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Abstract

Layered cobalt (Co) hydroxide is a promising catalyst for oxygen evolution reaction (OER) due to its
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abundant earth resources, low Kkinetic overpotential and superior stability. However, the hydrolysis
kinetics of layered Co hydroxide is slow and the activity of hydrogen evolution reaction (HER) is
poor in alkaline environment. Morphology control is also an effective strategy in catalyst design.
Nanocones may have special electronic, mechanical and field emission properties because of their
unique hollow structure. In this paper, we present a coprecipitation method, in which ruthenium
(Ru) is partially substituted for Co and Ru is doped into the crystal lattice of Co hydroxide nano-
cones, which can significantly improve the OER and HER properties of the materials without af-
fecting the morphology of the nanocones. At the current density of 10 mA-cm-2, the OER overpo-
tential is only 260 mV, which is better than other Co-based hydroxide nanomaterials. Introducing
Ru atoms into the crystal lattice of Co hydroxide nanocones can reduce the energy barrier in the
electrocatalytic process effectively, and the OER and HER overpotential decreased by 99 mV and
286 mV respectively, thus accelerating the hydrolysis reaction Kinetics.
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1. 5]

WA RIS S HLR PR B ] R I 28 7 8, AT R e D) S mT R B2 1 REVR KA A% i A Rk 1
e ST HE MR R % E M A RIS, B v —FRAA AN&IEE IR 1] [2] [3]. TEAX
ZEIE D 5, B KR AL fE R m R T, T2 T AT [4]. 8
Vi, K MRAIEIA R, 45l 2R S (OER) MIMT AU B (HER) [5]. #H BT M1E, S48 k()
B LA AR A4 (Pt F2E FELAEE A 77049 731 /& OER A1 HER FEAEALFI I SEHE[6] [7]. 1E & Ir F1 Pt 1 = A RO AR 5
PERKBR I T EAMHERIE K 7 () )72 L [8] [9]

Hi(Co) = FLHEAL IRy Hofi 8ok, VERE RAF, MRS ICARSERE fl, AW 1K i R HEAL ).
VFZ 506 Co FEE AWITEN OER 53 HER HIMALT], 1 Eef 4h 77 (1 512 B B 75 B0H L AR K AE s AR A
[10]e SRTH, IXFE AP R AT SR — TR A BRI AT A, XIS A
i K E R A MR R A 11 ). BRI, SR AE SR IO FE s R B TR Co SR AL AL 70T & b
[12] [13]. ERE A= BERTEBEAFINEEM R —. @d 5 NEGHEFRAPER Ru, Au ST
%, WL ERE AR OER HERE, JH7E OER A2 HH Ay B I fifi 47 X SR AR AL AN 4200 i 7
[14] [15].

JERAA ok R LR 1) 1 R RE T () B P (LTI 32 281032 i o ATl DA g J2 R ) mT LA i e ke
(25 LY BB ARGE M . SR ERA R, WBRAKE . B, S SR SIS, #nT LU i
TERERZERI[16] [17]0 JEHAEMR —1RB0E, BFANRIERI T W 2 BB TR 450, B a0l 4
FRBA[18] [19] [20]o FHFHURRAHERGFME, PRHE T RE B AT R 10 fL 7 HUBRFIS R SR IE . SR, BR T
TR T BN R 241, AR R RSt 2 BRI HE I S5 M dRiE . Bk, HER GG EIREEA
AR A BT AR R 45

ARSI SR FH FLPTIE VA 4% T 5715 24 A AR K HE(CoRu S A AR HE) . BT I RuCly W

ik
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&, & A Ru B NE CoRu EEMMPIKME. BiE RuBANEIIIKR, PUKHENTE ISR .
FEARFFESHTIE N, Ru BRI AN 10%, [ 453 7 471 OER AE, 76 10 mA-cm ™ HIL %
FER, EHHALCN 260 mV. X1 HER PERE, Ru B ANERFEZEMEH, WINEN 30%H 18 2 &4 1) HER
PR, 7F 10 mA-cm ™ FLILEE T, Ru B A A LE T A 516 mV FEEH 230 mV.

2. SLRERSY
2.1. BRI

NKEFAME(CoCly6H0, AR, EZERMNAAAAEIRARF) T e MR EN(SDS, AR, HAF
HeatiZitk N e4b). JRZFE (Urea, AR, HAFF4izitklott). KEE LT (RuCl;-xH0, AR, Bl T3k
A RA ) ZEE ¥ (nafion D-521, 5% wt%, BTVEIRIFMAERRAR]) BAWHRTT) DAL (KOH,
AR, EZEFBGARAT) oK ZEBECHFEICALRFIABRA 7). Frf 142 a2 B, B it
—Baifk, XK SRR E AL

2.2. TS EUPRRERHIE

AL E— S A WA Ru S8 CoRu ALY KM, K BN 2.5 mmol HIEILE
(CoCly6H,0)FI AL AT (RuCly xH,0) 6.25 mmol + % FEARER4A(SDS)F 17.5 mmol JR Z (Urea) A = H
B, N 250 mL LB TKIE M. B EALET BTN 5 308 5%, 10%, 20%F1 30%, FRFABAN
XA AN GOSN VERE I RE o RV AR SN 5 N s Beh, ZER SR HPIRS T,
FE 110°CHIRAIFHERE 8 /NI o A3 B (P~ MBS O J F AN 25 85 T /KIS Bk, 1E 60°C 1A BL T8 8 /NI,
B3 2] CoRu A MK HE Y K o

2.3. MRBEIRAE

FE b IS5 KRN ZH A X SR ATIHU(XRD)RAE . H Cu Ka YR (2 = 1.54178 A)) X S A7 51 (Rigaku
Miniflex 600), 7 40 kV/15 mA 644 FRAEFRESH) XRD K. XRD FF#ETEHE Ty 2°%) 80°, Al E A
2°/min. 34 T R HUBL(SEM, Tescan Mira3)FH TR AEAE S TR SRHE, H4FF S0k R 40 BUEE ToK 2,
R 10 MR SR, ZETERER b, T EMNTE SRR b, A A EE I N5 f
DAMEALERESL. 76 FEI Tecnai G2 F20 FZHf T RAEE b, 78 200 kV &K FHT TS, mod
(HRTEM). 1% X B AT (SAED)FH i1 1 BE A R G I fig 2 (A X S 2k BB 1 (HAADF-STEM-EDS) 73 A« il
FEJT A MG B T R BTETCK CBE R, B R EA M b, f e BERON I3 5 H 1 S B Hh 4 s
PR BE AL 2 T 7 2545 22 F] Thermo Scientific K-Alpha JGi R4 X $F486 B T REL(XPS)E 5.
AR B BEIE A T 78 284.8 eV AL Cls WEHFIE

2.4. BBALEMEEMIR

AL A AL A AR CHI 760E HUAL S TARRE 3T . HUAFICA 1.0 M KOH 7/KIE W (pH 1HZ21H
13.5). OER Al HER WHASI7E = ik R rhdkAT, Hdrofm S fE At ik, Hg/HgO HMAE NS LAk,
FOERMEAL AN 1 x 1 em® (BRACE N TAE Bt . TAE B BRI 45 752 K 5 mg 4L 720 BOAE 1000uL 7K
IR A VTP (AR EE 1:1), 0N 10 pL # 5 wt% Nafion . B4 75 558 75 4 FE 30 min Ji5,
EEE FRIZIEEE 6 ~ 12 h, TERIIETMhER . K il 25 47 (i Ak 7003 SR EL 100 pL W ETIALA 1% 1 em® )
BRAE b, 75 60°C TG RIS 2 TAEsaA, TR EMEEFIRELN 0.5 mg-em 2. FiA AL T /]
WA BMR(RHE) AT RAE, HARXW(D)FTR:
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Epyp = Eyyg igo +0.059x pH +0.098 (1)

T S R FIEFMA 22 (CV) TRAL BR800 TAE B b o PR AR 22 MR (LSV)PE 5 mV-s ' I HE R T

BEAT, IR H R 95%0 iR AMERRIE . MR LSV il 2k n] A4S 3% Rt id Az (), Fer OER A1 HER i H
P14 A 2 Q) FI(3) 45 2 :

Noer = (Eopr —1.23 V)x1000 )

Muer = Eygr x1000 3)
P& AE R (Tafel) R4 22 MAH R AR A it 22 (i FELOZ (1) 5 LU BE X B (log i) IR 5% FR T 2) 3R 151, A=
(D PR

77:a+b><10g|j| 4)
HA R b BIR RSB SRR B . Bk 22 BT (EIS) AR Ju A 105 Hz £ 0.1 Hz, #RIFA 5 mV, OER
IR R AELE 0.65 V (vs. Hg/HgO) o FEAL 235 P AR (ECS A ) 38 i 78 F5 4133 15 4 20.40.60.80, 100 mV-s ™'
T CV RIS R, e Y L 3 E S U A VAR A AR X ] . OER WA LR YEER 0.2 V
% 0.25 V (vs. Hg/HgO)o 8 ik 22 il A [F] 4 5 T 5 11 i b 70 750 FRL L 6 B2 M 2R(AF = jia — jie, ja R je 3 5l A
R F X[ £ 5040 BHAR R B AR () FEL S ), LA TR R, RIZONRUZ A Cy RS, DL A

Cy» XA PLHRE IR ECSA.

3. ZR51TR
3.1. MRS SR
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Figure 1. XRD patterns of CoRu hydroxide nanomaterials with dif-
ferent Ru additions

B 1. R RuFME CoRu SFEUMMAKFRIE XRD B3k

B, H XRD MR AL & A AR S S5 4L, B RIAIAF Ru &8 # CoRu E A MK HE
] XRD EREAnE 1 s . 24%H Ru IR, XRD 4544y S0 R i A\ i i 5 DY TR BC AL o FHEA
WHGAKAE . XRD K b — R 500D RTHE, RET T S AMMPKHER T o St Seum iR G54
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[21]o FHI(00 1) RS AMPURHERI Z 10, SRS GORHE 2 R0 B 12 B BE N 2.4 nm, 456
Z RIS AT DL S A AR EE S DS TR ZE 9K 5 M[17]. B Ru B3B8, 0] LLE BI(001) AT
W TaI A RS B, R REEZEHY A, X RN Ru JR TR Co JET K, S5 CoRu SN
KHEZ R EE K T30 Co BAMMAKAE. A, Ru B AJE XRD IATHIEFE AR A 28, £ Ru
BN T EEANDGURHE N RS T 24 Ru TR INEA 5% 10%0HF, 2RSSR 25 14 m] LLAR U
HOREE, AR IR E Ny 20%0), HERGGMBERIR . 2 Ru MRS 30%0F, ZKEER 545
SRR, MEHEASNTEEIEA, R Ru BB NI RISE A — I .

i1l 2% 1] CoRu A ALY KHE I TS0 45 K FH 44 Fe 7 B AMBE (SEM)IEAT RAE . 14 2 2 AN Ru iR In &
ff) CoRu E ALK L) SEM Bl I Ru B, SEMAEGORHE RIS — 1. AR =gk
HELER . 4 Ru IR INEN 5%, 9KRHERTES0E 0] ARGF IR RS, MR INEN 10%0, grREERES
B IR DU . (ER MR I E RN E] 20%0F, a1 2(d)Fias, UKEER RSB MELERE . 24 Ru
ISR A 30%IHF, KA TSR 52 S0k . SEM FOMIRSE 5 XRD IS5 R —5, R T Ru B A
TR HA —E I, S K2 n, HEREIM S AREIRRF. 281, Ru MIRINFEAREE
B NEET, RIE SEM FIREE GBI X HLOGIEEDS) T LA & TR S8, HERME | firn. X4
Ru R INEN 5%, LR ARG 0.2%, U Ru FURMES N . FFEH, 4 Ru FIERINEN 10%
N, Ru FISZPRE 8RN 1.5%, WIMEBINE] 20%F 30%I, TESIAGEME:, SOmsehrd & RS, %
B Ru M NEI K, B8 TYPREERIMON AR, B AR IR FRODREEFITESL, Ru A Co 3 [FUTTE AR Ak
CoRu &S ALY .

Figure 2. SEM of CoRu hydroxide nanomaterials with different Ru additions (a) 0 Ru; (b) 5% Ru; (c) 10% Ru; (d) 20% Ru;
(e) 30% Ru
2. [ RuRMMER CoRu SR WK ELAIIIRE (2) 0 Ru; (b) 5% Ru; (c) 10% Ru; (d) 20% Ru; (e) 30% Ru
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Table 1. EDS results of CoRu hydroxide nanomaterials with different Ru additions
% 1. N RuRMEH CoRu SEMMUANRM AR EDS BEIBLR

Ru iR 0 (%) Co & & Ru & & Ru/Co (JRFLb)
5 9.06 0.02 0.002
10 7.17 0.11 0.015
20 4.61 5.06 1.098
30 5.84 11.07 1.896

P 3(a) N Co-10%Ru S AN KA 035 5T H 7 B BE(TEM) B . ATLUEMTRIE S A AL
VIR HE S 930 R S IR 50 . RHER RS B ARZN 2 um, KETFIE 6 um, 5 SEM 45 R A -
M 3 (a)r B H P 0 40 3k 4T TR 20 38 B P T S AUBE(HR TEM)IIAR,, 2 3(b)Fras, AT LAE MG 22K
ghy, JZIEPEMER 2.56 nm, 5 XRD 45—, & 3(c)H 1L X T HH(SAED) G AT LI FRic A i
KA 0.31 nm 7577 & P10 N ECE (00 1] d iy A AT S 30 . 1] 3(d) 2 SN B M 9 K HE 1) v A
WG - FHE 5 BT BB (HAADF-STEM) G AT R e = A, BiE#HE R T Co. Ru.
O 'S Wb or A, Horfr S AFAERFA DS & F 042, #E— PR T RuB ANB| T 2 AR HER)
g .

Figure 3. (a) TEM; (b) HRTEM; (c) SAED images; (d) HAADF-STEM and corresponding mapping spec-
trum images of Co-10% Ru hydroxide nanocones

3. Co-10% Ru SLE MK (a) TEM; (b) HRTEM; () SAED Elf§; (d) HAADF-STEM K H
R EY TR B B

3.2. LERMTSTH

HNTIRN T CoRu E AN GKHE IR AL RAINZS, 4T 7 X SH2R6 T AE 1 (XPS) I,
HeERwnE 4 prox. B 4(a)2 XPS 4iE &, WEH T LLIE F] Co 2p. O Is. Ru3p. Ru3d Al C 1s [HJUE,
o C 1s MR B T RSB A REIE IS . Ru PAFIEEA BT 2, 2N Ru &K T 5%, 7EMHAR
AT THARME] . KT Co-10% Ru AWK, £ Co 2pyn Al Co 2ps, IZEEHEST N 797.12 eV HlI
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781.36 eV HIPIANMEIE Co™ IURFIEIE, [RIICRBE /N 2 (IR T 14(785.37 eV M1 802.93 eV), FIICHR
IR Co™ MR E[22] [23]. AAM, RAEE 4(c)H I Ru3p B #HEE &I, Ru3p EiEH AT 464.42 eV
11 486.32 eV [1& 53552 Ru 3ps, Al Ru 3p,, FUBKFHENE, J8F Ru™¥F, FB CoRu A AU KHE
H Ru &b F+3 MBI [24] [25]. B 4(d)R7R T Co-10% Ru E A GUIKHER) O 1s Heils, B PARE
W, HALTF 531.67 eV AL IIRHIEIEJE T M-O-H (M E/n& 82T Co Ml Ru, O fREAE T, HRREAR
F), BLF 533.6 eV AMUEHEIE R T M-O-M, X2l TRIEE 4 T Wi E[126] [27] [28]-

a » b Co2p
& o ot
~ 8 & _
3 < 3
s o s
2 2
(2] (2]
= c
5 3 |
o o
£ o £
™
=1
4
1000 800 600 400 200 0 810 805 800 795 790 785 780 775
Binding energy (eV) Binding energy (eV)
c Ru 3p d O1s

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

495 490 485 480 475 470 465 460 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure 4. XPS spectra of Co-10% Ru hydroxide nanocones (a) survey spectrum; (b) Co 2p; (c) Ru 3p; (d) O 1s
[& 4. Co-10% Ru SE WK HERY XPS iE&[E(a)£1E; (b) Co2p; (c)Ru3p; (d) O ls

3.3. ArE MR

fE 1 M KOH 1, = sl £o0f il 2 2 A A0 R 1) OER S MEREAT 7K. AR B ACR A T
VETEIRUN 1 x 1 em® BRAR(HEALFI RN 0.5 mg), 2 ELB SR A, o R B . 1] 5(a) 2
f£5 mV-s MHEFGEE T, A Ru BAEHEENDGRA IR IZE . B2, SEE
KAERIPERE R 2, 78 10 mA-cm > UHEHE R, BHBHEHAN 1.589 V. B Ru B NERIEIN, OER #
REIZHTIE T, 10% Ru AN S B LB QORI R 4, 76 10 mA-em > MIHRHE T, BiEAH
1.49 V. 8811, BE#E Ru iS40, OER ERER M NF%. Il S(b)AHl, Co-10% Ru Z A YN
KHES RS, 4260 mV, LT Co-5% Ru EAMPIAKHER79 mV), Co-20% Ru HAMNI(337 mV),
Co-30% Ru ZAMM(310 mV), HhEAMSYPPRIERMERERZE, THEFEFH] T 359 mV. Fik, Ruff
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BAEFIT OER MEREMITR R . AT, BANE KEIR TYRHERIESIRT, OER YERE XM TR, RUIHE
WRIEFIRT OER MEREML B HEREM . 35 E /R RIS VAN AL M BRI L) ) 2 S 80, R RRL BRI,
D) L8 3o R o R 7 () 3G IR . B P S(e) s, Co-10% Ru AL AN KA S — Rl = 2% OER HL (L
A, RPN 68.16 mV-dec™', A K. Co-5% Ru EEMMHKHE. Co-20% Ru A
AT Co-30% Ru E 8> B8 73.41. 87.73. 92.48 198 mV-dec™'. It4P, Co-10% Ru E A4
KAHEE B AT AFEAME, 76 10 mA-cm™ FREAT IS BAL(CPYIIR, Wil S()FTR, 25 /M, HERE(
WAEMIIHITER, R T Co-10% Ru EEALM A KAEVE B A E

a 100 b
Co(OH),
— 400
< Co-5% R
£ 801 Co-10% Ru 22
5 A S 337
< C0-20% Ru E 200 310
£ 300 =300 279
E 60l C0-30% Ru = 260
> =}
= c
2 2 200
o 404 s -
S g
t g
g 204 O 100
=
o
0] 0
1.2 1.3 1.4 1.5 1.6 1.7 cp\o‘\'\\" ‘;k@" \Qqe?““ @ek?& 50010?“"
Potential (V vs. RHE) (VL o o
C d 1.8
Co(OH), —o—Co-10% Ru
1.651 © Co-5% Ru
- A Co0-10% Ru o
[
u v Co0-20% Ru T 1.6
X 1.60{ = Co-30% Ru «
[ »
> > ) 2
8 Yl s
E D«Q’“\ 'E
2 1.50- tle . 2
<} & o 1.2
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o™
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Figure 5. OER performance of hydroxide: (a) LSV curve; (b) comparison of overpotential at 10 mA-cm % (c)
tafel slope; (d) CP curve of Co-10% Ru hydroxide nanocones at 10 mA-cm >

B 5. S5 L4080 OER 1H8E: (a) LSV BiIZ%; (b) 10 mA-cm 2 BB E THOT B IBELE; (o) BIEREIE;
(d) 10 mA-cm 2 BSRZBE T Co-10% Ru S & ADKHERD AT ER Il

K B AL 2 BT (BIS) AR B 7L T B TR 2R . 18] 6(a) IR TE 21 EIS FHBTRER, FIH A 6(b)
R S AR L B B AT A S B . b R FRORVEWERE, B T RN R, AR AT R b,
SRR AR 5. PIARBIMGRIER 2 RHIH, ST R AN 2.6 Q Fiti, RHER
FLBEARAL . SRTT R, 0 AAHIF], Co-10% Ru A AUKHER) R, B/, N 433 Q, Ui EA P
P R R . T A AL B AR HE. Co-5% Ru A GIKHE. Co-20% Ru A MIF Co-30% Ru
HAMI R, 435 10.17 Q. 5.85 Q. 7.14 Q. 551 Q. ALk Ru B NA R T IntE - FAEHm8eR, H2
TR I TESAT T H A5 5T
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Figure 6. (a) Nyquist plots of hydroxide with different Ru content; (b) corresponding equivalent circuit model

B 6. (a) FE RuBAENE S CERFIL%; (b) MRAFHEEER

Table 2. The fitted values of resistances of Rs and Rct for the OER electrocatalysis
% 2. OER L5 R F0 R, HIBLE1E

Catalyst R, (Q) R, (Q)

Co(OH), 2.6 10.17
Co-5% Ru 2.68 5.85
Co-10% Ru 2.58 433
Co-20% Ru 2.65 7.14
Co-30% Ru 2.53 5.51

T AT A E PR s R, R I I T ENUE AR (Ca) KB FAL I VE T FU(ECSA) . 2
TAFREREE T PEHRZE(CY), DHERER AR, CV 2k i X 8] A 2 i 70 750 e L I 2 5
PAsbR, izt RML, WAHRBIMRIREN Cu i 2 5. W 7 s, fEARERi s X, e
N 0.2~0.25 V (vs. Hy/HgO) AT 133 % 4 20, 40, 60. 80 100 mV-s™' ) CV 133, 153 s & it %
JE SHE R LA W 7(OFTR. Co-10% Ru EAAMANKAERI#H N 37.67 mF-em™, KTEH
B AKAHE(12.09 mF-ecm™®), Co-5% Ru AW AKHE(19.36 mF-cm™?), Co-20% Ru A LH(16.32
mF-cm™?), Co-30% Ru ZSMM(9.79 mF-cm ™). MUEFULRFFHLKHERT, P& Ru B ANEH K, Bk
TR K. (H2 Ru B NE I KR T AOREERTES, B I AR R fiis/s . JGHE RS
Co-30% Ru Z M ITESAMEIN ™ 8, Hr AL P AR e RIE, TGS R A 25 3 e T R L
ARELW, PORHER AR B EETA

3.4. HrEMEREMI

T M R S AR B HER PERE, R FEIFRER) = AR R, /£ 1 M KOH ¥ ET H
EM . AR B R 4] 8(a)Frn, FTLAE HBES Ru MBANENZ, HER PEREEKERAS,
Co-30% Ru LY HER PEREE S 4F (1o X ASRUEETE I 8(b) By lE AR R T DLE H K, 7E 10
mA-cm > B E N, Co-30% Ru AT B4 N 230 mV, I8 T A LA 40K HE(516 mV), Co-5%
Ru S &M GKHE426 mV), Co-10% Ru EAMYKAHEB389 mV)FT Co-20% Ru EAMAI(295 mV). 2R
M, BEFERBIR A A IRk W& 8(c)fan, Co-10% Ru EEALYIGURMHERIES FERBER BN, N
105.56 mV-dec™", 7 B BAT e P AL 53 R . AU S 9K L Co-5% Ru A ALAIAKAE . Co-20%
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Ru &%), Co-30% Ru EE Y7354 175.81 mV-dec ' 126.38 mV-dec ' 154.02 mV-dec ' 113.51
mV-dec™'. A[LAEH, EARBIRGKHERRTIE N, Ru BB AR LN T R MR R . SR, Ru MIBA
HEIKBEIR TSR, SR RBERRIME R, PG T HFRfEE. 15 8(c)H e 22 ik 3R 7R HER Jx M
IR R, o R 0 BN, SRR AT R T RN . R T, RuBANE
R, MR PR R N

Q
P
o
Y

Co Co-5% Ru
& S
3 1.0 4 £
< <"
é 0.5 g
o 2
w» 0.0 % 0
c c
S 35
= -0.5 1 20mV s = 20 mvV s:
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