
HER catalytic performance of the top site of P atom, while the doping of transition metal elements Mn, Mo, W,
Co, Cr, Fe, Cu and non-metallic elements N, C have no effect on this site. The doping of transition metal
element (catalytic activity: Mn > Mo > W > Co > Cr > Fe > Ni) Mn can make the catalytic performance of
inactive site improved to that of the active site, thus indirectly improving the catalytic performance of NiP,.
Our work reveals the micro mechanism of the effect of doping and strain on the performance of HER

electrocatalyst, which provides a new perspective for designing the high performance HER electrocatalyst.
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