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Abstract

Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are critical paired reac-
tions for both energy conversion and storage. Recently, the research on electrocatalysts for OER/
ORR has been focused on the study of easy, cost-effective, and highly active composites as poten-
tial alternatives to the precious metal materials (such as Pt, Ru, Ir). In this work, cobalt-aluminum
hydrotalcite/graphene aerogels (CoAl-LDH/GA) were fabricated via a facile hydrothermal process,
using the electrostatic interaction of single cobalt aluminum hydrotalcite (CoAl-LDH) and gra-
phene oxide (GO). After high temperature calcination process, the cobalt aluminum oxide/gra-
phene aerogel composites (CoAl;04/GA) were obtained. The surface properties, microstructure
pore size, element content and crystalline phase of the prepared products had been characterized
by means of SEM, TEM and XRD, respectively. Results showed that the best catalyst exhibited high
activity, which was close to commercial Pt/C and Ir/C catalysts, while the cycle stability was much
higher than the commercial one. Therefore, the CoAl;04/GA composite material was a perfect bi-
functional electrocatalyst materials.
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B ST IR R (ORR)FIEMT H (OER) R B XU ThRE FELEALF], S+ T REdR b R BN A A E EERE L.
A SCHF KB A BT IR K BB B T 487K A /A BIFSER (CoAI-LDH/GA), B4 iR BkEIRE,
BRI EEBENY /A BIFSBRR (CoALL0s/GA) . KHSEM. TEM BA K XRDX A4 ) 28 TH 4R 4E K oM 45 4
BT TRIE, HEE T Z B BEALEERE. SR ERY, CoAlL0s/GAR &K EE X IhRE b is
P, FERRME AR T OERFIORRER A A L 7 I ALTE M. CoAl04/GAXTORRIIEAIE HETT SRk
Pt/C (20 wt%)AHE3%E, HIEHREa® T /5%, R X OERFEFHFE E BT R kIr/C (20 wt%).
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1. 5|

s, BEASHRERE, RERa RO DU L S0 nT RS R B ER, AT B BE R
T R AR ZE A H 2338 2 [1]-[8]. BRI IM[O1FI )R - R X B E B BeIR Fith, 51 T B A A1)
T2 R0 . BB ANAE e A P 0 40E TR (ORR) RN AEUMT H (OER) [ 3, 2 R AR 5 i U A b B A
JE ) RBEER 73 [10]-[17]. HAET, AKX 2 H 548 Pty Ir fE5 OER 1 ORR X M HIf#EALF, (HZ
REFEMEMEEE. RBEtEz, ARTKIE L [18] [19]. Wik, FoR&EFrszHE . MHAR.
R PEAT (AR 57 R A A0 70 By F R 2 1) 32 22 H ARz —[20] [21].

SR B E A A (LDH) /& — R E 21 4 B TR RS . e E R B8 1 5 1F s e
EBRE FHB TR, BA KA Z58[22] [23]. 5% LDH #EHHEE, 3251 LDH ZEHR 68
R A RIS A, WRHEEE T /K A TEAS R A0 B FH [24] [25] [26]. PAZKIE A N AT SRAATE —
SE R E N ATREGE RT3 2R A BRI RL, R B R R, IS AR R RIS, iz
IS AR B R R R B AR AR [27] . AR, R A LA IR TN SR LA,
VRN AR AR S r P R 5 M R P RN EEAR, AR O L BR 1) T B AT TAE FAL 4 B S 1 A

A1 SR R A SR BRSO AR R, FLRERR S M AR R M RE SR T AT T2 R . AR
e B R 2R RN BBk R Tl sp2 Z A7 SR R 4k iR A R, B LR TIARR S H ki
WG E SR 1 [28] [29] A1 BB IESEIRAE  =4ERPIR G FI M RE, AMUE Rt &5 & 7 A 2205 0 — R AR R
M HEAEIOL R RS, FLERER . ks, 22T B SR 0 i O [30] . HR A sald A
F ARG . HREAREAE, Fril, WG 2000 4 6 S8 0a B 8 At Bk 22 s, SRR TSR
T VI P A AL TP RE BN T 2 BITRIE 72 1 4 R
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AR SC LA £ 7K £ (CoAI-LDH) RUA 8207 (GO) MR Ik A, Skt fEE K T /KA 5 A BIGHME &S
A EHCOAI-LDH/GA), FRE I M igke, 3 25 R A A S 05 S B (CoALOL/GA) . MR K
I, CoAlLOJGA E &M RIERSME B 5 h % OER F1 ORR KL IETE S B &)@ Pt. Ir 24, HAzEtEw
i, AR R AR S TR . &) - it

2. SLHERSy
2.1 RIS H

Al REIK A Sk (EG) W T~ B R hr TAE R IR A IR A s B CFE(CoHi) s MR HH (KMnO,) . i
TR (H2S04, 98%). K ERFR(HCI, 35%~37%). AHEREN(NaNOs). 7N7K A AR Hi (Co(NO3)y6H,0) . LKAl
FRAE(AI(NO3)3-9H,0) R ZE (Co(NH,),) &K (NHgH,0, 28%~30%). 7K A H(NH,H,0, 78%~82%) %5 1514
SR Ak, TR TG, AT ARG — P iR Al SIS N 2 K.

EL204 437 KF; KQ5200B AUE i veas; TDZ5-WS RUEi# &5.008L; XRD-6000 & X-HF 284 K
RIS BEVUSR 207 AT AN B AN R R 28 Zeiss SUPRA 55 U344 B 7 2 4455 (SEM) ;. Hitachi H800 3% &
M M (TEM):  KSL1100 & x0f: CHI660D #Y i fb = T Akl .

2.2. HRHHIE

2.2.1. B8 Co-Al LDH HEY%I&

FREL 0.582 g Co(NO3),-6H,0. 0.375 g AI(NO3)3:9H,0 A1 0.72 g Co(NH,), & T 70 mL )% &1 7K,
WREA G ET 90 mL KRR M AR T, T 100°C %4 TR 24 /N, #EIZRZER, HE
BT KPR A pH 2958 7.0, 7 60°Co&1F FF 1, 13 BBk AR = 14 57K £ (CoAl-COs-LDH).. S8 5,
I 0.3 g CoAl-CO3-LDH £l 63.75g NaNO; ¥ T 300 mL [ CO, (£ 1k, H51508U5, A 0.08 mL
W HNO;s, 7E 25°C N SRKMF FHidE, BEATES FACH RN 24 /NI o PR 25 BT /K BE¥ 22 pH 294 7.0,
7E 60°C 26 R 11, 1524 BRARSE 2 117K I8 47 (CoAI-NO5-LDH). HZ 0.1 g CoAI-NOs-LDH, 7E N, S5R %
£, 100 mL FERAZ SR PR 24 /NI o KRB S KM AR O, FERDUEY), BREIEE W
[) 5.2 Co-Al LDH 444 (CoAl-NSs) .

2.2.2. GO By &

GO [ 4% % FH Beik (1) Hummer 7592 . #REX 3.0 g EG 1 1.5 g NaNO3 2545 70 mL & H,SO, [ 250 mL
SHB R, RABHEA . R RN R E T UK, ZIEIA 9.0 g KMnO, JEAWHRE. 2R,
75 40°CHEHLMA R4+ 30 min, 70 RN #:4, FVRERH I 140 mL /K, $5iFk 20 7350 . F 0
A 500 mL /K, Bk 20 8b. BRIGEEIA H0,, HERABRESHEE. BIRAWHH 30% HCI
Vel AR VR B R e M, 17 GO #F (i Bk EE 21N 8 mg/mL).

2.2.3. CoAlLO/GA E & HI B EL i MRl &

T %644 25 mg GO Al 25 mg CoAl-NSs IR &35], #idk 1L /N R EE. BOE, HEETFKE
AT, B E AP EUE 5 mL X5 TFKE . ARERE AN 5 mL Z KR 2 mL K& BN
150 CHEFE ok # 4 /N, RBVEB R G/KER, PRl A T #1533 CoAl-LDH/IGA &Mk, &5
W SEAT RN s, 76 Ar A5 R4 800°C il Bibe 1 /N 7521 CoALOJGA E & kL. 1t
ELRE ML GA 4% 77755 CoAl-LDH/GA E &t EHHE, %A A CoAl-NSs.

2.3. BBIREYHIE B SERAE

HLAL A MR R HE ) = AR AR 2R, FRCA 0.1 M KOH 3, A FBACAXT Fil,  Ag/AgCT HIl N

()
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ZHHEMN, BAZ) 5 mm BB AR VR AR Ak . b, TARME R 5 mg HEAL AR KL 1 mg S HA 52
10 ub ZEMY IR 1 mL ZEEF, FEE@ S 30 min M H95), REEL 6 pl MORHR7E hk AR b, it
T ) BIAS o AR T 0] 38 SR (RHE) i L 3 LA, 359 PTAR R R IDT RS 7 FREAT#55, 7 25°C T, Erue = Eagaga
+0.059 x pH +0.197 V. X7 ORR [, L HMEYEE Jy—1~0 V (vs. RHE), %347y 1600 ro 1T
OER [, NUIZEHL MG A 0~1 V (vs. RHE) 126 F R USCEEAR RIS . SR AT HAG 22 DA RT 1)
I 15 min O, fS I H IS R R EUA B AIRAS o B )5, PR IR S AE o B A Ak (0 4 4 1 B HiHiE 431l
5 20 wt% L PYC A Ir/C #EAT X EE .

3. &RV

CoALO,GA EE MR & FE R ] 1 s . B)= Co-Al LDH (CoAl-NSs)H: i il 2 28 1 7K A
A BT HAFE=ATFE, 43 5%F N CoAI-CO3-LDH. CoAI-NO;-LDH Fl CoAI-NSs B A& =
FIFE . 220 #2153 CoAl-NSs &l IE LS Z M kL, H 5l GO nifEffF iEH N 6. 25
2K FEAF 3] T CoAl-LDHIGA, AR, S /KFIZKE ENIE R AIAE R, AU A A SR Im e 5o A
S, ST APR) S, FER AR R BT R, m AR L. SRS LE 800°C il A
HFEH, CoAl-LDH #7248 s B A (CoAlLOy), FEMEIEA BIGS A [, 33] CoALOJGA H &1
IR L S

3.1. o

e 2 frw, Bl 2(a) & 2(b) /& CoAl-COs-LDH Hil CoAl-NOs-LDH £ #ff) SEM [, FI & H 5758 #e
Hi 5 LDH [TES NN T ok, HEARRFFEMCK RS 285, K CoAl-NOs-LDH Ff i & T iz h
HEEHERIZ G 13RI CoAl-NSs R HUNIIEIE M IR, A TIA/RIE, Wl 2(c)fiR.

GA.CoAI-LDH/GA F1 CoALO/GA E &K SEM B K 62418 H e 3 Fiw .« 14 3(a) /2 GA [ SEM
K, nI&EH GA HAFEEMILMRL W, A8 EMEEZBIER 5~10 pm 1fLiE. ME 3(b)rrH, 7
CoAl-LDH/GA S& MK, CoAI-NSs 5] 7 #ifE A s lidkii, 1E4id 800°C Ar S-S, 153
CoAlLO/GA HEMEL N 3(c)), WLAE W, KIEA BRI, A 800K I IVF 23595 501 14
WHFRL. 14 3(d) N CoALOJGA EEMEHIEE IR, 2 Bsid 72 5 BRI IR ORFF 2 L = 4 45440
FERUT L AR AR, 22058 3.9 mglem®.

IR, AT ERAEEAT T TEM M08, @ FE 4()FTR, GA FIASRIGEELF. EWH. 4
LR, 5 CoAl-NSs il HME 2 4 )5 (4 4(b)), CoAI-NSs LU IR G138 T4 880 . il min
BB S anlEl 4(c) BTz, CoALO, N KL 1) 5 i B A6 75 A S84 2 1T, JURL S22 RN BRI, 424979 50~100
nm, JCH BRI G . [4] 4(d) =& COAIO, MUK 1 51 73 FHZ S L BE(HRTEM)HE v, W DL i B 14 &b s 25 40,
S LUAEEZI N 0.25 nm, X CoAlLOy fi 44 1 (400) & T (dago = 0.247 nm).

Exfoliation . Hydrothermal reduction [ & Calcination
e Self-assemble Ar, 800°C
CoAl-NSs CoAl-LDH/GA CoAlLO,/GA

CoAl-LDH (NO¥)
GO sheet %% 1-GOsheet ¢ CoALO, ~ CoAl-NSs

Figure 1. Schematic illustration of the preparation of CoAl,O,/GA
[ 1. CoALO/GA EE R BRM BN ERTIERER
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Figure 2. SEM image of (a) CoAl-CO;-LDH and (b) CoAI-NO;-LDH; (c) The Dindal phenomenon of CoAI-NSs colloidal
solution

2. (a) CoAl-CO3-LDH #1(b) CoAl-NO;-LDH #£&#) SEM [El; (c) CoAl-NSs BRIxFiRIIEB A

Figure 3. SEM image of (a) GA; (b) CoAl-LDH/GA and (c) CoAl,O4/GA, (d) Optical images of CoAl,0,/GA
[# 3. (a) GA; (b) CoAI-LDH/GA Fa(c) CoAl,O,/GA #£ i SEM [&; (d) CoAl,0/GA E&MRIMNFRE

Figure 4. TEM image of (a) GA; (b) CoAl-LDH/GA and (c) CoAl,0,/GA; (d) HRTEM image of oxide particles of
CoAl,0,/GA
4.(a) GA; (b) CoAl-LDH/GA #0(c) CoAlL,O/GA ¥ H) TEM El; (d) CoAlLO, FikIA) HRTEM &

)
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3.2. SEFIRAE

2GR CoALOJGA H & EIBEIT T XRD F1 EDS 437, #E— e THMEIIA K. K 5@)
fian, FESPEZAELE Co Ny Oy Co. Al iifiucsk, WHEARBUERE T, MUk N B St . &
5(b)/2 GA. CoAl-LDH/GA HI CoAl,O,/GA =F#1 L) XRD i [&l, GA HI CoAl-LDH/GA #5i7E 24.11°
Ak H BIAT S UG, T PR AE /K S B R A A SR B SR RO A S8 M, 1T COAI-LDHIGA £ 5 S 2 BLH /K
£11¥1(003). (006) (009) =/ MFFAEIE, UE W] T & & S EER 4 L CoAl-LDH £ 7E(JCPDS -~ /15 51-0045).
£ CoAlLO/GA &M EH XRD kK, S8 GIfTaE R B, X 50 BIGE mRRbe L 72 ok 4k
TR JFEAT XK[31]. [, 7F 20=31.2°, 36.7°, 43.2°, 59.2°, 67.1°Zfi B HBIEFIEIE, 4> HIxtR
CoAl204 [](220). (311). (400). (511). (440)enil, S2dif%Y CoAlO, bR HE R AHYI & (JCPDS K i
5 44-0160), R IBGEIS FRAE KM A AR R T 4 AL R
3.3. BLERIE

AT TG RO T AL T R AL M RS, FRATTR A e R 4% FE A (RDE)AE 0.1 mol/L KOH ¥ A 5 A4 Kl gt 47
ORR F1 OER ik, 4> %15 20 wt% gk PYC. Ir/C 34T, HE58 K 6 fiin. £ ORR ik,

(a) (b) + CoALO,
, 5 +C CoAl-LDH
sl 8| * N 5 (220)
< 2 < "
il o al § G140, CoAsli(l)A/GA
2 8 oCof &8 o, 1D (440)
& e a
= 2 (009)
= 04 06 08 10 12 g Al-LDH/GA
. Energy (keV) - 2 H/G
2 4 6 20 60

40
Energy (keV) 2 Theta/degree

Figure 5. (a) EDS and (b) XRD profiles of CoAl,0,/GA composites
[ 5. CoAl,0,/GA E & #8I(a) EDS 4347 F1(b) XRD [Eli&
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Figure 6. ORR performance of CoAl,0,/GA and 20 wt% Pt/C in 0.1 M KOH: (a) LSV curves, and (b) Chro-
noamperometric measurement. OER performance of CoAl,O,/GA and 20 wt% Ir/C in 0.1 M KOH: (¢c) LSV
curves, and (d) Chronoamperometric measurement

[E 6. 7£ 0.1 M KOH &%t CoALO,/GA F1 20 wt%Egl Pt/C #4T ORR MR : (a) LSV Bi%k; (b)itAteR
THEAZE. 3T CoAl,0,/GA F1 20 wt% il Ir/C 31T OER MK : (c) LSV BiZk; (d)itATrERrhLk
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K 6(a) Lk AR 22 (LSV) i £k, W] H CoALOLJGA EAFHE -3 B ALZ 4 0.81 V, BT 20 wt%
Al PYC (AN 0.77 V). [, Higig A 0.92 V, 5 20 wioeill PYC (2 LAz 0.93 V)IE
WL, RIH T RS IEAET:, WIHZEEMERR —FER PYC LTI EM R, 25, it
THI HLIRVENHA T CoALOJGA E-EM BHI AL AR E (SN 0.6 V). MRS R4 R 6(b) s, 1E
HBEAT T 10000s IPEIR A SS , CoAlLO/GA & HLMK (17 FRIALAN PR T 11.1%, 1fi [FIFE %A T il 20wt%
ol PYC MR T 22.3%, UiB] CoALOL/GA AL EA B ITFHIFEE Mk .

FAM, W EEMENET T OER MK, HAARWTIE 6(c). ¥ 6(d)FiR. CoALOJGA FHE A
EIEH A 0.61V, BT 20 wi% FMb Ir/C (E2IEHAI 4 0.50 V), UEHIZA R OER HEALIE 1L A 17
BB 4R . AHAE I IR IR T (A LR 1.7 V), 25 100008 JEIRINR 5, %A RS I H R ) L IR
R FE T 6.2%, A EE T RIFESEAE T 11 20 wivoisib Ir/C (HL IR K % 29.5%), & B 58 IR S (O i 3 A s 1

4, g5ig

A TAESeH IR CoAl-LDH 1 kI 2, 73 51 CoAI-NSs 5 Mk}, AR R B S i E 5 GO H 4,
BB AKKLRE T BB TR I G OKEUR, ¥ Uk T35 132 CoAI-LDH/GA #1 k). 2 BB 2 L,
2 b JE 752U CoALOJGA HEMEL R &R BN ThBE AL PERE, /£ ORR A1 OER SN A AL
PERGF, R tbiim, XES R T RN A SRR I I S 3. RUTR B AL R =Y 5
B A R R AF 5 B S BRI SR e . O IR TRIE 5047, R DA 2 DL A K T A
WA A A R A B R AN S ARG E SR, TN DR, L2 MRS AT
A
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