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Abstract

To improve the efficiency of water electrolysis, it is essential to develop an oxygen evolution reaction (OER) electrocatalyst
with high performance and long-term stability, accelerating the reaction rate of OER. In this study, a hollow metal-organic
framework (MOF)-derived ruthenium-cobalt oxide catalyst was developed to synthesize an efficient OER electrocatalyst. As
the synthesized catalyst increases the surface exposure of ruthenium, a low overpotential (386 mV) was observed at a current
density of 10 mA/cm® with a low Tafel slope. It is expected to be able to replace noble metal catalysts by showing higher
mass activity and stability than commercial RuO, catalysts.
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2.1. 2 ZIF9| &M

T ZIFE WA ZIF-675 §dst & xdel ZIF-8& 441711
Fd S Fd WE zIF-67S olFste] FAdsisit) ZIF-67
1.14 g] cobalt nitrate (Co(NO3), * 6H,0, 98%, Sigma Aldrich)¥} 3.25
22 2-methylimidazole (CH;C;H,N,H, 99%, Sigma Aldrich)2 Z}7} 50
mL2] WEFS(MeOH, 99.5%, Dacjung)oll #Akr7] % £33 3 3
mint ZAE3] wHAIZ] F, 24 h T A2olA mwRE glo] RESAIA
A8t 0% 7000 rpm O E 10 min £t A4EE)7|E E3) Ha
stal thA] HEE(MeOH) ol AAIA AIF-S 31 wHEsto] 28513l
ok AlFEE k= 70 °CollM 12 h AZRSFITH

AzH 0.1 g2 ZIF-67% 60 mL2] MeOHO HAM7] 31 0.744 g2
zinc nitrate hexahydrate (Zn(NOs), + 6H,0, 98%, Sigma Aldrich)}
0.206 g2] 2-methylimidazole= 77} 30 mL2] MeOH®ll ZAHA %)
9] A a1 £33 3 10 min?t 500 pm O E WHEAZ] & £33}
fAE HEZE B]AS 233 9 EF# o] H(autoclave)ol 2L 100 °C
oA 12 h &< 4 IS WAL W & ok ZIF-679 2
o R 2, AH, AxE WAste HF YHES F5IISITh 1]
WE 95k Fo] H|A] ¢k2(non-hollow) ©|FE%(Zn, Co) ZIFE 3
3813tk 3.25 g2] 2-methylimidazoleS 50 mL MeOH®l H-ATA]7] 1,
0.786 g2] zinc nitrate hexahydrate, 0.38 g2] cobalt nitrate hexahydrate
& 7217} 25 mLe MeOHOll FAMAZ & 23 ZIFS} 54 379 =1
oflM A|zaF3ATh

2.2. RuOy/h-Co;0,2| &+

Z& ZIFE ©3l(carbonization)A]7#] h-Co-NCE /st AkA
Sl A5 A FF Cos04 (h-Cos0.)F TAI3IAT) &ha)
374 Aol ERIAKCreHs,046, Sigma Aldrich) 0.2 3 ZIFS FH 38}
ol giate] FElE frAlskalAk sioivk WA 0.1 g9l T ZIFS 10 mL
Sirell BA715L 24 mM ERdAT =89 5 mLell 6 M KOHE: ©]¢-

o

wje} 2 9l Ak A kg o Rl &g 181
ko] pHE 8% ZAskolth. 7 8ol EUSHL 5 min F<F WIS
Il

=
th Azxd gA= ol2HAr) 971014 1 min @ 2 °Co &
800 °C7HA] 52411 % 2 h 5+ EA2E 213ste] h-Co-NCE &
“dskaict.

o]F ZEl& RS T8l FHHERwS BA6kL, FFAR] AkA
AA & E3l RuOyh-Co;0s5 F/33F3ITE 30 mge] h-Co-NCE 10
mL2| ethylene glycol®ll &4HA1Z1 €43} ruthenium chloride (RuCls,
Sigma Aldrich) 12.68 mg= 5 mL ethylene glycol®ll #AMAZ] &
ST 5, 2 Aul2(oil bath)E F3ll 130 °CollA 3 h RESAIZATE 7
271 231 H, g T AEES Eelska, MeOHel &
ARAA 33] AFE EITE AFH S YRk FFEelA 70 °CE
12 h AZAIFLE o]F AAES Ak4 E9710M 23 2 °Cc] £ 2
550 °C7H] 524171 ¥ 2 h Bt EAEE 2183te] RuO/h-Co045
stk vlaE f18ke] £ol B]A] ¢k-(non-hollow) RuO,/Co304
= 7] 918l 94 Zng} Cofl oFw<5 ZIFS $MIsIlth 50 mL
MeOHel| ¥4+ 325 ¢9] 2-methylimidazole 23} 22+ 25 mLel
MeOH®l| 41 0.786 g2] zinc nitrate hexahydrate 2! 0.38 g2 cobalt
nitrate hexahydrate £ £330 (Zn, Co) bimetallic ZIFE &/J 3t
T FUs L& RS ol ste] FHES Hsta dAE sfo]

Ru0,/Co;0,5 /3313t

23. 54 M

AzE ¢JAFe] AR FE-SEM (MERLIN, Car Zeiss STM, 522
2 B89, A3 EE CuKae (0= 1.54 A)9 ~A~F ZH= XRD
(MAC-18XHF, Rigaku, Japan)E &3l 20~80° H$|2] 20 WA
S5tk 3k AZ-2] BET (Braunauer-Emmett-Teller) H] ¥ 2] 3}
73T E 5 N, T2 X (Belsorp max, MicrotracBEL Corp., Japan)
£ B9 AL, #47 AA2)(degassing) 5782 150 °CollA 12 h
St AT Axd BE] 3 T 245 Slste] Btk 2
*37)(Raman spectroscopy: inVia Raman Microscope, Reinshaw,
England)E 83kt

713}8k 242 Metrohm A+] Autolab potentiostat “gH] S ARE-5F
o, AAIA A WYtk VT S AgAgClE ARSI,
A dFoge W ¥ 2 A2 0.196 cm?9] glass carbon
(GO) floll =i a5 &2 £45 Aotk Yae S 5 mg,
50 pL2] Nafion £9(5 wt%, Sigma Aldrich), 0.5 mL2] IPA, 0.5 mL
o] THFE 4olE H, 10 minZt 253 A7) 3L 30 minZt wRYS)
o] Azsldek 9= 10 pLE GC Yol 28]aL 400 rpme] A% 7H
< B8l 12A AXAFTE A8 FAF AT (linear sweep vol-
tammetry, LSV)Z =73}7] 98] 1 M KOH &8of] 1% of=3 7}
25 U8k, 5 mve FAF S8 A5 =5 1600 ipm2] 3 £
=R st] 45 At Sujo] S B4987] 9180 accel-
erated durability test (ADT)E W3S, 100 mVe] FAF £,
1600 rppm2] 3] 52 1.2 VoA 1.8 VZ7FA] 10,000 AFo]E o] 3]
Al A 545 38k

—

3. 21} 3! n#

Figure 1> RuOyh-Co;0, 3 ZH4-S Uehdth $3 ZIF= WA
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Figure 1. Schematic illustration of RuO,/h-Co3;0; nano particles.
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Zn2} 2-methylimidazole] Aol ZIF-679] AstRc) ¥ Zsh7] wl&
off 2 Hgho] dojupx] ¢k Eejle] F2E fAE Fo ZIFE &
< F Utk FF ZIFE B gsr] dell gate] nog 93 vd
b RS X3t &8-S F3 h-Co-NCE 3t 2
Sl S B8l FEHlES BRIt 28 S 359 #4o
ol AREE I Q= WO ofg] 7HA] ARlo] EAlsh=], ¢4 At
45+ ethylene glycolo] §1Ql FAlo] A2 285t 4 o}
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Figure 2. FE-SEM images of (a) ZIF-67, (b) hollow ZIF, (c) h-Co-NC,
and (d) RuQ,/h-Co;0;,
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Figure 3. (a) XRD patterns and (b) Raman spectra of RuQ,/h-Co3;04
at different temperatures.
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Figure 4. N, isotherms and pore distributions of RuQ,/h-Co3;O4 and
RllOz/CO304.

Table 1. BET surface area and pore volume of RuQ,/h-Co;O4 and
RUOZ/C0304

RU.Oz/h-CO304 Rqu/ C0304
BET Surface Area (mz/g) 45.8 31.5
Pore Volume (cm*/g) 0.46 0.268

Table 2. Elemental analysis of RuQO,/h-Co;04 and RuQ,/Co3;04

Elemental composition (wt%)

Ru Co (6]
RuOy/h-Co304 2.66 25.16 72.18
Ru0,/Co304 1.05 76.23 22.7

LSVE Zall APd=7014 RuOy/h-Coy0,8] 47150 S-S 57}
gk 7% xd—_i Ag/AgCl A=} At Aoz W ¥ A=
< AHgER L, 2E A= RDEE AMEETE 0.196 em?] GC 9ol
)2 F Hel Ax £ Z wetting IS T3l Fujrt B4 Fol
oz Whs A& WAk 71 2102 1 M FAksgolA of
230] Z3kE 2o [T
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714 gelA RuOy/h-Cos0,2) AHTFAEE 54 A/mge, 2 A&
Ru0,9] 8 A/mge, 2t} 6.8¥) U] & A BHEE vk 1gn
Ru0,/Co;0, BT} oF 1.99)] o] & A FALE Wk
MOFZ%-E 349 RuOy/h-Co;0,7F O Be FXAH WesE 7x 1
o] 948t OER &S YERAS ow]sltth Figure 5(d)v RuOyh-
C030,9) W74 A3-S 943l 10,0009 %<+ OER RF-&-& 42883k 5.9]

]1__ 7,'—1

Appl. Chem. Eng., Vol. 34, No. 2, 2023



184 TEE - o]l -

Table 3. Overpotential and mass activity of RuO,/h-Co30s, RuQ,/Co30;4
and commercial RuQ,

Overpotential Mass activity
(mV) (A/ Emetal)

RuO,/h-Co304 386 54

Rqu/C03O4 381 8

Commercial RuO, 406 29
LSV #ABE yehdith 73 H7F § RuOy/h-Cos0,8] 17} oF
Vel Aoz vrhdth EsAY vlad sk PgAdE
Bl o)1= AR A 47t of Aba 2Ado] o wowt] w

ol oz wekEci2r).
4. 4 E

B AFelrE T ZIFE '] E8E Sdie Fd FH
= 9AS 7, Ak 23 A2 E 3 RuOyh-Cos045 35t
718kek4] B3-S ARtk T FEe] ZIFE B3l FvlE 349
, =4 A Ago) o] Fuje] EAS TV 5 Al
TEE MR AES Fu N7 12A BAA &

B9 oS MAE 5 Atk GAE REE thkst
alo] #H gk 2y oM, 350 °C o] 2:=elA Ru0, ol
A% 31 550 °ColA] 7P & OERA5S Btk RuOy/h-Cos04
A RuO,©l 3= Aot 6.84 w2 A% FAE /=319
10,000 Afo]Z o] Fel = 58t A 5S AAIshs T3S Hth =
St o] B]A] S(non-hollow) ZIFE 53l 433k RuOy/Cos041.TF
22 AT oF 199 =2 A IS Rtk 2 AFollA] A
Z3F MOFZ 7|42 2 3} Ru0,/h-Co;0,9 AL 71 A4 &
& diAlete] A8 AlARLE AEslele ATl A% ARE A
T3 RAo7 7|gsitt.
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