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GRAPHICAL ABSTRACT

Ru-clusters decarated core-shell.

ABSTRACT

Achie ing high cg al ic pe#osnance ih helo e, po, ible ame n of noble me ali
caical fosan ca al ic applica ion, . He#in, e #po#da con sllable me hod of p#padng
L3 L3 L4 L3 B4 L3 L3 L3
lo R loaded, N-doped po , cason embedded Lh cobal o ide ,pecie, (R /CoO, @-
NPC). ,ing cos- hell me al-oanic fMme od (MOF) a, a_emplg e. The op, imi ed ca a-
1, &hibi, ahighl po e#1 e _ able pedosnance of H, p#d ¢ion ha gh odi m
bomh déde (NaBH,) h d#l i,. The R /CoO, @NPC cgal , ,ho . afa, H, genes ion
# e (8019.5 mL min" gc;), highy Mo esfmq enc (1118.6 mol min~* molg?), and & -
abily . The casori ed ZIF-8 cos and he ZIF-67 @  e® hell ¢ pplie, a po# . cadon
moie _ha no onl imp# e _hecond cii andb _al op#® ides nifodn di_ 4k ion
L2 3 L3 L3 e L2 4 L4 Ed > o L4
of heaci e ie .The XPS anal i, indicae _ha he®i a. #ngelec #nicin eMdc ion
L3 L3 r 2 22 e or er Ed n» L3 L3 L3
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S nesi ic effeg be,
NaBH, h dal i,
H d#gen genesM ion

een Co,pecie, andR ,pecie,. Thes pedodcy al  ic pedosnance canbeg 4o  able
. O, he lase peci es Mace aaa,
© 2020 H dsgen Ene& & blicg ion, LLC. 2 bli,hedb El e iesl d. All dgh & eded.

ella, he, ne#& be eenCo-o,ideandR al _esd.
e k) L] P4 S S

Introduction

The g® ingdemand foso, ild el (e.g., coal, oil and na. sl
ga,,etc)i, a igni ean ca ,e of global aMning M led fam
acce, ed CO, emi  ion, [1,2]. Thesfos, de eloping a ¢ |-
painable ene& o #eand dec#a ingfo,  ild el dependenc
i, he cen Ml heme of clean ene& s ecash [3]. A, anal e®
na i eened camedh ddgen i becoming mos and mose
iabled e oi, highenes den, i and e® CO,emi, , ion[4].
The, o main challenge, in de eloping Hy& el a# he co,
and .Jafe-)! omge  ince he Mdiional H, , osge in ol e,
high-ened sq ismen , and comple  echnical i¢ e,.In
geneml, he h dgen  osge me hod, foy b eg ena e
canbedi idedin oph  ical osge[S],4 cha p #h d#gen
omge ia comp# ion and lig efagion, and chemical
s OMge inal ding meal h dade [6] and lig id osanic
h dmgen camies [7], etc. A, a chemical | osge app#ach, he
me, alh djde3 (e.g., NaBH,, LiAlH,4, MgH,, etc.) ha e #cei ed
mo# and mo# g_en ionin #cen, ead d e o heid afe! ,
and adap' abili! 20 he mild &ac, ion condi! ion, [8,9]. Among
,hem, odi mbomh dsde (NaBH,) ha, head an age, ofhigh
h dsgen denﬂt R non-':rammabiliE R cont.ollable h dsgen
p#d cion M e, modeM e opeM ing empe. s, ¢ cellen
*abili! in alkaline  al !ion, non;, o ich dal ,i b -pad S,
[10,11], etc. One of ‘he idel belie ed challenge, in. ,ing
NaBH; a, ,he h d#gen osge maedal i, Mgenesd ion.
Ho e e® Acen! s die, ha e ho n!ha! NaBH, can be #-
geneM edb high-ene# ballmillingof heh d#l g einan
ason a mo, phe® g Mom empes. #. The ield can #ach

e

i p_o 80%, and i i, .calable [12]. In addiion, ,ome o hes®
e [ I [ E) [

#genem ion mehod, ha e #poded Mgenedion M e,
anging f#m 60% 0 90% [13—15].

Ho e e#theapon! anee h dal 313 of NaBH, i) ablo
p#ce, hesof #q i# anef eien caal .  odec#a e he
aci g ion ened and incaa e he #acion M e [16,17]. The
commonla ,ed ca al ey AR mainl noble me, al ,¢& cha, P!/
CeOQ—Co7NiZO), [18], P!—Co/ca.bon nano, phe# [19], Pd/PD-
ZIF-67 [20], Ag—Ni nanopagicle, [21], R —Co caal _ . [22],
R /ZIF67 [23], etc. Same a, o!he)noble me, al ca, al *),!he
aslimiedb co, fodind , al applicaion [9]. A, a % 1,
man effod ha ebeende g ed ode eloping Co-ba, ed none
noble me, al ca, al s foMNaBH, h dsl 3i3 d e!o!he high
ac!i i and lo co,, [14,24,25]. Ne e_!lheleb,!he am ¢ f-
fed fam Mpid deac i g ion [26,27]. Recer,]l , e Mpodeda
no el me hod of incosoM ing #lai el  mall ame n, of
R P; on o hiemshicall «#q #d cobal pho,phide asm
on nickel foam. Thi, app#ach p#d ced a highl efg(-:ien! and
wablecaal | fosh dgen genes ion f#m NaBH, h d#l -
, 1, in alkaline media [28].

A, he conin aion of hi, od, eaim oimp# e he
caal ic pedosnance £ Shed hile decsa,ing he R
loading. Thi, goal can be #afi ed b adj s ing he ¢ ppos
papedie o aMl be esdcond ¢ii and accelem ed ma,,
.20 fed Recenl, Pan ¢ al. #poded a high-pedosnance
nano, « a. #d cgal s ba,ed on ZIF-67@ZIF-8 cos- hell
Lemplae [29]. Ba,ed on he & 1., he claim hg  he
& cellen, cg al ic pedosnance i, he @ come of he accel-
eM ed diff  ion kine ic, odging ed f®m he. nig e nano-
W, - [30]. Momo e he! ez om N doping ha, been
demon, @ ed ha i canimp® e hey Mace e abili and
caa ey f eien local #agion ie b changing he chase
di, #b ion on he cadon ¢ Mace [31,32]. In ligh of heis

o#k, eha ede/ignedano elcgal , ofR -al , e®loaded
CoO, @NPG. ,ing cos- hell MOF emplg e fo#NaBH, h d®-
1 ,i,. Thi, bif n¢ional cgal . a, pepasdin hae ep,
namel ZIF-67@ZIF-8 p_epaA!ion, p @l i,and R loading
The cgal Jic e, M 1, # eal hg heR /CoO @NPC cg a-
1., ha ane  andingH, gened e M e,. Mo ediiqg enc
and d Abili! , fa)be“ el han!heie of all con, »l ca al e

Experimental section

Synthesis of ZIF-8 and nitrogen-doped porous carbon (NPC-
8)

All chemicals ,edin hi, osda®anal ical gMde, and  ed
discl ihe 4 shesp M egion.Ina, pical, nhei, e
& pepakd o  ock jal !ionb in me hanol inael ding,
Zn(NOs),-6H20 (3 mmol, 30 mL) and 2-me h limid3 ole (2-
Melm, 12 mmol, 10 mL). Then, !he 2-Melm , al !ion a,
added o a* inc ni M e ol ion and aged foM24 h a Mom
LempeM. & The # led hiepscipiae a, collecedb
cer, #f gajon, ahed hae ime, ih mehanol and
acs. m-ded g 70 °C fo#12 h. The ob ained hie po des
a, heg ed 0800°C jhaheging M eof5°Cmin & ndesis
a mo, phe® and kep! a, 800 °C fo® h. The collec! ed ,ample
a, noming ed a, ni Mgen-doped pos , cadon (NPC-8).

Synthesis of ZIF-67 and CoO,@N-doped carbon (CoO@NC-
67)

Fi.gtl e © »ock 301 Eionj ¢ ch a, Co(NOs),-6H,0 (1.6 g,
80 mL) and 2-Melm (3.7 g, 80 mL) e p#paed in me hanol.
Secondl ,!he)al !ion of 2-Melm a, q ickl pe ®d in!o!he
,al jion of Co(NO;),-6H,0 and hen aged fo#24 h a Mom
Lempes. # The # led hiepacipiae a, collegedb

cer, #f gaion, a hed h#e ime, ihab ndan me hanol

Plea e cge!his a{icle a:De S

al, Shagg -likeR -al ,_ e® decos ed co®- hell me al-osanic fame osk-des ed CoO, @NPC a,
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and acs m-dded a 70 °C fo#12 h. Finall ,!he ob! ained
p Mle po des(ZIF-67) a, heged 0800°C ih aheqing
# e of 5°Cmin & ndeA M mo, phe and kep g 800 °C fos
2h. The & lpedbample a, named a, CoO, @ni! Mgen-doped
cadon (CoO, @NC-67, inal de, Comeal hen, =0).

Synthesis of ZIF-8@ZIF-67 and CoO,@NPC composites

ZIF-8 (240 mg) a, di pesed in 30 mL of me hanol o fo#n a

homogenee |« ,pen,ion af e#30 min of ,onica ion. A  ock

,al  ion of Co(NO;),-6H,0 (531 mg, 9 mL) and 2-Melm (2.685 g,

9ml) a, added o heabo e4 ,pen, ion.Fi emin e, lged
,he obained jol jion a,  sn fesed o an a  ocla e and

kep, a 100 °C fo#12 h. Af esdcooling, o om emped. #, he

fosned pcipiae a, cen Mf ged, ahed ih a lase

ame 1, of me!hanol, and ace m-dded a 70 °C fo#12 h. The

ob ained p sple pAcipi a e, a® named a, ZIF-8@ZIF-67. A a

con, »l diffe;!n! mola)A! io, of Co/Zn pc Bos e  ed

L0, I hel e a  ede of ZIF-8@ZIF-67. The ZIF-8@ZIF-67

compo,ie a, henheged 0800°C ihaheaing M e of

5°Cmin & nde#A# mo, phe# andkep g 800°CfoM h. The

# led  ample a nominged a, CoO, @ni! Mgen-doped

pos , cason (CoO @NPC). The conen, of C and N in he

opiml ed mgedel a, anal’ ed b an elemen anal’ es
(Table S1), hileCoand Zn e# mea; #db ICP-AES (Table

s2).

Synthesis of Ru/CoO,@NPC composite

T picall , 30 mg CoO, @NPC and diffe;!n! ma, e, of R Cls
-3H,0 eMd. 1!_&) onicall diJ pe_ged in! 020 mL H2O! ofosna
homogenee , ¢ ,pen ion. Af edconin e ,  iseng fos5h,
2 mL of 0.6 M NaBH, Lol !ion a, added d#p ie in!o!he
abo e m;% ». Thi_!l min .8 la! ed, he & lled black p#-
cipjae a, collecedb cen #f ggion, a hed h#e ime

i!h ab ndan! a edand nall f#é e-dded a 70°Cfosi2h
Loobain he nalp#d ¢ of R /CoO @NPC. The ICP-AES e,
# 1 .ho _ha hema,  pesern ageofR in hecompo,ie
mnge f®m169 % 0338 % and heR ma,, pesen age
of 2.73 % ha, hebe, caal ic pedosmance.

A, a compa# on, a ma,, pesern, age of 2.72 LR A
applied!o N n!heﬁ eall o!hejcon! »] ca al ses- NQ, abl , all
Lhe, nheicpmce, e ema de cdbedabo ebe ide, hg
Ehe ma, of!he R Cl3-3H,0 a, 7»ed a 8.0 mg, and!he
¢ ppos a, #placed i!h NPC-8, CoO, @NC-67, and XC-72
cadon black, # peciel. The obained cgal ,, em
nomina! ed a, R /NPC-8, R /CoO}, @NC-67, and R /CB,
® peciel .

Catalyst characterizations

The c# al g # of caal ,, a anal’edb X-m
po desdiffMcion (XRD, Rigak D/Ma 2500 V/PC) ih a
eep ,peed fo#2.0° min~’. The mosphologie, and mic®-
w®e # of hecgal ., e® chaAc!ei ed b _ canning
elec ®n micM, cope (SEM, FEI @ an,a 200 FEG) and , @n, -
mi,, ion eleg Mn micM, cope (TEM, JEM-2100F). The X-@
pho, oeleg, #n , pec Mme e AXPS, JPS-9010 MgKa) as ,ed o
anal* e he chemical , g e, of diffesn, elemen . The pecific
¢ Mace ama of!he a, -papasd pad ¢ @, meat #d on a

Q ar, ach®me A 0, o® AS-1 in)!nl mery . The aq al load-
ing of ade me, al, in !he ca al w R checked b
ind giel ce pled pla,ma aomic emi ion  pec M cop
(ICP-AES, IRIS In, #pid I XSP).

Catalytic hydrolysis for H, generation

The cg, al !ic ac!i 1! , C cle*abili! and ac!i a!ion ene& of
Lhe caal ic mgedal em obained b  he follo ing
me hod, . Fi# , 50 mL of 150 mM NaBHj, (con, aining 0.4 %
NaOH) a, added .0 a hse-necked # nd bg, om ¥ak
(100 mL) and cor,in @ ,1 isedina gedbghg 25°Cfos
0.5k n il he conneg ed eleg Mnicbalance  abifi ed & ed.
Then, 10 mg of! he ca, al . B addede o, he abo e, al . ion a
25°G. ndedconin o ,  iséng The genemed H, a, e al-
“ g ed b dsinage me, hod, he.Q!he o e®o ed aed a
colleg ed d #ng he caal  ic H, pad ¢ion pMce,, and he
g ali of he aes a #coMedin al,ime iaacomp ed
conneg ed elec #nic balance. The h d#gen geneM ion M e
(HGR) ands #o esf#q enc (TOF) can be ob ainedb con-
eMing he g alj of! he dainage g eMo eMime (ees p-
plemen a# infosnaion) [33,34]. To e~ he caal ’
- 3abili! , emea; _Qd!he ca, al !ic pe#oMnance -e, ime,
a 25 °C. Af! edeach & )abili! vEmr € cen!jf ged!he ca a-
1., d#ed i« nded ace m g Mom empes. @, and ob-
ained ‘he caal ', eigh. All ¢ pedmen,, e® #peaged
hae ime,  oery s Mliable # 1 .Theaci gionened of
hedejignedcaal ., a, e al aedin he, amede icein he
empes. & Mnge of 298—318 K.

Y ¥ 9 w

Results and discussion
Synthetic strategy analysis

The )chema! ic diagam of! he papad ion me, hod of pos
R /CoO, @NPC compo,je i, ;ho nin Scheme 1. §ep 1: he
ZIF-8 a, ., n!he;i edb acon en ional manne#in hich a
mj s #of incnj M eand 2-Melm in me hanol a, aged g
Mom _emped. fom4 h [35]. Sep 2:!he ZIF-67 a, g® n
oo he ZIF-8 ¢ Mace o fosn ZIF-67@ZIF-8 compo,ie
L& gh heh d# heanal me hod g 100 °C fo#24 h [30,36].
S ep 3: he ZIF-8@ZIF-67 compo,ie a, placed in a ceMmic
boa! and cadori ed a 800 °C o pspam !he CoO, @NPC
compo,je. Sep 4 'he R al _es loading pMce, a,
accompli hed ha gh disc chemical #d ¢ionofR 3% ,ing
NaBH, ,al !ion. The ag alR loading em de! e#nined b
ICP-AES and he cos® ponding # 1~ eM  ed ocale lae
,hie HGR and TOF al e, (Table S3). The s, of he cor, sl
e papasd in he  imiladmanne® Mo®o ed a dg ailed
in ekiga!ion of!he p @l i psce  of each in eJlnedia!e
« ,ing hedmog® ime Ac (TG) anal i, combined ih ma,,
,peq wme # (MS) gi e, a« ,of 1 inigh of he p Ml i
mechani, m (Fig. S1).

Crystallinity, microstructure and porosity analysis
Scanning eleg, #n mic# cop (SEM) ,ho ed 'hg  he a, -

p#pasd ZIF-8 and ZIF-67 had a _imila® pol hedal
mospholog  ih an a eMge padicle Ji e of 400 nm (Fig, .

Plea, e C'Ee!his a{icle a:De S

al., Shagg -like R -al , e# decom ed cos-, hell me al-oManic f@me odk-de# ed CoO, @NPC a,
high-ef eienc cgal , fo#NaBH,h dal i, In ema!ionéTJo Mal of H dagen Ene& , h_p,://doi.o#/10.1016/j.ijh dene.2020.12.011
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Scheme 1 — Schematic diagram of the synthesis of Ru/Co0,@NPC composite.
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Fig. 1 — (a) TEM image of ZIF-8@ZIF-67 and (b—d) the corresponding elemental mappings of Zn and Co. SEM images of (e)
CoOx@NPC and (f) Ru/CoO,@NPC composites. (g) XRD patterns of Ru/CoO,@NPC and CoO,@NPC.

S2a—b). The ZIF-67@ZIF-8 i, abe , 500 nm in padicle e
(Fig. S2¢),¢ gge, inga® nd 100 nm ZIF-67 g non he ZIF-
8. A, ,ho n in Fig. la, Mn mi ion eleg Mn mic®, cop
(TEM) image ;ho ,  ha ZIF-8@ZIF-67 ¢ hibi, a cleaMedge,
and ell-defined pol hedal «»q s ,and he cos® pond-
ing elemen! al di*jb !ion mapping, o {hejcleaj demon-
,Mme heei_ ence of he com- hell «»ac # (Fig. 1b—d).
x> ® ? > 2 > L oe [3
Upon ca#oni ed g 800 °C fo#2 h in A#a mo,phes, he
pol hedal mosholog of ZIF-8@ZIF-67 a, pa{iall inhed-

ed_o_he CoO @NPC (Fig. 1e). I i, oshnoing ha alade
e L2 7 e o L3 L3 LI 2
n mbedof cadon nang. be, pene M e ha gh he o
of 'he collap,ed pol hedsn, and 'he ¢ #ace i, di, #o  ed

i!h man pa{il; la, e ma edal . At; edchemical #d c!ion of
!he R d wCB, e did no, ob) ede an no!i)able change) in

he mic® 48 c. #, indica ing ha he depo,iionof R al .-
e s e e e er o i >
,e#on hey saceof CoO, @NPC doe, no, affec in heo emll
mospholog of CoO, @NPC (Fig. 1f).

The X-# diffdg ion (XRD) pa e, of diffesn calcina-

,ion empes. # andR -al e# decom eddiffedr, cambed
as ¢ ploed in de ail in Fig. S3. Upon casori ing a 800°Cin

A®g mo phes (Fig. 1g), he M 1ing CoO @NPC mainl ¢, -
hibin !he diffAc! ion peak, belong! o, h#e Co pecie ¢ cha,
Co (JCPDS: 15—0806), CoO (JCPDS: 09—0402), and Cos0, (JCPDS:

74—1657) [20,37]. Af emchemical depo,iion of R al , e,

 hes as o addiional diffMc ion peak appeasd a 38.6°

and 42.4°, hich a# con, i‘* en, i!h!he chaAc! e_QJ! ic peak,
of he, agonal , «#q. # of me allic R (JCPDS: 01-1253) [38].
Mo#o e#X-m diffMc ion (XRD)pa, e, of ZIF-8, ZIF-67 and
co- hell ZIF-8@ZIF-67 a# con #ned in Fig. S4a, and Raman
,pec @ emadoped oin e, igae heeffec  of cadord a-

,lon _empes. # ande ppos pe on hecadon o &

(Fig, . S4b—c).

To & Shed g amine Lhe mic®, copic feag & of R/
CoO, @NPC compo,ie, e pedosmed a deailed TEM & d .
Mo, of 'he black al  e# (pmbabl Co o#R ) as e enl
di, M ed ha ghe  hecompo,ieand, omeof hicham
agglomeM ed o abigge #paMicle (Fig. 2a). The high-# al  ion
TEM image # eal, ha he#a® o pe ofdi inc ines
,eqingla ice fange, ih hela ice pacingof 0.18 nm and
0.20 nm, and 'he a coMe ponding o he (111) and (200)

Plea e cge!his a{icle a:De S

al, Shagg -likeR -al ,_ e® decos ed co®- hell me al-osanic fame osk-des ed CoO, @NPC a,
high-ef eienc cgal , fosNaBH,h dal i, In eda ional Jo mal of H dgen Enes , h_p,://doi.o#/10.1016/j.ijh dene.2020.12.011
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plane, of me allic Co (Fig. 2b) [39], #,pec i el . Mean hile,
Lhelg icefdnge iha pacingof0.2lnmi a, cdbed o he
(200) c#_al plane of CoO [40], a 13, ice , pacing of 0.34 nm i,
cose, ponding, o _he (002) c#  alplane of gMphi 1 ed cadon,
and he q hesla ice  pacing of 0.23 nm belong, .o R (100)
ca  alplane [41]. £ Shesnose, he HAADF-STEM and cose-
,ponding elemen, al mapping, indica! e ha  he elemen, of
R ,Co,Zn,C,Nand O a® e enl d'LJ!jb !ed!hm gheo !!he
ykeleal  «#q # of R /CoO @NPC compo,ie (Fig. 2c).
No, abl ,)ince!he pa{icle ;i eof R i . obmalltha! e can

55

hasll diking ih R pa_!licles. No, abl ,!he m ch padesd

di,pesionof R pa esi coni en ih hefea ® ok I-
,®lo loadingof R ,pecie, in_he compo,jie.

The N, adbo.g)!ion/debo.gwtion i)othe_tn a 77 K of R /
CoO, @NPC compo,ie as ,ed oin e igae heBbna ed
Emme, -Telle® (BET) 4 Mace aea and pod ,  «#a &
(Fig. 2d). The BET¢ M#e ho ,a, picalH3 peighesn ih
a BET4 #ace a#aofca. 325.0m”g "anda qalpos ol me
of 0.206 cm? g™*. The i,q he#n ho , a Mpid inceae g a
lo es#lai ep® « #(P/Py<0.02),indicg ing he p#, enceof
ame, opos . 4Bq. A No! abl . hes i; a dikinc! h keA}iJ
loop g lai e pa« & (P/Po)of 0.5-0.9, hich a# mainl
odging ed f®m he g Ml oid, of hey #ace collap, e of
, he compo, i e [42]. Moo e® he poe | Je di,, # _ion of
,hecompo,iei, in he Mngeof0.73-2.7 nm fAm_he Baa® -
Jo nesHalenda (BJH) anal i, ;ho ing he mic#pos, and
me, opos®, po . mi ed feag # . The high po_q)i! & po,e,
mo® ac!i e)i!e), and facili!a!e) !he digf ion of  al = and
Lhe smleae of gae, hemfos imp# e  he caal, ic
pe#o#nance.

XPS analysis

The composi!ionb and chemical - of R /CoO, @NPC and
CoO,@NPC e 4 diedb X-# pho oelec #n  pec @, cop
(XPS). A, )ho nin Fig. SSa,E he elemenn of C,N, O, and Co a®
de ecedin boh jample, b XPS¢ #e pec . The high-
#_al ion XPS pec M of C1 + R 3d #gion, (Fig. 3a) a®
decon al  ed in o C=C (284.0 eV), C—C (284.8 eV) and C-O
(286.1 eV) andv ,ed a, a calib ion , andadl [43,44]. Mean-
hile,!he R 3dspcomle el f®mR al Y decon o-
d  ed a  he binding enesgie, of 281.0 eV (R %) and 283.2 eV
(Un,csened _mal ge,) [45]. Fig. 3b ,ho ,  ‘he high-
# al ijon Co 2p ,pec M of R /CoO, @NPC and CoO, @NPC,
heA!he Co 2p;/, sgion of R /C.'oOi @NPC i, decon al !ed
in o h#e peak, a 778.5,780.6 and 784.6 eV, coMe, ponding o
Ehe me, allic Co, Co?" and ! elli!e peakb, - pec!i el .
Compa#d {hCoO @NPC, he Co®* pecie, inR /Co0, @NPC
« ndesoe, apo,ii e hif (0.93eV), hichi ,malle#han ha
of_he binding ene& diffe #nce, of Co 2py/, of Co®" and Co®"
(1.2 eV) [46], indicg inga  Mngeleg Mnicin eMc ionbe, een
R and Co ,pecie, [47]. Ng abl , he peak M io, of Co?*/Co
inc#a,ed f@m 7.6 jo 152 af es he R loading on  he
CoO, @NPCy, Mace, hichce ldbed e,o, he o ida! ion of! he
& Mace of CoO,, @NPC. Mo#o e_Q!he high-.esol Eion 01,
,peg mof he o, ample, amd {he)&mal7 ed (Fig. 3c). The
# ling hae peof ignal a 529.5,530.8 and532.1eV a®
a, c.dbed!o me, al o ide, o gen acancie) and ad) osed H,0,
# peciel [48]. A) ;ho nin Fig 3¢, he o, gen acancie,
® io inca e Mpidl f#m 42.6% 0 67.9% af eMR loading.
Man 4 die, ha efe nd_ha a highe#pMpodion of g, gen
acancie, c#a e afa esdelec #n_An fed Msngedad od-
ylonchamc ed ic andmosaci e ie, [49].E Shednom, i

0L23nm.
Ru (100),

> S
3"
°

300

sTP(cm’g’) QO

3

yolume@

1 BET area=325.0 m’ g

00 02 04 06 08
Relative pressyur/R/R ),

Fig. 2 — (a) TEM and (b) high-resolution TEM images of Ru/CoO,@NPC. (c) HAADF-STEM image of Ru/CoO,@NPC, and the
corresponding element mappings of Ru, Co, Zn, G, N and O. (d) N, adsorption—desorption isotherms with pore-size

distributions by the BJH method of Ru/CoO,@NPC.

Plea,e cie hi, asiclea:De Sg al,Shagg -likeR -al _e® decom ed com- hell me al-oManic f@me odk-de# ed CoO @NPC a,
high-ef eienc cgal . fosNaBH,h dal i, In esa ional Jo mal of H d#gen Enes , h_p,://doi.o#/10.1016/j.ijh dene.2020.12.011
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a

Ru/Co0 @NPC .C 1s+Ru 3d

b [Ruicoo @NPC

C [RuiCo0,@NPC 01s

Vacancies
67.9%

Co 2p

Fig. 3 — High-resolution XPS spectra of (a) C 1s + Ru 3d, (b) Co 2p and (c) O 1s regions from Ru/CoO,@NPC and CoO,@NPC.

,he 1d be poin! ed!ha! !he high-#._ al !ion N1,  pec did
no, changem chbefo® and af esloadingof R al , e (Fig, .
S5b—c),d Sheddemon, # ing ha  heloading pce , of R
doe, no, de, & he compo,iion of he mg edal [50].

Catalytic hydrolysis analysis

The ca al !ic H, pad G ion f#m NaBH, h d#l i, e®
pedosned in an alkall ed NaBH, ,al ,lona 25°C. The  che-
maic ill | Mion of he ¢ pesmenal ;& p i  ho n in
Fig. S6. The ame n, of!he gene.a! edH, a, cale lar ed ac-
cosling o he al meof he aesdiplacedb H,. The,elf-

a

500 T
(=) |IP,QQ[;“X@P£ -

h del i & d of NaBH; a, . camied o . in 150 mM
NaBH,; + 0.4 !% NaOH )01 !ion, and almo)! no h dsgen
eal ion a, deeged (Fig S7). A, ,ho n in Fig 4a, e
& plod he effec of he cadori g ion empedy. & of R /
CoO, @NPC on ca al  ic pedosnance. The highe®annealing
Lempes. # change  he caal ', c# allini , hesb

imp# ing caal Sic pe#osnance; mean hile, i al o de-
caae hecaal ’ posi .Thesfo®, heop imalpoin i,
& peg ed. The My 1!) ,ho !ha"he op, iml edR /Co0, @NPC
cgal , papaedb casori ed a 800 °C ha,  he highe
& Mo eMwq enc (TOF)of 1118.6 moly, molg' min~ *among
e (Fig 4b). Thi, i, one of hehighe #poed al eofR

b 1500
- 4 Ip-. CRDOTURNTL |

. 400 o M 12001 11186 1087.2
- o
£ d N~ 282 R |
~. 7
1 =
T 100 300
01 . T v { 0
— n 1nn 200 200 W 1Y 24 %S

Time (s)

Loading of Ru (%)

Fig. 4 — (a) Stoichiometric H, evolution and (b) the summarized TOF values by Ru/CoO,@NPC catalysts with different
pyrolysis temperatures at 25 °C. (c) The relationship between the H, generation rates and loadings of Ru species on Ru/
Co0,@NPC catalysts, and (d) the summarized TOF values. All the experiment are conducted in 150 mM NaBH, + 0.4 wt %

NaOH solution at 25 °C.
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loadedpo deseg al , , fodNaBH,h dml i (Table S4) o he
be, ofe #kno ledge In addj ion, eop!mﬁ e he loadmg of
R in esn ofcaal icpedosnance. Thedy |  ho  ha a
Jheconen ofR incaae, hecaal ich d#gen gened-
,lonincaa e Mpidl g  hebeginningand hen,lo , do n
henj clo,e o he mg im m poin, a®# nd3.0 % (Fig. 4c).
Thecaal , ha, helase TOF al e hen heR loadingi,
2.73 % (Fig. 4d). The @ 1 # ealed ha heR /CoO @NPC
papaedb hepec #os ihCo/Zn M ioof 3/4 ho , he
be, caal ic pedosnance (Fig. S8). The eq i aler, H, pes
mole of NaBH; a4 ,edin he egical g i o, ignif he
change, incon esion (Fig,. S9a—b). Thefos, heR loading
1n heR /CoO @NPCcg, al . dLC ,,edbelo L 2.73 %, and
CoO @NPC i p_Qpa_Qd b Ca_borﬁ aion a 800 °C in A
a mod phes.
Toe al ae, he effec' of diffe.Qn! ¢ ppos on, he ca, al Pic
pedosnance, e in e igaed he caal ic pedosnance on
a#o .4 ppod 1h he ameloadingof R (2.73 [ %). A,
L ho nin Fig. 5aand Fig.S9¢, hecgal Jicaci i ofR loaded
CoO, @NPC a, fe nd, obe¢ b, aniall highe®han ha of
CoO,@NPCa, ella, allghedcon mlcaal | .. Fig.5b ho |
,ha heHGR al e of R /CoO @NPC i, 8019.5 mL min~?! gg%
Loral ma,, of ca!al :_'), hich i, 1.44-, 4.57—, 716.0— and
47.53—fold highe.l!han!ha! of R /CoO}, @NC-67, R /CB, R /
NPC-8 and NPC-67 #, peci el , hile al o4 pedos o mo,
of he p# ie |1 #podedcgal ,  (Table S4). In padic lad
!he me, al ICP-AES e, M 1!3 ,ho !ha"he con, en, of Znin
,he ase caal i esdlo ,and heaa alconen i be-
een 1% and 3%. In combinaeion {h Fig. 5a,!he cg, al Llc
pedosnance of R /NPC-8i, e# eak,indica ing ha Znha,
li le effec, on he pe#osnance of ca al’ ingh dagen e o-
4 iona, animp & .Tomeas # heaci gionenesie of

‘ar .iqg.lwmsnmmm [* %
ag PuiMRF o : 1
Q- KifEo0 @NC-67 o
-9-Ru/CB " 6000+
-o-CoOX@NP Q £
=1 4000
E
5 2000+
oo

R /CoO,@NPCandR /CoO,@NC-67,a e ofg pedmer,, e
cond ¢ ed g diffesn empeAk ~ A ho nin Fig. 5c and
Fig. S9d !he » e of HGR al e, 1nc_Qa:.e Apidl ih
inc#a, ing he #ag ion empes. & f®&m 298K o318K, and
,he me con an « i cale laed f®m he  lope of each
¢ pedmen, . The ac i g ion ene® of R /CoO,@NPC cg al

a, e, imaed obe542kjmol 'b heAsheni , plg (Ink ,
1/T), hichi lo edhan ha of R /CoO @NPC (59.3K] mol™)
(Fig. 5d and Fig. S10), impl ingakine icall enhancedcgal ic
agi i ,o asl NaBH,h dal i [51].

D ®bili e  am  ed oeal ge hes  abili ofR /
CoO @NPC caal , in an alkall ed NaBH, ,al ,lon (Fig. 6a).
The # 1. . ho  ha he R /CoO @NPC cgal , ¢ hibi,
g cellen, #  abili foscgal ich dagen genem ion. Afes
Lhe thccle i ®ainedca 73.9% of injial agi i (Fig. 6b).
The,ligh deca ofcaal icacii ce ldbea 4b ed o he
g folig ion of R pecie, (he ma,, f#cion of R  pecie, i
#d ced f®m 2.73% 0 2.10% b ICP-AES af ed -e #c cle,
Table S3), b q sl damage (Fig. S11) and cg al , poi, oning
b BO; , pecie, [28,52].

A, dic , ed abo e,!he R /NPC@COO,, cg, al . ha, !he
lase HGRand TOF al e a, compas oqhedeaal . .The
o ., anding pedosnance mainl a 4  ed oalade peci.e
¢ #ace ama highcond ¢ii ,and, ne& be eenCoand
R, pecie,. Accosling o, heXPS 4 d , hepo,ii e, hif of he
Co 2p binding ene& in R /CoO,@NPC ca ,edb  he pasial
elec! an _ en, fesf®m Co  pecie, LOR , pecie, indica! e, a
highe®elec #n den,i on Co  pecie, a, compasd o ha of
R pecie,. Accoslingl , he paiall negai el chaded
h dgen a om, pafesed oa ach o heR aom,. A a
- lp,Phe BHZ d'LJ:'ocia!e& a!!he Co and R me!albi!e), on

hich h d#gen gom, a# ad,osded on R and BH; i

b r 1

)

300

200

evolution (mL-)

~ 100

H

310 3.15 3.20 325 3.30 3.35 3.40

ime (s)

1T (10° K™

Fig. 5 — (a) Stoichiometric H, evolution and (b) the summarized TOF values of different catalysts (2.73 wt% Ru) in 150 mM
NaBH, + 0.4 wt% NaOH solution at 25 °C. (c) Stoichiometric H, evolution of Ru/CoO,@NPC in 150 mM NaBH, + 0.4 wt% NaOH
solution at different reaction temperatures, and (d) the summarized Arrhenius plots from c.
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Fig. 6 — (a) Reusability test of Ru/CoO,@NPC catalyst in 150 mM NaBH, + 0.4 wt % NaOH at 25 °C. (b) The summarized TOF
values in different reusability test. (c) The proposed catalytic mechanism of Ru/CoO,@NPC catalyst for H, generation.

a ached!o Co 3pecie). AfE ed he B—H bond LJ baken, Ehe
negai el chased B  pecie, immedigel _Mn fe# he
nega!i e chase o he ad osed H gom, ha gh he
cond ¢ieb Ik Finall , henegai el chasedHa omon he
R ¢ Mace g, AG h d#gen f®m aedo .Qlea)e an H,
molec le, hile! he OH ion a, ackJ !he BH3!o fosn a BH;OH
molec le, follo edb _#n, fesngoneh dsgena om of he
BH3;0H oa f®e R )i!e. Af! el he A cC cle,!heg Mace of! he
caal . #lea,e ah dsgen molec le and a BH;OH , pecie, .
A)!he »ac, ion paceed,, all of! heH a om, in! hebosh dade
as splaced b OH ion, (Fig. 6c)a limael slea,ing he
B(OH); , pecie, [53].

Conclusion

In¢ mma, cos- hell ZIF-8@ZIF-67 cs al,, hich in! egm e
, e pmpedie  of  ingle ZIF-8 and ZIF-67, a® elabos el
de,igned and fabdcg ed. ,inga  eed-media ed g® h ech-
niq e. Upon he disg cador a ion of co- hell ZIF-8@ZIF-
67 c#_al, ano el CoO @NPC¢ ppod ase geneM ed. The
4 nc ionafl ed¢ ppo# inhe#n he highs Mace asad p o
325.0m? g') de# ed f@m co ZIF-8 and ¢ pedosgMphi ic
»4# @ Modgina ed f®m hell ZIF-67. Finall , helo -loading
R decoA! ed CoO,@NPC a, papasd !hm gh chemical
#d cion. The cadord a ion empes. s, pe, of¢ pposd ,
andloadingcornen , of R @l  e# e s diedinde ail The
op imal pe#osnance on NaBH, h d#l i, a, achie ed
« ndeshecondjion he# hep ®l i emped. #i 800°C,

and heR loadingi, 2.37 _%. The highe  TOF al eofR /

CoO, @NPC ca, al . i, 1118.6 min~?! a 25°C, fa)be" el han

mo, p# io ;1 #poded & 1 .Be ide,, heR /CoO @NPC

caal . ill ® ain, mo® han70%caal icacii afed -e
e or . L3 2 B . ! L3 L] L3 L3

c cle,. Thij od p# ide ne in igh in o de igning and

papadng a highl aci ecaal | foMNaBH,h del i
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