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Designing a cost-effective and high-performance catal st for NaBH4 h_drol sis is a sig-
ni cant step in developing a sustainable h drogen source. Herein, dve i)repéred a cost-
effective Ru-clusters decorated cobalt—ceriu&h ovides coating ZIF-67 (Ru/CogCe @ZIF-67)
catal st via a facile reduction method, displa ing high performance and ewceptional
reusabﬂilit in alkaline NaBH, solution. The opti‘}ﬁ!r ed catal st exhibits a high h drogen
generatioﬁ" rate (HGR, 5726.1 mL min ' g %), turnover frequé”ic (TOF, 413.9 moly% min !

moy{l), and lot.s activation energ1¥ (Ea, 53.0 kJ mol™?), surpassing most of the recentl re-
ported catal sts. Furthermore, the catal tic performance does not change considerabl
after vec c¥és, indicating the catal‘sst's r}ﬁllti—c\cle reusabilit\. Studies impl‘S the uniquel >
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NaBH, h,_ drol. sis
H‘Sdro ge%“' gen%fation

s nergistic effect of Ru, Co/Ce ovides, abundant o gen vacancies, as t.ell as the porous
nanocube structure, enabling the catal sts to posseé“s high metal dispersion, outstanding
catal tic performance and ekvceptional\"eusabilit . This fork 4vill open light on using an

o, gen vacancies-rich strategx to design a hig lactivit, catal st for promoting NaBH,

h drol sis.

) 202 H‘Sdrogen Energ‘B Publications LLC. Published b‘B Elsevier Ltd. All rights reserved.

Introduction

Energ shortage and environmental pollution are the main
factoi‘vaffecting the qualit, oflife[1]. Thereis a desperate need
to mine green, renesable \a‘hd ef cient energ, materials [2,3].
H, drogen is an ideal alternative to traditiona}fuels due to its
‘hi¥h energ densit and” ero CO, emission [4,5]. Hotrever,
} nding a ciéap h, dfogen storage method is often ver, chal-
lenging. NaBH, is“é promising candidate among the \)érious
storage materials because of its high theoretical h drogen
content of 10.6 {./t%, long-term stabilit, in alkaline céﬁdition
and nontowjcit, [6,7]. NaBH, can also géflerate H, through h_ -
drol. sis under&hild conditions, and the b_-products are nohi
tonied’[8]. Moreover, a recent stud indicaYed that the NaBH,
could be regenerated through b Y¥product reh_ drogenation,
making it possible for the NaBHy 'H,-PEMFC s‘étem to be a
primar, source for on-demand potser suppl, [9]. Nevertheless,
the self*h, drol sis of NaBH, releases H, slod:)I ,and the overall
conversioX is ¥nl 7-8%_ at ambient temb’erature [10,11].
Consequentl ,desi‘yning ef cientcatal ststo promote sodium
boroh, dride ¥ drol_sis remains a critidal issue.
PreVious st&fdies&éuggested that noble metal-based cata-
1 sts, such as Ru—Co-PEDOT [12] and Ru—Fe/Go [13], shotsed
/cellent catal tic activit, and robust stabilit, totsard NaBH,
h drol sis [14]: "I-Iowever,“fhe high cost, the lg’bk of reserves,
and thé“'self-agglomeration limit industrial application [15,16].
Therefore, considerable afford has been dedicated to devel-
oping non-noble transition metals. Recentl , cobalt-based
catal sts are #vsidel studied for h_drol sis 0\5"' sodium boro-
h dri‘\ie due to thexfact that its pé'i'for fance is particular]

validated as the most effective non-noble metal among Ni !

Fe-, and Cu-based catal sts [17]. Among cobalt-based cata-
1 sts, cobalt ovides have'been corl rmed to be ef cient cata-
1%t [18]. Wei et al. [19] reported that Cos0, hollois ! ber
c&ital st exhibited good performance. Hotvever, the activit

and ;t’abilit of cobalt ovides catal, sts #vere still lokser tha;y

those of no‘)’le metal catal sts [20}."' Man_ noble metal and
cobalt ovide composite ca‘tﬂ sts have l‘}éen developed to
achieve high performance d./hiie" reducing costs. For example,
Dou et al. [21] reported a high—ef cienc, Ru-clusters decorated
CoQ,@NPC catal st for h drogen genetation.

To address the aggrégation of the metal nanoparticles
during s_nthesis, suitable supports or organic capping agents
should ée introduced. Metal-organic framed.sorks (MOFs) are
considered ideal support materials due to their unique prop-
erties, including ewceptional porosit , structural diversit_,
large speci c surface area, and chemiéél stabilit [22,23]. Zlé-"
67 is one of MOFs (ith imid# ole as an organi& linker d.sith
metal cobalt, #/hich has alarge speci csurface area to prevent

metal particles agglomeration and has proven to be highl
stable in solution, even in alkaline solution at high tempera®’
tures [24,25]. Man, studies have also shotsn that ZIF-67-
supported compos‘h’es catal sts evhibit remarkable perfor-
mance in NaBH, h_ drol sis f&r h_drogen production, e.g., Pd/
PD-ZIF-67 [15], RuMIF-67 [26] an¥'so on. Given these merits,
ZIF-67 appears to be an evcellent substrate to promote NaBH,
h_ drol sis. Nonetheless, MOFs as carriers have lok.s electrical
cdndudtivit , hindering the charge transfer during h, drol sis
[27]. It can éhhance electron transport b introducingm en
vacancies created b, rare earth eleme‘}fts, such as ce}iﬁm
ovide [28]. In ceriumbovides, Ce and Ce?" coevist, and the
electronic structure of Co species can be modi ed due to the
enistence of electronicall I eyjble transitions and abundant
oy, gen vacancies betweeh“'Ce3+ and Ce*", thereb enhancing
thé"conductivit of Co-MOF and improving the per‘fbrmance of
the catal st [29‘}30]. Based on the above consideration, t.7e as-
sume tha\{’ Ru cluster-modi ed Co ovides and doped Ce ovjdes
have the potential to be an ef cient catal, st for h, drol sis of
sodium boroh, dride. v
Here, fve pl%pose a facile surfactant-mediated and chemi-
cal reduction method to s nthes% e Ru/CogCe,@ZIF-67 catal_ st
dsith abundant o gen Vacancies for NaBH, h_ drol sis %n
alkaline environme‘\its. The Ru clusters ( ~2.7 nn}d’ de&ﬂrated
CogCe,@ZIF-67 nanocubes shoksed outstanding catal tic ac-
tivit. and remarkable reusabilit, for NaBH4 h_ drol sis.\{‘t hasa
high\HGR value of 5726.1 mL mir¥*? g landa POF vilue of 413.9

moly, min~' molg’. S, stematic investigations further
demonstrate that the ZIF-é? support prevents Ru clusters ag-
gregation, and oy, gen vacancies can accelerate electronic
transfer, promotirl\g the reversible dissociation of B—H on
active sites of Co ovides and Ru clusters, and' nall stimulating
h_drol, sis of sodium boroh_ dride. Furthermore,kfle proposed
a\plauéfble reaction mechah'ism according to the Michaelis-

Menten model reported in the previous literature [31].

Experimental section
Materials

Cobalt nitrate hevah_ drate (Co(NOs),-6H,0, 99.0%, Aladdin),
cerium nitrate heyah Ydrate (Ce(NO3)3-6H,0, 99.95%, Macklin),
ruthenium (III) tricl¥l'oridle (RuClz2yH,0, 99%, Ru:37—40%,
Innochem), 2-meth limid# ole (2-MI, 98%, Aladdin), cet 1-
trimeth, lammoniumY’bromide (CTAB, 99.0%, Aladdin), sodiu i
boroh, d¥ide (NaBH4 > 98.0%, Sinopharm Group), sodium h_-
drowidé (NaOH > v
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companies and could be used directl +sithout further
purt cation. !
Synthesis of ZIF-67 nanocubes

Co-based” eolitic imidd olate framet.ork (ZIF-67) nanocubes
#vere prepared according to previous dsork ssith slightl

modt cation [32]. In a t, pical procedure, 580 mg of Co(NOs)¥’

-6H,0 t.s7as dissolved in‘ZO mL of deion!r ed #sater containing
10 mg of CTAB. Then, this solution d.7as rapidl, injected into
140 mL of an aqueous solution containing \:)"08 mg of 2-
meth, limid# ole and stirred at room temperature for
20 ml‘h The purple product #sas collected b, centrifugation,
«sashed three times «vith ethanol and vacuuxl-dried at 70 °C
for 12 h.

Synthesis of CogCe;@ZIF-67

A total of 60 mg of ZIF-67 nanocubes+.ras dispersed in 40 mL of
ethanol to form solution A. 160 mg of Co(NO3),-6H,0O and
40 mg of Ce(NOs)3-6H,0 t.7ere dissolved in 10 mL of ethanol to
form solution B. Then, solution B #.7as dripped on solution A
under magnetic stirring and sonicated for 40 min to form a
uniform solution. Finall , the product f.as collected b,

centrifugation, #sashed ‘\{i/ith ethanol three times, and’

vacuum-dried at 70 °C for 12 h. For comparison, under keeping
the total mass of the metal salt at 0.2 g, other CoCe@ZIF-67
composites t.sere prepared b altering the Co/Ce molar
ration (1:1, 4:1, 6:1, 9:1, 12:1) dur‘ﬁ"lg the s_nthesis process. The
Co@ZIF-67 and Ce@ZIF-67 f.7ere prepareé\?ia the same routine
#rithout adding Ce(NO3)3-6H,0 or Co(NO3),-6H,0.

Synthesis of Ru/CosCe;@ZIF-67

The CogCe,@ZIF-67 (80 mg) #sas added into a 50 mL glass
beaker tvith 20 mL of deion? ed d.ater and 15 mg of RuCls.
7 H,0. After continuous stirring for 4 h, 10 mL of 2.6 M NaBH,
solution (including 2 f7t% NaOH)«.sas added dropt.sise into the
above muture. After stirring for another 0.5 h, the resultant
product cr, stal d.7as separated b, centrifugation, folloksed b,

multiple ti¥ﬁes {vashing in deion‘y ed #.7ater and ethanol, ané"'

subsequentl dried in a vacuum at 70 °C for 12 h. Inductive
coupled pla&'ma atomic emission spectroscop, (ICP-AES)
accuratel determined the content of Ru specieé" (Table S1)
and the :;a'rnple #7ith 6.3 f/t% shotsed the highest catal tic
performance. Samples+vith Ru loadings of 4.54,7t% to 10.64.3t%
wsere prepared b, the same method, using RuCl; »H,0 #vith
different mass. As a comparison, a mass ratio of 6.3 #./t% Ru
#7as applied to s nthes? e all other contrastive catal_ sts. The
RW/CO@ZIF-67 add Ru/Ce@ZIF-67 dere prepared u&’ing the
same procedure mentioned above #vithout Ce(NOs);-6H,0 or
Co(NO3),-6H,0. In addition, RU@ZIF-67 #7as s nthes? ed b

directl, adding RuCl;»H,0 into ZIF-67 solution Yollotred b‘! y

similaPteduction treatment.
Synthesis of single Ru
200 mg of RuCl;2 H,0 #sas dissolved in 40 mL of deion? ed

#7ater via ultrasonication. After continuous stirring for 30 min,
10 mL of NaBH, solution #sas added into the above m# ture.

Finall , the black m#ture fsas centrifuged to collect the

sedim¥nt, dshich dsas #7ashed at least three times sith
) .

deion?t ed+.sater and ethanol, then dried under vacuum.

Catalytic hydrolysis of NaBH, measurements

The evolved h drogen from the h_ drol sis of NaBH, vas
collected and reasured +vith a dra‘hage\/method. A mhed
solution of 25 mlL, containing 150 mL NaBH, and 0.4 t./t%
NaOH, #sas injected to a three-necked round-bottomi ask
(100 mL), placed into a temperature-controlled #sater bath
oscillator to keep it at 25 °C during the h_drol sis reaction.
After 0.5 h, the prepared catal, sts (10 mg)&ifere dispersed in
the above solution, rapidl, pldgging thel ask. The instanta-
neousfsater volume chang“és {vere monitored b, an electronic
balance connected to a computer. H drol sis ’f NaBH, #.7as
also carried out at different tempe¥éturéé (298318 K) to
obtain the activation energ . For the reusabilit, stud , the
catal_ st tsas recollected, dashed tsith deiont eé“'wate‘}" and
ethal&(’)l, and dried in a vacuum at 70 °C after each c, cle. The
collected catal st from the previous test d.7as trans¥érred to
each process's ¥i'ech/ test solution. It4sas fvorth noting that the
amount of motivation #sas the same as in the' rst c cle
ewyperiment. All tests fsere repeated three times to enstre
reliable results.

Results and discussion
Synthetic method and crystallinity analysis

The design strateg of the Ru/CogCe;@ZIF-67 is illustrated in
Fig. la. Firstl , ZI¥""—67 nanocubes are prepared through a
surfactant-mehiated method. After.sard, the as-prepared ZIF-
67 nanocubes #sere meved #sith Co(NO3),-6H,0 and Ce(NO3)s.
-6H,0 to form Co—Ce ovides on the surface of ZIF-67 nano-
cubes. Finall , the Ru species are introduced into the
CoGCel@ZIF-6¥"b an ambient temperature reduction for pro-
ducing the Ru/Cg‘gCel@ZIF—67. The cr, stallinit, of as-prepared
catal sts is ' rst anal® ed b, X-ra¥ diffraét’ion (XRD). As
sho»lu"}i in Fig. 1b, pure Z}F-67 na&iocubéé and Ru/CosCe,@ZIF-67
share the same XRD patterns, #/hile the intensit of the peaks
varies bet.zeen them. Holsever, thereisno apparéht diffraction
peak of the cobalt-cerium ovjides, impl ing the lok.s-loading
and/or amorphous nature of the composk"ce. Such amorphous
characteristics are bend cial for catal, tic materialst.sith higher
performance than cr, stalline materia\'because the, cansuppl

larger ion-accessibleYsurface area and suf cient }édo\‘;activ&"
centers [33]. Furthermore, no characteristic peaks of Ru clus-
ters are observed in the XRD pattern of Ru/CogCe@ZIF-67 due
to the lots Ru loading, f/hich the fif*  lattice fringes can
cort rminthe TEM images of Ru/C06Ce1@EIF-67 [34]. As shok/n
in Fig. 1c, d7e resort to the electron paramagnetic resonance
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Fig. 1 — (a) Schematic diagram of the synthesis of Ru/CosCe;@ZIF-67. (b) XRD patterns of ZIF-67 nanocubes and Ru/

CogCe;@ZIF-67. (c) EPR spectra of the synthesized Ru/Co¢Ce;@ZIF-67, Ru/Co@ZIF-67, Ru/Ce@ZIF-67 and CosCe,;@ZIF-67.
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Fig. 2 — Scanning electron microscopy (SEM) of (a) ZIF-67 nanocubes, (b) CosCe;@ZIF-67 and (c) Ru/Co¢Ce,@ZIF-67 (Insets are
high-magnification SEM images). (d) Transmission electron microscopy (TEM) and (e) high-resolution TEM images of Ru/
CosCe,@ZIF-67. (f) N, adsorption/desorption isotherms with pore-size distribution curve (inset) of Ru/Co¢Ce;@ZIF-67. (g)
HAADF-STEM image of Ru/CosCe;@ZIF-67 and corresponding elemental mappings of Co, Ce, Ru, C, N, and O.
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Fig. 3 — High-resolution XPS spectra of (a) C 1s + Ru 3d, (b) Co 2p, (c) Ce 3d and (d) O 1s regions of Ru/CosCe;@ZIF-67, Ru/

Co@ZIF-67, Ru/Ce@ZIF-67 and CosCe,@ZIF-67, respectively.

Microstructure analysis

The morphological features and microstructure of the cata-
] stsare anal® edb scanning electron microscop, (SEM) and
t‘Pénsmission\électrL“)ﬁ microscop, (TEM). Fig. 2a shg(,/s the as-
formed ZIF-67 nanocube morpholog #sith a smooth surface.
The further reaction fvith e ié Co(NO3),-6H,0 and
Ce(NOs);-6H,0 under sonication for 40 min leads to formation
of CogCe,;@ZIF-67 nanocubes. Fig. 2b reveals that the SEM
image of CosCe;@ZIF-67 nanocubes still maintains the cubic
shape. But the surface of the products become rough, and the
higher magni cation image displa, s that the CosCe; ovides
appear to be a nanosheet. After in\’roducing Ru, the sample
has cubic characteristics #ith some distended nanoparticles
on the surface, loosel, stacked together (Fig. 2c). These results
suggest that introduéfng a spect ¢ number of Co/Ce ovides
and Ru clusters does not destro  the cube-like framet.;ork of
the ZIF-67-based derivative. As sk’dJ in Fig. 2d, the TEM image
shotss that Ru/CosCe @ZIF-67 e hibits a _ olk-shell structure
consisting of solid ZIF-67 _olk and Ru/C06Ee1 shell, similar to
the literature reports [3}5,'38]. Each nanocube is uniforml

decorated/.sith dark Ru clustersf.sitha sf eof 2.7nm (Fig. Sl;‘."
According to the high-resolution TEM image of Ru/CogCe;@-
ZIF-67, Fig. 2e shotss that the lattice spacing of 0.21 nm are
indeved to Ru (101) cr, stal plane [39]. The interplanar spacing
0f 0.22 nm are attribuE\:fd to the (200) cr, stal plane of RuO, [40].
The N, adsorption—desorption isothe;%"ns of Ru/CosCe,@ZIF-
67 displa_ s the t pe IV isotherm «.ith a remarkable h_steresis
loop, indicating’ the esistence of mesopores [#1]. The
Brunauer-Emmett-Teller (BET) speci c surface area and pore
sf eare291.7m?g *and 17.6nm (Fig. 2f). These results shots
that the multiporous 3D frame structure and high surface area
of Ru/CogCe,@ZIF-67 bené t ions' fast diffusion and e pose
more active sites, #7hich can enhance the catal tic activit

[42,43]. In addition, the EDX spectrum (Fig. S2) m¥nifests th
presence of Ru, Co, Ce, C, N, and O, and elemental mapping
images elucidate that all the elements are homogenousl

distributed throughout the Ru/CocCe;@ZIF-67 catal s‘t
(Fig. 2g). /

¢

\:

X-ray photoelectron spectroscopy analysis

X-ra, photoelectron spectroscop, (XPS) has been further
cond¥icted to investigate the relati‘éhship bettseen the charge
and chemical valence states on the surface of the catal_ sts. As
shot/n in Fig. S3, the XPS surve, spectra of Ru/CoGCeléZIP-67
verif the presence of C, N, , Co, Ce and Ru elements,
agreéfng dvell f7ith the above HAADF-STEM elemental map-
ping and EDX results. The high-resolution C % + Ru 3d spec-
trum (Fig. 3a) are deconvoluted into C=C (284.0 eV), C—C
(284.8 eV) and used as a calibration standard [44]. The .o
peaks at 280.0 and 284.2 eV binding energies attribute to
metallic Ru® [21], dshereas the peaks at 281.2 eV and 285.4 eV
correspond to RuO,. This surface ovide could be formed from
eyposure of the samples to atmosphere during the reaction.
Compared to the Ru/Co@ZIF-67, the binding energ of Ru is
positivel shifted b. 0.9 eV, indicating that the Ce d&ping can
effective}’ tune the%lectronic structure of Ru/CosCe,@ZIF-67,
thereb, r‘ggulating ef cient charge transfer [45]. Compared
{7ith tl&é Ru/Ce@ZIF-67 sample, the binding energ of Ru is
negativel shifted b, 0.2 eV, d.shich indicates that \here is a
strong Ch‘éirge-transf‘éi' interaction bet.zeen Ru clusters and Co
ovides [46]. Fig. 3b displa s the Co 2p high-resolution spec-
trum, #7here the binding e&iergies of 779.5, 780.8 and 785.3 eV
can be coincided dsith Co®*, Co?*, and the satellite peak [47].
The binding energies of Co on Ru/CosCe,@ZIF-67 exhibit a
negative shift compared to the CogCe,;@ZIF-67, 4/hich con-
rms that the introduction of Ru clusters has a greatii uence
on the electronic states of the surrounding Co atoms. T, pi-
call , the Co?"/Co>" ratio of the Ru/CosCe,@ZIF-67 is hié’ier
thaéz"that of CogCe,@ZIF-67, suggesting that the part of Co** is
reduced to Co®" after introducing Ru to create o, gen va-
cancies [48]. Interestingl , it has been reported tha‘Q"cm gen
vacancies can accelerate\électronic transfer and increasé’fhe
conductivit of the catal st, la ing the foundation for
improving éétal tic perforrn\s{nce [A)é,SO]. :
The Ce 3d spéétrum of Ru/CosCe @ZIF-67 isi" tted &sith' ve
pairs of spin-energ separations (Fig. 3c). The characteristic
peaks located at 880%9 eV, 887.3 eV (1, 3) and 899.5 eV, 905.9 eV
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CogCe;@ZIF-67 catalysts, and (d) the summarized TOF values.

(1, 3) are assigned to Ce®" (3d'°4f' initial electronic state),
#shereas the siy peaks at 884.4 eV, 890.6eV, 897.4eV (2, 4, 5) and
903.0 eV, 909.2 eV, 916.0 eV (2, 4, 5) are attributed to Ce*"
(3d'°4f° initial electronic state) [51,52]. In the Ce 3d spectra, the
Ce®" co-enists tsith Ce*" in the composite [53]. Clearl , the
peak of Ce*" in Ru/CosCe,@ZIF-67 shotss a negative s}¥fft of
about 0.7 eV compared to Ru/Ce@ZIF-67, impl ing the elec-
trostatic interactions bett.zeen Ce oides and séi'rounding Co
owides. It is fvorth noting that the Ce" ions interact dvith
surrounding atoms such as Co through lone electron eujsting
in the 4f' orbital. In addition, o, gen vacancies can be created
on the catal_ st surface due to %he charge compensation of
Ce**ions [54}"The above anal ses prove that the introduction
of Ce can generate more o gé{‘l vacancies, thereb_ enhancing
the catal_st's performance¥{55]. Furthermore, wé"detect the
oy, gen Vé&ancies b, O % XPS spectra. Fig. 3d shokss that the O
% ‘§i)ectra can be d¥onvoluted into four peaks. The peaks of

529.1eV, 530.0eV, 530.7eVand 532.0eV can be attributed
to lattice o, gen (Oy), 0w, gen atoms bound to h  drov 1species
(Oon), ©% één vacanc, ¥ (0,) and absorbed¥ o, één (0a),
respective‘}" [56,57]. Théintegal area ratio of o h vacanc
peaks in R‘§(7C06Ce1@ZIF-67 (26.3%) is more si % cant thabr"
that in Ru/Co@ZIF-67 (24.6%), impl ing that oy gen vacancies
increase after the introduction of &"e compone\ﬂt, #.shich is in
line #vith the EPR results.

Catalytic hydrolysis analysis

The catal_ tic activities are assessed in alkaline NaBH, solution
at 25 °C,Yand the volume of H, is measured b, a #sater

displacement method. The h_drol sis setup is schematicall
illustrated in Fig. S4. The Nak”I-L; (&’50 mM) aqueous solutioy
shokss almost no self-h_drol sis (Fig. S5), and negligible
h_ drogen gas is produceb" froh‘i 150 mM NaBH4 + 0.4 f.7t%
N&"OH solution indicating NaBH, is stable in both t.sater and
under an alkaline solution (Fig. S6). As shotw/n in Fig. 4a and b,
#7e investigate the effect of catalétsts fabricated b, different
molar ratios of Co/Ce on H, gener fion. When the éfolar ratio
of Co/Ce is 6:1, Ru/CogCe,@ZIF-67 ey hibits the best activit. and
is superior to those of Ru/Co@ZIF-67 and Ru/Ce@ZIF-67 ¥And
the HGR value is superior to those currentl  reported literature
(Table S2). Simultaneousl_, the optimal RY loading has been
researched in great detail¥As displa, ed in Fig. 4c—d, a higher
Ru loading shotys a higher H, releasé""rate, but the TOF values
shot.s a volcano-shape curve. When the content of Ru is 6.3 .7t
%, the corresponding TOF reaches a mayimum value of 413.9
moly, min~* molg.

As shokrn in Fig. 5a and b, the Ru/CogCe,@ZIF-67 catal, st
onl takes about 6 min to achieve the complete h_drol_ sis*of
sod¥im boroh, dride. Notabl_, for Ru/ZIF-67 and RY cati sts,
sodium boroh¥dride h, drol* ed onl, about 35% and ¥0%
.7ithin 6 min, «'thile Cog%el@&’llf-w an‘H ZIF-67 had almost no
activit . These results shoived that Ru/CogCe,@ZIF-67
em\hibi;‘éd the highest performance relative to all control cat-
al sts, indicating that Ru is the predominate active site and
CééCel@ZIF-67 pla_ s a crucial role in catal_ tic h_drol sis [58].
The anal sis suggééts that the s nergistié’éffeé{' of éifferent
compone‘ﬁts and abundant oy gkh vacancies in the Ru/Cos.
Ce,@ZIF-67 h_ brid catal_ st are‘t’he main factors for the high
catal_ tic perfé{rmance. 'llﬁe il uence of NaBH, concentration
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has also been explored at 25 °C4.zith 10 mg Ru/CosCe,@ZIF-67. is calculated to be 0.051, /hich is negligible and indicates a
. . Y . - .

Fig. 5c reveals that the h drogen generation rate does not  # ero-order reaction kinetics [59]. NaOH is often used as a

change sigrﬂ‘ cantl . Meam’}fhile, the relation betseen In (rate)

stabilt ing agent to prevent the self-h drol sis of NaBH,.
and In (NaBHy,) has%‘éen given in Fig. 5d,.here the slope value Fig. S7 shotws the effect of NaOH concenﬁatio&i on h drogen
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generation from NaBH, h_drol sis, #/hich indicates that the
addition of NaOH can grea‘ﬂ prgmote the catal, tich_ drol sis
of NaBH,. Notabl , the Hg‘!g'eneration rate re‘}haing" aln“Pc")st
unchanged d./hen\he NaOH concentration is increased from
0.44.7t% to 104.7t%. Therefore, d.7e select 0.44.7t% as the optimal
NaOH concentration in this #7ork, fshich can avoid fsasting
the reagent.

The effect of temperature on h drogen generation rate is
studied in the range of 298 K—318 k (Fig. 6a and Fig. S8). The
results shotw an increase in HGR 4vith the increase in reaction
temperature. According to the Arrhenius plot, the calculated
E. of Ru/CogCe,@ZIF-67 and Ru/Co@ZIF-67 are 53.0 kJ mol~2,
#shich are slightl loiver than that of Ru/Ce@ZIF-67
(54.0 k] mol~?) (Fig. Bb). The reusabilit, of Ru/CosCe,@ZIF-67
in NaBH, h_drol sis at 25 °C are prbbed using the same
catal st in 5%ucc¥ssive c, cles. As displa ed in Fig. 6¢—d, H,

ield8’over' ve c, cles are’almost the samie (taking approni-
;¥1ate1 6.2, 7.2, 8&3, 9.8 and 10.5 min, respectivel ), and the
TOF vilues decrease each time slight], . After’ ve¥ cles, Ru/
CogCe,@ZIF-67 catal st still pre\s"erves its Y pristine
morpholog‘!, encept th\ét some Ru clusters fall off from the
surface (Fig¥'S9). As can be seen from Fig. S10, compared #7ith
the initial catal st, the content ratio of Ru, Co?", Ce3* is
slight] increase}&", indicating the partial RuO,, Co** and Ce**
have b\é'en reduced in the process of h_drol sis. Hot.zever, the
XPS spectra of O % shoks that the o "gen vacanc, concen-
tration is reduced from 26.3% to 17‘50%. Thus, }he slight
decrease in catal tic activit ma_ be mainl attributed to Ru
clusters em_foliati&ﬁ, decreas¥d o+¥'gen vacaric, concentration
and poisoning [60].

Catalytic mechanism analysis

Based on the above anal, sis, the proposed mechanism for the
catal. tich_ drol sisof Ne\:BH4 isshok/nin Fig. 7. From the above
XPS ét'ud ‘}"it cgh be knoisn that the binding energ of Ru
clusters hl}"Ru/Coe;Cel@ZIF—67 isnegativel shifted compared to
Ru/Ce@ZIF-67, suggesting electrons are\t"ransferred from Co
ovides to Ru clusters. Consequentl , the electron densit, of the
Co ovjdes is greater than Ru cluste‘%. Hence, BH, takes }i’lace a

reversible dissociation on active sites of Co owides and Ru
clusters, resulting in electron-dé cient BH; adsorbed on Co
ovides sites, and H adsorbed on Ru clusters sites. The negative
charge of BHj; is transferred to H through o gen vacancies
[61]. The adsorbed H reacts+vith an H from freed¥ater to release
H,. The BH
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Appendix A. Supplementary data

Supplementar, data to this article can be found online at
https://doi.orgMO.1016/j.ijh‘!dene.2022.08.289.
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