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7] Ar 7} 10 scem WA 35 scem?] FE2 f-5A171H,

ALl 9lefA,
(Coz(0M):C0;) W=AE d7AIQl AR -4 sfo] 2
-

A CoP % 0-F% (oxygen-enriched) B|AZA CoP (Co-0-P)Z o]Fojx|= ZAAA-
IYE Ql FFHE 7yt A5 A=y,

ATE 11

A7) AFEre =F W80 Tom X 1em BE 4 em X 4 ecmE AZRYE I3,

i

7]

Bodtmo AARA-H|AZ 2 slo)lny= AL 2t IWE < 33E 7|4k AFZu)(electrocatalysts) ] AZxHH
ul Zr=

=

R
ofell oJsf AxH AAA-HAHA sfo|BE S Zte AUE <l e 7Nk d5Fvio] wgk Aot

Tl

N

wet A eustel 3 ool Fo A HArk, waba |, giA oy
A ALE ML= Aol BpHolg, A 4 ()E 52 T%F duA 2x (142 MJ - kgil)gr g2 & o]
e BAoR A3 &5 Fokel 1A SEEokNA o dAdd dux e widR ALHATE. S HA
TIAE AT FAE Al Aol 7 AAXQ TEE AAA gARE, A e duA] AL At
A7) ety B Hale JEAHela, A& JhEsi, UarE A AARS Sk FAAQd ARtk E 7] &
3 (water electrolysis)E &3 F4 A AA &S FUgsr] f8) 2 =2 A A5=vr o3
o}, A, MF-2-8kA (platinum-on—carbon) (Pt/C)&= 424 &) ¥H$ (HER : hydrogen evolution reaction)
S Hs 7P 244 ASFuE FEY. 28y, Pr/CY =2 v Ad4d B2 difE 488 A

A 10 B, oy e AS FEIY] Y FEe vAESE SEel ATHAYG. 1 FAAAE, o] v
¥ ~3lo]= (TMP : transition metal phosphides)w AH|&, -3t 3f &4, 2 FH3E pH HLllA HERO
sk b g o= 8 PtAl AFE5mY wigdd FHE AAX k. 2Ev, HER ASSwdd g TPE A
stele RS mHdR EFsta, oE T F4a5Te] Pt ASEve ﬂ/“Tjr Ak &4 vEbdich, E=S
olg AFEHulE AXo ¢ZEd 2 T4 wHAA E5e AFES Fes B, ES, AsE FF5ko
TAF AR (> 500 mA - em DOl ZAEEY] AN AFE07F ast, mea, B A7 B 7]Ee A7
e flal AEsta, FAde] Fon | obgEel HER AFEmE @45 Zlo] wl$- iy s,

WPe) 24, P2 Ei& AW F8Ge 245 Aol AFEd] BHS PPAE B AP Ao AelA
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Atk dE Eol, ¥ EE ts 35 IPE o859 AR 725 HAFGE & da; =3 e F2E T4
RHAS O F o, olF FxE 4934 dux] FHE aAA & Adrk. B, ASFHue A4
S &) wEske Bt AAA g EHe A4S WAgo A FAAA N ds A3 HAAAS shAok . o
v, #2E Sule AEe vk dow iR dReA & dd o glvk. e, A7F-A A (self-supported)
TZE EZuet 71 Atole] ek HAAow <l we orAAS BAE 4 k. =3, AY] 3eky &4 5w
A (ECSA : electrochemically active surface area)S SiAlZd 4 om A3} o5& HXIAZL X Art
ole} #Hste], HHA Aol A7-AA & HolH(well-defined) TP Y= F2E uAF{F UEANNE 1A%

HER AFZu|E Adsls 23248 A3 5 .

Y 7] &

N

H]| & 35]#-¢
(ME3 &3 0001) [1] Tian, J. Q.; Liu, Q.; Asiri, A. M.; Sun, X. P. Self-supported nanoporous cobalt

phosphide nanowire arrays: An efficient 3D hydrogenevolving cathode over the wide range of pH 0-14. J.
Am. Chem. Soc. 2014, 136, 7587?7590.

(R ES &3 0002) [2] Zhai, M. K.; Wang, F.; Du, H. B. Transition-metal phosphide—-carbon nanosheet
composites derived from two—dimensional metal-organic frameworks for highly efficient electrocatalytic
water-splitting. ACS Appl. Mater. Interfaces 2017, 9, 40171740179.

(FE35%3 0003) [3] Wu, K. L.; Chen, Z.; Cheong, W. C.; Liu, S. J.; Zhu, W.; Cao, X.; Sun, K. A;
Lin, Y.; Zheng, L. R.; Yan, W. S. et al. Toward bifunctional overall water splitting electrocatalyst:
General preparation of transition metal phosphide nanoparticles decorated N-doped porous carbon
spheres. ACS Appl. Mater. Interfaces 2018, 10, 44201744208.

(HE& &3 0004) [4] Song, H. J.; Yoon, H.; Ju, B.; Lee, G. H.; Kim, D. W. 3D architectures of
quaternary Co-Ni-S-P/graphene hybrids as highly active and stable bifunctional electrocatalysts for
overall water splitting. Adv. Energy Mater. 2018, 8, 1802319.
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w2 AEste] Aegdow nhEoliin,

A A ol A7) A2 AZFE 1A WA 1243FS Egtelar, A7) All SEWE 100C WA 150T

A Aol glojA, 7] A3 AR 1ARE WA 12413bS ERkekH, 4] A2 =W = 320T WA 380C

AOIA, F7] 1 BEES ApelIAFATH(NalP0,) & EFsta, 7] Ar 7k~ 10 scem WAl 35

o 2
scem®] HEZ FE5A7IH, 7] URAE AFA 100 S tiste] 7] < EES 20 THF WA 55 T
o oA, 7] YAE AFAl= ZUE JLRUYOJE F4k8FE (Coo(0H).C0;) UY=AIE AFAL &
A 37 YA E dAAls 24E CoP 2 0-F 5 (oxygen—enriched) H|A A CoP (Co-0-P)=

gE Aol mar, & dgois ded AAd-nAgd stolues e zte ATE < S9E 7 A5
=

wlo) Azgel olal AlxEE AAA-NAA SfolHE Be 2 WAE o SR SN AFE0E AT

Wy £

o A¥E wieh 2 E el wEw, ZAA-vAA sto|BYE e Zte AUE < FE N A=F
e Agdozn FHAT pl WA 53 A5 F4 B v dss dedls 237 v

= 2% Coy(OH)C0s NS/CF A4, CoP HNS/CF9] €Al &34 2 HERS 98 A=o] &8 didh sfeFrolt},

T 3& (CoP HNS/CFe] Ao #3 Aoz T 3(a)e xZE%(bare) CFY SEM ojmRlojm, & 3(b)E
Cos(OH)5C05 NW/CFS] SEM o]u|X|o]a, = 3(c)¥E Co.(0H),00; NS/CFS] SEM o]u|XolH, = 3(d) ¥ = 3(e)&
CoP HNS/CFS] SEM o]u]x]o] % XRD s{Ele]i, & 3(f) @ = 3(g)E CoP HNS/CF®] Co 2p XPS A~FE W p 2p
XPS A= E&o|t},

% 4% CoP HNS/CFY] wA] % AR 3k Aoz T 4(a)= TEM o Aolx, & 4(h) ¥ % 4(c)E AAM 1
2o 204 3R HRTEM ©]v]#] 2 SAED | &lo]x, T 4(d): CoP HNSS TEM-EDS €2 @}ol 2719 2 uj
FE BT, E 4(e)E CoP HNSY Ao tish Mefxo|t),

T 5= A = A4 wpdo] A CoP HNS/CFY] A =Zmuj HER A%l

Ayl B2 ZH(Polarization curves)ol® = 5(b)¥ % 5(a)2RE FE% g2 ZF(Tafel plots)o]lx, =
5(c)E 0.5 M PRSI 4w 25 4 2 gl Z3ola, & 5(d)E 0.5 M H,S0,014 HER EHIZAE F- SEM o]m

Aol X 5(e)E 0.5 M H,S0,0014 HER BlAE & TEM ojnxjo]ar, & 5(f)& = 5(e)o AA 13 2004 FHaizl
SAED sf®o]al, = 5(g)+= 0.5 M HySO,, 0.5 M PBSell A 3 w4, 5,000 HAl & 10,000 HA CV -9 &= =

g

2

oliz, & 5(h)¥ 0.5 M S04, 0.5 M PBSOA¢] A2l E (chronopotentiometric) =4o]t},

E 62 dZEld wdolA CoP HNS/CFe] A=l HER Aol &3 Aoz, = 6(a)= 1 M KOHAA SHE =
Iol & 6(h)E & 6(a)olA] FEE B ZFo)a, & 6(c)E 0.5 M HS0, 2 1 M KOHOl A =A% Pt/C 2
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CoP HNS/CFell tigh 9] & e}l 7]&7]9] vluelar, = 6(d)= SEM, TEM o]m]X]o]
dElo)ar, & 6(f)= 1 M KOHO A HER El=E 3 Co 2py. 9 P 2p XPS A~HEH o],
L
-

A WA, 5,000 HA 2 10,000 HA CV & &5 Fdoji, & 6(h)E 1M KOHe AZ=HHwWER IFdo|t),

.

a
-
2

}i‘;

7¢ tHA (4cm x 4cm) CoP HNS/CFoll #3k Aoz = 7(a):= :=Z% CF, Co.(0H),CO; NS/CF = CoP HNS/CF

gAY Al@ola, = 7(b)E = 7(a)olAl CoP HNS/CFY] 4-Q=-FAEd| 3f@atE= SEM ojn|xo]a, &= 7(c¢)
0.5 M HS0, 2 1 M KOHAAS &= ZHold & 7(d)e v Zze=HeuaWEL g2E ZAzlo)lx

7(e)i= HER 2+& ARE-3F CoP HNS/CFe] tiA®" Apzle]tt.

fr o i

ki

8(a)&= 0.5 M HS0,0lA41 Pt/C/CF 2 Pt/C/GCES] &= Adola, %= 8(b)&= 0.5 M PBSellA] Pt/C/CF H#
Pt/C/GCEe] B= Aoln, &= 8(c)E 1 M KOHelA Pt/C/CF % Pt/C/GCES] #= Mol & 8(a), &= 8(b)
2 = 8(c)ollA, GCEAl 9% Pt/C = FAE& (Foll 295 Aol Hlg ¥ HER A4S YeER)7] wio =
A= AT,

to ki

T 9% 120TolA (a) 0.5 Al = (b) 6 A|ZF Bk = Wh-g-3F Con(0H),C0; A SEM o] w] =] o] T},
% 102 CoP HNS/CFE] N, &2-¥2 524 % BET H| WA S Yephdc).
T 11(a)E Cou(0H)005 NW/CF AT XRD #elo]lm = 11(h)E Cox(0H),005 NS/CF A A 2] XRD | &lo|t}.

123 CoP NW/CF2] XRD =&l (a) 2 SEM ©]w|A] (b-1, b2)¢]T}.

ki

13& 12 A7k et €3 o2 <23td (phosphorized) CoP HNS/CF2] XRD #i®l (a) Z SEM ©]u]#] (b-1, b-2)0]

S

ki

14+= CoP HNS/CF9] A #o](Survey) XPS Z~FEg]o|t},

ki

15+ CoP HNS/CF9] TEM o]w]=]o]t}.

ki

162 B34 #9]7] (inert atmosphere)ol] A Coy,(OH)oC0s2] TGA©]T}.

= 17(a)= 12 AIZF ZoF 2A3tHE CoP HNS/CF2] TEM oln|xjelr = 17(b)E A3} SAED sjelo|t},
L= 18(&)% C0304 NS-O/] XRD TLH]'HO]J_’_, = 18(b)% C0304 NS-O/] TEM O]H]X]O]J_’_, = 18(C)—‘5 C0304 NSE‘%‘"E‘] —/F‘l—zT
© CoP HNS9] XRD #®o]™, = 18(d)+= Cos0y NSEHFE 5% CoP HNS2] TEM o]w]X]e|t},

T 19(a) ¥ X 19(b)¥ 217} 0.5 M HySO.1 A4 10 ~ 200mV S_lﬂ 270 424 CoP NW/CF 2 CoP HNS/CFe] 0.1

~ 0.3V (vs. RHE)9] CV ZEudoli, & 19(c)E 27
0.5M HpS0.°1 4 CoP HNS/CF % CoP NW/CF«] ECSA-73 713}

o grEA §Y4

AT

=5

1 3l

= 3L o]

)
u

drola, = 19(d)E

M b

=

T 20(a)= 12 AIZF E<k 2lgk® CoP HNS/CFY] CV Z2uldola, = 20(b)E 27 £%o w2 g4 AF
Tolm & 20(c)+ 0.5M H,S0.004 1 A7k 2 12 AJ7F %<t ¢13tE CoP HNS/CFY] £ =Mo|t},

-

T 21(a), E 21(b), = 21(c)= 22 0.5 M HyS0,, 0.5 M PBS 2 1 M KOHollA ¥¥ M (fitted line)S EgH3)
CoP NW/CF = CoP HNS/CFe] “o]FH|~E (Nyquist) EXo|U}.

% 228 0.5 M HS0,001 4 HER BIZ~E 3 CoP HNS/CFe] XRD sj&lo]t}.

= 23(a) 2 % 23(b-1), & 23(b-2)= 77 0.5 M PBSel 4 HER BIAE 3 CoP HNS/CF2] XRD sH& 2 SEM o]m|
A o]t}

% 24(a)% 0.5M H,S0.004 3 WA, 5,000 A = 10,000 HA Apo]Zell A ] CoP HNS/CFe] CV ZZu}dolar

5% 24(b)E 0.5 M PBSollA A HA 2 5000 HA Alo]Zol A 2] CoP HNS/CFe] CV Ezupdolar, &= 24(c) ¥ =
24(d)E 0.5 M HS0, 2 0.5 M PBSollA] A2w-HelawEZ g 2E9 50 ¥ 100 A7+ & CoP HNS/CFQ] B 2

o)t}
% 25%= 1 M KOHoll 4] HER ElZ~E 3 (CoP HNS/CF] XRD sjElo]t},

_7_
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golgla-2d QEZYolBRE A AL, 120TolA 0-12 A]ZF FoF 9 wksH, s 5 S AHEa
A B AxEJrE. sk (phosphidation)E 913, Co.(0H),C0; NS/CF AFA 2 Apolglibatt
(Nall,P0,)(0.35 g)& ztz A9 Frel F4 2@ A4F ddo] Far, Ar 7k (20 scem)E FE5A71HA 1-12 A
7F &9t 350TCE EA e AT}, CoP NW/CFe TS 1.5 AIZE &<t Cox(0H).00; NW (nanowire)/CF -] <13}
= S8 A Esl.

2. AFFve Bt
(D) WAZE B @ gy B

SJEFX] SU-70 2 COXEM CX-200& A}g3Fe] =A} Ax}F &AW (SEM : canning electron microscopy) ©]H|A|E
Ah. A E] Brunauer-Emmett-Teller (BET) H]EW A2 Belsorp—mini 115 AF&3lo] 77 KollA A ;g,:
2 FAo| & ZALEAT. Cu Ka WAMAS AF83Fe] Rigaku SmartLab HE+ MiniFlex 60002 X-A
(XRD : X-ray diffraction) ¥|®& AATt. XPS (K-alpha +, Thermo Fisher Scientific)ol] 2J3] ¥ &}&
A8 33T, oA BEabe X-A E3% (EDS : Energy-dispersive X-ray spectroscopy) W&
F3 Az @nlF (TEM : transmission electron microscopy) #2jo] JEOL JEM-2100FZ Al&-3lo] 423 AT},
o= 87 st 5C -min © W% HEF Perlin-Elmer TGA-76] & 5% A(IGA : thermogravimetric

analysis)S 7153} H.

=

4 N,
o Jf o Jﬁ il
ro Rl mE ne

[*]

(2) A7) &34 SA
HER AF&m] A5<S ZTHA S AEIE 93 ~HolA (Ivium Technologies)S AF&3sle] 3 A= A FA A H7}

H ATk, A7F-AA] CoP HNS/CF % CoP NW/CFE 2l A5 (B+ =9 A% 1 mg- Cmizgco)—g—i}\i 23 Apg-st

Ao . Pt/CY A, A AFo2A F8d g4 A= (GCE, A7 5mm) 2 Pt/C (0.2 mg'cmizgeo)ﬂ =294
A HE 72 IAE /\]—%6}911:} (0]59 HAI=n] Aol AR BF A8 (ESM : Electronic Supplementary
Material)e] &= 7¢l 1o} 3l FIEEH AFo2A4 ZA REE AMESta, A, T4 2 &2 vl
A 7l AFo=A X3 A= {:L (SCE : aturated calomel electrode), Ag/AgCl A=, 2 Hg/Hg0 AZS
2z Abgekdth. Hald®EA 0.5M HS0, (pH 0.3) 0.5M PBS (pH 7) = 1M KOH (pH 14)2 AMg&3&kqich. A9

mV-s o 27 &SEoA Ay A9 EelwEZ (LSV : linear sweep voltammetr
%-O/] )l]: ERIIE = ESCE + 0.0591 X DH + 0241, Egg/gg01 + 0.0591 X DH

& AHgEle] BE 918 RER WA

3. A%

CoP HNS/CFi= =@ Whgell olojA, Aloj7badt st @Al 7]Z28t] AxHler, o= &= 20 /HFHes =
Ao k. Fe 1A 2 FAAEA A=k, |14, 120CeA 12 AzF 59 54 ukg o CF Aol
Coo(OH)oC0; NS A7A1E AR, =A==, AZ2H Cop(0M)L0; NS A7A1E 3A 7k~ & vbes §3] P &2

2 9IxE3d CoP HNS/CFE #A3tk. =3, CF A9 Co,(0H).C0; Y= <Fo]o] (NWs : nanowires)
(Cox(0H)2C0; NW/CF) AFA7F @AIZE 5 ¢ 1S IS of AxzHgoen, g <3} Fgo|A CoP NW/CF
7} 4=

HkS 5k CF 714 “d2] Co.(0H),L0; NSO A4 W7t EF2 FAF Ax} #An)2d (SEM) oln#] (ESMe] = 3(a)
- X 3(c) ¥ = 9ol 9 AU, 2 E FHolH F9 [Co(NOy), - 6H0 + $-#Hol] &4& 120CE 71E 3}
W, o7t BalFo] dREE, FHRUCE, 9 Jlo|EFAle|E o2& & U2 HEAFHT. tadd, ZTE
128 7k 2alsta JAAA CFel AA mwol] AA 9o]ody A= HAE] Fdst X5 P33Tt (ESM
9] &= 9(a)). °]E A=+ 1.5 AZF ok wkg3 & 1A (1D) NW= A 3s) 3 1}

o
1

(]

_10_



[0066]

[0067]

[0068]

SIHSd 10-2021-0154674

lﬂ
=
=
rlr
fato)
)
[\l
o
>

AgEol N Atele] & wle7] Al&Hgar, ez W
o] = 9(b)). 12 AIZF Bk WA F, RE NW7F NS2 @ E A=, 9714 Zuhe NsE 2
Mz B HAt (2 3(c)). Con(0H):C0; NS/CF AFAZ 350TAH 1 Azt p sl o
NS/CFE A4elith. 218k A2 F, CoP INSE= o8] 7] 2D Fels FASIL OF 7)Aol 2 %MEM 1ok
(&= 3(d)). CoP INSo] H 7] X FA= Z2 ok 2-3 um 2 30-40 nm¢! Ao

2

351 lch (ESH
Aot A

Az

2z S22 ESMe] = 100 =AIEO] QTh. BET HIEWA2 3.57m - g ¢ AL

ol

Cos(0H)4CO3 NW/CF, Co(0H)2C03 NS/CF A=A 2 CoP HNS/CFO] AA ARE= XRD 4o 28] E4stE ATt (ESM
o] & 3(e) ® &= 1D). BEE MES 20 ~ 26° oA HEE=gHbroad) JIE B oH, o] CF 7|Ad] 7]
T}, Cop(OH)2CO; NW/CF (ESME] = 11(a)ell sld) 2 Con(OH).CO; NS/CF (ESM] %= 11boll sid)e] XRD &2 A}
WA A (orthorhombic) FFE zb= o= 9] E Cop(OH)oC05 (Coa(0H)oC05 « xH0) 2 2 =F2] Y (monoclinic) T+
ZE zt= g% (dehydrated) Coo(OH)oC0s2] XRD #®l 3 & AXE 31, Zh2H2 Cox(0H)2C0; NWZF Coo(OH)oCO5 NS

ke wf dgrAe] gE dEpdn. sk AE §, gde] BE vk g3 o] 2k g Agle]l Abg
A FxE 2EE CoP9t IS (% 3(e)), tFE2] Coy(0H).C0; AT-AH7F CoPE WEEHA S-S FRlstirt.

3wl HER A5e] HlaEs $18f, 350 CellA 1 AZE F<t Coy(0H),CO; NW/CF=45-B @2 o= 15te CoP NW/CF

2 350°Col Al 12 AJZF B¢t Coo(0H),CO; NSERE] g o=z ¢13ts CoP HNS/CF7} s FH =) (ESMe] & 12
1 = 13).

CoP HNS/CFe] #}et4] el XAl %Zﬂx} 239 (XPS : X-ray photoelectron spectroscopy) #4jd &3] 54
3tE k. CoP HNS/CFQ] ZAF A~HE T 14). waEbA,
Co 2p, P 2p @ 0 1s9 asA= XPS AFNE-HS ZA3IT. Co 2p )\D‘j}EE‘:—!% 2pase/2prs AN A zhzb
778.9/793.7, 781.6/797.8, 783.1/799.2, % 785.7/803.0 eVolA 44 ol ¥ IS et (X 3(f)).
P 2p 2FEYS e A oA ol 129.6/130.5 eVell A 270¢] Fo] @ 37 @ e A ouA o
Aol A 134.4 eVolld mrrE 94E yeldlt (2 3(g)). Co 2p9 4% 778.9/793.7¢V % P 2po] A%
129.6/130.5eVe] 54 HAE= CoP AFES YeplW, o] ®i®l CoP Fx¢ & dATt. Co 2pe]
781.6/797.8 R 783.1/799.2 eV R P 2pe] 134.4 eVe] AF dA= It or FY] :m=FE 1T CoP WO
Fit Abske QlE Co-0 R P-0 AFrel 7IQlskalth. ek, 1 AIRE E<F Q1ske CoP HNS/CFE 12 AIRE S<F <
stel e oldd RiE CoP EAF Hludle] okgh Co-P ZA¥ AEd Yepdlom, o= 1 AIRF &<t sty
CoP HINS7F L F+Zoll 4 0-F% w42 CoP 4 (Co-0-P)& BF3S 43},

o
flo
(@]
o
ae)
2
u =
o o
o
o
rlr
o
, O
o
o=
o
=
[
ll
=
fuj
ul
=
w2
=
Lo

CoP HNS/CFe] ZdAlg WAl -2 TEM &Ael os) ZAF= itk ESMO] %= 4(a) % %= 15% CoP HNSO| TEM °]w]|
g BoFErr, 53], @ CoP HNS 4=+ deol= 2719 Eale g9 AX A4 (A4 FEA) 2 e Ad
(A 2, Aol EAgktt, o] F A wA FE2E F7FE AT Ad 1 (B 4b)ddA 42 1=
TEM (HRTEM : highresolution TEM) o]w]A]o] =A% n}e} 7o) o] A|Ex Yk thAA (nanopolycrystal) O =2
TAAERe™, 714 o529 0.28 E 0.19 mme] A FH&= Zk7F CoP 29 (011) # (211) ol a3},
A 1 oA HdelEl 9§ A=Ak 34 (SAED : selected area electron diffraction) & A (% 4(b)e] A%
), CoP9 (011), (111), (211) ¥ (301) Wl dl-&3t= 4719 & ¥ MEZL B§&stA #2d = e,
o]= MM 1o YXx ZAA A (nanopolycrystalline) CoP2] ﬁé”# o1&t A s}, Yxdo=m AMd 22RE o
o]Zl HRTEM ©]w]=x] B SAED &l Az 7Y e Filgh RE/¥ sfdg YepdlA] &3t} (B 4(c)). 2919
TEM (STEM : scanning TEM) &4 3}ellA] EDS ¥4 WEH2 Co 2 P } ARA D HAA 99 vl Yx5tn
0F ¥Agd dYoAnt - ds Yl (2 4(d)). XPS 404 olide vhe} Zo], CoP INST H-it ¥H
AbstE AlQletal 1 FROA ARE Fo] 08 R, diF
A

2ol 0 WAA Aol pelgeh, oA welA, &
AE CoP INSE Stelne= A4 A-uAA 4 Uehle, 2 dee 2z 2444 (P 2 mAA Co-0P Fow
THEG. 9D AN APA-NAA Folngs F& FHFE AL SE Aol mekA, CoP HNS/CFIA
o o ;i@ solues Fx G4 HAUZ] 2AEYOM, ol £ ()] EAHC] AT, Co0H).L0s NS

ATAE B2 971004 A =7 wiol, slol=54 4 FtRYo|E o] 2] AAR & 250C o] delA

S (= 16% ESMe] & S ®24 TGA(thermogravimetricanalysis), ol AFA|7F 250T o)A
oA ZIAE JbstEo] HE Yehdrk, FAlol, AFAE P A2 wgA7I A E Ao AAH vAGF Co-0-
P2 olslgHow M3k ]ﬁﬁ} 013} wh-g-o] Mol wel, HFZA Co-0-PY A ZHEE ZAHA CoP7} FAH7I

0
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A&k, vhaoll, Kirkendall &fell & A& A CoP7F F7bgel whet AJE WiF9] Co ¥a7F Axf o A2 &
b= ek, A A E, TEM-EDS 242l 7H»goﬂ ofs AAA CoPllA © B2 Co7t AZFHAT (= 4(d). 24,
SAE A8t A Co9] F7F & gk 2 pe lﬂl‘i—sﬂ S gAIsk] aLfrgh slolHE|E AAA-H|AHA A
FAANAG. a2y, XPS ~FEY (= 3(f) 2 = 3(g)3 TEM £4] (ESMe] &= 17)¢llA] ﬁ#‘ﬂ% 12 A7k =
skl o CoP HNS/CFellA ©o @& ZAA CoP7b FAEE= Zos FAATE. wgh, TEM EDS 94 H8 &

A3} Ajzto]l F7hghe whet CoP HNSO] P HIEE F7b8bal 0 W& #Ashs BolFdrd (ESMe] [ 11).

A%, AARA-HAGA stolng= o] P4 HABHE Cosu NSO Q13F A AE #EE F Qledl, of7]A
Cos0,7F BIAA Co-0-PE2 H3e th3, A4 CoP7} oA ZFH FA=AT (ESMe] = 18). o] {3 +
33

= olglel AFE vk o] Hojd A=Fu] HER A5l ZA 713k, shrle] [ 11 TEM EDS ¥4 9
olgk 1 A|ZF 9 12 AJ7F B9k d” o2 QlstE CoP HNS/CFAlA S Co, P 2 09 Hit YAHE e,

l"

ruEA
1 of

et rlo 2 NIO
N O

o
()

= W

Z 1
e AA] (%)
1h 12h
Co 30.45 30.47
p 31.86 39.79
0 37.69 29.74

CoP HNS/CF9] H==nuj HER A& vH|E 98] WXvl3 Pt(20 53%)/C 2 CoP NW/CFe A5 stA 3 A=
AL Atadell Al 2k (0.5 M HS0.), F4 (0.5 M XA o|E b5 &M (phosphate buffer solution); PBS) % &
ZelAd (1 M Ko midelAd H s Ae, ZE d9e iR oz B (7 B A4 sdshs R g
ESME] [E 2o Z=AHY AdS) 7MY =2 A (RHE . reversible hydrogen electrode) H$1& WH3= S},
Agell, 23 H T4 AN BE HES HEF0 HER A5& AT, & 5(a)e A mj&el A LSvel €]
gk CoP HNS/CF, CoP NW/CF, ¥ Pt/Ce]

L

1__'_1
S 2% ANBY, wFD(bare) OF 71AE 2408 A9 9l e
ARAT Qe AR UEE e, ol (Pl AFFu @4o] glee vEhith aHem, Cop
INS/CF= A4 Wl dolA -10 mA - em ¢ A% WEE 24s7] 98 48 mVJ 22 BHHE Fo 7 P, oe
PL/C (30 DSl AR Wwe vmAbseln A wiE IUE 9 HE VW MR AFEe A% Wt
Saiet (BN [ 3)). 8 Cop INS/CFE AR WEE B3/ A pe/Cun) e A4S 47

CoP HNS/CFE= -100 mA - em ] AF WmolA 115 mve] #2492 Jehgz, o= Pt/C (133 mV) BT} Sk},
500 mA - em © AR WEAAE CoP HNS/CFE o438 180 mve] #d9S QT gch, mak, =

mlm e

il

57 A=}
Ao gH

E] 5% CoP HNS/CFel e} 7]%7](Tafel slope)+ 57 mV - decil = 5(b)= FAHAe™, o= CoP HNS/CF
7} Volmer-Heyrovsky HER WAUF 23 %u% Uehdd, 49 A7) sk g3 &5 A4 dA ot}
sh719] (& 2]+ A, T4 % EL%L g As oA el BE AEA] gk Rs @t ¥wAdzE vEhda, (&
3] A3 i dollA H Bad FLE Ql FH3E 71N W=Fu] HER 549 vwAd3E yephin.

Zz2
A=E) Ry (Q)
0.5 M HySO,4 0.5 M PBS 1 M KOH
Pt/C (GCE) 6.51 22.69 7.29
CoP NW/CF 1.38 4.39 1.72
CoP HNS/CF 1.26 4.27 1.65
# 3
=4 71 A & Mo Tafel slope
-1
(V] [mV dec-1]
CoP HNS/CF Carbon felt 0.5 M H,S0, 48 57
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CoP@BCN GCE 0.5 M H,S0, 87 46
CoP/GQD GCE 0.5 M HyS0, 91 43
Co,P@C CC 0.5 M H,S0, 179 (100 mA) 41
CoP Hastelloy 0.5 M H,SO, 78 68
CoP/CNT GCE 0.5 M H,S0, 122 54
CoP nanoparticles Ti 0.5 M H,S0, 85 (20 mA) 50
CoP nanowires CC 0.5 M H,SO, 67 51
CosP nanorods Ti 0.5 M H,SO, 134 71
CoP GCE 0.5 M H,S0, 104.8
nanopar ticles/rG0
CoP@C nanocables GCE 0.5 M H,S0, 170 61
CoP nanosheets CC 0.5 M H,S0, 49 30
CoP urchin GCE 0.5 M H,S0, 180 (100 mA cm%) 46
CoP GCE 0.5 M H,S0, 43 (onset) 40
nanopar ticles/CNT
CoP nanoparticles GCE 0.5 M H,SO, 95.8 33
Nanoporous Co.P Ribbon 0.5 M H,SO, 80 44
CoP hollow prisms GCE 0.5 M H,S0, QO(BOmAcﬂ6 57
CoPs; nanoneedles CP 0.5 M H,S0, 65 46
CogP GCE 0.5 M H,S0, 103 58
nanopar ticles/NPG
CoP GCE 0.5 M H,S0, 98 74
nanoparticles/NC
CoP nanosheets GCE 0.5 M H,S0, 56 44
CoP nanosheets CcC 0.5 M H,SO, 131 64
CoP nanotubular GCE 0.5 M H,S0, 152 50
CoP GCE 0.5 M H,S0, 139 52
polyhedrons/CNT
N-CoP nanowires CcC 0.5 M H,S0, 42 41
CoP GCE 0.5 M H,S0, 160 56
CoP CFP 0.5 M H,S0, 128 50
Hollow CoP/CNT GCE 0.5 M H,S0, 73 55
CoP nanoparticles GCE 0.5 M H,S0, 112 70
Porous CoP/C GCE 0.5 M H,S0, 120 51
nanoboxes
Co—CoqP GCE 0.5 M H,S0, 62 51
nanoparticles
@NPC/rGO
CosP quantum CcC 0.5 M H,SO, 116 63
dot@PC
CoP microballs GCE 0.5 M H,SO, 105 54
CoP nanostructures GCE 0.5 M H,S0, 110 54
CoP nanocrystals@C GCE 0.5 M H,S0, 112 57
CoP/rGO GCE 0.5 M H,S0, 105 50
Porous CoP concave GCE 0.5 M H,SO, 133 51
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CoP nanotubes GCE 0.5 M H,S0, 129 60

CoP nanowires Ti 0.5 M H,S0, 95 (20 mA cm ) 65

CoP HNS/CF&= =3k CoP NW/CFHEU A =& HER A4S UetWlew, olF% FHIAH(double-layer
capacitance) (Cq)7F CoP NW/CFE.T} oF 48] ©] #Skth (ESMS] = 19(a)-% 19(c)). Cy=H¥ 7] 3}stz A4

FHA (ECSA : electrochemically active surface area)S Ao 24 CoP HNS/CF % CoP NW/CF¢ &=
o] ECSAC dial st dek (ESMe] = 19(d)). 75 A%, CoP HNS/CFeF CoP NW/CFe RE FAAA W
oA FAFS A S ‘/]’E]"’"‘:]' W3k CoP NW/CFi= CoP HNS/CF9} AFsE Bl 718-7] (59 mV - deci )E UERTH
T 5(h)). o] A3}Z 1#3H, CoP HNS/CF % CoP NW/CFE AHd wjdolA EU3k 14 H=Zv] HER 24
L %‘O—ﬂl?ﬂ'(klnethS)a 7H e EV\] Tel A, FRE] AR ZYE 2 AE B e %H 717 HA
T golojy FRET ¢ B ASGEu] vk ARIEE AFE 4 9o, ol 1A% HER A=Fuldl uigh
CoP HNS Fx9 545 45dt. g, 12 AR 52 d8d CoP HNS/CFE 1 Azt &< A% CoP HNS/CF
RO} 2L Oy (25.7 oF - em DS ZHE O (BSME] % 20), olvbE <18} wgolA] oFzre] Lo 9la) HER A
ol A3t Art.

CoP HNS/CF7F &4 wjdolM % %2 HER AeS YelWtsE dL 553 71X7F th. HER &Adol wjso], CoP
INS/CF&= 2HA oA SA-E A {FA18 H S veRlitl. CoP ANS/CFE -10 mA - cm /] AF oA 120
|9F HER A=Zvjet vud 4= v} (ESMe

oL
bl

el BHASE myom, ol HTo] waH =UE o HE 7
[ 4]). 3719 [F 4] T4 widolN FZ Bud ZLE < 335 7| A=Z=u] HER 549 nud o=
epie
I 4
=4 71 A £ Ny Tafel slope
[mV] [V dec ]
CoP HNS/CF Carbon felt 0.5 M PBS 120 83
CoP@BCN GCE 1 M PBS 122 59
CoP Hastelloy belt 1 M PBS 121 106
CoP nanowires cC 1 M PBS 65 (2 mA cm_z) 93
CoP3 nanoneedles Cp 1 M PBS 165 109
CoP nanowires Ti 1 M PBS 178 125

CoP HNS/CF+= CoP NW/CF¥EwE olye}l Pt/CHRU AF DxolA ¢ %2 HER A4S YEY (&= 5(c)). CoP
HNS/CF 2 CoP NW/CFe] €}l 7]&7]% 247} 83 2 86 mV - dec i FAHNeH (= 5(c)9 AYFE), 9 &
dg HER HIAYUSE WES Uk, gk A 2 T4 widdA A7) shE deds 23 (EIS
electrochemical impedance spectroscopy)el 23+ Zul EAE ZAMNUY. EME = 212 CoP NW/CF % CoP
INS/CFe] HolAZE &£3& =AM o5 4‘%‘ dlole = ESMe] [ 5]o] foF=]o] 9lt}. CoP HNS/CF&= 4H3
2@ A wjdo)| A CoP NW/CFETF We dst g 1?'%(charge transfer resistances) (Rct)< 7Moo, o]
CoP HNS/CF7F A4 B 54 mjdelA o =& Xdo} Ag 5493 545 ved Aolgke A& dAgt. 31719
[3 5]+ 571 g=2e 93 474€ 79 dolgE Yerdtt.

x5
AE Ree ()
0.5 M HpSOy4 0.5 M PBS 1 M KOH
CoP NW/CF 10.58 7.85 8.14
CoP HNS/CF 1.95 3.65 2.43

A whEolA HER HI2E F CoP HNS/CFS] vla] 7 9 ¥W 815hd wslg #rkskddth. = 5(d) - % 5D
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10 A7+ 59t -10 mA.cn o] A5 WEAA IARwAHiEY BAE F CoP INS/CF] SEM 2 TEM &
otk SEM ow| Aol EAlE wkel 3Fe], Co HNSE o4%13] (F xwo] & ¥-ztwjof 9lar x7] 2D AE &
APH(E 5(d)). TEM olm A 2 SAED el A4 2 vAA Fite &she 2719 e dogo
ZAES HolFEth (F 5(e) @ % 5(f)). HER HIAE 3 XRD FElo) 4] AR A9 fog wslr}
groml (ESMe] % 22), ol b4 widol A HER EI=E Fo] CoP HNS/CFO] € T27F dol A&s

sk}, S, CoP HNS/CFE =4 ulAo|A HER B|2E = g 9@ AA FxA Fo3t Asts JehyA kgro
™ (ESMe] % 23), o] H3 T4 Al CoP INS/CFY] ¥ 727 SHgAS &eletA 3t

CoP HNS/CFe] #7] WA Aoz G4 A 2 24 udoA Alo]Ze EelwEa (Y :
cyclic voltammetry) R F=wH el E2 (chronopotentiometry) ElX=Eol o3 F7}E ATt = 5(g)+ 100
mv s o 27 2ol A WAl 5,000 WA, 10,000 WA CV AFo]Z B CoP HNS/CFe] —%% 248 T B}
(ZF CV Z29Y2 ESMY & 24(a) 2 = 24(b)ol] E=AE). i7] /\H:,Hg]_ H]Lo}% AHA4

5,000 HA AJo]E o]Z Ao} A u] %

o] (shift)e] ¥ ARw-FHEln

L
g
ol
0%
~
>,
=

Tn
i)
14
2
g

91

\::l_:

=+
H

>

A,
jus}

- .

o
N
N

o
2

oX,

SE

ofN

o>“
=

i)

2

>

100 A7 59k -10 mA - cn o] LAY AF WEoA ARwFuHiwED HAE Eol
= 2zo A AT, OS], B ZHe AruwsaadEY HaE A5 LA & = Fo]S 1o

AN
o} (BSMO] X 24(c) 2 % 24(d)). E3, CoP HNS/CFE -100 mA - em © AF WEOAE gl A9
S vErde], A wiEel A CoP HNS/CFO] -3k <H8AS S aalrt.

Sog, 47ty wAoA CoP HNS/CFe] A=FZv] HER A%< H7F8It. & 6(a) 2 = 6(b)e A o
|7 CoP HNS/CF, CoP NW/CF 2 Pt/Cel £ I 2 25 JAoz2RyH frd B2 35 ek, 24
*Zd wjAeAe] Pt/C H CoP HNS/CFOﬂ gk #Ae 2 e V&7 & 6(c)olA Hladnh. dZEA
A6 4], CoP HNSs/CFE= 717 -10 2 -100 mA - em 9] AF D= 2 50 mV - dec o] B2 7127]2 24317
55 ¥ 119 mVe] ZHHE YERla, ol FHE Huw i%E ©] 3}gtE 79k HER A=Evjo] AF Wxr
L5ttt (ESMY] [# 6]). PtE %33 tjiE o] HER A=FZuj+= Z2E LY (proton donor)e] HFE0
2 iR e el A5 Su) 24 B 598s JERERE, Volmer ¥Rl A F7HHQ1 FrEl g
o] Azl Aol HERYl F&3tth. & 6(c)ol =AIE upel o], Pt/Cy zEA widold &
S A9 2 e vevE L}E‘r”‘f/}. T2y, CoP HNS/CFE ARY midellA S48 A3 vaste] 5ds w4
Do A FAREE Qs verlla, A4 wjddA SHE AR 72 vl R o se Bl 7
71€ YEREE. E=SE, CoP HNS/CF# -0.06 V (vs. RHE)®l H|3} Pt/CY A=5w &84S 7. g, CoP
HNS/CFe &2 midedl Al CoP NW/CFRTF & R & Yellen (ESMe = 21 ¥ [3% 6]), ©]& CoP HNS/CF
7} BE pH 2ollA O #2 A3t ol ¥ 5A4S YERIE Attt sl [ 6] &ZE A midedA
H Had IYE Q) SFHE 76k AF50) HER 549 v w4 7S ekt

N
> X2

[e

[e

()

2
, O do

013

0y

b

it
to

£ 6
=4 712 £ Mo Tafel slope
\Y -1

(V] [mV dec-1]
CoP HNS/CF Carbon felt 1 M KOH 55 50
CoP@BCN GCE 1 M KOH 215 52
CoP Hastelloy 1 M KOH 52 88

belt
CoP nanowires CC 1 M KOH 209 129
CosP nanorods Ti 1 M KOH 171 (20 mA cmiz)
Nanoporous CosP Ribbon 1 M KOH 60 40
CoP hollow prisms GCE 1 M KOH 122 (40 mA cm_z) 67
CoP3 nanoneedles CP 1 M KOH 119 91
Co.P nanoparticles /NPG GCE 1 M Kod 61 96
(1 mA cm_z)

CoP nanoparticles /NC GCE 1 M Kod 339 154
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Co/CoP nanocrystals Carbon 1 M KOH 135 66
Membr ane
CoP nanosheets cC 1 M KOH 86 70
(1 mAd)
CoP GCE 1 M KOH 175 84
Hollow CoP/CNT GCE 1 M KOH 125
CoP nanoparticles GCE 1 M KOH 115 109
CosP quantum dot@NPC CcC 1 M KOH 129 93
CoP microballs GCE 1 M KOH 97 84
CoP/rGO GCE 1 M KOH 150 38
CoP nanowires Ti 1 MKOH |50 (20 mA cm_z) 71
CoP/CoP2 nanoparticles CP 1 M KOH 66 73
(/A1,03 scaffold)
CoP nanoparticles/CNT GCE 0.1 M KOH 56
CoP_nanorods NF 1 M KOH 54 51
CoP films GCE 1 M KOH 94 42
Co/CoP films NF 1 M KOH 35 71
CoP nanoneedles CC 1 M KOH 95 60
CoP, nanoparticles/rGO GCE 1 M KOH 88 50
CoP nanowires cC LM KOH | 146 (100 mA cm ) 43
Hollow CoP nanoparticles Cp 1 M KOH 83 57
CoP nanoparticles cC 1 M KOH 132 89
@a—Co0x
CoP nanowalls cC 1 M KOH 80 60
Amorphous CoP NF 1 M KOH 143 63
CoP nanosheets 1 M KOH 111 70

aZre] A Aol A o] g3 HER Ao 27] &, &zel4d mjdolA HER Hl&E % CoP HNS/CF¢] %=3& =
AT E 6(d)E 22e mEolM HER Bl2E $ CoP HINS/CFE] SEM 9 TEM ©|v|A|& ZAZth, o= 3}
A, CoP INS/CF&= AE Fefjoll X & 2 Fe=zo] Fusty HatE Btk = 6(d)e] AgFael g s
o] W3 (FFT : fast Fourier transform) Tl AAA Co(OH),Hut o}l CoP7} 2t moF Sz A A=

HYSS YERAT (= 6(e)). XPS 2FEFH|A, CoP AT EA3 1 Ho| A2l Co 2psnoll A 778.5 eV
2 P 2pollA 129.3/130.2 eVe] o] W A7} A3 BEHJY (= 6(f)). FSH, Co(OH) T oy} CoP
7} XRD #HiE oA HEFHA (ESMe] = 25). wabA, &z ofdeol A HER oo A 2 Fefshs A4 o]

WASHE RS Akt e, AStE 2 bslE ) ZL A2 AolEs B Exlo dis) A3 S
o], FafglE 7H4538etal Volmer WHg ©AA F2H|l 2 E (adsorbed protons)(Ha) ol A& FH3t+=
AoZ d#A drt. webA], HER 5 Co(0H),2l FAL &Zed vwideolA HER 5ol 234 4FS v3l
v el 913k Sl CoP HNS/CFe] A 3 vjgd s Aojgrozm dzbe] wjdel A CoP/Co(0H), 7
W OHERS] A3 H FAEE HAs) alvk. =3, CoPeF Co(0H), Abole] A5 ade dzeld wfdddA §-3
A5 sl +dS 7HsshAl skl
CoP INS/CFe& gk ozbe]ld mjdolAd =& W74 2 tHAS vebiet. 10,000
HAE T (2 (V Z2992 ESMe & 26(a)o] =A1HE), &z uidelr] £
HEHAT (= 6(g)). HER HAE 5 Ful7} of 48] (F 7]Aol wets] 525307
whAel A 100 AIZF B -10 2 -100 mA - en 9] AAF WEeM AzawdavEe EﬂZ:E %9 HER 459
FAE = de A AT (= 6(h) B X 26(b)), Al (water electrolyzer) AlZ=ElollA AA|2 Al-8-3}
4712k AY & Qe o] Fosjth. old] Mo}, CoP HNS/CFE 500 mA - em o] ILAF
WrdEs 2ol FAH (&= 6(h).

A ERO. R CoP HNS/CFe] that® Az 7hHeds AT, ol s, #dd 44 e4olM =71 (4 em X 4
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E92

Hydrothermal
reaction

9
Phosphidation 4’%&

~

ne-4pp,,
/Phoys

/

. CoP HNS/CF

€ | CoP HNSICF f CoP HNS/CF
= - Sat. Co-0
S5 8 _ 3
5 2| dla
> < >
= ='| Phosphi- for 12 h
7] @
c <
Q []
s c
— | CoP #29-0497 =
L ||| ‘ | : || Phosphi- for1 h .
20 30 40 50 60 810 800 790 780 140 135 130 125
26 (Cu Ko) Binding energy (eV) Binding energy (eV)
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200 300 400
Distance (nm)

_19_



k1
N2
%]

'
-
(=3
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Current density (mA cm?Zceo) Q)
5

&
S
S

Current density (mA cmZceo)(Q

D
-
(=3
o

o

Inacid CF

-0.3 -0.2 0.1
Potential (V vs. RHE)

In neutral

Initial
=—5000 cy
——10000 cy

In acid

-0.3 -0.2 -0.1

Potential (V vs. RHE)
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b 120 § —(?: 0
In acid ’ q‘g In neutra
% 100 g 20
= 80 ‘é
& = 0 200 7
5 60 é‘ s %
= 7] E150 s
o c -60 s ’ A
2 40 3 £ 100 3%
3 - 3 S
5 20 S -80 g’ ; ¢e°'\
= ] ol ﬂ""’;‘l— N
=3 0.5 1.0 1.5
0 0-100 log [J (MA cm?)]

0.0

1.0 1.5 -0.3 -0.2 0.1 0.0
Potential (V vs. RHE)

0.5 4
log [J (mA cm?)]

h

0.0 jp acid »
. @-10 mA cm

o -0.1 %0 S .
= 00 20200 %33
2 02 @-100 mA cm?
>
> 03
= 0.01 1n neutral
0.1 @-10 mA cm’
o
& 0.2

0.3

0 20 40 60 80 100

Operating time (h)
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E06
% o) b2oo - C20 T T 100
R Inatkali ©F In alkali o 200 s S w0
€. < g < < < o
G100 Z 150 R = E £ g
< - © @ - - S 73
£ 200 s - s 150 ® ® 60 o
e ] . o =} B
2 100 ; o € S
% 300 B ‘ N &€ 2 3
§ g 3 50‘“ 2 100 40 ]
[ ol [ Qo
£ 100 > 50 . A > @
8 6 Ia,,,,.a—“‘\" aec S s0 20 o
E } « I II s
3 = )
O 500 0 o o
0.3 0.2 -0.1 0.0 05 10 15 20 PYC_Acid Il CoP HNS/CF_Acid
Potential (V vs. RHE) log [J (mA cm?)] I Pt/C_Alkali [l CoP HNS/CF_Alkali
CoP f Co 2ps:2

Co(OH):
(112) . (101)

@11) 2 @ (100)

(11 © 0

785 780 775

Intensity (a. u.)
~
1]
~
8

(301)O

145 140 135 130 125
Binding energy (eV)

3 9 alkali 0.0{ In alkali

o —

E 20 ‘é‘

<

;-0.1

£ -401 ——/nitial g

%‘ —— 5000 cy > @-100 mA cm’?

c -60{ =———10000cy ®

2 E -0.2
E . < o -2

g 80 K @-500 mA cm

L:; -100 -0.3

-0.3 -0.2 -0.1 0.0 0 20 40 60 80 100
Potential (V vs. RHE) Operating time (h)

EH7

Carbon Felt Co,(OH),CO, CoP
(CF) NS/CF HNS/CF

'[HH’MHIHll’lllllllll,llll]lllI,Illlllllllllll[HHlIHHIIII|III|[l|l||||||||llll||||||IIlll||l|||Il\llll\Hll\llll]l\ll‘lll\\lHl\ll\l\\\ll\\lll
G s oM ion e 2 13, 14 15 16l 170 a8 190

C
< 01in acid In alkali d 0.0 In acid
ol
£ 20 2.
E L) N o~ o~ »
T - 51/ § 5| § 202
Z NI =] 3 .
2 .60 S} SIS s 0.01 In alkali
C €
9 @
T . 5 -0.1
g 80 S _%—H_hh—_._
=3
64100 0.2
02 01 00-02 -01 0.0 0 2 4 6 8 10 5
Potential (V vs. RHE) Operating time (h) CoP HNS/CF (4X4 cm?)
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HES4

e
=)

Q
B
H

CF

In alkali
<

-0.1 0.0

-0.2
Potential (V vs. RHE)

7% & £ %

-0.3

In neutral CF

-0.1 0.0

-0.2
Potential (V vs. RHE)

b4
° § g ¥

(c20,. w2 yw) A3isuep jueiing

-10

inacid CF

o M w m m

@© (oo, wd yuw) Aysuep jusing

-0.2 0.1 0.0 -0.3

Potential (V vs. RHE)

-0.3

il

H
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—&— Adsorption
~—_— Desorption

N
=

[N
(o))

-
o

BET surface area =
3.57m?g"

AIIDIIIIIIS
00 02 04 06 08 1.0
Relative pressure (P/P,)

|

(3]

u)“ﬂ

Quantity adsorbed {cm® g™')

o

EH]I

Q
(=2

Co2(OH)2C0s NW/CF

Co2(OH)2C0s NS/CF

~
—

=
=

(221)
(220)

(040)
231

~
—
=3
()
~

(340)
(060)
(501)
(412)

(040)
(021

(321)

I |
f \
1

(300)
(

1 fl] Ly
| e W S Ut

i gy
JCPDS #48-0084 JCPDS #29-1416

| | ‘H I ||. ‘\| \IRIRRRENT

20 30 40 50 60 20 30 40 50 60

Intensity (a. u.)
Intensity (a. u.)

20 (Cu Ka) 26 (Cu Ko)
EHI2
T AT TS
. A1 ED » -
a CoP NWICF e A ;,é}"g
A X R AT S
S| /e o B A
o / = g :
2/ e
a T LA
£ | JCPDs #29-0497
L

20 30 40
20 (Cu Ka)
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EHI3

Q

CoP HNS/CF
Phosphidation for 12 h

Intensity (a. u.)

260 (Cu Ko)
EHI4
= -
X, o o)
o N (3
5 S & E 2 &
© S - U o 248
~— 2 o o
2| CoP HNSICF M
z phosphidation for 12 h
2
E %
CoP HNS/CF — L
phosphidation for 1 h

1000 800 600 400 200 0
Binding energy (eV)
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Relative weight (%)

0 100 200 300 400 500
Temperature (°C)
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EH18
a
Co304 NS
S
8
>
c
@
E w
Co0304 #42-1467|
| | . |

20 30 40 50 60
26 (Cu Ko

0O

Co0304 NS — CoP HNS

ANt

J‘| | ”
20 30 40 50 60

Intensity (a. u.)

20 (Cu Ko)

EHI19

a1 b 15

«— CoP NW/CF — CoP HNS/CF

g 10 10-200 mv s°* g 10 10-200 mV s

E s E s

2 2

® 0 w 0

c <

[} o

2 5 = 5

c €

o g

5 -10 5 -10

o (&)

-15 -15
0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30
Potential (V vs. RHE) Potential (V vs. RHE)

c d

~ 101 o copnwicF 2 9% In acid

& o

E 4| © copHnsicF a2 c .01

< o

£ <

< 6 £-0.2

w

z 2

¢ 4 @

= 5 S fs

S 2 < 28

) = o ¥ a

g 305 S§ S
0 50 100 150 200 -0.3 -0.2 -0.1 0.0
Scan rate (mV s™) Potential (V vs. RHE)
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EH20
- b >
& 45| COP HNSICF-12h __10] o CoP HNSICF-1h v il
£ " 10-200 mv s™ "-‘E @ CoP HNS/CF-12h «,E
S 10 G 8 G 2
E < <
= 5 E & E 40
% 0 2 2z
£ s 4 2 60
2@ 3 <
§ -10 3 2 £ 80
345 s 5
2 . ¢ O 100
0.10 0.15 0.20 0.25 0.30 0 50 100 150 200 0.2 0.1 0.0
Potential (V vs. RHE) Scan rate (mV s™) Potential (V vs. RHE)
EH2]
a b C
12 . 12 12 .
In acid © CoP NWICF In neutral © CoP NWI/CF In alkali © CoP NWICF
10 % CoP HNS/CF 10 * CoP HNS/CF 10 % CoP HNSICF
-~ 8 s B 1B
=] R: PE: g R: PE: <] R« CPE:
N6 R N6 R. N6 | R, |
4 4 4
2 \. 2 2
0 0 - 0 -
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
zZ'(Q) Z'(Q) zZ'(Q)
EH22
In acid
Cary
>
G
N
=
n
c
Q
-
£
: _‘I 1 _ |‘|| I
20 30 40 50 60

20 (Cu Ka)

EH23

Q

In neutral

Intensity (a. u.)

lll |\ Ll

20 30 40 50
20 (Cu Ka)
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Current density (mA cm?) ™

Current density (mA cm?) Q.
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T~ In acid
10
£
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E
2
‘0
<
S -10
& Initial CV
g ——5000th CV
o 20 ——10000th CV
-0.2 -0.1 0.0 0.1
Potential (V vs. RHE)
C
'S 0 In acid
E ® -2
S -20 @-10mA cm
<
E
20 Initial
@ ——50h
g -601 ——100h
t
@ -80
e
=
(3}
-100
-0.3 -0.2 -0.1 0.0
Potential (V vs. RHE)
EH25
In alkali
_ 4+¢: Co(OH):
S
s
2
)
c
o
g
£
T

10

20 30 40 50
20 (Cu Ka)

60

10 In neutral

0
-10

Initial CV
——5000th CV
-20
0.2 01 00 01 0.2
Potential (V vs. RHE)
" In neutral
. -2
10 @-10 mA cm
20 Initial
=50 h

-30] ——100h
-40
-50
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Potential (V vs. RHE)
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k1
g
&

In alkali In alkali

@-10 mA cm

-
o

Initial
——50h
601 ——100h

'
-
o

Initial CV
——5000th CV
——10000th CV

Current density (mA cm’?) Q)
N
[=] o
Current density (mA cm?) &3*
A
o

-100

-0.2 -0.1 0.0 0.1 -0.3 -0.2 -0.1 0.0
Potential (V vs. RHE) Potential (V vs. RHE)

EH27

CoP HNS/CF
Large-areal

A\

/ \

/ \\ .

/T I
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Intensity (a. u.)

, L ||1 | 1I.|
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