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Abstract: Green hydrogen has attracted significant attention as one of the future energy sources because no
greenhouse gases are emitted during production and its energy density is much higher than fossil fuels.
Precious metals such as platinum (Pt) and iridium (Ir)-based catalysts are commonly used for water splitting
catalysts. However, because of high cost of these precious metals, the mass production of green hydrogen is
restricted. In this study, water splitting catalysts based on relatively inexpensive ruthenium (Ru), cobalt (Co),
and iron (Fe) were synthesized. The metal nanoparticles were anchored on reduced graphene oxide (rGO) by
a microwave-assisted process. The nanoparticles were uniformly distributed on the rGO supports with sizes
of about 1.5 and 2 nm in Ru/rGO and RuCoFe/rGO, respectively. This promoted the reaction by further
increasing the specific surface area of the catalysts. In addition, it was confirmed by EDS mapping results
that the nanoparticles were made of RuCoFe alloy. Among the prepared catalysts, Ru/rGO was excellent
toward the hydrogen evolution reaction (HER), which required an overpotential of 50 mV to reach a current
density of =10 mA cm™2. In addition, RuCoFe/rGO, which contained the RuCoFe alloy, was the best for the
oxygen evolution reaction (OER), and it required 362 mV at the current density of 10 mA cm™.
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WA AP Qlom[5-8], 2% F2 AUAE Y
NUA D=7t Ho) 142 MJ kg'oll o]2H o] 3 d
T 3~4ufel sFEct [9].

SRS Fahus Bele 2d Shv
]

FEEe Favh AR [10] FREE Al 7
FE AR =5 o8, Eoll A7]UAIE Tl
Ao} 2R Fajjste] FAE AAksles Wgolth. A
k82 A 4h-S-(hydrogen evolution reaction, HER)
I} AR AHES-(oxygen evolution reaction, OER)S-Z L}

HERO| vlal] ¥h3&Hert SA) =2)7] wjiell, A 53]
YoM HEEHEE AAshs i T2% vkt [11].
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Fig. 1. Schematic illustration of the atomic structure for Ru/rGO and RuCoFe/rGO catalysts.
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ol A8k, oh= 4l %

1.23 volt}
AL Al F71AQ0 2
Aol 288 WEe
uH7} 2t} =&

ol & (In= 7E‘° A= 71‘:”4 E4=, 3
2 A B8 YERY miido] g o]aL 7HA o] H
7] wjol] s oA o] iR AAF 9 483t ST
A oltt [14]. ol21g o=, Ptolvt Irell Hlsf 7HA o]
AEPAAME B3 59 FA]L Hol= ;Eﬂ-%r(Ru)o]
FHal S 8 94E Fo] ARSET [15-17]. BlEo]

Aol FFaA SAstaL Amsel vls) 7ol Xl
Aslth= o|dE 7= FLE(Co), H(Fe)t 22
O|FEES ol&dt FHE P s AT HES Wol K
SLE AL QIT [18-22]. 53] Aelw 7|kt ksl e S
o] Zui= OER &/do] st FHa| Fujz A7t
shaks] AT Y} [23-25].

2 AT e wlolAZ2uE o]gg &Y T8-S Bl
e AbslaeF (reduced graphene oxide, rGO)E XA
AZ 3] Ry, Co, Fe ¥& Ui UAE EAsk= €2
g 788 FE sk, d7)sket #AS FEl
HER3} OER €4S H|walith A&3E 2 % RurGO
9 RuCoFe/rGO ZFuje] 25 18 19 YepSdth

2. EXPERIMENTAL

2.1. 85 L XD X[ E rGO X[ X[H| Fof &
5 d, rGO (N002-PDR, Angstron Materials) 55mg<-

ofld&ll ZE|& (ethylene glycol, EG) 50 mlo] &3sled
3A oF 2guz BT [26]. 2 ¥, 01 M
3} FHH) F3+2 (ruthenium(Ill) chloride hydrate,
RuClyxH,0), 0.1M @3} ZLE() T3+ (cobalt(Il)
chloride hydrate, CoCl,:6H,0), 0.1 M 3} ZHI) <3}t
& (iron(Ill) chloride hydrate, FeCly;-6H,0)2 <F 1:1:1
3 ¥EE F 1mlt HESE Yk 283 05M
2kl UEF (NaOH) 1 mlE 92, F7I2 A7 B9 =
22 BEAelgh Eake] 95 ) 700 WellA 28 &
QF mlo|ARIE QI7ISISITE 2 & FujE golA e
371 18l 8000 rpmo-2 504 Bt FAlEE SAch 2
7 84S FuRHE AA] 8l ofESR AlF sl
8000 rpmO =2 2034 29 AR SISt vEREHe R
60°Ce] ¥ QoA FES A Fd AXRAIA
RuCoFe/rGO £7lE ¢Hdslnt. ek, 54 8 {5 o}
E H2ZE 93] RurGO2} CoFerGO W& #2632
H, Ru/rGO%} CoFe/rGO &w] A2} Aldl&= &4 A+
¢l 0.1 M RuClyxH,O, CoCly-6H,O, FeCly;-6H,05 7zt

1:0:0, 0:1:1 %3 v]&&2 Yo|FU, YA 3
RuCoFe/rGO Znl| A2t A3} FA3sHA K3t
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22 EH #4 Y TEX S Wt
FHT Fule] e QA 27, A9 L 948 v
2 5] 98l AAYAD FahA @7 (FE-TEM,

Talos F200X, Thermo Fisher Scientific)s} ouA] &4F &
% ¥417] (EDS, Talos 200X, Thermo Fisher Scientific)
AREatTh gk Su FHoA e A 2 A4S
sl XA FAr B3EA7] (XPS, K-Alpha, Thermo
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(ICP-OES, Optima 8300, PerkinElmer)E ©]-&3}1t}.

2.3. 7|58t S "It

BE #A7|stst 54 H7F= electrochemical workstation
(VSP, Biologic)ll 1438 %5 37 A A|2glo=z 313
sttt Aelld2 e AAE o|8ste &5 AARE AAS
1M KOH &9& ALgaiion, pt I A= Hy/HgO
A=E 22 A 53 71Ed502 ARSshath. A%
gk 9o e Fule 54 7R E S, e 9
Ua 25 ARgste] Ja FHE Attt ol 2A Azt
3l Znf J3ZE JHE H=F (GCE, 5mm diameter)ol] =
Falo] A9 MFo2 AMESITh. HERZ OFR 24 =
T 5mV 59 A2 &£xg Ay FAL AL (linear
sweep voltammetry, LSV)E #A4]81oH, aEd LSV 1
e Tl Wkl Basgh A e 77E ALt
st &gk Fujo] Hal A Age et flal, 100
kHz-0.01 Hz WA Hd7stet dods B3y
(electrochemical impedance spectroscopy, EIS) #4& A
AleRdel. 3 vlas flE A8 20 wi% PYC B 20
wit% Ir/Coll thefir e T3 A3 W22 HER¥} OER
A8 st 2o AA ) ke S 28l
245 A A&"E A A UA S AP sk
2elsS AAS F, 2 9ol 1.0 mg cm 9] )

R z

dIAE =¥ 60°CY FF LEOA 1247F B A
ZAIAT &) AL smV s 271 £ 2 LSVE
FE B4}

3. RESULTS AND DISCUSSION

a9 2& ET Eue % 2 = B4 ddelth
AA 28 2(a)2t 2(b)= RurGO F7ie] TEM o]n]#|o]
o, dig olwAelA & = el T AE o &
e RS0l A=A #x2Ee] Sk a7 2(cE Y =
W YARFES] 27] 2EE Yell g agjZela, of
Sl 2 AE Qo] BxE F4 Ui RES ¥
% 1.5 nmo| AAQE THAH =] AR I A5S
gkelstoict. 28 2(d)2k 2(e)2] RuCoFe/rGO ZvfjoflA =
"RVHE 54 e dAbEe] AEA 2SN, 1Y
2H=HE A=l Aol Bt oF 2 nmelH, 7] Az}
7F A SQlskdln o)k ol v 7|2 EA £

¥t F4 U AAELS o] v EHAL L oo
U e H = = = =4

o 1 b
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22 Zu wkgo] Y&s] dojursE o7l thao =
RuCoFe/rGO Z1lje] AAA 4L 8] 23 2(g)et %2
o] SAED &g #Aaith. 2 AF GOl #TFet=
Sl =L 22 (002), (101), (112) WHej
Igatant. 54 e gl sidste e IRIEA]
k=, ol e YAl A7I7F F38] 2] Wiles
wHelth [22]. &3 28 2(h)ell Ve HAADF-EDS vi
3 A#}EHE] RuCoFe/rGO EmjoA el zejdl ANE 9
Ui IS 4 945 RIS 289 AE fd
IAE 2% U YAELS Ru, Co, Fe YAEo] I
o|Fom, 7t F& YihEe] A=A XN
22 RurGO, CoFe/rGO ZL#]1. RuCoFe/rGO =
mje] XPS A& &Skt 28 3(a)2t 3(by= 27t
Co 2p%} Fe 2pellxe] At BelE EoFH, Coot Feol
& o} 94 HA 2& RurGO EvjolM = alg 9= Eo)
UEREA] 94t Co 2p AFHE WA EIsHH, CoFe/
GO} RuCoFe/rGO &1 BF FE5Zo= 781.6 Ve
797.6 eVollA ¥=A7F Uepton o] 3aE52 77t Co
2p3p®t Co 2pipoll 333t [27]. ZE]aL Fe 2p A=
golshH, CoFe/rtGO e 711.7 eVl 724.8 eVollA
¥ =37} Ve, RuCoFe/rGO EWl& 71095 eVEF
723.75 eVellX A7} YERETh o] FAEL ZH7}t Fe
2p3n2t Fe 2pipoll allgsich [28]. &, CoFe <o Rux=
E7k= 739 Feol F=A7}t 39 WEFO =R o]F Tt o]
ZHE RuCoFe ¥=2 FA3HHA Fe 947 Ru A=
FH AxE de A= FERlHT [29,30]. 1™ (o=
Al Zuje] Ru 3pell tist 235 HoiFt)h Ruol EA H
2] & CoFe/rGO ZollA= Ru 3p ¥37F YehR]
okotth RuS EA8H FulE2 vlwshd, RurGO Sjjo]
ME 462.4 eVEl 4845 eVold HA7F YElgeH
RuCoFe/rGO ZujjollAl+= 463.4 eV} 4854 eVolA I=
7} YElsit). ZF FufellA vEhd 31352 72t Ru 3psp,
Ru 3p;ol sigdth [31]. &, Rue] @508 73}
GOl A = w¢} v)wdte], RuCoFe/rGO Znfol|A] &
Al & o Ru®| F=7}F Gl WO olFdh= A I
sttt o] IS RuCoFe o] 3AE uw Ry ZHE
FeC 2 7} olFsle ZAe® dAdtdrt [29,30]. o]2gh
AApe] olFe Rug Azl HLE vEEd, 22 <l
HER #4& 7+438kA%E OERYIAE OH £ WolEo]7]
golal| A wkgo| a3t Hxgte] v Golxltt [32,33].
niREte 2 Azket EuljEe] 7|8k EAS Hrtst
Atk 4 28 4= S5 HER §4< vlwsgt 23
th 29 4@y LSV F4E YepH, 28 4(bye S

(
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Fig. 2. Morphology and structural characterizations. (a,b) TEM images and (c) corresponding particle size distribution of Ru/rGO. (d,e)
TEM images and (f) corresponding particle size distribution of RuCoFe/rGO. (g) SAED pattern, and (h) HAADF-EDS mapping of
RuCoFe/rGO.
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Fig. 3. XPS spectra of (a) Co 2p, (b) Fe 2p, and (c) Ru 3p of Ru/rGO, CoFe/rGO, and RuCoFe/rGO.
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Fig. 4. Electrochemical measurement for HER. (a) LSV curves for HER and ( 2 corresponding overpotentials at —10 and =30 mA cm 2 of
Ru/rGO, CoFe/rGO, and RuCoFe/rGO in 1 M KOH at a scan rate of 5 mV s, respectively. (c) Tafel slopes of Ru/rGO, CoFe/rGO, and
RuCoFe/rGO. (d) EIS curves and (e) enlarged data of Ru/rGO, CoFe/rGO, and RuCoFe/rGO at a potential of —0.10 V vs RHE

4
ﬂ

HE ARUE -10, 30mA cm ] 2= o o3 = I3 49 (el YEREAT 28 4d)2 (o)l A
RS Hlawgt 9 g Zoh RurGO Svlle AREE 1% Randles circuit®]™, 89 3R} 100 kHz
—10, =30 mA cm ] == d Z}7F 50, 106 mVE 91 Falpol ZAHYL, dat dE AR 0.01 Hz2
o2 &1, RuCoFerGO Zrll= 242} 375, 432 mVe  Fakpola S48 [36). Alxdk s dst A&
a2 3t} CoFerGO Ev= A3t 2ME = 7P XS v|wsE™, RurGO &7} 134 Q o= AHs A
2 S "o har, 1 3k 7H; 385, 434 mve]l @ Aol 7PF Rty thSE RuCoFe/rGO, CoFe/
ot = Rutt &A" RurGO Fvie] HER 24°] 7P GO Ff o= st dd A&e] 71t RuCoFerGO
e & g JdEdl, T2 FEFE Codt Felth  Fujo] A, Ruo] BAIENSY W Ru 9xke] At &
Ruol #F2]at7] oot} [34,35]. ICP-OES w4 A3, == s B 712719k st e Aol #7 yehte
RurGO2} RuCoFe/rGO®l= ZH2; 0.98, 0.46 wi%2] Ru ZOZ AJAMELE BSo] £ AoA] #|2He RurGO 3

o] FAHATE ERISIATE. 2E]aL 919 XPS AFollA  vi= 8 PUCSt HISsS o] @48 HRloh AAA
gelsl ulel 7ol RuaAGO Evf9} Y| éle] RuCoFerGO WS 7L Wl Ru Prol] Hls] E4 A3 ¢4o]
ZajollAl= Ru Aol tial] A Ho|7p dojub=d], o] ™W[17] RurGO FHrfell FAE Ruél Y2 0.98 wi%=
2 Qe Hap "7} vrobx HER &40 ZasH dot  ERIFSIC, 20 wi%e] Prt BAE 78 PY/C Hw)
[32]. T3t 2% 4(c)et o] AFket SuiEe B 71€7] & ) 7HE AAEE FRe Sejgia & 5 ok

= H]sPE RurGO E1i7F 46 mV dec '2 7P 29k, a8 5= 59 OER EAS v|wd Axct a1d
CoFerGO Z497F 91 mV dec!, RuCoFerGO Zw7F 100  5(a)9} 5(b)2] A9} Zo], Az FHuls FoA+=
mV dec'2 EFGTE o]E= CoFerGO ¢} RuCoFe/ RuCoFe/rGO Zw¢] Aol 714 Agtow, AFUE
GO &= Adog & B &$xr7F =g]A|vh olo] v 10, 30 mA cm %ol =g © ZHz 362, 382 mVel
& RurGO Fvle & %H Ses s FIENT, & LS ZaZ ST o]o] CoFerGO vl 390,
20 Fehzto] & A% TAYS ARG o]o] EIS ¥ 429 mVe] #FALS, RurGO 1= 400, 460 mVe)
Mg Bl e ?ﬂo} A A vwstar, 2 A3 HAGS 242 o= sl =5 27 5(c)ellx] Al
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Fig. 5. Electrochemical measurement for OER. (a) LSV curves for OER and (b) corresponding overpotentials at 10 and 30 mA cm > of Ru/
GO, CoFe/rGO, and RuCoFe/rGO in 1 M KOH at a scan rate of 5 mV s™', respectively. (c) Tafel slopes of Ru/rGO, CoFe/rGO, and
RuCoFe/rGO. (d) EIS curves and (e) enlarged data of Ru/rGO, CoFe/rGO, and RuCoFe/rGO at a potential of +1.58 V vs RHE.
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Fig. 6. Overall water splitting test. (a) LSV curves of Ru/rGO ||
RuCoFe/rGO and Pt/C || It/C in 1 M KOH at 5 mV s™' in a two-
electrode system. (b) Gas generation by RuCoFe/rGO at the anode
and Ru/rGO at the cathode.

ZujE9] g 712715 ¥wd 23, RuCoFe/rGO Zu)
o] gl 71€717F 35mV dec'® 7PF Z%AL, CoFel

GO (42mV dec!), RurGO Zvf (106 mV dec!) <=

U

o2 o] Z718r}. ©o]ZFE Ru, Co, Fe Al 947} &
T XS FufjollA A AL B8] TP =58 AAE
g 5= Q) mpRgte 2 a7 5(d)9t (e)oll veRd Aol
o] o] Hat A AL vlwsl| Hoka, nizyiA|
2 RuCoFe/rGO (57.6 R), CoFe/rGO, Ru/rGO =1
TO R o] T7FRFE 1Tk OFR ¥he- 54 Wl 2
#E A3 HW, Co, Fe ¥ Rus EF AMgsH

RuCoFe/rGO Zvje] OER A%°] 7F 34 yelst

t}. Fex Co 7]k ZujjolA OER €4S 7€
el S A 71@1?&@; B [37], ©]2]3 CoFe ¥+
o] Ru 947t galA™ 27 3(c)2t Zol Ruel XPS I
A7F B Holg sl HAE @A Eoh. OERIA = &
sle] o9} o] Har Wr7f Yokl Rue|l OH & W=
o]7] golal7] wFol Wkg-o] o] HL dE= Zo
2 oA [33].
a4 62 YA F83le] 1 M KOHel
A= A A9 @Jﬂr ]‘:} RurGO Fvl=
£ anodel] $143}
{8l pyC, r/C Evf T3
Z7e =2 Z}7} cathode®} anodeol| ARE-3}o]
JSMEE}. a8 6@ PY/C | I/Ce A AR
m*zoﬂ Tk d 155 vl S
RurGO || RuCoFerGOE 1.65 V€]
HolEoh wkge] dagh [k PuC ||
Ir/C7F B 2o, Ru/rGO || RuCoFe/rGOE & X}e]7f
WA eFomA A Tk Rk o] Aok 27
6(by= HA 8] vk A Uehbe d44E BoErh
Ru/rGO iﬂﬂ% g3} cathoded| M= =4 7]A|7}F @AY &)
, RuCoFe/rGO &7 & FH® 3 anodedl|A= A4 7]A17F
%}"E?{WP.
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4. CONCLUSIONS
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o GO AAA 9ol FHE-Holgd Ta v A=
AR TS SuE ARSIt AlkeE SajEel '
A" Y 94A] FAAL RurGO iUﬂgr RuCoFe/rGO
el A 2z sFaF oF 1.59F 2 nmz ERIFATE 53,
RuCoFe/rGO Zvj¢] 7-$-, HAADF-EDS waé—% B3l Al
-di 2% ¥ 39 YegAt FEHE SATS g
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. 71848t

see et 292 B 2 ¥ Ak
B A Be FAGE Mg Ak HERIME Ru

rGO &n1)7}, OER9|A+= RuCoFe/rGO Zul|7} 714 e
IS dehlo] 7+ vkl 7P frEldhe Elselth
o]#gt o]f+= RurGOl= Colt Feoll Hlal] F49] S
7 Ru®| o] 7P Wiz, Rudl AA EE7 7
HEROl| f-2]3}7] wjito|th. ¥HA, OEROA = Rue] %2k

de7t 4555 OH & wolsol7] §olshH CoFe ¥5

zl—o]

H
TS OER &4 3ol 71e98h7] wj#oll, RuCoFe =<
AT o whgol dadh Fxgte] B o= lew
ke th,
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